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Abstract

Platinum-loaded ceria catalysts are important industrial catalysts, due to their use in the
emission abatement of internal combustion engine cars. Knowledge-based development
and improvement of new catalysts is necessary to comply with new, ever more strict exhaust
gas norms. However, it is difficult to derive structure-property relationships based on the
material properties of ceria in platinum-loaded systems since the platinum-ceria interface is
highly dynamic under process conditions. As the Pt—O—Ce perimeter dictates the reactivity
of such catalytic systems, deriving reliable structure-property relationships is challenging

and yet not sufficiently discussed in literature.

To tackle this, different ceria materials were prepared using precipitation. By variation of the
precipitation and calcination temperatures, materials with different properties were prepared.
It was observed, that with increasing precipitation temperature, smaller crystallites and
larger BET surface areas were obtained. Using pH measurements this was traced back
to an increased nucleation rate. It was also observed that higher precipitation led to an
increase in lattice defects as observed by Raman spectroscopy. This increase in defect

concentration could be related to an increase in sinter resistance.

Ceria materials are used because of their unique redox properties. After material prepa-
ration, the influence of the material properties on the redox parameters was probed by
Temperature Programmed Reduction (TPR) and O, pulse chemisorption. It was shown that
the amount of reversibly releasable oxygen does not directly correlate with the BET surface
area derived from nitrogen physisorption measurements. Using in situ Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS) experiments, H,-Temperature Pro-
grammed Desorption (TPD), X-Ray Diffraction (XRD) coupled with Rietveld refinement
and Transmission Electron Microscopy (TEM), this was traced back to small crystallites
not being capable of releasing oxygen upon reduction. This is probably caused by Cef.,
point defects. The fact that not the entire surface can release oxygen has implications for
the investigation of structure-property relationships of ceria materials, because a simple
normalization using the BET surface area is not sufficient. Instead, the Mars-van-Krevelen
(MvK) active surface area has to be used. Crystallite size, D, derived from Rietveld
refinement calculation of XRD patterns allows to approximate the MvK active surface

area.

Afterwards, CO oxidation experiments were carried out to derive structure-property rela-

tionships for unloaded and platinum-loaded ceria. Strong Electrostatic Adsorption (SEA)




was employed to prepare materials with atomic dispersion, which where successively
analyzed by CO-DRIFTS, X-Ray Absorption Spectroscopy (XAS) and High-Angle An-
nular Dark-Field Imaging (HAADF)-Scanning Transmission Electron Microscopy (STEM)
imaging. It was shown that in the as-synthesized state isolated platinum ions are present
on the surface, which are also stable under the lean reaction conditions used in this work.
When applying harsh reduction treatment, however, they are reduced. From the presented
data it is not clear whether they are still isolated or form metallic clusters. Since these
materials are stable under reaction conditions they can be used to derive structure property

relationships for platinum-loaded ceria.

Using these materials, it was shown that the activity of unloaded ceria can be described
using the defect concentration extracted by Raman spectroscopy. Not only the activation
energy but also the Turnover Frequency (TOF) could be described as a function of the
intensity ratio between the defect related band and the breathing mode of oxygen ions in the
ceria lattice. Through kinetic modeling and simulation of the partial pressure dependency of
CO reaction rates, it was found that CO, adsorption probably limits the reaction rate of ceria
materials through retardation of reoxidation rate. Although CO, desorption measurements
did corroborate these findings, more data is required to derive reliable conclusion about
the CO, inhibition.

Prepared and stable isolated platinum ions on ceria were selected as a way to circumvent
the problem of changing Pt—O—Ce perimeter under reaction conditions. Through that
the role of ceria in determining the reaction rates of different ceria materials could be
investigated. By using light-off curves with dry and wet feeds it was shown that, although
platinum is present, the mechanism still follows the MvK mechanism as the CO light-off is
still linked to the reduction onset of the materials. Water was found to enhance the reaction
rate while decreasing the slope of the light-off curve. Accordingly, steady-state kinetic
investigations showed high activation energies of around 100 kJ mol~! for feeds without
water, whereas roughly 30 kJ mol~! lower values were obtained when water was present in
the feed. This is in line with Density Functional Theory (DFT) calculations suggesting the
reaction of adsorbed CO and lattice oxygen as the Rate Determining Step (rds). The similar
activation energies between the different materials are probably relatable to the similar
active sites between the material coupled with the limited activation of CO on the isolated,
ionic platinum ions. After adding water to the reaction feed it was however observed
that deviations of reactivity between the materials did increase. Also, variations of the
activation energy were now apparent. This might be explained by the change in transition
state, which was proposed to include a carboxylic species when water and hydroxyl groups

are present in the vicinity of the platinum ions. No clear trend of the activation energy with
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any of the material parameters could be found, the reason probably being that different
processes are involved in determining the reaction rate. Thorough model-based analysis
of partial pressure dependencies is necessary to derive material-based activity descriptors
here. TOF values for the different platinum-loaded oxides could be described as a function
of the bulk defect concentration again, similar to the unloaded ceria materials. However,
not a linear relationship was obtained but a parabolic one, which was similar when dry or
wet feeds were used. This points towards the conclusion that similar processes determine
the reactivity of platinum-loaded ceria materials in dry as well as wet feeds. These results
show that it is indeed possible to use Pt;-CeO, catalysts using very low loading to derive
structure-property relationships for platinum-loaded catalysts, which should enable a better
knowledge-based catalyst design in the future as well as the derivation of descriptors to
improve kinetic models used for online catalysts control. However, more measurements

are needed, especially partial pressure dependencies of the reaction rates.
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Zusammenfassung

Platinbeladene Ceroxidkatalysatoren sind durch ihre Verwendung im Bereich der Au-
toabgaskatalyse ein industriell wichtiges Katalysatorsystem. Da die Abgasregulierun-
gen immer strenger werden, ist hier eine wissensbasierte Katalysatorentwicklung von
Noten, um die Grenzwerte weiter einhalten zu kdnnen. Allerdings ist die Ableitung von
Struktur-Wirkungsbeziehungen auf Basis der Materialeigenschaften von Ceroxiden im
platinbeladenen Zustand schwierig, da sich die Platin-Ceroxidfldche unter Betriebsbe-
dingungen dynamisch éndert. Da diese Pt—O—Ce Grenzflache aber die Reaktivitét des
Katalysators bestimmt, macht dies die Ableitung von Struktur-Wirkungsbeziehungen sehr

herausfordernd und fiihrt dazu, dass diese noch nicht genau verstanden sind.

Um dies anzugehen, wurden durch Féllung verschiedene Ceroxide hergestellt. Durch die
Variation der Fallungs- und Kalzinierungstemperaturen wurden hierbei die Materialeigen-
schaften variiert. Es konnte beobachtet werden, dass mit steigender Fallungstemperatur
kleiner Kristallite und groBBere BET Oberfldchen erhalten werden. Durch pH Messungen
wurde eine gesteigerte Nukleationsrate bei hoheren Temperaturen als mdgliche Erklérung
ausgemacht. Die hohere Féllungstemperatur fithrte auch zu Materialien mit einer hoheren
Konzentration an Defekten, was durch Raman Spektroskopie bestimmt wurde. Diese

hohere Defektivitat konnte auch mit einer hoheren Sinterstabilitiat korreliert werden.

Ceroxide werden auf Grund ihrer einzigartigen Redoxeigenschaften verwendet. Nach
der Herstellung der Materialien wurde daher der Einfluss der Materialeigenschaften auf
das Redoxverhalten durch TPR und O, Pulschemisorption untersucht. Es konnte gezeigt
werden, dass die Menge an freisetzbarem Sauerstoff nicht direkt mit der BET Oberfldche
korreliert. Mit Hilfe von in situ DRIFTS, H,-TPD, XRD mit Rietveldverfeinerung und
TEM wurde dies auf kleine Kristallite zuriickgefiihrt, welche kein Sauerstoff freisetzen
konnen, sondern unter Hydroxylgruppenbildung reduziert werden. Dies wird vermutlich
durch Ce, Punktdefekte hervorgerufen. Die Tatsache, dass nicht die gesamte Oberfldche
Sauerstoff freisetzen kann, hat wichtige Implikationen fiir die Ableitung von Struktur-
Wirkungsbeziehungen von Ceroxiden, da Reaktivitdten in der katalytischen Testung meist
iber die BET Oberfliche normiert werden. Dies ist jedoch nicht ausreichend. Daher muss
die MvK aktive Oberflache verwendet werden. Mit Hilfe der Kristallitgroe, welche durch
Rietveldverfeinerung der Rontgendiffraktogramme erhalten werden kann, kann diese Grof3e

angendhert werden.

CO-Oxidationsexperimente wurden anschlieend durchgefiihrt, um die Struktur- Wirkungs-
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beziehungen von unbeladenen und platinbeladenen Ceroxiden zu untersuchen. Um eine
atomare Dispersion der Platinspezies auf der Oberflache zu erzeugen, wurde SEA zur
Platinbeladung verwendet. Die beladenen Materialien wurden anschlie3end mit Hilfe
von CO-DRIFTS, XAS und HAADF-STEM untersucht. Es konnte gezeigt werden, dass
im Frischzustand eine atomare Dispersion der Platinspezies vorhanden ist, welche auch
unter den mageren Bedingungen der katalytischen Experimente stabil ist. Wenn die Proben
allerdings stark reduzierenden Bedingungen ausgesetzt werden, werden die Platinionen
reduziert. Es ist allerdings nicht klar, ob die Platinspezies im reduzierten Zustand ag-
gregieren oder weiterhin isoliert vorliegen. Aufgrund der Stabilitit der Materialien unter
den mageren Bedingungen, konnten diese im Anschluss jedoch verwendet werden, um den

Einfluss der Materialeigenschaften auf die katalytische Funktion zu untersuchen.

Es konnte gezeigt werden, dass im unbeladenen Zustand die Aktivitit der Ceroxide in der
CO-Oxidation von der, aus Raman Spektroskopiemessungen abgeleiteten, Defektkonzentra-
tion abhdngt. Hierbei konnte nicht nur die Aktivierungsenergie, sondern auch die TOF als
Funktion der Defektkonzentration beschrieben werden. Mit Hilfe von kinetischer Model-
lierung und Simulation von Partialdruckabhingigkeiten der Reaktionsgeschwindigkeiten
konnte anschliefend auch herausgefunden werden, dass das gebildete CO, vermutlich
produktinhibierend wirkt, indem es die Reoxidationsrate verlangsamt. CO, Desorption-
sexperimente bestdrkten diese Vermutung. Allerdings sind hier noch weitergehende Un-

tersuchungen notwendig, um diese Vermutung zu untermauern.

Isolierte Platinatome auf Ceroxid wurden verwendet, um die Problematik der sich dy-
namisch verdnderten Platin-Ceroxidflache zu umgehen. Hierdurch konnten die Unter-
schiede in der katalytischen Aktivitit zwischen den Materialien auf die oxidischen Trager
zuriickgefiihrt werden. Mit Hilfe von Light-Off Experimenten mit trockenem und feuchtem
Gasstrom konnte gezeigt werden, dass auch im platinbeladenen Zustand die Reaktion
einem MvK Mechanismus folgt, da das Reaktionsonset weiterhin an das Reduktionsonset
des Triagers gebunden ist. Es konnte beobachtet werden, dass Wasser zu einer hoheren
Katalysatoraktivitét fithrt, wéhrend die Steigung der Light-Off Kurven abnahm. An-
schlieBend konnten kinetische Untersuchungen im dynamischen Gleichgewicht zeigen, dass
die Materialien, unabhingig vom oxidischen Triger, Aktivierungsenergien von ungefdhr
100 kJ mol~! bei trockenem Gasstrom aufwiesen, wihrend fiir wasserhaltige Feedgasstrome
Aktivierungsenergien erhalten wurden, die ca. 30 kJ mol~! niedriger waren. Diese Beobach-
tung stimmt mit Literaturdaten {iberein. Die experimentellen Ergebnisse deuten auf eine
Veridnderung des Ubergangszustandes hin, der durch das Vorhandensein von Wasser her-
vorgerufen wird. Es wurde in der Literatur auf Basis von theoretischen Berechnungen

beschrieben, dass im Beisein von Wasser die Reaktion iiber einen Carboxyliibergangszu-
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stand ablduft, was die Aktivierungsenergie herabsetzt. Dies deckt sich mit den Ergebnissen
dieser Arbeit. Es konnten allerdings keine Trends zwischen den Oxideigenschaften und
der katalytischen Aktivitdt von Pt;-CeO, Katalysatoren gefunden werden. Der Grund hi-
erfiir liegt vermutlich bei sich tiberlagernden Prozessen, die eine modellbasierte Analyse
der Partialdruckabhéngigkeiten voraussetzt, um diese zu entschliisseln. Es konnte aber
gezeigt werden, dass es moglich ist, Pt;-CeO, Katalysatoren zu verwenden, um Struktur-
Wirkungsbeziehungen von platinbeladenen Ceroxiden abzuleiten. Diese Herangehensweise
und die daraus abgeleiteten Wirkzusammenhénge konnen anschlieBend dazu beitragen
eine bessere wissensbasierte Katalysatorentwicklung zu ermoglichen. Weiterhin konnte
dies ermdoglichen, Modelle auf Basis der Eigenschaften der Ceroxide aufzustellen, um so

eine bessere modellbasierte Katalysatorkontrolle {iber die Lebenszeit sicher zu stellen.
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Part |I.
Introduction

Catalysis plays an important role in many different aspects of modern life. From large
scale production of platform chemicals, to synthesis of medicine, to sustainable catalysis,
focusing on converting harmful substance into harmless products. The term catalysis,
while first described by Johann Wolfgang Débereiner in 1823, was coined by Swedish
chemist Berzelius in 1835.! According to Berzelius, ”Catalysis is the acceleration of a
slow chemical process by the presence of a foreign material”' > A catalyst is defined as
a material, which enhances reaction rates without changing the thermodynamics through
lowering the activation energy by splitting the reaction path into different elementary steps.
Although catalysts are part of the reaction, they are regenerated during each catalytic cycle,
thus not being consumed.>* Catalysis is present when the turnover number (TON), the

number of times the active site goes through the active cycle, is larger than one.’

Today, more than 80 % of industrial processes are of catalytic nature.® One of the most
widely employed catalytic processes is the emission abatement of internal combustion
engine cars.”® These systems are employed in order to reduce emissions of harmful sub-
stances stemming from the combustion process of fuels.” Through incomplete conversion,
unburned hydrocarbons (HC) as well as CO are formed, whereas the high temperatures in
the engine lead to oxidation of N, to nitric oxides NO,.!? Due to the simultaneous removal
of these three compounds the term three-way catalytic converter (TWC) was coined in
case of Otto engines. While removal of CO and HC is done by oxidation, the simultaneous
removal of NO, is a reduction. Thus, different oxygen stoichiometry dependencies are
observed for the oxidation and reduction reaction, with oxidation reactions showing ever
increasing conversion with higher oxygen stoichiometry, while reduction of NO, becomes
less favorable at high oxygen contents. This yields an optimal operating window as a
function of oxygen content in the exhaust gas.!! This is represented by the A-value, which is
the ratio between present and required oxygen. Mixtures with A > 1, so oxygen surplus,
are called lean feed mixtures, whereas oxygen deficient feeds with A < 1 are defined as
rich feed mixtures.!? Typical TWCs consist of a monolithic carrier, mostly made from
cordierite or steel and the washcoat, which is a porous y-alumina structure, containing
ceria-based materials as well as precious platinum-group metals.® Precious metals are used

to decrease light-off temperature through better reactant activation and the alumina is used

”Katalyse ist die Beschleunigung eines langsam verlaufenden chemischen Vorgangs durch die Gegenwart
eines fremden Stoffes”
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to increase surface area. The main role of ceria-based materials in TWCs is to keep the
oxygen stoichiometry at A &~ 1. This is achieved through redox cycling of the Ce"/Ce™ re-
dox couple. Ceria materials are reduced under rich feed conditions, thus oxygen is released,
while they are reoxidized under lean feed conditions, which led to the term oxygen storage
materials (OSM) being used for these materials. Through this buffering behavior of ceria,
the operating regime, in which the conversion of all three harmful pollutants is maximized,
is broadened.!? Ceria-based materials also improve the water-gas shift (WGS) activity,
stabilize precious metal dispersion, improve stability of the v-Al,O; washcoat as well as

improve activity of the precious metal at the precious metal ceria interface.'?

Although ceria materials have been intensely investigated for their use in environmental
catalysis for over 30 years with 24800 papers published and close to 1600 in 2020 alone?,
there are still questions about the direct link between preparation conditions and ceria
material properties as well as the role of these material properties in catalysis in the
presence of precious metals. This is especially important as model-based catalyst controls
are employed. These models are currently fitted empirically to new catalytic systems,
making it difficult to describe the catalyst performance over its lifetime. Instead of applying
empirical models, formulating the models with material-based descriptors would allow
to account for catalyst aging in a better way. To be able to develop material-based models

these material-based reactivity descriptors have to be found.

Part Il.
Theory

1. General Aspects in Heterogeneous Catalysis

Most industrial processes employ catalysts to increase yield, decrease the amount of side-
products formed as well as decrease cost and increase space-time-yield (STY). This is
achieved by decreasing the activation barrier of reactions by elementary steps that favor
formation of the desired product.Therefore, although the thermodynamics of a reaction
is not changed, its kinetics is altered significantly. By catalyst design and adjustment
of process conditions it is possible to alter the conversion and selectivity and with it

the yield of the desired product. The field of catalysis was historically divided into three

2 According to webofscience.com; publications containing “ceria”, accessed 9.4.2023.
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different fields: homogeneous catalysis, heterogeneous catalysis and biocatalysis. In the last
decades however, this clear distinction started to get blurred by interdisciplinary approaches

4 or immobilized enzymes'? to benefit

applying immobilized organometallic complexes'
from the advantages of heterogeneous catalysis, the ease of which the product is separated
from the catalyst, while circumventing disadvantages such as ill-defined structures, low
selectivities and site-specific turnover rates. Still, most large industrial processes are gas-
phase processes employing solid catalysts, making the field of heterogeneous catalysis one

of the most industrially important catalysis fields.®

1.1. Heterogeneous Catalysis in Gas-Solid Systems

Heterogeneous catalysis describes a reaction of a reactant that is in a different phase
compared to the catalyst. Most frequently this refers to gas-solid or liquid-solid reactions.
However, also phase-separated liquid-liquid systems may be considered heterogeneous.
The advantage of heterogeneously catalyzed processes using solid catalysts is the easy
separation of the catalyst from the product stream as well as low price, high thermal stability
and high density of active sites. However, the site-specific activity as well as selectivity is
often lower compared to enzymatic or homogeneously catalyzed processes.'® For a reaction
to be catalyzed by a porous solid catalyst, the reactants have to get to the active site on
the surface of the solid. This means the reactant has to undergo several steps before the
actual reaction can occur. When a solid particle is introduced into a fluid with velocity
Uguia @ boundary layer around the particle is formed. Because the flow in the boundary
layer of the catalyst particle is laminar no turbulent lateral mixing occurs. Therefore, to
reach the catalyst the reactant has to diffuse through this stagnant boundary layer (step
1). After passing through the boundary layer, the reactant has to diffuse through the pores
of the catalyst powder to the active site (step 2). In the next step the reactant reaches the
catalyst surface where adsorption and activation can occur (step 3). The chemisorption of
the reactants enables the actual reaction (step 4). Subsequently the formed product will
desorb (step 5), diffuse back through the pores (step 6) and through the boundary layer
(step 7) to reach the bulk fluid again. Out of these seven steps, each one can be limiting,
making it necessary to carefully evaluate obtained kinetic data when structure-property

relationships are derived.!’
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1.2. External Mass Transport Limitation

When the mass transport through the film is limiting, a gradient between the bulk fluid
reactant concentration and the reactant concentration at the phase boundary between the
catalyst particle and the fluid occurs. Since most reactions are highly sensitive towards the
reactant concentration the observable reaction rate will differ strongly from the reaction
rate when no external mass transport limitation occurs. Because the temperature sensitivity
of physical processes like diffusion is usually lower compared to the intrinsic chemical
reaction, at severe limitations very low (=~ 5 kJ mol~") activation energies are obtained.'®
Since thickness of the boundary layer is a function of the fluid velocity, the temperature

at which external mass transport limitation will occur depends on the velocity chosen.

To probe whether external mass transport is limiting different approaches are described
in literature. Experimentally, the dependency of the boundary layer thickness on the fluid
velocity can be exploited. Comparing the measured reaction rates at different flow rates
at constant modified residence times yields, in the absence of external mass transport
limitation, identical values for the reaction rate r,,. In the case of external mass transport
limitation the reaction rate is expected to increase at higher flow rates as the thickness of
the boundary layer is decreased. However, it was also discussed by Chambers et al. that
at low Reynolds values usually used in laboratory catalyst tests (Re < 10) this test may
not yield a reliable proof for the absence of mass transport limitations since the mass and
heat transfer coefficient may not strongly depend on the Re-number to lead to a measurable

change in conversion.'
Mears proposed a theoretical equation to test for the absence of external mass transport

limitation which is known today as the Mears-criterion*® and is shown in eq. (1).

TA,obs < 005

51 *C1,0 |n|

(1)

where 74 obs Tepresents the measured area-specific reaction rate, 3 the mass transfer coef-
ficient, ¢; ¢ the reactant concentration in the bulk of the fluid and |n| is the absolute value
of the reaction order. It is generally assumed that external mass transport limitation plays a

subordinate role for porous solid catalysts.!”
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1.3. Internal Mass Transport Limitation

Compared to external mass transport limitation, internal mass transport limitation is more
probable for porous catalysts.!” This is especially true for very fast reactions and/or small
pore diameters. For internal mass transport limitation the ratio between the intrinsic reaction
rate and diffusion rate is an important parameter. If the rate of diffusion is significantly
higher than the intrinsic reaction rate no diffusion limitation is observable. However, if they
are in a comparable range, starvation of active sites in the center of the pore system occurs.
The more centers are starved (for example by an increase in reaction rate through changes
in temperature), the more the measured reaction rate r,,s will deviate from the intrinsic
reaction rate 7iyinsic Without internal mass transport limitation. This can be described by

the catalyst effectiveness factor 1 which is defined as shown in eq. (2).

7(.‘OS
n=—2 )

Tintrinsic

Since the reaction still occurs despite internal diffusion limitations the activation energy
is decreased to a fraction of the actual activation energy. It is reported that the effective,
meaning the measured activation energy is approximately half of the actual activation

energy in case of strong internal mass transport limitation.'®

Similar to the external mass transport limitation discussed in chapter 1.2, different ap-
proaches for the investigation of the presence of internal mass transport limitation are

proposed.

The empirical test involves testing the catalyst at the same conditions while changing the
secondary particle size. If no mass transport limitation is present the observed reaction
rate 7qps 1S not a function of the particle diameter. However, if internal mass transport
limitation is present, the observed reaction rate r.,s will behave inversely proportional to
the particle diameter.!” Weisz et al. also proposed a criterion to check whether internal
diffusion might limit the reaction. The so-called Weisz-Prater Criterion shown in eq. (3) is

fulfilled when no internal mass transport limitation is present:

0.5 deg)?
ﬂirv obs S 1 (3)
Dee 1 7
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Here d., is the diameter of the catalyst particle, D, is the effective diffusion coefficient
in the pore system and r o represent the reaction rate per volume of catalyst.?! If this

criterion is fulfilled, the catalyst effectiveness factor 7 is larger than 0.95 (n > 0.95).

Under confined geometries diffusion is hindered. Weissberg showed that the diffusion
coefficient in a porous solid D.¢ and the free, unrestricted diffusion coefficient Dy are

connected by the porosity € and the tortuosity 7 as shown in eq. (4):%

Dq -
Deff: o€

(4)

The free diffusion coefficient Dy is a function of the temperature 7" and the pressure p as
well as the gas matrix in which diffusion occurs. However, data on diffusion coefficients
in ternary mixtures are very scarce. Blanc’s law,? initially developed for the mobility

o) (T,p), ata
given temperature 7" and pressure p in a matrix of substances j and £ with a molar fraction

of ions in gases, can be used to calculate the diffusion coefficient, D; (

Xj, Xk on the basis of diffusion coefficients in the pure matrix components D; ; (T, p) and

D; . (T, p) as shown in eq. (5).*

X i Xk
Di,j (T7p) Di,k (T7p)

Di,(xj,xk) (Tv p) = (5)

The diffusion coefficients of component ¢ in pure matrix components at various temperatures
T can be calculated based on their values reported at standard temperature and pressure
(STP) D, ; (0°C, 1 bar)® according to eq. (6):

7\ 8!
D;; (T,p) = D;; (0°C, 1bar) - (%) . (T) ©6)
0

The other factor in eq. (4) is the porosity € which represents the void volume fraction of a
solid while the third one, tortuosity 7, is considered to be the ratio between fluid flow path
through a porous medium compared to its mean free path.?® The concept of tortuosity was
first reported by Carman in 1937 who calculated a fixed value of v/2.27 In a later publication
the term tortuosity was coined.?® Carniglia proposed a simple equation based on Fick's first

law*® to calculate tortuosity 7 with the help of mercury intrusion measurements, which is
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still used and referred to when calculating tortuosities to this day. Carniglia’s expression

for systems in which cylindrical pores do not prevail is shown in eq. (7).%

7= (223 — 1.13Viyg - prgpun) (0.92y)' 7 (7)

With y = Su,e/Seer representing the pore shape factor, Vi, is the total specific pore volume,
which is the cumulative intruded pore volume at the maximal experimental pressure, while
Prgbulk 18 the bulk particle density and E is the pore shape exponent. If y < 1.1, meaning
cylindrical pores are dominant in the material, 7 can be calculated by the simplified form

of the Carniglia’s expression shown in eq. (8).

7 =223 — 1.13Vig * Pgbulk (8)

These equations are still used frequently to calculate tortuosities up to this day due to
their simplicity.>!> However, it was also pointed out that Carniglia’s expression fails to
describe the connectivity of void volumes and void pore volumes adequately.’®*’ If the
material can be assumed to consist of agglomerated spheres an expression proposed by
Comiti and Renaud can be used.?® This model assumes the pores to be void space between

agglomerated particles, which was developed for packed beds and is shown in eq. (9).

7=1— Pln(e) 9)

Where ¢ is the porosity while P represents the shape factor. It was shown by Barrande,
Bouchet, and Denoyel that this equation can also be used for materials with non-porous

primary particles that are aggregated by using a shape factor P of P = 0.49 .2

1.4. Kinetic Descriptions of Reactions Catalyzed by Solids

When neither external and internal mass transport rates, reactant adsorption and product
desorption are limiting, the intrinsic activity of the catalyst can be measured. The description

and fit of experimentally obtained intrinsic reaction rates (i.e. 7 = 1) can usually be
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accomplished in an empiric, non-mechanistic way by so-called power law descriptions of

the reaction rate  which is shown in eq. (10).!"!3
N
r=k] ] (10)
i=1

Eq. (10) describes the rate of a reaction based on the partial pressures p; of the involved
reactants ¢ and the so-called reaction order n;. The latter representing to which extend the
concentration of a reactant ¢ will influence the overall reaction rate. k is the equilibrium

constant, which is temperature dependent according to the Arrhenius-equation shown in
eq. (11).

k= ko e® (11)

With ky being the preexponential factor, representing the maximum equilibrium con-
stant at infinite temperatures, F, the activation energy, I the universal gas constant
(8.314Jmol~! K~ ') and T being the absolute temperature.*

This empirical description, however, may not satisfy more complex dependencies since it is
not mechanism-specific. Especially when reaction orders become temperature dependent a
simple power law approach is not able to describe such reactions. Therefore mechanism-
based descriptions of kinetics were developed early on. Langmuir postulated three different

types of reactions on solid catalysts*® in 1922:

1. Reaction between an adsorbed and non-adsorbed species
2. Reaction between two adsorbed species on adjacent sites

3. Reaction between an adsorbed species and the catalyst surface

1.4.1. Reaction of an Adsorbed Species With a Non-Adsorbed Species —
The Eley-Rideal Mechanism

The first type of reaction is frequently referred to as the Eley-Rideal (ER)-mechanism

resulting from the work of Eley and Rideal on para-hydrogen activation on tungsten.*!4?

However, since Langmuir was the first to postulate such a reaction it is also referred to as
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Langmuir-Rideal (LR)-mechanism.** Such a reaction between reactants A and B can be

described by the following reactions 1-3.

A+x — A—x [R 1]
A—%+B — BA—x [R 2]
BA—+ — BA + % [R 3]

A reactant A does adsorb on the active site * to form the adsorbed and activated surface
species A—x*. This activated surface species can react with the second reactant directly
from the gas phase to form the adsorbed product BA—x, which subsequently can desorb to
form BA and regenerate the active site x. When the surface reaction (reaction 2) is assumed
to be the rds and irreversible the kinetic expression can be written, using the Langmuir

isotherm** to describe the adsorption, using eq. (12)

Kads,1p1p2
1 + Zfil Kads,ipi

(12)

r=rqs =k

Since in the ER mechanism only one of the reactants is activated, the ER is usually only
found with simple reactions with a low activation energy such as the gas phase selective

catalytic reduction (SCR) of NO with ammonia.*’

1.4.2. Reaction of Two Adsorbed Species — The Langmuir-Hinshelwood
Mechanism

In his book The Kinetics of Chemical Change in Gaseous Systems Hinshelwood first used
the Langmuir isotherm to describe kinetics of a reaction of two adsorbed species giving the
mechanism.*#*46 The original Langmuir-Hinshelwood (LH) mechanism is formulated
for a catalyst exhibiting one adsorption site %, which can be described by the following

reaction scheme.
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A+x = A—x [R 4]
B+%x = B—x [R 5]
A—x +B—x — AB—x + x [R 6]
AB—x == AB + x [R7]

On a monofunctional catalyst two different reactants A and B adsorb on the same active
site x leading to competitive adsorption. Two adsorbed surface species A—* and B—x
subsequently react to form the adsorbed product AB—x, which desorbs to regenerate the
active site * and the product AB. The most prominent example for such a reaction in which
two species compete for the same adsorption site while following the LH mechanism is the
CO oxidation catalyzed by platinum on alumina.*’*® This reaction was formerly reported
to follow the ER-mechanism.*” Considering the reaction network 4-7 the reaction rate can
be described by eq. (13) considering the surface reaction (reaction 6) is the rate determining
step (rds).

Kads,lpl : Kads,2p2

N 2
(1 + Zizl Kads,iPi)

r=Tws =k

(13)

It can also be envisioned that for multifunctional catalysts both reactants can adsorb on
different active sites *; and *, . This leads to a different rate expression, which is shown in
eq. (14).5%31

Kads,l,*lpl : Kads,Z,*ZPQ

r=Tds = k N N
1 + Zizl Kads,i,*lpi 1 + Zizl Kads,i,*zpi

(14)

In the latter case, no competitive adsorption of the reactants occurs, because they occupy

different active sites.

10
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1.4.3. Reaction of an Adsorbed Species with the Catalyst — The
Mars-van-Krevelen Mechanism

The described reaction of a reactant with the catalyst by Langmuir is the first step in the
so called Mars-van-Krevelen (MvK) mechanism, which was described by Mars and van
Krevelen for the oxidation of hydrocarbons with reducible oxides.? Generally reactions

following the MvK mechanism can be described by reactions 8-11 .

A+x = A—x [R 8]

A—% + Optiice — AO—x + vg [R 9]
AO—x = x + AO [R 10]

vo + 0.50, — Opagiice [R 11]

The reactant A adsorbs on the catalysts surface and reacts with a lattice oxygen to form the
oxidation product AO. In the process the catalyst is reduced, leading to the formation of an
oxygen vacancy vq. After desorption of the product the oxygen vacancy is healed through
adsorption and reduction of the gas phase oxidant. Aside from the oxidation reactions the
MvK mechanism was initially proposed for, it can also be used to describe deoxygenations

and desulfurization reactions.>?

The rate expression Mars and van Krevelen derived can be expressed by eq. (15).%2

ky /{?2]91]?82

r=—2 15
kap1 + kapg, (2

Although it was argued by Vannice that this kinetic rate expression is flawed,’! many
kinetic models based on the MvK mechanism for different but mainly oxidation reactions

are derived to this day.

2. Cerium-based Oxides - Properties and Preparation

Cerium and cerium-based oxides are broadly employed materials in biomedical and

nanomedical applications due to their antioxidant and enzyme-mimetic properties,>*>¢

11
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in photocatalysis,’’ % fuel cells,’'%* and most prominently in redox catalysis.®**” The
intrinsic redox properties make cerium oxide a good redox catalyst, with the exhaust gas
aftertreatment being the most prominent application. Due to the importance of emission
abatement in the individual transportation sector, numerous publications dealt with the

investigation of preparation, characterization and testing of cerium-based catalysts.

Stoichiometric cerium oxide crystallizes in a cubic CaF, structure. In this structure cerium
ions span a face centered cubic structure while the oxygen ions fill up the tetrahedral
interstitial sites.®” Thus, cerium ions exhibit a coordination number of eight leading to
an ionic radius of v = 0.097 nm, whereas oxygen ions have four nearest neighbors,

resulting in an ionic radius of 7> = 0.138 nm.**%° This structure is shown in figure 1.7

Figure 1: Crystal structure of stoichiometric CeO,

2.1. Redox Properties of Cerium Oxides

The broad application spectrum of cerium oxide materials stems from the low oxygen
vacancy formation energy. This is caused by the fact that no phase transformation is
necessary during reduction over a wide range y in CeO,_,. The reduction of cerium oxide
was shown to produce oxygen vacancies rather than cerium shifting to interstitial sites.”!
Therefore, the reduction of cerium oxide can be written using the Kroger-Vink notation

as follows:¢’

12
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2Ced + 08 = 2Cec, + 050, + v¢ [R 12]

The Kroger-Vink notation is frequently used in defect chemistry of oxides. The index
represents the element that occupies the lattice position in question in an ideal, defect free
lattice. The relative charge to the ideal lattice is represented by the symbols ’ for a relative
negative charge, ® for one relative positive charge and * for zero net charge in comparison

" on the lattice position of Ce' in CeO,,

to the host ion. Ce’ therefore represents a Ce
having a net-charge of —1. v refers to the formed oxygen vacancy on the oxygen lattice

position having a net-charge of +2.

Density functional theory (DFT) calculations suggest that the charge density is localized
at the two neighboring Ce™ sites rather than being delocalized over the whole crystal.”?
The reduction degree of cerium-based materials is frequently described by the oxygen
deficiency y in literature. However, since cerium-based materials are frequently doped to
alter the material properties in a way that is beneficial for the desired operation, the oxygen
deficiency has to be normalized by the amount of ceria present as these dopants may not
take place in the reduction process, distorting the meaning of y in such systems. Therefore,
the cerium reduction degree J will be used in this work to describe the non-stoichiometry
in ceria materials. 0 represents the fraction of Ce’, of all sites occupied by cerium ions

and can therefore be calculated as shown in eq. (16)

xCe’Ce

5 = (16)

Teep, T Teeg,

For undoped CeO, materials the oxygen deficiency y is given by y = 0.5 6.7

As mentioned before the low oxygen vacancy formation energy in cerium oxides is caused
by the fact that ceria can undergo severe reduction without a phase transition. The upper
limit for a phase-transitionless reduction is reported to be around § = 0.572.7 Up to
this point however, a continuum of unordered, fluorite-type oxygen deficient structures
CeO,., is formed, commonly referred to as the a-phase. Oxygen vacancy association and
clustering occurs during heating leading to the formation of reduced ceria superstructures.
Atomic force microscopy (AFM) and Scanning tunneling microscopy (STM) studies
showed triangular and linear defect structures when annealing reduced ceria, suggesting

a stabilizing effect by vacancy clustering.”*’> Above a reduction degree of § = 0.572

13
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phase transition occurs and a body-centered Ce, O, ,, cubic structure is formed, referred

to as o-phase.5”7

Under operation conditions of redox catalysis only mild reduction occurs. This means
the phase transition from the non-stoichiometric a-phases to o does not usually occur.
When staying beneath the reduction degree limit of 6 = 0.572, it was found that the
lattice parameter a increases linearly with the reduction degree §. This can be explained by
describing the partially reduced cerium oxide as a solid solution of fluorite type Ce,O5; with
oxygen vacancies in place of every fourth oxygen ion and bare cerium oxide according
to Vegard's law,’® which describes the lattice parameter of a mixed oxide crystal as a linear

relationship between the molar fraction of the dopant and host crystal system following
eq. (17)

aceo, , = (1 —=10) aceo, + 9 acco, ;- (17)

Cerium oxide and fluorite analogues are reported to follow Vegard's law (c.f- eq.(17)) over a
wide dopant concentration range.”! One challenge is the fact that the cubic lattice parameter
of reduced cerium oxide acco, , 1s not easily accessible because of the aforementioned phase
transformation to a bcc structure. There are different approaches to this challenge, two of
which shall be discussed here. Kim formulated empiric equations to calculate the lattice
parameter of doped cerium oxides of different fluorite-type oxides, while they circumvent
the previously mentioned problem of not knowing the lattice parameter of cubic CeO, 5.”’
The equation to calculate the lattice parameter aceo, , of reduced cerium oxide CeO,_,

according to Kim is shown in eq. (18).

3

aceo,, = 0.5413nm + Y _ (0.0220A7; + 0.00015A2,) & (18)
k

with Ary being the difference between the ionic radius of the k-th dopant ry = ron =
0.114 nm and the host cation radius r, = reav = 0.097 nm giving a value for partially
reduced ceria of Ary = 1y —r, = 0.017 nm. Az represents the charge difference between
the kth dopant and the host cation, and therefore gives a value of Az, = 2z — 2z, = —1 for
reduced ceria. i represents the mole fraction of the kth dopant in mole percent. Thus,
the lattice parameter of partially reduced, undoped cerium oxide CeO,_, can be calculated

based on the reduction degree 6 = 0.01xy using eq. (19),

14
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aceo,, = 0.5413nm + 0.0224 nm 6, (19)

Compared to the pure empirical nature of Kim’s approach, Hong and Virkar constructed
an equation to assess the lattice parameter based on geometric considerations.’”! Based on
the equation for the lattice parameter a of an ideal cubic lattice structure (eq.(20)) they
formulated eq. (21), which for the case of partially reduced cerium oxide CeO,_, with a

cerium reduction degree of ¢ yields eq. (22)

4

@ = —= (Tcation + Tanion 20
4

a=—7=[zri+ (1 —x)rn+ (1 — 0.252) roe- + 0.2527,,] X 0.9971 (21)

“%

= — [(57”Cem +(1-9) Teov + (1 —0.250) Tor + 0.2557‘1,0] x 0.9971 (22)

P

using the ionic radius of Ce'” and Ce" as well as the ionic radius of tetrahedral coordinated
oxygen 7 = 0.1380 nm and the oxygen vacancy radius r,, = 0.1164 nm. The empiric
factor of 0.9971 was introduced to fit the lattice parameter of undoped cerium oxide to

the literature value of aceo, = 0.5411 nm.

From both equations (19) and (22) it is evident that the lattice parameter is expected to

' Since the

increase with increasing reduction degree due to the larger ionic radius of Ce
lattice parameter a can be easily determined from reflection positions in X-Ray Diffraction
(XRD) patterns, the bulk reduction degree can be calculated using equations (23) and

24)

aceoziy —0.5413 nm

OKim = ; 23

« 0.0224 nm 23)
4 (a(:eoz,y - 3'?/23;4 (Tcelv + ’I“Ozf>>

5Hong—Virkar — 39884 (24)

=5 (4’1“Cem - 47"Celv —Tox- + 7"1,0)

Since the lattice parameter calculated from Kim’s formula for totally oxidized CeO, does
not match the reported value, calculation of the reduction degree from XRD data dxrp will

be done using eq. (24) in the following work.
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2. CERIUM-BASED OXIDES - PROPERTIES AND PREPARATION

Table 4: Surface energies E*T2 and oxygen vacancy formation energies £v%” for low
index ceria facets

Facet Esurf,unrelaxed / CV72 Esurf,relaxed / e\]72 Fvac / CV79

Bulk . - 3.390
(111)  0.690 0.680 2.600
(110) 1.260 1.010 1.990
(100)  2.050 1.410 2.270

2.2. Structure Sensitivity of Cerium Oxides

Since catalysis is a surface process, it was already early on suggested from density functional
theory (DFT) calculations, that the type of exposed surface facet has a significant impact
onto the activity of cerium oxides in catalysis.”® Commonly cerium oxide materials expose
(111), (110) and (100) facets. Facets with higher indices usually undergo restructuring
rather easily due to the higher thermodynamic stability of the low index facets.

It was also reported that the low index crystal facets exhibit different stabilities. Nolan et al.
used DFT-U to assess the stability of low-index facets of ceria.”? Their results, c.f. table 4,
show that the stability which is inverse proportional to the surface energy follows the trend:
(111) > (110) > (100). The amount of surface relaxation ([fsurhunrelaxed _ psurfirelaxedy 5140
is consistent with experimental results that showed that the (111) facet is simply oxygen
terminated,” whereas (110) facets exhibit a stoichiometric capping layer®® and the (100)
facets have to undergo severe restructuring to relax the perpendicular dipole moment, which
makes surfaces unstable. When looking at the vacancy formation energies £V* it is again
evident, that the reduction of the surface is more favorable compared to oxygen vacancy
formation in the bulk. But also between the different facets there is a significant difference.
As demonstrated in table 4, the oxygen vacancy formation energy increases with (110),
(100) to (111) surface facets, suggesting higher activity for MvK-type reactions.

2.3. Preparation of Cerium Oxides

Many different methods can be applied in synthesizing cerium oxides: From simple
precipitation, to sol-gel and hydrothermal synthesis to high energy ball milling as well as

flame-spray pyrolysis or combustion synthesis.®! Due to its simplicity precipitation is a
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frequently used method for preparation of metal oxide catalysts. Since it is also used in

this work, a detailed discussion of the precipitation process follows.

2.3.1. The Precipitation Process

Mullin states that although precipitation is used frequently literature still lacks an unam-
biguous definition. It is generally regarded as a fast crystallization process. However, these
processes and the developed models to describe crystallization are assuming equilibrium.
This is not the case for precipitation. Usually supersaturation is achieved via a chemical
reaction between a precursor salt and a precipitation agent forming an insoluble compound.
Thus, equilibrium processes like in classical crystallization play a less important role
during precipitation.®? Nevertheless, precipitation follows the same processes as classical

crystallization which are

1. Creating supersaturation
2. Nucleation

3. Particle growth.

In the following each step will be discussed in more detail.

Creating Supersaturation

Supersaturation can be described on basis of the chemical potentials ;2 of a molecule or ion

in solution s and in the solid or crystal phase . as shown in eq. (25).%

Ap = pig — ple (25)

A solution is defined as undersaturated when Ay < 0, saturated when Ay = 0 and
supersaturated when Ay > 0. Therefore, a supersaturated system is thermodynamically
unstable, enabling the formation of nuclei. Saturated and undersaturated systems are stable,

meaning nucleation and therefore precipitation can not occur.®?

Supersaturation can be achieved via different routes. In classical crystallization it is
usually achieved by changing the temperature. For endothermic dissolution processes the

temperature is altered to reach supersaturation and with it nucleation and crystal growth.
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2. CERIUM-BASED OXIDES - PROPERTIES AND PREPARATION

As mentioned in the introduction, precipitation for catalyst preparation is usually done by
adding a precipitation agent. For metal oxides the precipitation agent is usually a base since
transition metal hydroxides tend to have very low solubility limits. Metallic particles can
also be precipitated by adding a reducing agent, producing insoluble metal particles.?* In
both cases supersaturation is achieved very rapidly, since the solubility product that has
to be considered is no longer the one of the soluble metal salt but the compound formed by
the reaction with the precipitation agent. Therefore, the yield Y is no longer limited by the
thermodynamic equilibrium of a highly soluble salt as in classical crystallization and it is

possible to achieve yields close to Y = 1.

After reaching supersaturation the system is thermodynamically unstable, leading to nu-
cleation.®> Although thermodynamically unstable, it was reported that nucleation is a
kinetically controlled process.®® Thus, in many systems a short induction time can be

observed. For some systems short range ordering in solution was already observed as

well. %

Nucleation

Nucleation is a process that is still under scientific scrutiny more than 100 years after the
development of the ground breaking work of Volmer et al., Becker et al. and Frenkel and
is known today as classical nucleation theory (CNT).}-*° Due to its simplicity CNT is
still used today to describe, in words as well as mathematically, the process of nucleation
and growth of nanoparticles from solution although it was initially developed for vapor
condensation. It is based upon thermodynamic considerations regarding the stabilizing
effect of bonds formed in the bulk and destabilizing effect from surface energy ~. For a
spherical nucleus, the thermodynamic most favorable geometry considering the lowest

surface-to-volume ratio, the free energy of the particle AG is described by eq. (26).”°

4
AG = — =7 |AG | + 4mrPy (26)
3 S——
~———— N

AGy

The first summand of eq. (26) represents the stabilizing contribution of the bulk AG, as
a function of the particle radius » and AG, the change in free energy due to the phase
change. The latter summand describes the destabilizing effect of the surface AG, caused
by the surface tension 7. From eq. (26) it is evident that the stabilizing bulk contribution

scales with AG, ~ —r® whereas the surface contribution scales in a quadratic manner
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AG

Free Energy AG / -
o

Radiusr/ -

Figure 2: Free energy of the formation of a particle as function of the particle radius adapted
from Kas¢iev®!

with the particle radius AG ~ r2. This leads to a maximum in the particle free energy
AG, at a radius . known as the critical radius. From this radius on, particles gain stability,
i.e. reduce their free energy with an increase in particle radius r. This is exemplified in

figure 2.

Nucleation in CNT is therefore considered a solely thermodynamic process of the first-order
phase transition.”? The initial formation of nuclei is thought of as following the fluctuation
theory. Since the critical radius has the largest AG value, the probability of forming a
cluster with radius . is least probable. Therefore the rate for the unprobable, spontaneous
formation of a nucleus with size r. governs the overall nucleation rate according to CNT.

This nucleation rate J is given by eq. (27)

—AGe

J=A-e®l 27)

where kg is the Boltzmann constant and AG. is the free energy change at the critical radius
r.. Thus the second term in eq. (27) describes the probability according to fluctuation
theory of a nucleus of size r. being formed. It is also evident from eq. (27) that nucleation
is an activated process and higher temperatures are suggested to lead to a higher nucleation
rate.%°

Although it is frequently employed, CNT has several assumptions that limit its quantitative

applicability outside of its original vapor to liquid transition of weak binding systems.

85,93

These are outlined in a detailed review and will only be shortly listed here:
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 The formed nucleus is thought as of having the same physical properties as the stable

phase after crystal growth.

* The formed nuclei are entirely spherical and there is a sharp phase boundary between

nucleus and supersaturated fluid.

* The phase boundary is entirely planar, introducing large deviations for small nuclei

sizes.

Crystal Growth

After nucleation occurred the formed nuclei will grow into crystallites. There are many
proposed mechanisms for the growth of crystallites after nucleation, which are meticulously
described and listed by Whitehead et al. in their critical review about the most cited kinetic
description of particle growth kinetics, the LaMer model®* from 1950.%° The underlying
mechanism used in the initial nucleation and growth model as well as earlier ones like
the one of Farkas published in 1927,% describe particle growth as a series of successive

attachments and detachments of monomers to formed nuclei®??3-%°

+M
-M

M
-M

+M
-M

M + Mn Mn+l Mn+2 Mn+3

The assumption of only monomers attaching to a formed nuclei is a very simplified repre-
sentation of a very complex process. It entirely omits the possibility of merging of nuclei
and smaller particles which from a thermodynamic standpoint would seem very plausible.
As depicted in figure 2 surface area acts thermodynamically destabilizing to a particulate
systems. Thus, small particles tend to merge, leading to a decrease in surface-to-bulk
ratio. This effect is known as Ostwald ripening. Especially for polydisperse particle size
distributions the driving force for agglomeration is large.”® However, although Ostwald
ripening plays an important role in particle growth kinetics, especially in the aging state,
it is entirely omitted in the CNT-based LaMer model. Another problem with the early
models is that it was assumed that instantaneous burst nucleation occurs, making nucleation
and crystal growth two separate processes. This time separation of nucleation and crystal
growth was shown to be one of the major drawbacks of the kinetic models of LaMer
et al. as pointed out by Whitehead et al..®>** Modern kinetic models trying to describe
the nucleation and crystal growth process use more complex and realistic assumptions to

describe this complex and poorly understood process.
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2.4. Preparation of Cerium Oxides by Means of Precipitation -

Influence of Preparation Parameters

Literature describes many ways of preparing cerium oxide materials. From the frequently

97-101

employed methods such as precipitation, sol-gel synthesis,’”!92-1% hydrothermal

synthesis'%~1%7 to more niche methods like solution combustion,!®-!1? high energy ball
milling!''~!!3 and microwave assisted synthesis''*"!1® various approaches to prepare materi-
als with different properties are employed. Since this work will focus on the preparation
by precipitation process and processes derived therefrom, this will be the focus of the

following section.

Precipitation of cerium oxides and cerium-based oxides is usually carried out by adding a
precipitation agent to an aqueous solution of cerium ions. Since the solubility of cerium

107

hydroxides is very low!'!” usually bases like aqueous solutions of ammonia,'?” sodium

118 6r ammonium bicarbonate!"’

hydroxide are used to create a high degree of supersat-
uration.??% Resulting from the low solubility of the formed precipitates the yield of
precipitation is essentially Y = 1. By employing multiple metal precursors that have
similar solubility products it is also possible to prepare mixed cerium-based oxides via
co-precipitation.'?°

The properties of the final obtained products are known to be highly sensitive to the
conditions present during precipitation.'?! Therefore, different experimental setups are
proposed for carrying out precipitations. From adding a precipitation agent into the metal
salt solution, to adding metal salt solution to the precipitation agent to adding both at the
same time. These differences are mostly to reduce the inherent inhomogeneities during the
precipitation process, which stem from finite mixing times when mixing two solutions.!”
These inhomogeneities are present in temperature as well as in concentration. One way
to circumvent this challenge is the use of substances that can release the precipitation
agent slowly through a chemical reaction. The most prominent example is urea. Urea
decomposes readily at higher temperature in aqueous media'?? according to the following

proposed two-step reaction.'?*!24

CO(NHZ)Z(aq) - NCO(;q) + NH4Jan) [R 13]

NCO(;q) + NH4E(aq) +3 H2O - COz(g) + 2NH4Jan) +2 OH—(aq) [R 14]

This means hydroxide ions are released through dissociation of urea homogeneously
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throughout the whole solution volume. It was reported that the urea-based precipitation
(UP) process leads to a very narrow size distribution when precipitating metal hydroxides
from aqueous solution.'?> This process is frequently used to prepare cerium oxide materi-
als.?126-130 To homogenize precipitated materials hydrothermal synthesis is also used in
the preparation of cerium oxide. In a typical synthesis the precipitated hydroxide is placed
into an autoclave and treated above 100 °C at elevated pressure. At higher temperatures
dissolution processes are more prominent, leading to a change in material properties with
changing treatment conditions.!%1%7 Lastly, the hydrothermal urea-based precipitation
(HUP) should be mentioned. It is a combination of UP and hydrothermal synthesis. In a
typical preparation the metal precursors and urea are dissolved and placed into an autoclave
before the reaction solution is treated under hydrothermal conditions.!%®!3! The latter is
reported to prepare materials with higher crystallite strain compared to the other methods.
This might be a result of the carbon dioxide formed in reaction 14 not being able to escape,

leading to the formation of bulk carbonates.!3?

After precipitation and aging is carried out the precipitated hydroxides are generally sep-
arated from the solution and are dried and calcined. Although the drying process was
reported to have a negligible effect on material properties the effect of calcination is severe.
Literature is congruent about the decrease in surface area with a simultaneous increase
in crystallite size. It was shown that the crystallite size increases slowly between 300 °C

192 Tt was also shown that calcination time

to 700 °C, before increasing rapidly thereafter.
had a limited effect at 500 °C and below, whereas significant effects were observed for
temperatures above that..!3* Since sintering is strongly dependent on the mobility of surface
atoms it is related to the semi-empirical Hiittig temperature (T = 0.3 X Tiner) Which
for ceria is Thjyig,cco, ~ 590 °C. However, it has to be mentioned that the rate of sintering
is highly dependent on the particle size and is faster for nanoparticles due to their higher

134

chemical potential.’>* It was also noted by Perrichon et al. that increased oxygen mobility,

caused by defect concentration may lead to a decrease in temperature stability.!*®

3. Cerium Oxide as a Redox Catalyst

3.1. Reduction and Oxidation Mechanism of Cerium Oxides

As mentioned before the redox properties play an important role in the application of
cerium oxides. Therefore, it is of paramount importance to look into the mechanism of

ceria reduction depending on the reducing agent.
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3.1.1. Reduction of Cerium Oxide with Hydrogen

H,-temperature programmed reduction (TPR) is an important tool for the evaluation of redox
catalysts. It is used to qualitatively and quantitatively assess the temperature dependent
reducibility of redox catalysts'3¢!4° However, the reduction of cerium-based materials with
H, also has implications in the application of TWC as it was found that after rich-to-lean
transitions hydrogen is formed by the reduction of water.'#! This hydrogen can subsequently

interact with ceria again.

Cerium oxide reduction with H, is believed to occur via two different processes. The first
being the formation and desorption of water and an oxygen vacancy accompanied by the
reduction of two neighboring Ce" atoms.'*>!** The second process is believed to occur
through hydrogen chemisorption and formation of a hydroxyl group which is not eliminated
to form an oxygen vacancy.!**+!% It was shown using magnetic susceptibility measurements
in a series of studies by Bernal et al. that the second reduction process is reversible by
applying vacuum to the sample.'#%!47 It was also reported that these two mechanisms persist
even if the activation of hydrogen is catalyzed by the presence of a precious metal followed
by hydrogen spillover.!4® However, for pure cerium oxide the irreversible reduction, i.e.
the formation of an oxygen vacancy accompanied by a desorption of water, is prevalent,
whereas for precious metal containing catalysts the reversible reduction plays a more

important role, due to the lower temperatures employed during reduction.'#’

Reduction of Cerium Oxide with Carbon Monoxide

CO i1s one of the important pollutants which have to be removed during exhaust gas af-
tertreatment. CO acts as a o-electron donor while backbonding can occur into the 7* orbital,
thus weakening the C-O bond. Many studies concerned themselves with the adsorption
of CO on ceria-based catalysts 51191497134 Foyrier-transform infrared spectroscopy (FT-IR)
was used to distinguish between different adsorbed species upon CO exposure.!*%!%° After
exposure to CO it is reported that different species are formed. A linear adsorption on top of
exposed cerium ions was observed, which however is not stable and can be easily removed
via evacuation. Other formed species are monodentate and bidentate carbonate species as
well as inorganic carboxylates.!*’ Similar species were also visible when investigating the
adsorption of CO, pointing towards a slight reduction of ceria at room temperature upon
CO adsorption. These findings were later also corroborated by theoretical studies from
Nolan et al..®® As with the oxygen vacancy formation energy it was already proposed in
1992 by Sayle et al. that the adsorption and with it the CO oxidation activity is dependent
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on the exposed crystal facets.”® This was later confirmed by various experimental and
theoretical studies.'>® It was shown that CO adsorption on (111) is a linear adsorption
mode on top of the metal ion, similar to the reported weak adsorbing mode proposed
by Li et al..3*!* For (110) and (100) facets it was found that strong chemisorption in a
bridging conformation occurs, leading to a carbonate-like species.!* It was also predicted
that an occupied band gap state in ceria is formed upon adsorption, indicating cerium
reduction. This was also in line with a transfer of 1.7 and 1.8 electrons for the (110) and
(100) facet, respectively.®’ The adsorption of CO was calculate to have a facet dependent
adsorption energy of —25kJmol~! for the (111) facet,—188 kI mol~! for the (110) facet
and —310kJmol~! for the (100) facet. These trends were also validated in experimental
studies looking at the structure sensitivity of CO oxidation over materials with preferred
exposed crystal planes such as nanorods (NR), nanocubes (NC) and nanooctahedrons
(NO). 119,154

Reoxidation of Ceria

For the catalytic cycle to continue according to the MvK mechanism the material has to be
reoxidized. Between molecular oxygen O,,'%1331577166 pitroys oxides NO and N,O'67-170

141,171,172

as well as water in accordance to process condition of the TWC, different oxidizing

agents are used in the testing of ceria materials.

In a laboratory setting oxygen is frequently employed as an oxidizing agent. Reoxidizing
the surface with molecular oxygen requires dissociative adsorption, which was reported

to follow the modified general oxygen reduction scheme!”*174
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Upon adsorption on the ceria surface a partially charged molecular oxygen species Oy 4
is formed. Successive electron transfers from the reduced oxide to the adsorbed oxygen
molecule lead to the formation of superoxide O, and peroxide O surface species. Further
reduction of the oxygen species leads to the formation of lattice oxygen O2gc..'”> 78 All
of these species were observed using vibrational spectroscopy while also being predicted
theoretically.!” It was reported from experimental as well as theoretical studies that oxygen
adsorption on stoichiometric ceria surfaces is slightly endothermic.!7#!7¢180 Equivalent

to the activation of reducing agents it was also reported in several studies that oxygen
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activation is a structure-sensitive process.'8! It was reported to follow the same order
compared to CO activation, meaning the weakest activation was observed and predicted
at the (111) facet, followed by the (110) and (100) facet.!”® The authors also found that for
the (111) facet the vacancies are diffusing into a the sub-surface oxygen layer, limiting
oxygen activation even more on the (111) facets.!”® When oxygen adsorbs on a Ce™ ion
close to a vacancy, Zhao et al. calculated that oxygen coordinates into the oxygen vacancy,
forming a peroxide by two single electron transfer (SET) from Ce4f to the 72p* orbital

111

of oxygen. On the other hand if oxygen adsorbs on an isolated Ce™ site, only a single SET

occurs, leading to the formation of a superoxide.'”’

3.2. Defect Chemistry of Cerium Oxide

Redox active metal oxides are known for their complex defect chemistry, whose under-
standing is paramount, as defects play a big role in changing reactivity of such redox active
metal oxides.'®>!%* Generally four different types of defects can be distinguished in pure

ceria, along with any other metal oxide, not considering impurities:'34

* Ceria with cerium deficiency (cerium vacancies; v¢.,

+ Ceria with cerium excess (metal on interstitial sites; Ce;™)
+ Ceria with oxygen deficiency (oxygen vacancies; v;)

L . PP
+ Ceria with oxygen excess (oxygen on interstitial sites; O;)

In order to adhere to overall charge neutrality, defects usually occur in defect pairs, which
are known as Schottky (v — 2vg), Frenkel (v{! — Ce;™) and anti-Frenkel (vg — O)
defects.!® In redox active oxides an oxygen vacancy does not have to coincide with a
change in cation position, but can simply be compensated by a change in oxidation state
of the metal. Although materials tend to have a prevalent type of defect, all of the above
mentioned defects may be present in an oxide. For ceria it was found that the most prominent
type of defect are oxygen vacancies with theoretical calculation suggesting a roughly 20
fold higher concentration compared to the aforementioned other defect types.'$*!37 These
defects may occur isolated on a single lattice site or may associate through stabilizing
effects. The former are called point defects, or unassociated defects, whereas the latter

are referred to as associated defects or defect clusters.!8?
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3.3. Cerium Oxides as Catalysts for the CO Oxidation

Oxidation of CO is one of the important reactions in emission abatement in exhaust gas
aftertreatment. Although activation of CO occurs via a precious metal (PM) in the actual

TWC, CO oxidation over bare cerium oxides is frequently used as a model reaction to

assess the oxygen release properties of different oxide supports. '3

It is generally accepted that the CO oxidation follows the MvK mechanism, as described in

chapter 1.4.3 whose elementary reactions steps are shown below in reactions 15-18.18%1%

COy +# —= CO—x [R 15]
CO—* + 0 — CO,—v( [R 16]
CO,—vg —= COyg + Vo [R 17]
050, + Vo —= 04 [R 18]

After CO adsorption on a Lewis-acid site * (i.e. Ce", Ce") (c.f. reaction 15) CO is
oxidized via a lattice oxygen ion Og (reaction 16). Successively the formed CO, is
desorbed (reaction 17) and the created oxygen vacancy v’ is reoxidized by an oxidation
agent, such as O, (reaction 18). However, as already discussed in the previous chapter 3.1,
it is also possible that especially on isolated sites v, every other converted CO can react

via the LH mechanism according to reactions 19-21.!%!

Oxg) * Voiso — 02 ~Voiiso [R 19]
05 —Vgiso + CO—% — CO,—* + Og i [R 20]

Here molecular oxygen adsorbs on an isolated, not associated vacancy site vg , to form a
adsorbed superoxide species O, —Vvq s, (reaction 19) as discussed in the previous chapter 3.1.
Afterwards a CO molecule adsorbed at a Lewis acid site CO—x (reaction 15) can react
with the superoxide species to form CO,—x* while reoxidizing the isolated vacancy site to
O4.iso (reaction 20)."" Afterwards CO, can desorb (reaction 21)."”? The LH mechanism
is more dominant at low temperatures since vacancy association and surface mobility
of oxygen species is an activated process.'’® This leads to a shift in the equilibrium of

adsorbed oxygen in direction of the lattice species Opyice discussed in chapter 3.1.1.1%3
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CO oxidation onset over CeO, catalysts is reported by several researcher to be directly
linked to the surface reducibility of the employed catalyst, assessed by TPR experiments.!'>*
Thus it was reported that the rds in CO oxidation in the temperature range of 200 °C
to 500 °C is the electron transfer from the oxide to CO.!** Resulting from the structure
sensitivity of vacancy formation, as discussed in chapter 3.1.1, the CO oxidation activity
shows the same behavior with regards to exposed crystal facets.!!®!** It was reported that
bare ceria is only reduced at temperature 7" > 200 °C. This is also evident from the light-oft
temperatures reported by several research groups. A list of different values reported in

literature are given in table 5.

It is evident from the literature data reported in table 5 that values for light-off behavior in
literature differ significantly. However, one can see that generally speaking lower light-
off temperatures are observed for NR compared to other materials. NRs are reported to
exhibit mostly (110) surface facets, having the lowest oxygen vacancy formation energy
(c.f. tab. 47). Also a shift of Tk, to lower temperature with increasing specific surface area
Sx and decreasing crystallite size D can be extracted from the light-off data reported.'!
This can be explained by the lower surface-to-bulk ratio decreasing the mass specific active
site density S D,,. Therefore it is very difficult to derive structure-activity relationships
from light-off experiments since the separation of these two factors is difficult. Especially
since light-off curves are usually carried out with a dynamic temperature ramp, not ensuring

the catalyst to reach dynamic equilibrium.

Although there are plenty reports on light-off behavior of CO oxidation catalyzed by ceria
(c.f. table 5), a comprehensive study on structure-property relationships of polycrystalline
cerium oxide is missing. There are a few studies that looked at activation energies of cerium
oxides. Breyesse et al. published a thorough kinetic investigation of carbon monoxide
oxidation via polycrystalline ceria, measuring an activation energy of 84 kJ mol~! for a
polycrystalline ceria sample (S A = 27m? g_l) as well as CO and O, reaction orders of
nco = 0.84 and no, = 0.'® Slightly lower but similar activation energies are found by
other authors, reporting values between 44 kJ mol~! to 75 kJ mol~! while the lower values
were mostly obtained for facet enriched oxides.!!*!4%165.19 1t also has to be mentioned
that resulting from the high activity of cerium-based catalysts in CO oxidation, diffusion
limitations can be present and have to be ruled out.!!®!3? This, however, was not the case for
some of the investigations reporting activation energies for mesoporous ceria which might

explain the very low values obtained by Lykaki et al. and Konsolakis et al.!40:198-200
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Table 5: Literature data for CO oxidation light-off over bare ceria catalysts

Author

Experimental conditions

T50/OC

Aneggi et al.'"®

Boaro et al.'*?

Lykaki et al.!4°

Wu et al.'?*

Zhou et al.13+1%6

Lykaki et al.19%:19

Lee et al.'”

Zhou et al.>®

Cui et al.2!

Tschope et al 202203

Li et al.2%4

2%C0O,1%0,;1 x 107*gsml™!
nanoparticles (NP)
Sy =5m?g~'to140m?g~!
D =7nm to 51 nm

2%C0O,1%0,;1 x 107*gsml™!
Sy =10m?g ' to 97m?g~!

0.2%C0,1%0,; 8 x 10~*gsml™!
NR, NP
Sa=50m?g ! to 100m? g~
D =9nmto 15nm

0.5% CO 3.75%0,; 1.25 x 103 gsml™!
NR, NC and NO
Sa =(93,29 and 12) m* g~

1% CO, 16% 0,2 x 103 gsml™!
NR, NP,
SpA ~50m?g!

0.2%CO,1%0,;2.5x 107> gsml™!
NR, NC and NP
Sa =(92,40 and 100) m? g~!
Dscherrer =(11.6, 19.2 and 9.6) nm

1.8%C0,2.3% 0,; 1.4 x 10~*gsml~!
mesoporous CeO,
Sy =125m?g™!
Dscherrer = 4.1 nm

0.5% C0O,10% O,, 1 x 1073 gsml™!
mesoporous CeO,, NP
Sa =80m?g~!'to 106 m>g~!

3% CO, 12% 0,,3.75 x 1073 gsml~!
Nanospheres
Sy ~25m?g~!

2% CO,16% 0,;9 x 1072 gsml™!
NR, NP
Sy = (57 and 35) m* g~!
Dscherrer ~ 10nm

1% CO,1% 0,; 5 x 1073 gsml™!

NR
Sa=93m?g'to 123 m?g~!

340 to 495

365

325 to 465

295 to 355

180 and 227

320 to 385

287

307 to 397

298,321

200, 380

187 to 260
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4. Platinum-loaded Cerium Oxides for Catalytic

Applications

4.1. CO-Oxidation over Platinum-loaded Cerium Oxides

Precious metals are used to increase the low-temperature activity of ceria-based redox
catalysts. It is known that the activity of precious metal-loaded ceria catalysts is highly
dependent on the particle size of the precious metal.?> This effect is often traced back to
different precious metal-ceria perimeters caused by changing particle sizes, which also
holds true for platinum-loaded ceria catalysts.'®° This is in line with findings, that even in the
platinum-loaded state a MvK mechanism is prevalent, with CO adsorbing on the platinum
atoms at the Pt-ceria perimeter, and getting oxidized through ceria lattice oxygen.?°® This
also explains the difference to Pt alumina catalysts, where at lower temperatures below

150 °C the platinum is CO poisoned and oxygen is diminished.?"’

It is described in literature that platinum in its metallic form is significantly more active com-
pared to ionic PtO,.2°® While in the oxidized state, light-off temperatures above 100 °C are
usually observed, light-off temperatures well below 100 °C are observed when the platinum
species on the surface are reduced.!6%2%%2% This trend can also be observed when looking
at the activation energies of platinum-loaded ceria systems. Whereas activation energies of
60 kJ mol~! to 70 kJ mol~! in the as-synthesized state are reported, the activation energies
after reduction are lower and usually in the range of 40 kI mol~' to 50 kJmol~'. Studies
by Meunier et al. however showed that while other authors proposed neutral platinum
being more active, oxidized species might also be involved in the reaction mechanism
in platinum nanoparticle loaded ceria.?!° This would be in line with the study by Wang
et al. who showed that ionic Pt—O—Pt clusters exhibited very high activity, without the
presence of metallic Pt species on the surface.!%> Giinzler et al. showed that, in line with
other studies investigating the role of the Pt—O—Ce interface,?!! an ideal Pt particle size
is present, which maximizes the Pt—O—Ce interface while at the same time keeping the
metallic nature of the nanoparticles. They proposed an optimal particle size of 1.4 nm.?%
It was however also found when comparing materials with similar nanoparticle size, that
the strength of interaction between the platinum particles and the oxide support plays an
important role in the activity of precious metal-loaded ceria catalysts.?'

One very important aspect of platinum-loaded ceria is the high mobility of platinum ions
and particles on ceria. A series of studies showed, that while in reductive treatment,

platinum tends to aggregate and form large nanoparticles, under oxidative treatment at

29



4. PLATINUM-LOADED CERIUM OXIDES FOR CATALYTIC APPLICATIONS

high temperatures, the opposite happens. When oxidative conditions at temperatures above
400 °C are applied, platinum redisperses on the support.?°>2!* This can be explained by
formation of highly mobile PtO, species which migrate to the support where they are
bound due to strong interactions with ceria.?'42!6 The dynamic nature of platinum on ceria
is also exemplified by the fact that solely through CO adsorption at room temperature
the platinum ions are being moved out of the ceria lattice.?”” This high mobility leads
to dynamic changes in the platinum-ceria perimeter during catalysis. The contact area,
however, does as discussed above dictate the activity. This makes it difficult to derive

reliable structure-property relationships for the oxides support from kinetic data obtained.

4.2. Isolated Platinum lons on Ceria as Model Catalysts

The high cost of precious metals drives research to aim for maximum dispersion and with
it utilization in precious metal catalysts. It was found that ceria can stabilize platinum
in its atomically dispersed state.?!” Different synthetic procedures were subsequently

described, from atomic layer deposition (ALD),!"!?!8 to surface atom trapping?'*2% to

strong electrostatic adsorption (SEA).!6>22!

Different coordination geometries for Pt single atoms were proposed in literature. Their
presence was reported for different ceria facets, surface steps and bulk solid solutions. DFT
calculations, coupled with X-ray absorption spectroscopy (XAS) experiments, showed that
loading of ceria after preparation leads to surface decoration rather than bulk integration of
platinum species.?!” It was also reported that the stability given by the adsorption strength
of Pt** on ceria is a function of the exposed surface facet and is increasing from CeO,
(111), to (110) to (100). This can be traced back to the increase in oxygen coordination,
which also follows the same trend. This is consistent with theoretical studies on Pt;-
CeO,, showing that a four-fold square planar coordination is the only stable coordination
environment for Pt-SAC catalysts on ceria.???> The authors then argued that since this
coordination is only possible for the (100) facet or surface steps, platinum single atoms are
only present on these surface facets or on surface defects. It was, however, also reported that
treating platinum-loaded ceria hydrothermally at 800 °C leads to stabilization of atomically
dispersed platinum species even at high platinum loadings.?!”?!” Investigations of the
coordination environments of the atomically dispersed platinum species using extended
X-ray absorption fine structure (EXAFS) showed, that this high temperature treatment
leads to a surface restructuring and to the stable square-planar coordination environment
of Pt" usually only observed for the (100) facet.>!” Resasco et al. also showed that it

is possible to obtain atomic dispersion of platinum on ceria without high temperature

30



4. PLATINUM-LOADED CERIUM OXIDES FOR CATALYTIC APPLICATIONS

treatment using a SEA approach, by reducing the surface specific loading to a value
lower than 0.03 atoms/nm?.*! Thus atomic dispersion can be ensured in two different
ways: The first one being a hydrothermal treatment of the prepared materials which
according to the authors can stabilize atomic dispersion up to a loading of 3 wt. % The
second one aims at lowering the Pt loading to a point where surface steps and defects
can be populated with platinum ions.??* This is exemplified by the comparison of three
different studies. Ye et al. prepared materials with 1.3 wt. % using ALD without post

treatment,’!®

whereas Maurer et al. prepared 0.94 wt. % Pt on ceria by impregnation with
a successive high temperature treatment according to Jones et al.?!72!® while Resasco
et al. prepared materials with loadings of 0.05 wt. % using SEA.??! Although the surface
area is not reported by Ye et al., the synthesis of nanorods usually yields ceria materials
with surface areas between 60m? g~! to 100 m? g~!, giving comparable surface specific
loadings to the study by Maurer et al. Whereas the materials investigated in the study of
Ye et al. showed platinum aggregates after reduction at temperatures already at 150 °C,
the atomic dispersion was still observable in the materials of Maurer et al. after reaction
at 500 °C. This difference can be attributed, as also discussed by the authors, to the more
stable coordination environment of the Pt" ions after high temperature treatment through
surface restructuring.?!” Comparing these findings to the results reported by Resasco et al.
who did not use a high temperature treatment but rather lowered the surface specific loading
(Maurer et al. SD, = 1.2 atoms/nm?; Resasco et al. SD, = 0.03 atoms/nm?) were also

able to stabilize the atomic dispersion up to reduction temperatures of 500 °C.?*!

4.2.1. Characterization of Platinum Single Atom Catalysts (SAC) on Ceria

Proving the presence of atomically dispersed active sites is an important step when working
with single atom catalyst (SAC). Due to low loading the analysis of such systems suffers
from inherently low signal-to-noise ratio. However, a complementary approach of several
techniques can help to show that the precious metal is atomically dispersed on the sup-
port. These techniques include high-angle annular dark-field imaging (HAADF)-scanning
transmission electron microscopy (STEM), XAS, X-Ray photoelectron spectroscopy (XPS),
CO-diffuse reflectance infrared fourier transform spectroscopy (DRIFTS), Raman spec-

troscopy, and XRD.

Analysis Based on Oxidation State

It is reported that platinum when atomically dispersed is stabilized in its ionic Pt" state.

Thus, as soon as platinum is reduced to its metallic Pt’ state, aggregation of the platinum
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species occurs. Therefore, the absence of metallic Pt” is frequently used to indirectly show
that atomic dispersion is present. This is usually either done by XPS or X-ray absorption
near edge structure (XANES). Platinum can be present in the oxidation states IV, IT and 0.
As most preparation procedures involve a calcination and oxidative nitrate precursors are
used, the as-prepared materials usually exhibit an oxidation state of Pt of IV, which can be
easily reduced to Pt" 217221 As discussed before, upon further reduction to Pt’, platinum

aggregation and particle formation are usually observed.

Using the Pt4f XPS spectra, these species can be distinguished. With Pt"V4f showing its
doublet peak at 74.3 eV, Pt" at 72.9 ¢V while 71.4 €V is usually observed for metallic Pt
species. The Pt4f spectra is additionally accompanied by a peak splitting due to spin-orbit
coupling between the Pt4f7/, and Pt4f; ; electrons of 3.3 eV.2!7 The surface sensitive nature
of XPS also enables the measurement of samples with a very low loading. The XANES
spectra of platinum show a decrease in white-line intensity with decreasing oxidation state
and also a red-shift of the white line from Pt" to Pt’.

It, however, has to be stressed that analysis of the as-prepared materials is usually not
sufficient when trying to propose that single-sites are present under reaction conditions.
Therefore, it is important to either use operando techniques or artificially age the samples
by reduction to investigate whether or not isolated platinum species are present on the
surface at reaction conditions. Studies by Maurer et al. additionally revealed that despite
before and after reaction isolated platinum ions are present, some might form only during

light-off through partial reduction even under oxidizing atmosphere.?!’

4.2.2. Analysis of the Position of Platinum Species

When discussing PM-SAC per definition there is no other PM-ion in close vicinity to
the others. Thus, methods that can provide this proof are used complementary to the
analysis of the oxidation state to show that the precious metal is dispersed atomically. The
most straight forward way is using imaging techniques. By using STEM imaging, the
absence of platinum clusters can be observed. To increase the contrast between cerium
ions and platinum HAADF-STEM is usually employed.??! However, electron microscopy
always only shows a small section of the catalyst surface. Another method being highly
sensitive towards the coordination environment of platinum is EXAFS. By comparing the
interatomic distances of the first coordination sphere with platinum foil, the presence of
Pt-Pt coordination can be excluded. However, when employing a calcination step, particles
on the surface usually are oxidized, as discussed above, which is the reason why the second

coordination sphere has to be analyzed. However, due to the low loading the intensities
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are very low, which is the reason why this analysis is difficult. This can also be avoided
by employing a reducing step beforehand, as a reduced sample would show, if platinum
clusters are present which would get reduced during reductive treatment, Pt-Pt scattering

paths in the first shell which can be analyzed better.

Another surface sensitive technique that is frequently employed to investigate the coordina-
tion environment of platinum ions is CO-DRIFTS.!52164.224.225 The CO stretching vibration
is very sensitive to the nature of the adsorption site. Whereas unadsorbed CO shows an in-
frared (IR) band associated with the CO stretching vibration at 2143 cm ™!, upon adsorption
this frequency is red-shifted depending on the amount of backbonding from the adsorption
site into the * orbital of CO, which weakens the C-O bond.'*? Therefore, the higher the
electron density of the Pt species CO is adsorbed at, the stronger the back bonding and the
larger the red-shift.??* It was proposed and widely accepted that CO adsorbed on Pt’* shows
a red-shift of 28 cm~! compared to unadsorbed CO, whereas CO adsorbed on metallic
Pt species show a larger red-shift of 53 cm™! to 73 cm™! corresponding CO stretching
vibrations between 2070 cm™! to 2090 cm~!.22* CO adsorption on nanoparticles usually
leads to a broadening of CO bands since nanoparticles allow the adsorption in other config-
uration other than linear adsorption. Happel et al. did a thorough study of CO adsorption
on Pt nanoparticles supported on CeO, and suggested that the IR band observed at around
2070 cm~! can be attributed to the on-top adsorption on Pt’ edges and steps, whereas modes
around 2081 cm™~! to 2097 cm~! were attributed to CO adsorbed on-top of Pt(111) facets.
Another feature the authors detected was a bridged CO(7),) species showing a vibrational
frequency of 1850 cm™! to 1875 cm~!.22° The latter one is inherently absent in catalysts
only showing isolated platinum ions. On platinum nanoparticles different adsorption modes
can be distinguished. For isolated Pt" species on ceria, the stretching vibration of adsorbed
CO is shifted to 2095 cm ™! compared to lower frequencies observed for CO adsorbed on
metallic Pt clusters. This is in line with the lower activity in the CO oxidation observed for
ionic platinum species. Both bi- and tridentate coordination geometries are not possible
in case of only isolated Pt species being present on the catalyst. Using CO-DRIFTS to
proof the presence of nanoclusters or oxidation states of platinum is difficult as discussed

thoroughly by Aleksandrov et al. and Meunier.??7-%

Two lesser used methods are Raman spectroscopy which enables the investigation of the

Pt-O-Ce band and XRD which can be used to exclude large platinum particles.
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4.2.3. Pt-Single Atom Catalysts (SAC) in CO Oxidation

Pt-SAC loaded on ceria are of great interest for applications, as they can maximize the
utilization of the expensive precious metal. However, stability and low activity are a
challenge. That is why there are many studies focusing on improving the activity of Pt;-
CeO, catalysts for CO oxidation. As discussed above two different approaches in obtaining
atomic dispersion are usually followed to obtain stable isolated platinum ions. While the
first employs high loadings and uses support restructuring to stabilize single platinum
ions, the other method uses low platinum loadings to suppress platinum agglomeration.
Maurer et al. reported that, although high dispersions might be present at the start and
end of a light-off cycle, the catalyst might form clusters during CO light-off.2!” The
presence of small platinum clusters, which are known to exhibit higher activity, makes
the comparison of published kinetic data challenging. It is generally accepted that CO
oxidation catalyzed by Pt-SAC on CeO, follows the MvK mechanism.'®>?!7 When CO
adsorbs on Pt" sites o-bonding from CO is strengthened while 7 back bonding is weakened
compared to adsorption of Pt-NP. Thus, the activation of CO is lowered compared to
metallic nanoparticles. Afterwards oxygen is transferred from the ceria lattice, leading
to CO, formation, similar to platinum nanoparticle-loaded ceria discussed in chapter 4.1.
Subsequently the formed oxygen vacancy is reoxidized with oxygen from the gas phase.?*’
Su et al. reported DFT calculations showing that the most abundant reaction intermediate
(MARI) is highly dependent on the coordination environment of the single platinum atoms.
For species where platinum ions are adsorbed on steps of ceria crystals, the MARI is
adsorbed CO, whereas platinum present on the CeO,(111) facet showed that adsorbed CO
is the MARI only at high temperatures, whereas CO, is the MARI at low temperatures.>*’
The above mentioned difficulty to prove whether isolated platinum ions are present, or
whether clusters or nanoparticles cause the activity is also evident when comparing light-off

data published in literature. An excerpt of published literature values are shown in tab. 6.
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Table 6: Literature data for CO oxidation light-off over Pt-single atom catalysts as well as two studies focusing on nanoparticle loaded ceria

Author Pt loading Experimental conditions T50/°C
Jones et al.?!® 1wt. % 2% CO, 1.3% O, in He; Typoq = 0.39gminl~!  275°C to 290 °C
Maurer et al.?!” 0.94 wt. % 0.1% CO, 8% O,; 600001g~" h~! (Pt) 194°C

Maurer et al.?%°

(1,2.3 and 4.5) wt. %

0.1% CO, 8% O,; 600001 g~ h~! (Pt)

ox: (365, 282 and 195) °C
red: (103, 90 and 86) °C

dry: 189°C to 232°C

218 [ 0 [} [ . _ —1
Ye et al. 1.2Wt. % to 4 wt. % 1% CO, 20 % Oy; Tmoa = 0.028 g5 o 84°C (o 23m °C
Wang et al.'6% 0.11wt. % t0 0.27wt. % 0.1% CO, 5% O, in Ny; 24001 g~ h~! 226°C
Nie et al.'% 1 wt. % 0.4% CO, 10 % O,; 200000 mlg~—' h~! 310°C
Jiang et al.!® 1 wt. % 1% CO, 10% O,; 200000mlg—'h~! 288°C
- . 22 0 o o . ) 1.,  assyn: (250 and 265)°C

Pereira-Hernandez et al. 1wt. % 1.9% CO, 1.3% O, in He; 232500 mlg~" h red: (56 and 92) °C
Gatla et al.2% 2.5wt. % 0.6% CO, 10% O, in Ny, GHSV = 50000h—1 % 171°C

’ ' ' ' ’ 2 2 red: 43°C to 57°C
Cargnello et al.'® 0.5wt. % 1% CO, 4% O, in N,; 150000 mL g~' h~! 70°Cto 110°C

SNOILLVOI'TddY JILXTVIV)) Y04 SHAIX() WNIKE) ddavOT-WNANIIVId ‘§
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It can be observed, that while very low values are reported by Ye et al., most of the values
lie between 200 °C to 300 °C which is significantly higher than values obtained for metallic
nanoparticles, which, as shown in table 6, can reach values below 100 °C. The list shows
that values obtained do differ strongly between the materials. Another aspect that is obvious
when looking at the published data is that comparing materials between different studies is
very difficult, since not only the measurement parameters do change but the materials do
as well. This holds also true when comparing different steady-state, differential kinetic
investigations and calculated activation energies. An overview over published data is

shown in figure 3.

Nie et al., 2017, assyn
Nie et al., 2017, activated
Resasco et al., 2020, NP, red
Resasco et al., 2020, NP, assyn
Resasco et al., 2020, Pt;-CeO, iso, red
Resasco et al., 2020, Pt;-CeO, iso, assyn
o Jones et al., 2016, 1 wt.% Pt,-CeO,
-1F == o Cargnello et al., 2013, 0.5 wt.% Pt-Np-CeO,
g 4 o o Anetal, 2013, 0.4 wt.% Pt-Np-CeO,
&0 Maurer et al., 2022, 4.5 wt.% assyn
-3F o 5 o Maurer et al., 2022, 2.3 wt.% assyn
Maurer et al., 2022, 1.0 wt.% assyn
Maurer et al., 2022, 1.0 wt.% red
Maurer et al., 2022, 2.3 wt.% red
Maurer et al., 2022, 4.5 wt.% red
Jiang et al. 2022; 1 wt.% Pt,-CeO, TS
Jiang et al. 2022; 1 wt.% Pt,-CeO, AT
Wang et al. 2019 Pt;-CeO,-c
-8 : . L L . . . Wang et al. 2019 Pt;-CeO,-b
1.8 20 22 24 26 28 30 32 5 Wang et al. 2019 Pt,-CeO,-a
1000/T / K* o Pereira-Hernandez, 2019, As-syn AT
Pereira-Hernandez, 2019, activated AT
Pereira-Hernandez, 2019, assyn SEA
Pereira-Hernandez, 2019, activated SEA
o Kunwar et al., 2019, 1 wt.% Pt,-CeO,
o Kunwar et al., 2019, 2 wt.% Pt,-CeO,
o Kunwar et al., 2019, 3 wt.% Pt,-CeO,

0O 0O O o

In TOF / st
A
e

0O 0O O o

Figure 3: Arrhenius plot of literature published studies on Pt;-CeO, materials whose analy-
sis results are also listed in tab. 7.

When comparing kinetic data published for Pt;-CeO, materials the same trend as shown
with the light-off temperatures is visible. The published data scatters over a wide range
of activities. However, when activation energies are compared, materials with different
activities can be classified into three different groups based on the authors’ approach. First,
studies that focus on ensuring atomic dispersion also under reaction conditions, such as
the study by Resasco et al., second materials with comparatively high catalyst loading,

which was shown to form metal clusters under reaction conditions®!’ such as studies by
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Maurer et al. and Ye et al.2!”-?!8 third studies directly focusing on the Pt—O—Ce perimeter
of nanoparticles like Cargnello et al. and An et al.'®*2*0 This is also represented in the

activation energies reported for Pt-CeO, catalysts shown in tab. 7.
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Table 7: Kinetic data reported for Pt;-CeO, catalysts

Author Loading Conditions Activation energies
Resasco et al.??! 0.05 wt. % 0.5% CO, 10% O, in He 95 kJ mol~!
Nie et al.!® 1 wt. % 0.4% CO, 10% 0, 200000mlg=—'h~! 105 kJmol~!

21 0 0 0 : assyn: 84 kJmol~!
Resasco et al. 0.05wt. % 0.5% CO, 10% O, in He red: 45 K] mol-!
Nie et al.!%6 1 wt. % 0.4% CO, 10 % O, 200000ml g~ ' h~! 42.5kJmol ™!
Jones et al.?!® 1 wt. % 2% CO, 1.3% O, in He Tppog = 0.39g x min/l 56 kJ min~!
Wang et al.!% 0.11wt. % to 0.27wt. % 0.1% CO, 5% O,in N, 24001g~"h~! 86.3kJ mol ™!
Pereira-Hernandez et al.2!2 1 wt. % 2% CO, 1.25% O, in H2 53.5kJmol !

209 0 0 0 : assyn: 67 kI mol™!
Maurer et al. I wt. % 0.1% CO, 10% O, in N, red: 32 kI mol-!
Wang et al.!”! 0.22kJ mol ™! 1% CO, 20% O, in N, 62 kJ mol ™!
Cargnello et al.'®? 0.5wt. % 1% CO, 4% O, in Ar 42kJ min~! to 63 kJ min~!

An et al.2**

0.3wt. % to 0.5 wt. %

5% CO, 10% O, in He

63 kJmol~!
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Using theoretical calculations different authors tried to unravel the mechanism of the CO
oxidation catalyzed by Pt;-CeO,. Generally they assume that CO oxidation is governed
by the MvK mechanism. However, they deviate in the consideration of the two-center LH
mechanism, where adsorbed CO reacts with an oxygen vacancy adsorbed superoxide.!6>166
Whereas the reaction of activated CO adsorbed to a platinum ion with adsorbed and
activated molecular oxygen was included in Nie et al.’s calculation, it was neglected in
the calculations of Wang et al. In the latter calculation the authors assumed that two oxygen
vacancies are formed, before they are refilled by dissociative adsorption of O,.!® Since
platinum ions are four-fold coordinated in the Pt;-CeO, catalysts, it is difficult to envision
that two vacancies are formed in lose vicinity of the Pt ion before reoxidation occurs. The
difference in the proposed mechanisms also leads to different calculated activation energies.
For splitting the oxygen bond to heal two formed oxygen vacancies, the activation barrier
was calculated to be 150 kJ mol~!, making it the largest barrier in the cycle.'®® The second
largest barrier from the calculation would be the surface reaction of adsorbed CO and a
lattice oxygen with an activation barrier of 105 kJ mol~!. In the calculations of Nie et al. the
reaction of CO with the adsorbed O,—v, has a lower barrier compared to the dissociative
adsorption. The highest barrier in this study is the reaction of adsorbed CO with a lattice
oxygen. Close to the value of the previously discussed calculation the value was calculated

to be 122 kJ mol~'. A similar mechanism was also proposed by Wang et al.!”!

It is known that the presence of water does influence the CO oxidation rate of Pt-CeO,
catalysts. This was also studied using Pt;-CeO, catalysts. It was found that the presence
of hydroxyl groups in the vicinity of the platinum center decreases the activation barrier
of the surface reaction.!®® These hydroxyl groups lead, according to DFT calculations, to
a carboxyl transition state. While water pretreatment can lead to more hydroxyl groups,
also healing an oxygen vacancy through water reduction can form hydroxyl groups.!’! It is
reported that reaction barriers are lowered by around 30 kJ mol~! if vicinal OH groups are
present.'91%6 This was also proven by experiments.'6>!”! At temperatures above 200 °C
the WGS activity is one reaction pathway which can lead to increased CO conversion.'*!
Distinguishing the water-mediated MvK mechanism from the WGS mechanism requires

separate kinetic testing without oxygen in the gas feed.!”!
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Part III.
Motivation and Objectives

Platinum-loaded ceria catalysts are important materials in environmental catalysis, es-
pecially in the emission abatement of internal combustion vehicles. The legislation on
limiting harmful components CO, NOx and HC , becomes ever tighter. Modern internal
combustion vehicles use kinetic model-aided engine and catalyst control to predict the
activity of the catalyst and change the ratio of injected fuel accordingly. These models, how-
ever, are of empirical nature. While this makes the models somewhat simple, it makes the
description of aging effects difficult. This leads to increased emission of harmful pollutants
over the catalyst lifetime. Basing kinetic models on material parameters of the catalyst
requires knowledge about suitable descriptors. The complexity of the employed catalytic
system and reaction network involved makes this very challenging. This is especially true
for the ceria-based oxygen storage component, as the dynamic of precious metals under
process conditions complicates the derivation of activity descriptors. This is the reason
why well-defined material-based descriptors for ceria in precious metal loaded ceria are

still scarce in literature.

The overarching objective of this work was therefore to derive structure-property relation-
ships of different ceria materials in their precious metal loaded state for the exhaust gas
aftertreatment. In order to keep the parameter space as small as possible, ceria materials
loaded with isolated platinum ions were used as a model catalyst systems, while using the

CO oxidation as a model reaction.

In order to do that, different challenges have to be addressed first. In order to derive
structure-reactivity descriptors, it has to be investigated how the preparation conditions
can influence the material properties of ceria materials. While precipitation is frequently
used to prepare such materials, there is no common knowledge about how preparation

conditions do influence the material parameters.

In a second step a method has to be developed with which the contribution of precious
metal and ceria support can be separated. This is especially important when trying to trace
back any changes in reactivity between the different materials to a change in the oxide

support. The reported high mobility of platinum species has to be accounted for.

This enables the subsequent development of structure-reactivity relationships for ceria in

the unloaded and platinum-loaded state. These structure-reactivity relationships, coupled
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with the derived reactivity descriptors, are important to parameterize kinetic models for
exhaust gas aftertreatment systems. One aspect that should be investigated, is how the
material parameters of ceria do influence the increase in reaction rate in the presence of
water, which inherently is present in the exhaust gas but is frequently neglected in studies

focusing on the catalytically active material.

Altogether this study aims for a deeper understanding of the role of the ceria oxygen storage
material in precious metal loaded ceria systems and how the specific material parameters
influence the reactivity of such systems. This should enable a parametrization of kinetic

models using ceria material parameters.
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Part IV.

Practical Section

5. Materials Used in This Work.

The materials used in this work are listed in table .

Table 8: Materials used in the experiments

Material/Chemical Supplier Purity Use case
(NH,),Ce"(NO;), Carl Roth 99 % Preparation

ZrO(NO3), Sigma-Aldrich 99 % Preparation

(NH,),CO Carl Roth 99.9 % Preparation

NHj,q) (10 wt. %)  Carl Roth 99 % Preparation

C,H;OH Merck KGaA  99.8 % Preparation
Pt"(NH;)4(NO;),  Sigma-Aldrich 99.999%  Preparation

HCIO, Carl Roth 70 % (w/w) pH experiments

NaOH Carl Roth 99 % pH experiments
CeO,-HSA Solvay - Reference material.
CeO,-LSA STREM 99.995 % Reference for XRD, XPS
CeAlO; Sigma-Aldrich  99.9 % Ce" standard for XPS
CuO Sigma-Aldrich  99.999 % Standard for TPR calibration
LaBg (NIST 660c) NIST - Standard for XRD
~v-Al,04 Sasol - PZC measurements
~v-Al,O; Baikoski - Preparation of CeAlO3
Si0, Evonik - PZC measurements

TiO, Aldrich 99.9% PZC measurements
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6. Material Preparation

The material properties of cerium-based oxides are highly dependent on the preparation
methods and conditions. To prepare materials with different properties, preparation methods
and conditions were successively changed to elucidate the role preparation conditions play
as well as to prepare materials with different properties to elucidate structure-property

relationships.

6.1. Preparation of the Oxide Support
6.1.1. Ammonia-based Precipitation (AP)

Ammonia-based precipitation (AP) is one of the most frequently used methods to prepare
metal oxides. In a typical experiment 0.1 mol1~! metal salt solution was prepared by
dissolving cerium ammonium nitrate in bidistilled water. Due to the hygroscopic nature
of the precursor salts, the actual cerium content was measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES) to ensure constant molarities across
all preparations through adjusting the mass of precursor accordingly. In a double walled
stirred tank reactor (V' = 11) connected to a thermostat (F/2-MC from Julabo), the reaction
solution (Violuion = 0.6 1) was tempered to the desired precipitation temperature 7. under
stirring using a KPG paddle stirrer with 300 rpm. To ensure constant temperature in the
reaction solution a waiting time of 1 h was introduced. Subsequently, using a piston
pump (REGLO-CPF Digital from ISMATEC), 10 wt. % ammonia solution was added with
5mlmin~! until a pH of 10 was reached. The formed precipitate was then aged for an
hour before filtration and washing with 2 I bidistilled water and 0.2 1 ethanol, respectively.

Drying at 80 °C before calcination at T, yielded the as-prepared material.

To follow the precipitation process, pH titration experiments were additionally carried out.
Metal salt solutions were prepared in the same way as for the AP preparations. Subsequently,
5ml of 1 mol1~! NaOH solution was added. After sodium hydroxide addition, the solution
was stirred for 2 min before measuring the pH value using an /nLab Power Pro-1SM (Mettler
Toledo) pH electrode with a SevenCompact S210 (Mettler Toledo). This was repeated
until the pH did reach a stationary level. For blind measurements, sodium chloride was
used instead of the cerium salt in order to ensure sufficient conductivity. The amount of
OH' consumed was calculated from the difference between sample and blind measurement.

These experiments were carried out at 5 °C, 25 °C and 50 °C.
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6.1.2. Urea-based Precipitation (UP)

Reaction solutions were prepared in a flask by dissolving under stirring appropriate amounts
of (NH,),Ce(NOs)s and urea to yield a metal salt concentration of 0.1 mol1~! and a molar
ratio Ce'V:urea of 1:15. The reaction solution was refluxed at 100 °C for 4 h during which
precipitation occurred. Afterwards the precipitate was separated and washed with 21 of
bidistilled water and 0.2 1 ethanol, respectively. Drying overnight at 80 °C and calcining

the material at T¢,. gave the as-prepared material.

6.1.3. Urea-based Precipitation Under Hydrothermal Conditions (HUP)

For the preparation under hydrothermal conditions steel autoclaves with 0.121 Teflon
liners were used. Reaction solutions were prepared in the same way as for the urea-
based precipitation. 0.08 1 were filled into a Teflon liner before placing the liner into the
autoclave, which was subsequently closed. The autoclaves were placed into a rotary oven
with a rotary frequency of 10 min~! at 140 °C for 24 h. Afterwards the autoclaves were
cooled down using an ice bath before opening them and separating the precipitate using
centrifugation at 12000 rpm before washing twice with water and once with ethanol. The
washed precipitate was dried at 80 °C overnight before calcination at T.,..!%® As the reaction
volume is restricted by the volume of the autoclave, six autoclaves were used in parallel
to increase the amount of product obtained. To reduce deviations between the different
autoclaves, each autoclave was filled with aliquotes from the same metal salt solution and
placed into the oven at the same time. In the centrifugation process the precipitates from

the different autoclaves were combined and analyzed as one.

6.2. Platinum Loading

As described previously precious metals are used to decrease light-off temperatures and
increase the activity of commercial three-way catalysts. In this work, platinum was loaded

using a SEA and an incipient wetness (IW) approach.

6.2.1. Loading with Platinum Using Strong Electrostatic Adsorption (SEA)

Loading using SEA is based upon the coulombic attraction between metal salt and ox-

ide surface. Loading was carried out using tetraammineplatinum(Il) nitrate (TAPN)
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o

Pt solution (pH = 10)

o

NHj.q (pH = 10) Oxide in aqueous solution
(pH = 10)

Figure 4: Flow chart of the Pt loading setup with PO1 being a peristaltic pump (reglo digital
(Ismatec)) and P02 a syringe pump (PHD Ultra (Harvard Apparatus)).

(Pt(NH;)4(NOs),), thus a negative charge of the oxide surface is necessary to obtain at-
tractive forces between the oxide surface and Pt(NH;),”" complex. Knowledge about the
point of zero charge (PZC) enables the charging of the surface via the solution pH. As a
negative surface charge is needed, one has to increase the pH value above the PZC of the
oxide. This was achieved by dispersing the different ceria materials in bidistilled water,

whose pH was adjusted beforehand with 10 wt. % ammonia to pH ~ 10.

Loadings were carried out in the setup shown in figure 4, while using a constant surface
loading (SL), which is a measure for oxide surface per volume of dispersion,?! between
the different preparations. With it and the mass of oxide moy and its specific surface area
from nitrogen physisorption experiments Sggr the solution volume after addition Vipar s.

can be calculated.

Mox - SBET

‘/ﬁnal,SL = T (28)

All loadings were carried out using a SL of SL = 2900m?1~!. In a typical experiment,
3 g of oxide was degassed at 150 °C overnight in nitrogen. The degassed mass of the oxide
was determined before dispersing it in the initial volume, Vi,iia1, of an aqueous pH-adjusted
(pH=10) solution. An aqueous TAPN stock solution was prepared using diluted ammonia
solution so the pH was approximately 10. Afterwards, the Pt concentration was determined

using ICP-OES. The necessary volume of this solution needed to reach the desired surface
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specific platinum loading S D4, calculated using eq. (29), was diluted to Vp_soution = S ml

using an aqueous ammonia solution with pH = 10.

ox * SBeT + SD
NTAPN = = ;ET A . (29)
A

In the loading process, the diluted TAPN solution was pumped using a syringe pump

!into a constant flow

(P02) with a constant flow rate of VTAPN,SoluﬁOmpoz = 0.015mlmin~—
of pure ammonia solution (pH = 10) of VNH3,aq, poi = 0.06 mlmin~! pumped using a
peristaltic pump. This was done in order to dilute the TAPN solution further before addition
it into the reaction vessel over a duration of ¢j5adine = 330 min. During the addition, the
oxide dispersion was stirred using a magnetic stirrer. Over the course of an experiment,
Vi TaPN—solution = S ml of diluted TAPN solution was added using the syringe pump while
WNHysolution = 20 ml of ammonia solution was added through the peristaltic pump. After
the entire TAPN solution was added, the syringe used for the TAPN solution was purged
twice with Vijnene = 5 ml of ammonia solution (pH = 10) to make sure all TAPN was

added to the oxide dispersion.

Thus, the inital volume can be calculated according to eq. (30)

‘/initial - V}mal,SL - V;lil.TAPN—solution - VNH3solution - 2V;insing (30)

After the TAPN addition water was slowly evaporated at 70 °C under stirring. Subsequently
the samples were calcined at 450 °C for 4 h in a syn. air flow of 1001h~".

6.2.2. Measurement of Point of Zero Charge (PZC) for SEA Loading

Before PZC analysis the oxides were dispersed in 10 wt. % ammonia solution and sonicated
for 30 min to remove any surface adsorbates. Afterwards the powder was separated by
centrifugation (4000 rpm; 20 min) before decanting and washing with bidistilled waster
and ethanol. The washed solids were dried for 3 h at 80°C before placing them into an
oven at 450 °C for 5 h in nitrogen atmosphere to desorb any surface adsorbates. Sodium
perchlorate solutions (0.01 M) were adjusted to different pH values (pHjpitia) using HC1O,
and NaOH before placing them in centrifugation tubes. By bubbling Ar through the solution

an inert gas atmosphere was ensured. Afterwards the cleaned oxides were added while
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still hot with as little contact to ambient air as possible to the different solutions with a
SL of SL = 500m? 17!, The tubes were subsequently closed and placed on a vibrating
plate for 24 h. Afterwards the solid was separated using centrifugation (10000 rpm, 30 min)
and the pH of the supernatant solution was measured at 25 °C (pHgp,) using an /nLab
Power Pro-ISM (Mettler Toledo) pH electrode coupled with a SevenCompact S210 (Mettler
Toledo). The electrode was calibrated using National Institute of Standards and Technology
(NIST) pH standards (pH, = 1.679, pH, = 4.006, pH; = 6.865 and pH, = 10.012)

before every measurement. The pH difference ApH was calculated according to eq. (31)

ApH = pHg.i — PHipigiar- (31

The plot of the pH difference ApH as a function of the initial pH pH,;;, gives the PZC
as the intersection of the linear fit with the x-axis.**?

6.2.3. Loading with Platinum using Incipient Wetness (IW)

IW loadings of different oxides were carried out to compare them with the samples prepared
by SEA, since IW is known to produce NPs. To load m.y, the volume of metal salt solution
was calculated from the total pore volume Vjore m Obtained through nitrogen physisorption

experiments as shown in eq. (32)

‘/IW - V})ore,m * Mox- (32)

The amount of TAPN needed was calculated based on the desired platinum weight fraction

wpe according to eq. (33)

Wpt * Mox

Mo (33)

NTAPN =

The oxide was degassed at 150 °C overnight in nitrogen. The calculated amount of TAPN
nrapy Was subsequently dissolved in the calculated volume Vjw under sonication. After-

wards the entire impregnation solution was added slowly to the oxide which was agitated
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using a magnetic stirrer during the process to ensure homogeneous distribution. After-
wards the loaded oxide was stirred for 1 h before drying the solid at 80 °C overnight and
calcination at 450 °C for 4 h in a flow of 100 1h~! of syn. air.

7. Material Characterization

After preparation, the samples were characterized for their elemental composition using
ICP-OES and inductively coupled plasma mass spectrometry (ICP-MS). Analysis of the
crystal structure was done by XRD coupled with Rietveld refinement. Surface area and pore
volumes/pore size distributions were collected using N, physisorption and Hg porosimetry.
Mass loss during degassing was quantified using thermogravimetric analysis (TGA). For
the spectroscopic characterization of the samples Raman spectroscopy, DRIFTS, XAS
and XPS were applied. The redox and adsorption/desorption properties were characterized
using temperature programmed methods (TPx), while the performance of the prepared

catalysts was determined in a self-built catalyst testing apparatus.

7.1. Inductively Coupled Plasma optical emission

spectroscopy/mass spectrometry

To quantify the platinum content of the prepared samples, ICP-OES measurements were
carried out. For this approximately 30 mg of loaded oxide was dissolved in 5 ml concen-
trated nitric acid in a lab microwave at 200 °C to 210 °C before dilution to 50 ml using
bidistilled water. The solutions were measured using an Avio 200 (Perkin Elmer) spectrom-
eter. Sample preparation as well as measurements were carried out by Heike Fingerle
and Nagme Ay. For samples having a concentration below the quantification limit of the
ICP-OES instrument, ICP-MS measurements were carried out at the Fraunhofer Institute

for Interfacial Engineering and Biotechnology by Katharina Wasmer.

7.2. X-ray Diffraction

Analyzing the crystal structure of ceria is paramount in deriving structure-property relation-
ships for ceria-based catalysts. For this reason X-ray diffractograms were measured using
a D8 Advance (Bruker) equipped with a Vantec PSD and a Cu source (A = 0.1541 nm)

operated with a voltage of 35kV. A zero background sample holder was used to limit
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contributions of the sample holder to the diffraction patterns. Diffraction patterns were
collected in the range of 20 = 15° to 110° with a step size of 0.036°s~!.

Quantitative analysis was carried out using GSAS-11.3* To assess and quantify the instru-
ment contribution to reflex position and measured line shape, a standard reference material
(SRM) was purchased from NIST (SRM660c (LaBg); a = (0.4156826 + 0.0000008) nm,
D = 0.8 um). This material was measured and used to create the instrument profile
using the supplied values for lattice parameter and size while assuming the strain to be
zero as specified in the standard’s documentation. This calibration was done four times a
year over the course of this work. A exemplary diffractogram of the LaBs NIST-SRM660
is shown in figure 50 in the appendix. For Rietveld calculations a F'm3m structure was
used with Ce atoms at the position (0, 0, 0) and O on the lattice position (1/4, 1/4, 1/4).
During the refinement, lattice parameter a, crystallite size D and strain € were refined,

while occupancy factor and atomic positions were held constant.

7.3. N, Physisorption

Physisorption measurements were carried out to assess the surface area and pore size of the
prepared samples. Using an Autosorb 3B (Quantachrome Instruments) and Autosorb iQ
(Anton-Paar) the isotherms were measured. Samples were degassed at 300 °C overnight in
vacuo. Measurements were conducted at 77 K. Surface areas were determined using the
Brunauer-Emmett-Teller (BET) theory while pore volume values were calculated with
the Barrett-Joyner-Halenda (BJH) method.

Physisorption experiments were carried out by Dorothea Haussermann, Ann-Katrin Beurer,
Faeze Tari and Michael Benz at the Institute of Technical Chemistry. A validation experi-
ment was carried out at the Institute of Polymeric Chemistry measured by Dr. Felix Ziegler
using an Autosorb iQ (Anton-Paar). During the validation experiment the same value at
all three instruments was obtained and matched the value reported by the supplier of the
material. Values deviated not more than 4+ 5m? g~! between the measurements on different

instruments.

7.4. Hg Porosimetry

Mercury porosimetry measurements were carried out to investigate the porosity and tortuos-
ity of the catalyst powders to assess presence of diffusional limitations. Measurements were

conducted using a low-pressure (Pascal 140 (CE Instruments)) and high-pressure (Pascal
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440 (CE Instruments)) instrument. In a usual experiment 0.3 g of catalyst powder was
placed into a volume calibrated dilatometer. After degassing, pressure was continuously
increased to 375 kPa in the low pressure unit before placing the Hg filled dilatometer into

the high-pressure unit and steadily increasing the pressure to 400 MPa.

Measurements were performed at the Institute of Manufacturing Technologies of Ceramic
Components and Composites (IMTCCC) of the University of Stuttgart under the guidance

of Thomas Heim.

7.5. Transmission Electron Microscopy

Transmission electron microscopy (TEM) measurements were carried out at the Insti-
tute for Material Science in the Department for Materials Physics of the University of
Stuttgart using a CM200 FEG (Philips) at 200 kV by Helena Solodenko and Guido Schmitz.
HAADF-STEM images were collected by Dr. Hongguang Wang at the MPI-FKF.

Sample preparation was done by dispersing the sample in isopropanol under ultrasonication
before applying it dropwise to a copper grid. After drying the copper grids overnight, the
samples were analyzed. Sample preparation was carried out by Faeze Tari.

7.6. Thermogravimetry

Thermogravimetric measurements were carried out to investigate mass loss of the different
samples during degassing as well as to verify the oxidation state of the employed CuO
standard.

Determination of Mass Loss During Degassing

To rectify the sample mass in catalytic experiments and high-temperature TPx experiments,

the mass loss of samples during degas was determined using TGA.

For these measurements between 20 mg to 100 mg were used for analysis, depending on
the specific surface area Sggr of ther material. The samples were heated in a flow of
50 mlmin~! synthetic air to 300 °C with a heating rate of 10 Kmin—!. Afterwards the
samples were held at that temperature for 3 h. Measurements were corrected using blind
measurements with the same measurement protocol. The relative remaining mass after

degassing wgegas Was later used for data analysis.
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Oxidation State Analysis

Reduction of redox active oxides can be monitored gravimetrically by following the

corresponding mass loss.

For that purpose samples (usually 20 mg to 100 mg) were degassed first at 300 °C in a
flow of 50 mImin~! of synthetic air for 3 h before cooling down to 50 °C. Afterwards the
atmosphere was switched to Ar and after 2 h of isothermal treatment the degassed sample

mass was recorded mr A, Thereafter, premixed 5 % H,/N, with a flow rate of 50 ml min~!

was selected and the sample was heated to 600 °C with a heating ramp of 10 K min~!.
Afterwards the sample was cooled down to 50 °C before switching to argon again. After
isothermal equilibration at 50 °C for 2 h the reduced sample mass mr, req, or Was recorded.
During the experiment a constant flow of 20 ml min~—! argon was used as protective gas for
the balance. The relative remaining mass w after reduction was calculated using eq. (34)

without a blind measurement

w = ] — T red Ar (34)

mMT,0,Ar

ox —II

The oxidation state ox of the measured M, Oy, can be calculated from the measured relative
remaining mass w under the assumption of homogeneous reduction to a defined compound
(e.g. in the case of copper oxide reduction to elemental copper is assumed while for ceria
the reduction is assumed to yield Ce,05) with the molecular mass of M4 and the molecular

mass of oxygen Mo using equation (35)

(35)

7.7. Raman Spectroscopy

XRD is insensitive towards changes in oxygen sublattice of ceria materials due to the large
mass difference and related scattering contribution between Ce and O nuclei. Raman
spectroscopy can act as a complementary method to investigate changes in the oxygen

sublattice.
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Therefore, Raman spectra were recorded using a LabRamHR (Horiba) in the range of
100cm~! to 1000 cm™! with a spectral resolution of 1cm™'. A 100mW laser with a
wavelength of A = 532 nm was used. To circumvent saturation of the detector a filter
was employed to attenuate the laser to 1% to 20 % of its full power depending on the
sample. The laser was focused onto the sample with a 50x objective while the detector
was a CCD sensor. Spectra were generally measured with an accumulation time of 3 s
while the spectra were averaged over 50 scans. Measurements were carried out with the
equipment of the Electrochemical Energy Technology group in the Institute of Engineering
Thermodynamics of the German Aerospace Center (Deutsches Zentrum fiir Luft und
Raumfahrt e.V.) (DLR).

7.8. Diffuse Reflectance Infrared Fourier Transform

Spectroscopy

DRIFTS measurements were carried out using a Nicolet iS50 (ThermoFisher) FT-IR
spectrometer equipped with a praying mantis (Harrick) accessory employing a liquid
nitrogen cooled Mg, ,Cd, Te detector with a spectral resolution of 4 cm~! and accumulation
of 64 scans. Before the sample measurement a background was recorded with KBr, degassed

at 300 °C under constant nitrogen flow of 15 ml.

Reduction Experiments

Before the measurement the samples are degassed at 300 °C for 3 hin 15 ml min~" nitrogen.
Subsequently, the sample is cooled down to 100 °C in nitrogen before measuring a spectrum.
Then the gas is changed to 10 vol. % H, in N, and the sample is equilibrated for 1 h before
a spectrum is measured. Subsequently the sample is heated to 200 °C, 300 °C, 400 °C and
500 °C equilibrating the sample for 1 h at each temperature before measuring a spectrum.
Afterwards the sample is cooled down to 100 °C before taking the final spectrum. The
experiment is repeated in a flow of 15mlImin~' of dry N, to investigate the hydrogen

desorption behavior.

CO Adsorption Measurements

Samples are degassed at 300 °C for 3 h in a flow of 15 mlmin~! dry nitrogen. After cooling
down the sample to 25 °C a spectrum is measured. The gas is changed to 10 vol. % of CO

in N, purging the sample for 1 h before measuring a second spectrum. Changing the gas
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to N, the sample is subsequently purged for 1 h to remove CO from the DRIFTS cell so

only adsorbed CO is visible in the spectrum.

In a second step the same sample is reduced in a flow of 15 mlmin~! of 5% H, in N, at
300 °C for 3 h. The sample is cooled down to 25 °C before changing the gas to N, before a
spectrum is measured after 1 h of purging. The sample is subsequently loaded with CO
in the same way as the first CO loading. Then CO is again purged from the DRIFTS cell

as previously described before measuring the last spectrum.

Spectra are reported as differences between the spectrum after degassing and after CO
loading and N, purging. In order to remove any metal carbonyls formed in the gas cyliner,
a dry ice cool trap was employed between the mass flow controller (MFC) and the sample
cell.

7.9. X-ray Absorption Spectroscopy

XAS measurements were conducted at the KMC-3 beamline at Berliner Elektronenspe-
icherring-Gesellschaft fiir Synchrotronstrahlung m.b.H. in three separate measurement
sessions (10.2022, 01.2023 and 03.2023) by Michael Haumann of the Physics Department
of the FU Berlin in collaboration with Bruna Lobo from the University of Bayreuth. Aside
from the samples, Pt foil and PtO, were measured as standards. Data analysis was also

done by Michael Haumann.

7.10. X-ray Photoelectron Spectroscopy

XPS can give important insights into the oxidation state of different elements, which are
of outstanding importance in catalysis. X-ray photoelectron spectra were recorded in a
high vacuum system with a base pressure of 2 x 10~!3 bar in an ESCALAB Xi+(FEIl/Ther-
moFisher Scientific) using a monochromated Al Ko source with an excitation energy of
1486.74 eV using a hemispherical analyzer. Using an ion-etched silver surface the energy
axis of the instrument was calibrated and adjusted. Due to the insulating nature of the

samples, charge compensation was done by means of a low energy Ar plasma.

Of each sample a survey spectrum was collected before collecting high resolution spectra
for the elements of interest. The measurement parameters for each element are listed in
table 9.
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Table 9: Measurement parameters of measured X-ray photoelectron spectra

Type  Measurement range Scans Dwell time Step Pass Energy

max/eV min/eV - / ms / eV / eV

survey 1350 0 5 50 0.50 100
Ce3d 965 850 30 100 0.10 30
Ols 575 500 30 100 0.10 30
Cls 310 270 30 100 0.10 30
Ptaf 84 60 1000 100 0.10 30

The spectra were fitted using CasaXPS. A U2 Tougaard background was employed to
describe the contribution of the secondary electrons to the measured spectrum. Peaks were
described as convoluted Lorentzian and Gaussian peak functions. The photoelectron
spectra of mixed valent cerium consists of five doublet peaks. This makes the mathematical
description in a physical meaningful way very challenging. According to literature, a linear
combination approach was employed using the spectra of a Ce'" standard, CeO,-LSA
(STREM, 99.995 %), as well as a self synthesized Ce'" standard, a CeAlO; perovskite.

Preparation of the Ce"' standard CeAlO;

For the preparation of CeAlOs, commercial CeO, (99.9 %) and Al,O; (Baikowski Baikalox
CR30F) were mixed in ethanol using a ball mill with ZrO, grinding balls. Afterwards,
the mixture was dried overnight, before it was pressed into discs of 16 mm diameter.
Successively they were sintered in dry hydrogen. After a purging time of 30 min, the
sample was heated to 800 °C with a heating ramp of 5 K min~!, before lowering the heating
rate to 2 Kmin~! to 1450 °C at which the sample was held for 2 h before cooling down to

20 °C with a cooling rate of 10 K min~!.2*8

The preparation was done at the IMTCCC with Frank Kern. After preparation the standard
was analyzed using XRD and XPS.
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7.11. Temperature Programmed Methods

TPR measurements are frequently employed to assess the reducibility of redox active
catalysts. These measurements were carried out using an Autosorb iQ-c (Quantachrome
Instruments). Prior to TPR measurements the samples were pressed, crushed and sieved to
a particle size fraction of 200 um to 500 um to limit the pressure drop during measurement.
All samples were degassed at 450 °C in 30 mlmin~! of 10 % O, in He for one hour before

cooling down in 30 ml min~! helium to the desired starting temperature.

7.11.1. Measurement of TPR Profiles

After the degassing procedure samples were heated from 50 °C with a heating rate of
10 Kmin~!in 10 % H, / N, to 1000 °C. The hydrogen consumption was measured using
a thermal conductivity detector (TCD) while the water formed during reduction was
condensed from the effluent gas stream using a dry ice/acetone cold trap in front of the

detector.

The TCD signal was calibrated by measuring different amounts of a copper(Il) oxide
standard. Since the inbuilt temperature measurement showed large deviations due to sensor
aging, a separate thermocouple was added to the outside of the sample cell at the sample
position. The values measured by the additional thermocouple were used to correct the

temperature values given by the instrument.

7.11.2. Total Oxygen Storage Capacity (TOSC) Measurements

The total oxygen storage capacity (TOSC)r is an important value for ceria materials as it
represents the amount of reversibly releasable oxygen. TOSC values were measured by
means of O, pulse chemisorption because it was observed that oxygen is mainly consumed
rather than only adsorbed.?** After degassing the samples were heated to the desired analysis
temperature 7" at which the TOSC should be analyzed with a heating ramp of 10 K min~!
in a flow of 30 mImin~! of 10 % H, in N,. After reaching the desired analysis temperature
the sample was held at this temperature for 1 h to ensure complete reduction. Afterwards,
the cell was purged with 30 mlmin~' of helium for 1 h before injecting Vs = (66 & 1) ul
of pure oxygen 16 times every five minutes using a sample loop. The amount of injected

oXygen no, inj was calculated with eq. (36) assuming ideal gas conditions.
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pstVsL
RT5

(36)

nOZ’inj =

with pgp being the pressure in the sample loop, R being the universal gas constant and T

the temperature at the sample loop.

Oxygen flow through the sample loop was chosen in a way to limit pressure buildup in the
sample loop (Voz,SL ~ 5mlmin~') because ambient pressure was assumed in the sample
loop for the calculations (psp = 1.013 bar) while the temperature at the sample loop 7.

was measured every second using a thermocouple.

The injected amount of oxygen was subsequently used to calculate the TOSC, value
according to eq. (37)

16
TOSCy = =2

(noz,inj - nOZ,det)
Meat

(37)

where ng, ¢ 1s the detected amount of unreacted oxygen, quantified using an one point
calibration with the area of the injections where total oxygen breakthrough occurred, i.e.
the sample was totally reoxidized.

7.11.3. CO, Desorption Experiments

The basicity of an oxidic surface can be probed by means of CO, desorption experiments.
These are especially relevant for CO oxidation, since the reaction can be limited by product

desorption.

To assess the CO, desorption characteristics, the samples were cooled down after de-
gassing to 50 °C before adsorbing CO, on the sample by flowing 30 ml min~!
CO, (99.996 %, Westfalen AG) over the sample for an hour. Afterwards an isothermal

desorption step was carried out for an hour in 30 ml min~! of He. Using a TCD the CO,

of pure

desorption was followed whilst applying a heating ramp of 10 K min~! to 1000 °C.

The TCD signal was calibrated using a sample cell equipped with a septum, through which
defined amounts of pure CO, were injected into a stream of 30 ml min~! with an analytical
syringe. The resulting detector signal is plotted as a function of the injected amount of

CO,, nco,, yielding the calibration curve that is shown in figure 53 in the appendix.
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7.12. Catalyst Testing

Kinetic investigations were carried out in a home-built apparatus. The flowchart of which

is shown in figure 5.

Nitrogen (Westfalen AG, 99.999 %), oxygen (Westfalen AG, 99.999 %) and 10 % carbon
monoxide in nitrogen (Westfalen AG, 99.997 %, 99.999 %) were used without purification.
It was also possible to feed water through a saturator (S07) or an evaporator (E01), respec-
tively. Flow rates of the permanent gases were controlled by MFCs of the type EL-Flow
prestige (Bronkhorst). Variations of residence time as well as changes in partial pressure
were done by altering the flow rates of the reactants. The reactor was a stainless steel tube
of 3/8” OD placed in a heating block heated by two 400 W heating cartridges. The pressed,
crushed and sieved catalyst (100 um to 200 pm) was diluted with 2 g of commercial acid
washed silicon oxide spheres (150 pm to 212 pm). On a stainless steel mesh, a piece of
quartz wool and 1.5 g of acid washed glass beads (212 um to 300 um), the diluted catalyst
bed was filled and densified through tapping the reactor on the bench for approximately
one minute. Afterwards 1 g of acid washed glass beads (212 um to 300 pm) were packed
above the diluted catalyst bed to ensure a homogeneous flow regime and to preheat the gas
mixture and minimize temperature changes across the catalyst bed. The catalyst bed was
secured in place by another plug of quartz wool on top. A thermocouple was placed in the
first third of the diluted catalyst layer to obtain the catalyst temperature. The packed reactor
was subsequently placed into the heating block and connected to the setup for catalytic
experiments. The reactor could be switched into bypass operation mode using a 4-way
valve (4W102).

Pressure during experiments was measured by means of a pressure sensor upstream and
downstream of the reactor. The whole system has to be heated to omit condensation of
water. The pressure at the reactor inlet was controlled by a MFC connected to nitrogen
whose flow is added downstream of the reactor in front of a needle valve. By adjusting
its flow rate automatically with a control loop in the control software the overall pressure

before the reactor is set to be 1.05 bar.

Product analysis was carried out using a gas chromatograph (GC)-mass spectrometer (MS)
(7850B-7977B (Agilent)). A customized column switching system (s. appendix, figure 59)
provided by Teckso was used to separate the gases. Pre columns were used to separate
the permanent gases from higher boiling compounds (i.e. water) before separating CO
and CO, from the other permanent gases. Afterwards the remaining permanent gases (H,,
O, and N,) were separated using a molecular sieve column. CO and CO, were passed

around the molecular sieve column to avoid damaging the column. Afterwards the gases
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Figure 5: Flow chart of experimental setup used for catalyst testing
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Table 10: Retention times ¢y for each component and detector in the used GC-MS system,
an exemplary chromatogram is shown in figure 60.

Compound TCD/FID MS

tr /min  tg /min

Co 12.4 6.5
Co, 5.8 8.0
H,0 - 13.5
N, 8.8 6.5
0, 6.5 6.6

passed through the TCD for detection. The non-destructive nature of a TCD enables the
subsequent use of a methanizer to convert CO and CO, to methane before detecting them in
the downstream flame ionization detector (FID). This enables a more accurate detection
of CO and CO, at low concentrations. Higher boiling compounds were separated using
a capillary column before detection by MS. The retention times of each compound are

shown in table 10.

The GC-MS system was calibrated over the course of the work when the measured concen-
tration of a 10 % CO in N, mixture did deviate from the value given by the supplier. A

typical calibration and derived calibration factors are shown in the appendix in figure 61.

After detection the reaction gases are diluted using nitrogen supplied by a rotameter
(RMO1, VRI\,[OI,I\]2 ~ 11min~") before adding syn air to the gas mixture (RM02, VRMOZ,syn‘air
~ 0.61min~!) and passing it over a total oxidation catalysts to oxidize any CO being still

in the gas feed.

7.12.1. Light-Off Measurements

Light-off measurements were carried out to assess the activity as a function of temperature.
In a typical experiment 100 mg of catalyst is introduced into the reactor as described
before. The total flow rate was fixed to 50 ml min~! during experiment, corresponding to

a modified residence time Tyoq Of Tmog = 120kgsm™3.

Before the experiments the catalysts were degassed in 20 % of O, in N,. The temperature
was ramped within an hour to 300 °C where the catalyst was held for 3 h before cooling

down to 50 °C for platinum containing materials and 150 °C for platinum free catalysts.
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Afterwards the gas was switched to a feed consisting of 5000 ppm CO and 10% O, in
nitrogen. When assessing the influence of water, 10 % of H,O was additionally added
via the saturator. After equilibration of the sample for 5 h the temperature was ramped
with a heating rate of 0.5 K min~! for platinum-containing and 1 K min~! for pure ceria
materials to 400 °C, which was again held for 1 h. During the experiment the gas phase
composition was analyzed continuously using the GC-MS. Starting concentrations were
measured after each experiment by bypass measurements. For that purpose, the reactor
was switched to bypass operation mode before measuring the concentration five times. The
obtained mean value for each compound ¢ was used as the initial molar fraction z; for

data analysis described in chapter 7.12.4.

7.12.2. Kinetic Measurements

The investigation of the temperature dependency of the intrinsic reaction rate was carried
out under differential operating conditions by keeping the conversion below X < 0.15.
The total flow rate for the experiments was fixed to 100 mlmin~!. For unloaded ceria
materials 10 mg of sample was weighed into the reactor as described before, giving a
modified residence time 7,04 Of Tmod = 6 kg s m—>. For platinum-containing samples the
sample mass was adjusted in a way so the platinum related modified residence time of
Tptmod = 0.0032kgs m~3 was held constant. Before measurements, as for the light off
experiments described in section 7.12.1, the sample was degassed. Afterwards the sample
was cooled down to the highest analysis temperature before switching to the reaction gas
(5000 ppm CO, 10% O, in N, (dry) or 5000 ppm CO, 10 % O, and 10 % H,O in N, (wet)).
The catalyst was equilibrated for 12 h before analysis was started. Subsequently each
temperature was held for 5 h before lowering the temperature by 10 K. For analysis the last
five measurements at each temperature were averaged. As for the light-off experiments

bypass measurements were carried out to determine x; o for data analysis.

7.12.3. Kinetic Measurements with Change in Partial Pressures

Assessing the influence of catalyst properties on the reaction orders is of great importance.
Experiments were carried out to investigate the reaction orders regarding CO and O,. For
this purpose, as described in section 7.12.2, 10 mg of catalyst were packed into the reactor.
After degassing, the sample was cooled down to the reaction temperature before switching
to the feed mixtures and equilibrating the catalyst for 12 h in the first feed mixture. The
concentration of reactants was altered for CO from 0.1 % to 2 % and for oxygen from 1 %

to 15%. Each composition was measured for 3 h before switching. If partial pressure
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dependencies were analyzed for different temperatures the temperature was ramped to
the next temperature, which was held for 5 h to ensure the catalyst reached steady state

again before returning to the previously described measurement protocol.

After the measurements the concentrations were determined using bypass measurements.
These were carried out for the maximum and minimum molar fractions of each reactant

while the other molar fractions z; o were interpolated from these measurements.

7.12.4. Data Analysis

Using the CO molar fractions measured during the catalytic measurements x; ; and the
initial value z; o obtained by bypass measurements as described in ch. 7.12.1, 7.12.2 and

7.12.3, the conversion was calculated according to eq. (38)

Xeo = =20 “COL (38)

The degassed mass of catalyst 1mca degas Was calculated using the relative remaining mass
Waegas Obtained by TGA measurements described in section 7.6 and the weighed in hydrated

sample mass Mca hya according to equation (39)

Mecat,degas — Mcathyd * Wdegas- (39)

The degassed sample mass was used to calculate the mass specific reaction rate r,, with

the molar inlet flow rate of CO 7o following equation (40)

Xco 1co,0
= —— . (40)
Meat,degas

From the mass specific reaction rates r,,, surface-specific reaction rates r and site-specific
reaction rates (turnover frequencys (TOFs)) were calculated according to equation (41)
and (42)
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1
TA = T , 41
A - (41)
TOF 1 ! (42)
=Ty = - )
Sper SDa

with Sggr being the BET surface area and S D4 the area specific site density. Since reduction
of ceria at temperatures investigated in this work is mostly limited to the outer surface, the
measured 7'0OSC'5o9oc can be used as a mass specific site density S D,,. Since T'OSC'spgoc
is given as molp,g ™!, the value has to be multiplied by two. Thus, the site-specific turnover
rates for unloaded ceria materials was calculated using the measured 7'O.SC'5o9oc values
following eq. (43)

1

TOF =py o —
OF ="n 5 7050

(43)
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8. PREPARATION OF CERIA-BASED CATALYSTS

Part V.
Results and Discussion

8. Preparation of Ceria-Based Catalysts

As discussed in chapter 2.3, ceria materials can be prepared via different routes. In this work,
precipitation was used to prepare ceria materials exhibiting different properties. Method
validation in this work was carried out using two different commercial ceria samples. A
high surface area sample CeO,-high surface area (HSA) kindly provided by Solvay and
a low surface area sample CeO,-low surface area (LSA) purchased from STREM were

measured as reference to compare the prepared materials to these samples.

As described in chapter 2 ceria crystallizes in the cubic CaF, structure. With a lattice
parameter of acco, = 0.5411nm, the resulting diffractogram can be calculated and is
shown in figure 6 alongside the measured diffractograms for CeO,-HSA and CeO,-LSA.

— TN N
— TN AN
- i\ <

(=3 (=] i
o N b
N o ™
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.33t

420
...511
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20 40 60 80 100
20/°

Figure 6: Diffractograms of CeO,-HSA (——), CeO,-LSA (——) and simulated diffrac-
togram of ceria (——)

Figure 6 shows that the purchased ceria materials all exhibited the same cubic crystal
structure. This crystal structure was also observed for every material prepared in this work.
Reflection positions were very comparable, but small changes in the lattice parameter were
observed. Comparing the diffractograms of the commercial CeO,-HSA and LSA samples a
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difference in line shape is evident. Whereas the reflections of the LSA sample are sharp,
line broadening can be observed for the HSA sample. This is caused by an non-infinite
size of crystallites, leading to destructive interference not occuring anymore around the
Bragg angle. The smaller the crystallites are, the more pronounced this phenomenon
becomes and the broader the reflections in the powder X-ray diffraction (PXRD) appear.
This phenomenon was first investigated and described by Scherrer who postulated the so
called Scherrer-equation,?*® which is still used today to approximate domain sizes from
PXRD.?*¢ During domain size analysis using the Scherrer equation line broadening caused
by crystallite strain as well as by the instrument contribution are superimposed, which leads
to an underestimation of the domain size if these are not accounted for.>*” For that reason
Rietveld refinement with GSAS-11*** was conducted to determine the samples crystallite

size D and strain e.

As described in chapter 3.1 the catalytic properties of ceria are linked to the redox cycle

between Ce'¥ and Ce™. Therefore, the amount of Ce™

, stemming from lattice defects, in the
fully oxidized, i.e. as-prepared, state is often used to derive structure-property relationships.
The X-ray photoelectron (XP) Ce3d spectra of ceria, however, is characterized by three
doublet peaks associated with Ce'" and two doublets associated with Ce". Different
approaches are described in literature to obtain a meaningful fit of the Ce3d region.?*%2%
Aside from using literature values for line shape and peak position, the preparation of
Ce" standards can be used to quantify the contributions of Ce" to the Ce3d spectra and

thus to reduce the degree of freedom in the fit.2*® For this purpose, as Ce™

oxide is usually
highly air sensitive, a CeAlO; reference compound in which cerium is stabilized in the
Ce'"" state was prepared as described in chapter 7.10. The resulting diffractogram and XP

spectrum are shown in figure 7.

The synthesized CeAlO; shows the diffraction pattern of the /4/mcm space group, which is
reported for the desired cerium aluminate perovskite.?*® Most importantly no reflections
associated with the precursor CeO, are visible anymore. Looking at the XP spectrum, the
obtained Ce3d spectrum can be described with two doublets, corresponding to the vy and

ug as well as v" and u/ components.?3%2% 1

Thus, only Ce™ is present on the surface of the
prepared CeAlO;, showing that the preparation was successful, enabling the use as a line

shape standard for other Ce3d spectra.

66



8. PREPARATION OF CERIA-BASED CATALYSTS
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Figure 7: Simulated (——) and measured XRD pattern of self-synthesized (——) and
commercial reference (——) CeAlO; (left) and Ce3d X-ray photoelectron spectra
of self-synthesized CeAlO; with fit (right)

8.1. Influence of Precipitation Conditions on Ceria Material

Properties

Metal oxide catalysts can be prepared via a plethora of routes, however, as discussed
in chapter 2.4, precipitation is widely used due to its simplicity. Although carrying out
precipitation processes is rather straight forward, the role of preparation parameters on the
final precipitate is difficult to predict and has to be investigated for every system separately,
as noted by Schiith et al..!?!

Using the temperature-calibrated stirred tank reactor with a calibrated piston pump (c.f.
appendix chapter A), materials were prepared at different precipitation temperatures via
ammonia-based precipitation (AP) as described in chapter 6.1, while keeping every pa-
rameter constant but the precipitation temperature 7. Ceria materials were also prepared
using UP and HUP methods as described in sec 6.1.2 and 6.1.3. After preparation the
materials were analyzed using N, physisorption, XRD coupled with Rietveld refinement

and Raman spectroscopy.

The measured X-ray diffractograms of the samples prepared at different precipitation

temperatures 7 .. and their related Rietveld refinement fit are shown in figure 8.

All materials prepared showed the diffraction pattern of the cubic crystal structure expected
for ceria samples. Qualitatively it could be observed, that with increasing precipitation
temperature 7, reflections became broadened and less intense for materials prepared using

AP. Comparing the diffractograms of the UP and HUP sample, no qualitative difference was
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Figure 8: Measured X-ray diffractograms (@) and associated calculated diffraction pattern
(—) and residuals (——) from Rietveld refinement for materials calcined at
Teae = 500°C, results of the structural refinement are listed in table 11.

observed. To quantify these differences, Rietveld refinement calculations were carried
out using the F'm3m space group. The calculated diffraction patterns and the calculated

residual are also plotted in figure 8, while the analysis results are summarized in table 11.

It can be observed that materials calcined at 500 °C show a slightly increased lattice
parameter compared to the theoretical lattice value. This behavior is frequently observed
in literature and suggested to be linked to the destabilizing effect of small crystallites and
resulting higher concentration of defects.!'” Small crystallites are indeed present, since
crystallite sizes D extracted during refinement range between 10 nm to 18 nm for materials
calcined at 500 °C. Comparing crystallite sizes and BET surface areas extracted from N,
physisorption experiments and listed in table 11 as a function of precipitation temperature

yields figure 9.

From the plot in figure 9, a trend for the crystallite size as well as BET surface area Sggr can
be observed with increasing precipitation temperature 7,,..: the crystallite size decreases
while the BET surface area increases with increasing precipitation temperature 7p,pec. This is
in contrast to findings by Chen and Chang as well as Cui et al. who reported an increase in
crystallite size D with increasing precipitation temperature.’”-*® Comparing the preparation
approach with their work, the most prominent difference is the different cerium precursor.
In this work (NH,4),Ce(NO3)s was employed, whereas in the other two studies Ce(NOs);

111

was used. Thus, this difference might be explained by the difference between a Ce™ and

111

Ce" precursor. Literature reports that when precipitating Ce" precursors a preceding
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Table 11: Analysis Results of Rietveld Refinement of XRD patterns ¢, N, physisorption
experiments’® and Raman spectra® for materials prepared at different precipitation
and calcination temperature

Sample Toree  Ttale a’ D* € Ster  (eoo/Ts6a)”
/°C /°C / nm / nm / - /m?g! / -
AP5-500 5 500 0.54115(3) 18.07(3) 0.004(1) 26 0.0022
AP25-500 25 500 0.54118(5) 14.6(3) 0.0002(1) 37 0.0026
AP50-500 50 500 0.54114(6) 12.02) 0.008(1) 80 0.0051
AP75-500 75 500 0.54121(7) 10.3(2) 0.006(1) 90 0.0057
AP5-700 5 700 0.54104(1) 802)  0.002(1) 3 n.m.
AP25-700 25 700 0.541062) 733(2) 0.002(1) 3 n.m.
AP50-700 50 700 0.541022) 46.8(9) 0.002(1) 3 n.m.
AP75-700 75 700 0.54106(2) 34.3(6) 0.002(1) 3 n.m.
UP-500 100 500 0.54128(7) 11.3(3) 0.009(1) 107 0.0070
UP-700 100 700 0.54107(3) 23.7(4) 0.003(1) 39 n.m.
HUP-500 140 500 0.54127(6) 11.5(2) 0.009(1) 110 0.0065
HUP-700 140 700 0.54104(3) 24.14) 0.004(1) 39 n.m.
20 — . . . . . — 120

18 F 4 100

16 | 480

14 160

D/nm
Sger / Mg

12 440

10F 420
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Figure 9: Crystallite size D (m) and BET surface area Sggr (4) as a function of the precip-
itation temperature 7} (solid) and UP and HUP reference materials (hollow) all
calcined at T, = 500°C
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oxidation step occurs before nucleation (1) and precipitation (2)*° schematized below.
Celug o= Ceig Ce"O,(OH), nuclei Ce"O,(OH),)

In chapter 2.3.1 it was discussed that the formation rate of nuclei, the nucleation rate,

is a function of the supersaturation. In the case of precipitation of Ce"

precursors, the
supersaturation is controlled by the preceding oxidation equilibrium before the nucleation
step. Therefore, in the case of Ce'" precipitation the nucleation rate is probably lowered
and the supersaturation is decreased because of the preceding oxidation step. This would
then mean that the particle size is most likely controlled by crystal growth rather than
nucleation. After the first particles are formed, nucleation is thermodynamically less
favorable compared to crystal growth. This effect gets even more pronounced when surface

catalytic oxidation of Ce"

species on the surface of particles occurs as some nucleation
and growth models suggest.”> Altogether the preceding oxidation equilibrium would lead
to an increase in crystallite size with increasing precipitation temperature. In the case of
Ce" precursors however, nucleation is not hindered and can proceed in a burst like fashion
leading to a nucleation rate controlled crystallite size and thus a decrease in crystallite size
with increasing precipitation temperature. This hypothesis is also supported by research on
the precipitation of ceria-zirconia mixed oxides. Letichevsky et al. found that usage of Ce"
precursors does not lead to formation of homogeneous ceria-zirconia solid solutions. '’
Considering the aforementioned argument that the oxidation equilibrium hinders nucleation,
it would be possible that first zirconia rich crystallites are precipitated before cerium-rich
crystallites are formed. This could explain why the authors observed a zirconium-rich and
a cerium-rich phase in PXRD possible pointing to core-shell-type precipitate. The same was
observed for the UP method of preparation of CeZrO, by which it was not possible to obtain

1V 129,130

" precursors, whereas it was when using Ce'.

phase homogeneity when using Ce
Hirano and Kato also looked into the difference between precipitating Ce" and Ce'"
precursors. In their study they found that hydrothermal treatment did not have a significant

111

influence on the properties of the materials precipitated from Ce™ solution, whereas it

had a distinct influence when precipitating from a Ce' solution, relining the possibility

111

of faster crystal growth compared to the nucleation rate when using Ce™ precursors.'?’

High temperature calcination is frequently reported to decrease the BET surface area
significantly while at the same time increasing the crystallite size. This process is often
linked to the Hiittig temperature, leading to severe surface area loss above the Hiittig
temperature which amounts to Ty, ~ 590 °C for ceria (c.f. chapter 2.4). To probe the
sinter stability of the samples, they were also calcined at T¢,. ~ 700 °C as described in

chapter 6.1. After calcination the samples were analyzed. The measured X-ray diffraction
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Figure 10: Measured X-ray diffractograms (®) and associated calculated diffraction pattern
(—) and residuals (——) from Rietveld refinement for materials calcined at
Teaie = 700 °C, results of the structural refinement are listed in table 11.

patterns together with the calculated pattern and residual from the refinements are shown

in figure 10.

Comparing the diffractograms shown in figure 8 and 10, it is evident that for all cases
the line broadening did decrease when increasing the calcination temperature, caused
by increased crystallite sizes due to sintering. This aligns well with the aforementioned
steep increase in crystallite size when increasing calcination temperature above the Hiittig
temperature. Comparing the BET surface areas after calcination one can also observe a
significant decrease there, which again suggests an increase in crystallite size. The results
of the refinements of the diffraction patterns corroborate the qualitative expectation of the

formation of larger crystallites upon calcination above the Hiittig temperature.

Not only are the crystallites larger, but their lattices are also contracted compared to the
sample calcined at 500 °C. The phenomenon is often observed when increasing calcination
temperature.?*’ Also the strain e derived from the diffraction pattern did decrease through
high temperature calcination. As the values are small and therefore the relative errors are
large, results from Raman spectroscopy are used further. In order to evaluate the influence
of precipitation temperature on sinter stability of the materials, the increase in crystallite
size when increasing calcination temperature from 500 °C to 700 °C A D7pgoc_s00°c 1S

plotted as a function of the precipitation temperature in fig.11.

It is evident that materials precipitated at higher temperatures using AP tend to retain
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Figure 11: Difference in crystallite size after calcination at T, = 700 °C compared to
calcination at Ty, = 500°C AD7gooc_s00°c as a function of precipitation
temperature of AP materials (m) and UP and HUP reference materials (O)

smaller crystallite sizes after increasing the calcination temperature. The highest stability
was obtained for the materials prepared via urea-based techniques, UP and HUP. These
methods are known to yield more homogeneous precipitates. The higher the homogeneity

the lower the thermodynamic driving force towards sintering via Ostwald ripening **!

Although PXRD is a powerful tool in analyzing ceria compounds the diffraction pattern
is mostly dominated by the position of cerium ions because of their high atomic mass
compared to the oxygen ions in the lattice. Thus, the X-ray diffraction patterns contain
little information about the oxygen sublattice. For that reason Raman spectroscopy is often
used as a complementary method in analyzing cerium-based materials because it is highly
sensitive to changes in the oxygen sublattice through changes in the oxygen breathing
mode. 7824224 Therefore Raman spectra were collected after calcination to investigate
how the precipitation conditions influence the oxygen sublattice as this was correlated to

activity in previous studies.!®”*** Normalized Raman spectra are shown in 12.

The measured Raman spectra are characterized by the strong F5, mode, at vy, = 464 cm™!

which can be considered the oxygen breathing mode, usually observed for cubic ceria
materials.?*? It can be seen, when juxtaposing the spectra of materials calcined at 500 °C
and 700 °C, that this mode is narrower for the high temperature calcined materials. This
is caused by an increase in crystallite size.?*>?*¢ Additionally, in the material calcined at
500 °C a Raman active band can be observed around 600 cm~!. This band is ascribed in

literature to oxygen vacancy defects in the oxygen sublattice enabling the otherwise inactive
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Figure 12: Raman spectra of precipitated samples AP5-500 (——), AP25-500 (——), AP50-
500 (—), AP75-500 (——) and UP-500 ( ) as well as HUP-500 ( )
(left) and extracted peak intensity ratios between 4oy and 444 (right), extracted
values are added to table 11.

band.?*? In literature the intensity ratio between the defect related band at v = 600 cm™!
and the F5, mode is used to describe the concentration of oxygen vacancies in the lattice.***
For this purpose the spectra were baseline corrected to account for the different peak
widths due to altering crystallite sizes. The resulting peak heights after baseline subtraction
gave, due to the preceding normalization to the F2g peak at 464 cm~!, the intensity ratio
I600/ 1164, which was subsequently plotted as a function of precipitation temperature 7.
in figure 12.

It can be seen that with increasing precipitation temperature the defect concentration
increases for materials prepared via AP while UP and HUP did yield a higher concentration

of defects. The defect concentration is often linked to higher catalytic activity of ceria

materials due to their higher oxygen mobility.'"’

111

It was also reported that introducing
larger dopants, which Ce™ could be considered as one, limits diffusion processes which are
necessary for particle growth during sintering.?*” When plotting the increase in crystallite
size A D7gooc—s00°c as a function of the defect concentration represented by Ig00/ 464 ONE

obtains figure 13.

Figure 13 suggests a linear correlation between the sinter resistance of the samples and
the defect concentration. This would mean that the reason for a higher sinter resistance
of materials precipitated at higher temperatures is two-fold: First, more homogeneously
precipitated materials are obtained when precipitating at higher temperatures which reduces
the driving force of Ostwald ripening and thus increasing sinter resistance and second a
higher oxygen defect concentration resulting from higher precipitation temperature which

yields a higher sinter resistance as well.
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Figure 13: Increase in crystallite size when calcining the precipitates at 700 °C in-
stead of 500°C AD7gpoc_s00oc as a function of the intensity ratio between
v = 600cm™'and v = 464cm™! 1600/1464

8.2. pH Titration Experiments Probing the Effect of Higher

Precipitation Temperatures

To investigate how the precipitation temperature influences the precipitation process, pH
titration experiments were carried out. These experiments were conducted as described
in chapter 6.1.1. The resulting pH curves for 5°C, 25 °C and 50 °C as a function of the
added amount of sodium hydroxide noy- are shown in figure 14.
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Figure 14: pH as a function of added noy- from titration experiments at 5 °C (left), 25 °C
(middle) and 50 °C (right) with blank run (—m—) and in presence of cerium ions

(=)

The titration curves in figure 14 show that compared to the blank experiments the pH values

at all temperatures did increase later when cerium ions are present. During precipitation
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cerium oxyhydroxides are formed, removing hydroxides from the solution, which otherwise
would have led to an increase in pH. Thus, the difference in pH observed stems from
hydroxide ion consumption due to nucleation and precipitation. Another thing that is
evident is the temperature influence on the pH value due to changes in the water dissociation
equilibrium. Although a pH sensor with an inbuilt temperature correction was used,
temperature is known to alter the water dissociation equilibrium, leading to changes in

pH with temperature, which is why the results will only be discussed qualitatively.

When subtracting the interpolated curve of the blank measurement from the sample mea-
surement ApH can be plotted as a function of the added hydroxide ion amount which is
shown in figure 15. However, since pH is a logarithmic scale, difference in ApH makes
interpretation difficult. For this purpose, the amount of hydroxide ions that are not bound
in the precipitate is calculated. Using the pH measured, the proton concentration at the
starting point ny-  is calculated. Using this value and the pH measured after addition 7,
pH;, to calculate ny-; or nop-; depending on the pH, the amount of hydroxyide ions that
after addition were not bound to the precipitated can be calculated. This has to be done
for two different cases: for pH < 7 and pH > 7. While for pH values smaller than pH < 7,
where the amount OH™ that is not bound to the precipitate is represented by a decrease in
H" concentration, the amount of "free OH ™ is given by equation 45.

NOH free,i — Myto — Nyt (44)

= 107" . 1 — 107PH . Y (45)

For the case of the pH, being above 7, the value of added hydroxides that are not bound
to the precipitate is obtained by the sum of protons present in the initial solution ny-, and

the free hydroxide ions noy-; as shown in equation 47.

NOH free,i = Mt T TOH i (46)

= 107PHo . 1 4 10°Hi7 1L 47)

After calculating the values nop e, for every addition ¢ for the sample and blank run the
amount of OH™ which is bound to the precipitate non- pound,; Was calculated as the difference

between blank 7oy free,plank ; and sample noy- free ; TUN USING equation (48).
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Figure 15: pH difference ApH as a function of the added amount of hydroxide ions noy-
for experiments at 5°C (——), 25°C (——) and 50°C (—) (left) and the
normalized amount of bound OH", non pound,i» @s @ function of the pH for
experiments at 5 °C (—m—), 25 °C (—e—) and 50 °C (—a—) (right).

TLOH ,bound,; = TVOHfree,blank,i — TYOHfree, (48)

These values are plotted as a function of the solution pH, the normalized values of which

are shown in figure 15.

It can be observed, that the higher the precipitation temperature the faster OH ™ ions are
consumed. Precipitation, however, was only observed when the pH exceeded pH = 7. Thus,
the consumption of OH™ may be attributable to the formation of nuclei, or the already in
chapter 2.3.1 discussed preorientation of precursors prior to nucleation. Both effects would
increase the number of nuclei formed with increasing temperature, which can explain the

observed trend of decreasing crystallite size with increasing precipitation temperature.

9. Redox Properties of Ceria-Based Catalysts

Ceria materials are employed due to their redox properties, which were discussed in detail
in chapter 3. In order to increase low-temperature activity (precious) metals are used in
many applications to decrease the activation barrier of the reactants. However, the oxide
still has an important contribution, since even with precious metal-loaded ceria materials
a MvK mechanism was observed, with oxygen being supplied from the redox-active

support.'69-20520% Thys, understanding the structure-property relationships for the oxide
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Figure 16: Exemplaric TOSCsgpoc determination. TCD signal (——) and temperature
(—) during reduction (left), successive O, pulse chemisorption (middle) car-
ried out at 500 °C and TOSCr as a function of temperature. (right).

support during reduction and oxidation is important as these also play an important role,

even in the loaded state.

9.1. Redox Activity of Unloaded Cerium Oxides

The reduction profile of ceria materials during TPR experiments is characterized by two
peaks, as discussed in chapter 3. The low temperature signal is related to surface oxygen
species, whereas the high-temperature feature is caused by bulk reduction of the ceria
materials because bulk diffusion of oxygen is enabled at higher temperatures.>*® As the
bulk reduction requires oxygen solid state diffusion processes, which are slow compared to
the surface reaction, for highly transient applications such as redox catalysis, the amount
of oxygen releasable from the surface is important. The quantity of the entire releasable
oxygen at a given temperature is commonly referred to as total oxygen storage capacity
(TOSC).2* Different quantification approaches are described in literature. In this work,

pulse oxygen chemisorption was used. One exemplary experiment is shown in figure 16.

It can be observed that 1 h of isothermal reduction at 500 °C is enough to ensure that all ceria
centers, which can be reduced at 500 °C are reduced. 500 °C was chosen as the analysis
temperature in this work, because it can be observed, in figure. 16 that the measured TOSC
does not increase significantly above that temperature, which means the surface is totally

reduced.

For the different prepared materials, whose material properties are listed in table 11,
TOSC509oc values were measured and are shown in table 12 alongside their crystallite

size D and BET surface area Sggr.

The amount of reducible centers at the surface is frequently assumed to correlate strictly in

a linear manner with the specific surface area Sggr when normalizing kinetic data. This
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Table 12: Analysis results of Rietveld refinement of XRD patterns ¢, N, physisorption
experiments® and from O, pulse chemisorption®. for materials prepared at dif-
ferent precipitation temperatures

Sample a® D Seryst Sher TOSCSec Stk
/nm  /nm /m’g~! /m’g~! /umoly, g /m’g”!
AP5-500 0.54115 18.07 46 26 131 46
AP25-500 0.54118 14.6 57 37 146 52
AP50-500 0.54114 12.0 69 80 158 56
AP75-500 0.54121 10.3 81 90 n.m. n.m.
AP5-700  0.54104 80 10 3 43 15
AP25-700 0.54106 73.3 11 3 45 16
AP50-700 0.54102 46.8 18 3 56 20
AP75-700 0.54106 34.3 24 3 n.m. n.m.
UP-500 0.54128 11.3 73 107 204 72
UP-700 0.54107  23.7 35 39 98 35
HUP-500 0.54127 11.5 72 110 185 65
HUP-700 0.54104 24.1 40 39 93 33
HSA 0.54112  12.0 69 160 192 68
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Figure 17: Measured T'O.SCsgooc values as a function of BET surface area Sggr () and
theoretical oxygen storage capacity as function of surface area calculated with
equation (49) ()

is done in order to compare the activity of materials exhibiting different surface areas.
However, this assumes that the entire surface is redox-active and that the active site density
is constant. The latter assumption however is known to be a simplification since different
ceria crystal facets exhibit different oxygen densities.?>° The measured 7'0.SC'sog ¢ values

listed in table 12 are plotted against their specific surface area Sggr in figure 17.

When the TOSC'sgc is plotted as a function of the specific surface area Sgpr it becomes
evident, that although the TOSCsy9oc values increase with increasing Sggr, one can
not observe the assumed linear relationship between Sggr and T'OSCsg9oc. Theoretical
TOSClieo can be calculated based on the oxygen density which can be derived from the
lattice parameter a. Using the lattice parameter a and a mass-specific surface area Sggr,
TOSC o can be calculated with equation (49)230-252

S
TOSCieo = 55~ (49)
T AINA

Using the literature value for acco, = 0.5411nm, equation (49) is plotted in figure 17.
Comparing the measured TOSC'5ypoc the diagram shows that at low Sggr values the
measured T'OSC5gooc scatter around the theoretically predicted line. With increasing
BET surface areas however, the deviation between theoretically calculated 70O S Cl,e, and

the measured values of T'OSCsyyoc become larger. Since in this work reoxidation of the
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Figure 18: N, physisorption isotherms before (—m—) and after (—e—) T'O.SCsq oc analysis
(left) and H,-TPR profile of pristine HSA material (——) and after 77O .S Cspg ¢
analysis (——) as well as H,-TPD analysis (——) (right)

surface 1s used to estimate the amount of cerium centers reduced, the observed effect can

be caused by two different mechanisms. Either irreversible reduction, meaning loss of

233-255 or reduction without oxygen release.!** The former could

253,254

redox-active surface area,
be caused by overreduction, as observed in other redox catalysts or surface area loss
during the initial reduction processes,>> whereas the latter would mean quantification is
not possible through oxygen chemisorption. Both mechanisms however, would lead to a
decrease in Mars-van-Krevelen active surface area Sy, 1.€. surface area whose active

sites can reversibly be reduced under oxygen release.

In order to investigate this further nitrogen physisorption experiments were carried out
after the initial 77O.SCsg9oc analysis. Comparing the surface area Sggr before and after
reduction is an indicator as to whether sintering is causing the large difference in theoretical
TOSC TOSCipeo and the measured values T'OSCsggoc. The two isotherms are shown in
figure 18.

Comparing the isotherms for the HSA material obtained before and after T'OSCsyoc
analysis plotted in figure 18 shows that there is a negligible difference. This is also
represented in the extracted BET surface area Sggt before, Sget pristine, and after 7'0.S C'sg oc
analysis, SBET afer TOSCygo0s (SBET pristine = 160M? 8715 SpET afier 70500 = 164m* g™ )
which points towards the fact that the difference in measured 7°O5Csgoc is not caused
by a loss of surface area.

Using different TPR methods it was attempted to investigate this further. As mentioned
before, a possible explanation for this phenomenon can be irreversible reduction. Whether
irreversible reduction is present was probed by measuring a TPR after 7’05 Csog oc analysis.

The reduction profile is shown in figure 18. Although there are slight differences between
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the reduction profiles between the pristine material and the material after TO.SCsgoc, the
integral of the reduction feature related to the surface did not change in a way to explain
the large deviation between measurement and theoretically predicted 77O SC value. Since
Bernal et al. suggested that a fraction of the surface might not be reducible under oxygen
release due to vacancy formation but rather hydroxyl group formation, H,-temperature
programmed desorption (TPD) experiments were carried out to investigate the amount of
bound H,.'** As a desorption step was introduced between reduction and O, chemisorption
in the T'O.SCsyp oc measurement, these species would not contribute to the measured value.
The H,-TPD profile is shown in figure 18.

The diagrams shows an intense desorption feature with an onset at 425 °C. Although the
TCD used is unselective, the experimental conditions were chosen in a way to conclude
that desorption is hydrogen. As described in chapter 7.11, the desorption experiments were
carried out in N,. Thus possible carbonates that might decompose at those temperatures
would have a negligible influence to the TPD profile. Also, a cold trap cooled with a dry
ice/acetone bath (—78 °C) was used to condense any water formed during reduction. Thus,
the observed signal in the TCD is most probably neither from CO, nor from H,O. This makes
the most probable explanation for the observed feature in the TPD profile to be desorbed
H,. Integrating the desorption feature and calculating the amount of adsorbed ny, .4 gives
a value of 498 umoly, /g. As a result of the stoichiometry, this correlates to 249 pmolo, /g.
Using equation (49), the theoretical 7OSC of the HSA material can be calculated based
on the BET surface area listed in table 12 to be 7O SCineo = 454 pmolo, /g, which should

be the sum of released oxygen and oxygen equivalents of adsorbed hydrogen ny,.

nNz

TOSCiheo = TOSCsgpoc + 0.5 (50)
cat

= 195 umolp,/g + 0.5 - 498 umoly, /g (51

= 444 pmolo, /g (52)

This value is close to the predicted value from calculation of T'0O.SCyeo, when the BET
surface area Sggr 1S used in equation (49). Thus, these results suggest that the differences
between measured 7'0.SC'sooc and based on the BET surface area theoretically predicted
TOSCieo at high BET surface areas Sggr are caused by a fraction of the surface that
cannot be reduced under oxygen release, but rather through hydrogen chemisorption,
most probably as hydroxyl groups as suggested by Bernal et al..'"* To investigate the

formation of hydroxyl groups in situ-DRIFTS reduction experiments were carried out for
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Figure 19: In situ-DRIFTS spectra of degassed HSA (——), UP-500 (——), AP50-
500 (—) and AP5-700 (——) and after H, adsorption at 100 °C (----- ).

four materials to investigate whether hydroxyl groups are actually formed.

It is evident from figure 19 that different OH species are present on the surface of the
oxides. Badri et al. investigated the formation of hydroxyl groups on ceria surfaces.?*¢
Their observed features are very similar to the ones observed in this study. Aside from
monodentate hydroxyl groups (vongy = 3710cm™") they observed also bridging biden-
tate hydroxyl groups (vonay = 3660cm™') as well as tridentate hydroxyl groups
(vouam = 3600 cm™!) on oxidized surfaces. For high surface area samples it can
also be observed that the spectral feature of the bidentate hydroxyl group is characterized
by a doublet structure with vopq—a) = 3660cm™" and vopq-py = 3640cm™'. The
authors attributed the OH(II-B) to bridging hydroxyl groups in the vicinity of oxygen
vacancies. The two bands shift to higher wavenumbers with vopi.—a) = 3681 cm™!
and voy—) = 3647 cm~! when the oxide is reduced with oxygen vacancy forma-

tion 142,144,256

After degassing, hydrogen was introduced at 100 °C. From figure 19 it can be observed
that the spectra in the hydroxyl range are changed differently between the four materials
investigated after hydrogen introduction. Whereas little to no change is observed for the
small surface area sample AP5-700, the change became more pronounced for UP-500 and
the largest change was observed for the HSA ceria sample. When looking at the individual
bands of the HSA sample in figure 19, the one with the highest surface area, an increase
in intensity of the OH-I and OH-II*-A species is observed, while the band attributed to
the OH-II-A species has not changed much, and OH-II-B and OH-II*-B decrease slightly
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in intensity. For materials with intermediate surface areas (UP-15 and AP40-500), the band
of monodentate OH-I groups is not changed upon hydrogen adsorption, with the OH-II*-A
feature increased substantially again. At the same time intensities of II-A, II-B and I11*-B
decreased only slightly. In contrast, the low surface area ceria showed almost no change in
hydroxyl band intensities after hydrogen adsorption. Already Badri et al. demonstrated that
it is possible to dissociatively adsorb hydrogen on the surface of ceria materials already
at 100 °C.%® In their study, the authors found that upon hydrogen adsorption, terminal
and bridging OH groups are formed. It was reported by Binet et al. that upon reduction
and oxygen vacancy formation a band at 2127 cm~! is observed, which was attributed

to an electronic transition in Ce™

, allowed through crystal field effects in the vicinity to
oxygen vacancies.?>’ This band, however, is not observed after hydrogen adsorption at
100 °C, pointing towards adsorption without reduction, which is also in line with previous
studies.?>® Thus, different mechanisms of hydrogen dissociation have to be considered.
Whereas, homolytic dissociation, as proposed by Wu et al., would lead to neutral species
heterolytic dissociation would lead to a formation of hydride and a proton species on the
surface.? In the study of Binet et al., a band at 1700 cm~! was observed, which was

attributed to a charge transfer process at point defects as shown in reaction 22.

Ce" — vy — Ce"VY = Ce" — vy — Ce" [R 22]

For the high surface are materials, for which a deviation was observed between the redox-
active surface area and the BET surface area, it was found, that upon hydrogen adsorption
the charge transfer related band at 1700cm~' did decrease in intensity. Instead of a
reduction, this points towards a reoxidation of the surface through homolytic dissociative
adsorption coupled with a SET, as proposed by Li et al.>>® The presence of dissociative
homolytic adsorption of hydrogen on the ceria surface would also explain the increase
in hydroxyl species OH-II-A, while OH-II-B species do decrease in intensity. When
the hydrogen-hydrogen bond is homolytically split, one hydroxyl group is formed while
a hydride is formed by a SET from the point defect to the second hydrogen atom, thus
oxidizing the otherwise not oxidizable point defect. These findings are in perfect agreement
with the study published by Li et al. who showed using electron spin resonance experiments,

that upon hydrogen exposure the concentration of Ce" in the sample is decreased, through

111

a single-electron transfer from a Ce™ to an adsorbed hydrogen ion.?*° This is shown in

figure 20.

A shown in figure 20 the ceria oxidation through a SET from a point defect to an adsorbed

111

hydrogen atom decreases the number of Ce™ on the surface, leading to a decreased number
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Figure 20: Proposed reaction during homolytic dissociation of H, on the surface of defective
(Ce") containing ceria in line with findings by Li et al.?>
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Figure 21: DRIFTS spectra of HSA sample after degas (——) and after hydrogen adsorption

at 100 °C (—) (left) and normalized band intensity of the mixed hydroxide

band at 1630 cm™! (—m—),the charge transfer band at 1700 cm~! (—m—) and
oxygen vacancy band at 2127 cm~! (—e—) band (right)

of hydroxyl groups in the vicinity of such species (OH-II-B), while more bidentate hydroxyl
groups OH-II-A are present between two Ce'" ions. This also explains why the Ce(III)
charge transfer band at 1700 cm™! is decreased. Hydrogen adsorption also changes the
DRIFTS spectrum through the emergence of a broad but intense band at around 1630 cm™!

as shown in figure 21.

The emerging band at 1630 cm~! was already seen by Allen et al. who prepared mixed Ce"
and Ce" hydroxides. This band, however, was absent when pure Ce™ and Ce" hydroxides
were analyzed.?®® The charge transfer related band, as well as the mixed hydroxyl band are
only observed for materials showing high surface areas. One might explain this tentatively
by the presence of hydroxyl groups that are associated with point defects. When tracking
at different temperatures the fate of the Ce™/Ce" hydroxyl band at 1630 cm™!, the charge
transfer related band at 1700 cm™" as well as the electronic Ce™ band, for Ce™ surrounded

1

by oxygen vacancies, at 2127 cm™', an interesting trend can be observed. Normalized

band integrals as a function of temperature for the HSA material are shown in figure 21
(right).
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Figure 22: In situ-DRIFTS spectra during reduction of HSA sample after 1 h of isothermal
treatment under hydrogen flow at 100 °C (—), 150 °C (—), 200 °C (—), 250°C
(—), 300°C (—), 350°C (—), 400°C (—), 450°C (—) and 500 °C (—) in the
OH-region

After dissociative hydrogen adsorption at 100 °C, the band related to mixed valent hydroxyl
bands (v = 1630 cm™!) is the most prevalent one among the three bands. With increasing
temperature the intensity of this band decreases. On the other hand, the charge-transfer band
between Ce™ and Ce'" (c.f. reaction 22) increases, with a maximum value at around 250 °C,
before it decreases again. Simultaneously, after 350 °C, the Ce" electronic transition
band associated with oxygen vacancies gains intensity. These results are in line with
literature studies.?*” To understand this decrease in intensity with increasing temperature,
the intensities observed in the hydroxyl wavenumber range were examined during the

reduction process. These are shown for the HSA sample in figure 22.

When comparing the intensities of the different hydroxyl groups during reduction, it is
not surprising that the intensity of the bands related to hydroxyl group vibrations changes.
There is little change, but a slight decrease in the band intensity of the OH-II-A and OH-IT*-
A and at the same time an increase in OH-II-B and OH-I1*-B band intensity up to 200 °C.
Between 200 °C and 350 °C, the intensity loss, especially for the OH-II-A and later also
terminal hydroxyl groups, is observed. Above 350 °C the intensity of the band related
to terminal OH-I groups decreases quickly with increasing temperature, which was also
observed by Badri et al..>>® While also the band intensities are lowered for the bidentate
hydroxide species, intensity of OH-II-A and OH-II*-A are affected more than the bands
OH-II-B and OH-1I*-B. As discussed above the bridging OH feature OH-II-B is attributed
to hydroxyl groups in the vicinity of oxygen vacancies. This is hardly a surprise since

with increasing reduction the number of oxygen vacancies is increased. Time resolved
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Figure 23: Band integral of the electronic Ce" transition associated to oxygen vacancies
2127 cm~! (left), and the charge-transfer band at 1700 cm™! (right) for HSA
(—m—), UP-500 (—m—), AP50-500 (—m—), AP25-500 (—m—) and AP5-700
( ). Intensities are normalized to the band at 2127 cm™' and thus the contri-
bution of different surface areas is accounted for, as the formation of oxygen
vacancies is a surface process for ceria

measurements published in the literature showed that upon initial hydrogen introduction
the OH-II-B band vanishes, which was explained by reduction through water formation,
while the OH-II*-B band reappeared when approaching the maximum reduction degree.?>
Evacuation experiments described in literature showed that it was exactly the presence of
this OH-II*-B band which is attributable to the reversible reduction, i.e. reduction without
water formation.?*%?%! The reduction behavior of the other oxides behaved comparable to the
here discussed material (Spectra are shown in figure 55, 56 and 57). The fact that intensity
only slightly decreases in the hydroxyl range below temperatures of 200 °C, while rapidly
decreasing above that point is in agreement with the cerium related electron transitions
observed in the in situ DRIFTS spectra, whose temperature related intensity profile is
shown in figure 21. The fact that the charge transfer band at 1700 cm ™!, which lost intensity
during hydrogen adsorption, increased in intensity can be explained when comparing these
results to literature studies. In the study of Li et al. it was reported that the reoxidation
of point defects is reversed at around 200 °C.>* This coincides well with the observed
increase of the charge transfer band, as the cerium reduction of Ce" — H to Ce" — H

" — vo — Ce" moieties on the surface. The oxygen

would increase the number of Ce
vacancy related feature at 2127 cm ™! is only observed when the temperature is increased to
above 350 °C. Comparing the materials, this increase is rather similar. It is not surprising
that formation of oxygen vacancies, which can be considered to be Ce"™ — vy — Ce"

species, coincides with a decrease in the band related to Ce™ — vy — Ce'.

In figure 23 the temperature dependence of the band at 2127 cm~', which is related to
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Ce" ions associated with oxygen vacancies, and the band at 1700 cm™! related to charge-

111

transfer processes in mixed valent point defects Ce™ — vy — Ce'" is shown. The band

integrals are normalized to the respective band at 2127 cm~! at 500 °C. In that way, since
the oxygen vacancy formation is limited to the surface, the integral of the 1700 cm~! is
expressed in relation to the amount of oxygen vacancies and with it surface area. Thus, the
contribution of different surface areas is compensated by this normalization and different
materials can be compared directly. It can be seen that the amount of oxygen vacancies
increases at around 350 °C similarly among the different materials. This is, as mentioned
before in line with the findings of Badri et al.>*® However, if the intensities of the charge
transfer transition of mixed valent point defects is compared between the materials it can
be observed, that while the HSA and UP-500 material do show this transition, the spectra
of the other materials do not show that specific transition during the reduction process.
This shows clearly that while point defects are reoxidizable through hydrogen homolytic

dissociative adsorption followed by a SET from Ce™

to the adsorbed hydrogen atom, after
the reversibility of the ceria oxidation at around 200 °C, similarly to findings by Li et al.,
point defects can be deduced as an explanation for the deviating behavior from the predicted

redox-active surface area.

As the hydroxyl band intensity mostly differs in intensity between the different materials due
to a difference in surface area, the hypothesis of reversible reduction was probed. To do so,
the samples were, after reduction at 500 °C, subsequently degassed in a nitrogen stream. It
is assumed, that when reduction yields only oxygen vacancies, the spectrum in the hydroxyl
group range should not change after reduction and degassing. If, however, hydroxyl groups
are indeed formed during reduction, the desorption should not be complete at 500 °C, in
line with H,-TPD measurements shown in figure 18, and therefore a positive difference
between the spectrum after the final and the initial degassing should be observable. The
entire DRIFTS spectra for the different samples are shown in figure 58, while the hydroxyl
group range is plotted in figure 24.

Figure 24 shows that for materials with high surface areas more hydroxyl groups were
present after reduction with hydrogen at 500 °C and subsequent degassing in N,. For
these materials a difference between the predicted 7'0.5Cy,e, and measured T'O.SCsggoc
was observed. For materials with low surface areas and low deviation between measured
and predicted 7’0 SC values, no additional hydroxyl groups were detected. This finding
strengthens the assumption that the so called reversible reduction, reduction without water
formation, coupled with presence of point defects is most probably the reason for the
observed deviation from the predicted values. These centers would thus not be active in

reactions which will be catalyzed through a MvK mechanism. Thus, for high surface area
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Figure 24: Difference spectra between samples after desorption following reduction and
initial degassed sample in the hydroxyl spectral range for HSA (——), UP-500
(—), AP50-500 (—) and AP5-700 (—)

cerium oxides it is not sufficient to normalize reaction rates by using the BET surface area
when investigating structure-property relationships, but rather the actual active surface area
in the MvK mechanism Sy has to be used. This active surface area can be calculated
based upon the measured T°O.SCsyoc using a transformed version of equation (49), given

in equation (53)

SMVK =2- TOSC5()0 oC CL2 . NA. (53)

The DRIFTS measurements revealed, in accordance with several literature studies, that
there are different processes that happen as a function of temperature. An attempt has been

made to summarize these in one reaction scheme, which can be found in in figure 25.

As shown in figure 25, the combined results of this study show that hydrogen adsorbs
dissociatively in a homolytic manner on ceria at 100 °C. This homolytic splitting of a
H-H bond leads to the formation of two neutrally charged hydrogen atoms on the surface
and the reversible oxidation of point defects on the ceria surface below 200 °C through
formation of a hydride. This process is reversed at temperatures above 200 °C. Afterwards,
reduction proceeds through oxygen vacancy formation. Point defects do not participate

in the oxygen release, leading to a decrease in released oxygen ions per surface area.

It was attempted to find the reason why the MvK active surface area Sk differs from
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Figure 25: Proposed reaction mechanism based on the DRIFTS results obtained




9. REDOX PROPERTIES OF CERIA-BASED CATALYSTS

the specific surface area Sggr. The reduction of ceria coincides with an increase in the
lattice parameter due to the larger ionic radius of Ce" compared to the prevalent Ce' ion
present in stoichiometric CeO,. It is reported that smaller particles exhibit a larger lattice
parameter, which is believed to stem from an increased number of surface point defects
caused by the increase in surface-to-bulk ratio and therefore a lower stabilizing effect
of the bulk.?®?> These point defects, which as described above would lead to a decrease
in oxygen release capability, would be prevalent in small sized cerium oxides. As small
crystallites below D < 5nm do not contribute significantly to the measured XRD pattern,

a crystallite surface Sy Was calculated according to equation 54

Acryst

—_— 54
V;:ryst * PCe0, ( )

Scryst =

The crystallites were approximated as spheres which enabled the calculation of Ay and
Veryst according to €q.(55) and (56). The density of ceria, pcco,, can be calculated using the

molar mass of cerium, Mc., and oxygen, Mo, according to equation (57).

D 2
Acryst =47 <§) (55)
4 (DY’
V;:ryst = 577 (5) (56)
AMce + 8Mo
o, = —ceT o0 57
Pceo, @ - Na (57)

The calculated values for Sy of the different materials are listed in table 12. It can be
observed that the calculated crystallite surface S differs significantly from the measured
total surface area Sggr for some of the materials. In figure 26 the measured 7'O.SCsgoc
are plotted as a function of the with eq.(54) calculated and in table 12 listed values for Scyys
TOSCsppoc (Seryst) as well as the previously shown plot of measured 7°0.SCsyoc values
as a function of the specific surface area Sggr.

It can be observed that the measured 7T'OSCs-c values as a function of the calculated
crystallite surface area S correspond reasonably well with the theoretically calculated
value TOSCyeo. This is in contrast to the plot of the same values as a function of the
specific surface area Sggr obtained from physisorption experiments. Also, when the values

of the MvK active surface area Sy are compared to the values calculated based upon
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Figure 26: Measured T'O.SC'5o9oc values as a function of BET surface area Sggr (W) and
crystallite surface area Sy (®) as well as theoretical oxygen storage capacity
as function of surface area calculated with equation (49) (- ).

the crystallite size it can be observed that one can estimate the surface area that can
reversibly release oxygen through the crystallite size D. This also hints at the fact that
small crystallites might be responsible for the deviation of TOSCsgoc (Spgr) from the
theoretically predicted values T'O.SCy,. As crystallites become smaller the crystallite
size distribution gets ever closer to the detection limit of XRD, which is usually given
with D = 5nm.?®* Thus, when large surface areas are present for nonporous materials
as investigated here, and therefore small crystallites, a fraction of the crystallites can
not be detected by XRD, while still contributing to the overall surface area which is
measured by N, physisorption. When these small crystallites are not able to release oxygen
reversibly during reduction, one would observe the present correlation. The presence
of such small crystallites was therefore subsequently investigated with high-resolutions
transmission electron microscopy (TEM) imaging. Representative TEM images are shown

in figure 27.

It can be seen from the images depicted in figure 27 that although there are large crystallites
present, also very small crystallites can be found in the material. These domains with a
size of less than 5 nm will, as discussed above, not contribute to the diffraction pattern
in a significant way. And thus, the TEM pictures strengthen the assumption that small
crystallites, showing a larger concentration of point defects on the surface,’** are most
probably the reason for a lower MvK active surface area, because they are not able to

release oxygen.
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Figure 27: TEM images of crystallite structure of CeO,-64

Overall, these studies show that when investigating ceria redox catalysts for catalytic
applications in which the oxygen release is a vital step in the reaction mechanism the
normalization of kinetic data using the specific surface area Sggr is not appropriate. Instead,
the surface that can reversibly release oxygen during reduction has to be used for the
normalization of rates. The deviation between total surface area Sgg and the Mars-van-
Krevelen active surface area Sy, can most probably be attributed to small crystallites,
showing larger amounts of point defects. The presented results suggest that these small
crystallites are reduced without forming oxygen vacancies and releasing oxygen. Instead
during reduction hydroxyl groups, which were detected by in situ-DRIFTS, are formed,
which can release hydrogen during desorption. The presented results suggest that the
crystallite surface area Sy calculated from the crystallite size D extracted by Rietveld
refinement can be used as a descriptor for Syk. This is also important for doped cerium
oxides, since in such systems the surface and bulk reduction can not be separated anymore
by the right choice of reduction temperature, making the experimental determination of
Swmvk difficult.

10. Investigation of Structure-Property Relationships
of Ceria Catalysts in CO Oxidation

Cerium oxide materials are used as oxygen storage materials in exhaust gas catalysis.
As previously discussed, there are usually precious metals present that facilitate reac-
tant activation and increase low temperature activity. However, it is difficult to study

structure-property relationships of cerium oxide supports in their platinum-loaded state
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as the platinum dispersion is known to change during catalysis.?%>!3 For this reason, differ-
ent approaches are followed in this work to understand the role of cerium oxide in such
systems. First, CO oxidation activity of bare ceria supports was investigated. Afterwards
the same ceria supports were loaded with platinum in a highly dispersed state to suppress
agglomeration. In this way it was attempted to gain new insights into the role of ceria and

its material properties during CO oxidation.

10.1. Material Preparation and Characterization

Various materials were prepared with the aim to span a wide range of material properties
to investigate structure-property relationships in the oxidation of CO. The materials were
prepared as indicated by the systematic nomenclature introduced in the chapters before
and given for every material prepared in table 13. After preparation the materials were
thoroughly characterized. TOSC values were measured according to chapter 7.11.2, with
the obtained TPR profiles shown in the appendix figure 66, after which the oxygen pulse
chemisorption was carried out. Using equation (53), the Mars-van-Krevelen active surface
area Sy was also calculated. It was previously established that the Sy is the important
parameter that determines the active surface area in oxidation catalysis following the MvK
mechanism. Materials are thus referred to as CeO,-Syyk. The systematic nomenclature
describing the preparation conditions under which the materials were prepared are listed in
table 13.

Table 13: Prepared materials for CO oxidation experiments and their measured 7'0O.SC'sog oc
with therefrom calculated S,k using equation (53).

Name Systematic name  TOSCsppoc / pmolg™!  Syyx / m? g™!
Ce0O,-64 HSA 180 64
Ce0,-54 UP15-500 152 54
Ce0,-41 AP40-500 117 41
Ce0,-34 AP25-500 97 34
Ce0O,-15 HUP-700 41 15
Ce0O,-10 AP5-700 28 10

While XRD coupled with Rietveld refinement was used to obtain information about the
crystal properties of the prepared materials (diffractograms shown in figure 62), specific

BET surface areas were determined using N, physisorption (isotherms shown in figure 63).
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Raman spectroscopy was conducted to investigate the defectivity of the oxygen sublattice
(spectra are shown in figure 64). XPS measurements were carried out as well to assess the
concentration of Ce" ions close to the surface. It is described in literature that the high de-
gree of freedom during fit of the complex CeO3d XP spectrum makes a reliable quantitative
analysis challenging.?3® For that reason the spectrum of a prepared CeAlO5 standard was

111

used to analyze the Ce™ contribution for the different samples through linear combination

of the spectra. As discussed previously the Ce3d-XP spectra of nanocrystalline ceria are

il m ., my 239
;u).

characterized by 10 peaks related to Ce™ (v, ug, v’, u’) and Ce" (v, u,v”, u", v
Although it was attempted to minimize the error through usage of the CeAlO; standard
material, the error in oxidation state analysis is very sensitive to the way spectra are mea-
sured and fitted and thus errors tend to be high.?3%23%-265 Spectra are shown in figure 65.

The obtained results of the material characterization are summarized in table 14.

Table 14: Prepared materials for CO oxidation experiments and their material parameters
from “XRD and Rietveld refinement, °N, physisorption, “‘Raman analysis and
IXPS analysis

Name a“ D* Siy Sher Teoo/ IS, Ce™/Ce?
/am /nm /m’g ! /m?g! - -
Ce0O,-64 0.54112 12.0 70 160 0.0119 0.26
CeO,-54 0.54141 9.7 86 109 0.0069 0.24
CeO,-41 0.54119 11.9 57 71 0.0041 0.15
Ce0,-34 0.54133 14.6 57 37 0.0026 0.16
CeO,-15 0.5412 40.8 20 22 0.0012 0.18
Ce0O,-10 0.54118 68.4 12 8 0.0010 0.16

After preparation and characterization of the different ceria materials platinum loading was
carried out using a SEA approach. This approach is based upon the selective adsorption
of the employed metal salt on the oxide surface. This is the reason for the reported high
dispersion of metal centers, all the way down to atomic dispersion.?®® The adsorption
sites are generated by utilization of the amphoteric nature of oxide surfaces.?®” At ambient
conditions oxide surfaces exhibit surface hydroxyl groups. These groups can be protonated
or deprotonated at a given pH depending on the acidity or basicity of the oxide surface. The
point at which the oxide is in its neutral state is known as PZC.?3? If an oxide is dispersed
in a solution with a pH above the PZC, the surface is deprotonated, leading to a negative
surface charge. Therefore it can be used as an adsorption site for cations. Accordingly,

knowledge about the PZC is paramount for such a synthetic procedure. The so-called
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Figure 28: pH difference ApH as a function of the initial pH pH,,;,;,, for SiO,m(PZC' = 4),
TiO, e (PZC = 4),AlL,0; A (PZC = 8)and CeO, (HSA) v (PZC = 9)

salt addition method was used to identify the PZC of cerium oxides used in this work (c.f
chapter 6.2.2). Different oxides were used to verify the methodology. The measured pH
differences ApH for Si0O,, TiO,, Al,0O5 as well as for the CeO, sample of interest (HSA)

are plotted as a function of the initial pH, pH in figure 28.

initial>
The measured PZ (' values obtained in this work are comparable to published PZC' for
these metal oxides (PZCsio, = 3.8, PZCrio, = 3.8, PZCy,0, = 7.8%?), enabling the use
of this methodology to study the PZC' of ceria. The obtained value for the PZC' of ceria
of PZCceo, =~ 9 means that during platinum loading a pH above 9 has to be maintained
in order to adsorb the positive Pt(NH;),;/" ions. With that in mind, the different prepared
oxides could be loaded. According to Resasco et al., in order to get stable single atoms
on ceria, very low surface specific loadings have to be chosen.??! In this study the authors
showed that for a surface area specific loading, SDy, of SD, = 0.03 Np/nm? somewhat
stable atomic dispersion can be achieved using SEA. As described in chapter 6.2.1 it was
attempted to achieve a S D, comparable to their study. With the given BET surface areas,
mass specific loadings and with it the needed amount of TAPN were calculated. The
obtained mass specific loadings and together with them the surface specific site densities
are listed in table 15.

When comparing the obtained values for SD, in table 15 with the target value of SD, of
SDx = 0.03Np,/nm? it is evident that the obtained values are lower across all materials.
This can be explained by co-adsorption of platinum salt on the glass surface of the flask.

From figure 28 is can be seen that SiO,, the main component of laboratory glass, has a
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Table 15: Results for the platinum loading. wp sp, With SDs = 0.03 Np,/ nm? was calcu-
lated using wp p, = SDa - Ngl - SgeT - Mp. Measured values wpt measured WEre
obtained using ICP-MS, while values marked with * were calculated on basis
of the respective ICP-OES value and corrected using the calibration equation

equation (81).
Material ~ Sger /m* g™ Wp( g, —0.03Np, 2 /= Wetameasued / = S Da / Npi/ nm?
Ce0,-64 160 1.56 x 1073 0.63 x 1073 0.012
Ce0,-54 109 1.06 x 1073 0.47 x 1073 0.013
Ce0O,-41 71 0.69 x 1073 0.34 x 1073* 0.015
Ce0,-34 37 0.36 x 1073 0.15 x 1073 0.013
Ce0O,-15 22 0.21 x 1073 0.13 x 1073 0.019
Ce0,-10 9 0.08 x 1073 0.02 x 1073 0.007

PZC around PZC = 4. Thus, by using a pH value of 9 to charge the surface of ceria
negatively to adsorb the positively charged platinum ion, the glass is also negatively
charged. Therefore the difference can be traced back to the competitive adsorption of
platinum on the wall of the flask and the dispersed redox oxide. As the surface specific
loadings are comparable between each other, the lower loading values do not hamper the
applicability of these materials in the study, as the S D, is lower than the proposed value
of SDy = 0.03 Np,/nm? by Resasco et al. .>*!

As already described in chapter 4.2.1 the use of SAC requires a thorough analysis of the
catalysts to show that atomic dispersion was actually achieved during the preparation and
that it is still maintained throughout catalysis. One of the most frequently used techniques
to show that the atoms are atomically dispersed is STEM. A HAADF-STEM image of the
Ce0,-54 sample is shown in figure 29.

As the materials were measured in HAADF-STEM mode, the contrast is inverted compared
to classical bright-field STEM where normally heavier atoms appear darker compared
to lighter atoms. Therefore, platinum (Mp, = 195.1 gmol~') should appear brighter
compared to cerium ions (Mc, = 140.1 gmol™"). During STEM imaging no platinum
clusters were observed. Instead, atomically dispersed Pt ions were observable on the
surface. A representative picture of which is shown in figure 29. A contrast line was drawn
along the lattice planes to showcase this more clearly. The lines are shown in figure 70
in the appendix. Another important aspect is the positioning of the platinum ions on the

ceria support. Based on the distance between the atoms, which were extracted based on the
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Figure 29: HAADF-STEM image of CeO,-54 (left). Arrows indicate platinum ions. In-
tensity line profile along lattice plane with higher intensity for Pt ion compared
to Ce 1ons (right), lines are shown in the appendix in figure 70.

line scans it can be concluded that platinum is coordinated on the (111) surface of cerium
oxide, where the ideal Ce-Ce distance is 0.33 nm. The STEM images do suggest that the
platinum ions are coordinated to ceria at lattice positions where usually ceria should be
situated. Since in the calcined state platinum is reported to be present in the oxidation state

IV,%! this can be written in the Krdger-Vink notation as Ptg..

To investigate the coordination environment of the platinum ions as well as the oxidation

state, XAS measurements were carried out. The results are plotted in figure 30.

Comparing the white line intensities, the intensity of the absorption edge in XAS, of the
pristine materials to the platinum references, the above assumption is supported. The white
line intensity of the Pt-CeO, samples is similar to the one obtained for a PtO, standard
material. As the white line intensity is indicative of the oxidation state of the ions on
the samples, this suggests that after loading and calcination the platinum ions are indeed
present in the Pt'" state. It is therefore not surprising that the platinum ions can be found at
Ce-defects v{/ in the lattice as isovalent dopants Pt¢,. This is consistent with published
literature results, which showed that Pt-SAC catalysts show a Pt"Y oxidation state and are
located at ceria defect sites.??!2°8 Using DFT calculations it was also shown by Kinch,
Cabrera, and Ishikawa that the most stable adsorption site for single platinum atoms are
on ceria defect sites.?®” Exposing the samples to a reduction treatment at 300 °C did lead
to a reduction in white line intensity, which can be related to a loss in oxidation state.
Comparing the obtained intensity to a Pt" reference sample, Pt(acac),, it can be seen that

the reduced samples do exhibit similar white line intensities. This is in line with the reports
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Figure 30: Pt L3-edge XAS results of CeO,-64 (——) and CeO,-54 (——) before (solid)
and after 3 h reduction at 300 °C in 10 % H, in N, (dashed) compared to platinum
foil (- ), Pt(acac), (- ) and PtO, (- ) in the XANES region (left) and
Fourier transformation of the experimental EXAFS spectra which is shown in
the insert (right).

of Resasco et al. who showed the same behavior for their SAC.??! Juxtaposing the Fourier-
transformed EXAFS spectra of the reference samples with the results obtained for the
platinum-loaded ceria materials in figure 30, it can be seen that the first coordination shell
of the prepared Pt-CeO, material does not resemble the platinum foil, but rather is similar to
cubic PtO,. Especially the most prevalent coordination at a distance of 1.97 A, as extracted
through EXAFS simulation, is comparable to values obtained for PtO,, which show a
Pt—O distance of 1.99 A. The bond length does not change significantly either between the
oxidized and reduced sample. When looking at the coordination number of the sample,
although reduction slightly (=~ 0.3) decreases the extracted value, simulation of the EXAFS
spectra show that roughly a coordination number of 4.0 + 0.5 is present for materials
before and after reduction. These results are consistent with literature.'®*221:268 Although it
is usually necessary to investigate the second shell to see whether Pt—Pt scattering paths
are present, it is not possible with the obtained measurement data. Due to the low platinum
loading the low signal-to-noise ratio makes it impossible to calculate dependable values for
contributions of R larger than 2.5 A. The Pt—Pt scattering would be expected at 2.77 A.??!
Also, as these samples were reduced ex situ and stored under ambient conditions, these
results solely show that there is little contribution of platinum clusters to the measured
X-ray absorption spectra and no large platinum clusters are present, in accordance with
TEM images discussed before. These would exhibit, after harsh reduction at 300 °C, an
oxidation state close to Pt’, as shown by Resasco et al.??! However, small clusters formed
during the reductive treatment might get reoxidized when taken out of the hydrogen stream,

although samples were cooled down in hydrogen.
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Figure 31: CO-DRIFTS spectra for degassed Pt-loaded ceria materials (——) and after
reduction with 10 % H, in N, for 3 h at 300 °C (- - - -) for Pt-CeO,-64 (——) and
Pt-Ce0O,-54 (—)

By using CO-DRIFTS, it is possible to show whether platinum species are indeed isolated
on the surface, since the CO stretching vibration of CO is highly sensitive to the center it
is coordinated to, as discussed in chapter 4.2.1. For analysis two different materials were
chosen. CO was adsorbed on the surface, then any weakly bound CO was purged from
the surface using nitrogen and finally DRIFTS spectra were measured. Afterwards the
materials were reduced for 3 h at 300 °C in situ with 10 % H, in N,, before cooling down
to 25 °C and adsorption of CO as described in chapter 7.8. The DRIFTS spectra, obtained

after subtraction of the spectra of the degassed sample, are shown in figure 31.

Looking at the CO-DRIFTS measurements shown in figure 31, the weak intensities are
apparent for the two samples investigated. This is on the one hand caused by the low
surface-specific loading, but also by the weak interaction of CO with isolated Pt ions.??!
Before reduction, the Pt-CeO,-64 sample shows a band at 2100 cm™~!. This is consis-
tent with studies, which traced this band back to CO adsorption on isolated, ionic Ptf,
sites.!33:163:166 A fter reduction the band splits into two bands, one at 2090 cm~' and one at
2064 cm~!. The red-shift of 10 cm~! can be explained by a change in the oxidation state of
platinum substituted in the ceria lattice.!®*!9217270 The band at 2064 cm~! might result
from platinum ions whose coordination environment did change. It was suggested by Wang
et al. that when Pt" single atoms on top of a CeO,(111) surface, a CO stretching vibration of
2070 cm~! would be expected.!®> Maurer et al. however calculated that Pt" adsorbed on the
(111) surface would lead to a stretching vibration of 2090 cm ™!, similar to the substituted

Pt¢. one, whereas Pt species adsorbed on the (110) facet would result in a much lower
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frequency of around 2043 cm~!. The observed shift might stem from platinum ions stabi-
lized on ceria defect sites, showing similar adsorption behaviors compared to Pt adsorbed
on the CeO,(110) facet.?!” Further reduction would lead to a further red-shift of the band.
Jiang et al. argued that metallic Pt atoms on the surface would exhibit values lower than
2000 cm™!, which is why they attributed their low-frequency bands to partially reduced but
still isolated Pt°*.'%* The reduction might, however, have formed small metallic platinum
clusters, which are easily reoxidizable.??!*® These clusters would show comparable bands
to the observed ones in the DRIFT spectra for Pt;-CeO,-64. These features however are
absent for the sample Pt;-CeO,-54. The DRIFTS results suggest that after preparation
the platinum species are present in their atomically dispersed state. However, harsh in
situ reduction at 300 °C leads to reduction of the platinum species, which is in line with
the previously discussed XANES results. The exact oxidation state of the platinum ions
is hard to extract by using CO-DRIFTS only.??” The results suggest that when reductive
conditions as used in this work (300 °C using 10 % H, in N,) are applied, the platinum
ions are reduced almost to their metallic state. The linear adsorption modes are difficult
to analyze precisely due to shifts caused by the support. One further hint to the presence of
isolated platinum ions is the absence of any bridged CO bands. These bands are observed
around 1999 cm~! 227270271 1t was also reported by Kottwitz et al. that bridged CO on
platinum nanoparticles shows a broad band at 1835 cm~!.2262%% Both features however
were absent for the materials prepared here even after reduction of the samples. This
means there is only a small amount, if any, of neighboring Pt—Pt sites after reduction.
However the bridging CO band are known to exhibit lower intensities compared to linear
adsorbed CO.??® Thus, it might be the case that reduction at 300 °C in hydrogen forms
small platinum-clusters on the surface of ceria, which are oxidized by the surface oxygen
and thus, they do not show a significant contribution in the ex situ measured XANES

spectrum.

XAS and CO-DRIFTS measurements point towards the fact that the prepared materials
show isolated platinum ions in ceria vacancies on the surface after preparation. Reductive
treatment, however, does seem to reduce the present platinum species. From the spectro-
scopic data presented here it is not clear, whether the platinum species are only reduced to
Pt" at 300 °C as proposed by Resasco et al. for isolated platinum species on ceria or whether
a fraction is reduced entirely to Pt’, forming small platinum clusters which are reoxidized
under ambient conditions. The employed reaction conditions for CO oxidation experiments
are significantly less reducing compared to the harsh reduction treatment employed during
material analysis. This means that during catalysis the atomic dispersion is more likely
to be retained compared to the harsh H, reduction.?'® Thus, it can be assumed that the

isolated nature of the Pt ions in the as-prepared state should be stable under the reaction
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Figure 32: Multiple consecutive light-off runs for Pt;-CeO,-54 (left), Pt;-CeO,-41 (middle)
and Pt0.025-A1,0; (right). Run 1 (—=—), Run 2 (—e—) and Run 3 (—a—).
For the Pt;-CeQ,-54 the heating rate was varied from 0.1 Kmin~! (Run 1), to
0.5Kmin~! (Run 2) to 1 Kmin~! (Run 3), no changes were observed due to
altered heating rates.

conditions applied here. To probe this, multiple consecutive light-off curves were measured
for Pt;-CeO,-54 and Pt;-CeO,-41 to show the stability of these catalysts under reaction

conditions. The corresponding light-oft curves are shown in figure 32.

As shown in figure 32 the light-off curves of the Pt;-CeO, are highly comparable with light-
off temperatures that do not deviate more than 2 K between each run. A platinum-loaded
alumina reference sample, which was prepared using incipient wetness impregnation, is
shown together with the results obtained for the platinum-loaded ceria materials. Whereas
no change was observed for the platinum-loaded ceria materials between consecutive light-
off runs, the light-off temperature was substantially lowered in the second run compared to
the first one. This points towards a partial reduction of the platinum species of the platinum
clusters on the alumina support. Usually for catalytic experiments Pt;-CeO,-54 samples
are degassed in 20% O, in N,. This oxidative treatment was replaced by a reductive
pretreatment, at the same temperature as employed during spectroscopic analysis, i.e. 3h
but using 0.5 % CO in N, as a reducing agent. After the reductive treatment, the sample was
cooled down to the analysis temperature (light-off experiment: 50 °C; steady-state kinetic
experiment 190 °C) before oxygen was added to yield the desired reaction mixture. Multiple

consecutive light-off experiments and steady-state results are shown in figure 33.

Figure 33 shows that after reduction the light-off temperature is substantially shifted by
110°C from 243 °C to 133 °C. In the following light-off runs, the light-off temperature
does increase steadily (Run 2: 146°C, Run 3: 152°C and Run 4: 160°C). This is in
contrast to the results shown in figure 32, according to which the light-off curves did
not change much between consecutive light-off cycles. This is further illustrated by
comparing the obtained Arrhenius-type diagrams shown in figure 33. Whereas without

a reducing treatment an activation energy of (105 + 3) kJ mol~! is obtained, in line with
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Figure 33: Successive (Run 1: —m—, Run 2: —m=—, Run 3: —m— and Run 4: —m— ) light-
off curves after reducing treatment compared to light-off curve after oxidative
treatment from figure 32 (—0—) (left) and Arrhenius-type plot obtained through
steady-state kinetic experiments using Pt;-CeO,-54 after oxidative (m; Fx =
(105 + 3) kJmol ') and reductive (m; E5 = (86 + 3) kJ mol™") pre-treatment

(right)

results obtained by Resasco et al.,??! the sample after reductive pretreatment shows an
activation energy of (86 & 3) kJ mol~!, which is more in line with small platinum clusters
on ceria.??” Also, the activity is enhanced by a factor of 20 (ox: T'O Fyypoc = 0.07s7!, red:
TOFy0c = 1.43s7"). This points towards the presence of small metallic clusters, which
are known to be highly active after harsh reduction.?®> The fact that the activity decreases
through successive light-off runs suggests that these clusters are probably reoxidized and
redispersed very slowly. Thus, the chosen experimental conditions are oxidative enough to
lead to a redispersion behavior, rather than sintering. This explains why the light-off curves

are highly reproducible when an oxidative treatment is applied prior to the reaction.

To conclude, the spectroscopic, imaging and reaction-based analysis results presented
here show that the prepared Pt;-CeO, catalysts actually posses isolated platinum ions
dispersed over the surface. The very low loading, in accordance with literature, enables
the stabilization of the isolated state even at high temperatures up to 400 °C under the
applied reaction conditions. However, the platinum ions on the surface are reduced to their
metallic state under highly reductive atmospheres, as shown in DRIFTS and indirectly
through CO light-off experiments. As the employed experimental conditions during CO
oxidation are significantly less reducing due to the overstoichiometric presence of oxygen,
the 1solated platinum atoms can be considered to be stable in their isolated state during
catalysis, which was shown during consecutive light-off cycles, enabling the derivation

of ceria-based activity descriptors.
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10.2. Redox Analysis of Cerium Oxide and Platinum-Loaded

Cerium Oxide Compounds

After the previously discussed preparation and thorough characterization, the prepared
unloaded and platinum-loaded materials were subsequently analyzed using TPR to char-
acterize their redox properties. First, TPR profiles of the different unloaded platinum

materials were measured and are depicted in figure 34.
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Figure 34: H,-TPR profiles of CeO,-64 (——), Ce0,-54 (—), Ce0,-41 (—), Ce0,-34
(—), CeO,-15 ( ) and CeO,-10 ( )

The prepared materials show the typical reduction behavior of ceria: a low temperature
reduction feature related to reduction of the surface and a high temperature reduction
process, which is traced back to bulk reduction, which was already described in chapter 3.1.1.
Congruent to the results discussed in chapter 9, BET surface area does not correlated with
the integral of the observed surface reduction feature. Another thing which is evident
from the TPR measurements shown in figure 34 is that the larger the crystallites are, the
higher the temperature required for reduction of the surface is. This could be seen as a
hint towards a higher activation energy for the surface reduction caused by a change of
material properties. The hydrogen desorption feature around 550 °C, related to desorption
of hydrogen previously adsorbed as discussed in chapter 9.1, was also evident for the

high-surface area materials in congruence with the previous discussion.

When platinum is loaded onto the support, the reduction profiles change noticeably. In

figure 35 the TPR profiles of the platinum-loaded samples are shown.
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Figure 35: H, TPR profiles of Pt;-Ce0,-64 (—), Pt;-CeO,-54 (——), Pt;-Ce0,-41 (—),
Pt]'C602'34 (_), Ptl-CeOz-IS ( ) and Ptl-CeOZ-IO ( )

After platinum loading the surface reduction peak maximum is shifted to lower temperatures
for all materials, while the onset seems to be comparable between the loaded and unloaded
samples. Not only is the reduction maximum shifted, but the reduction feature is also
narrower, pointing to improved reduction kinetics, which is known for platinum-loaded
ceria materials.!*” When comparing the different materials with each other it can be deduced,
that the temperatures where the reduction maximum is observed (360 °C to 390 °C) are
similar for all the materials, except for Pt;-CeO,-64, which is shifted to lower temperatures
(340 °C). This hints towards comparable active sites between the different materials. The
similarity between the materials can be explained by similar area specific loadings of the
samples as well as similar active sites due to the atomic dispersion of platinum on the
samples, as shown in chapter 10.1. The reason that the Pt;-CeO,-64 sample shows an
earlier reduction maximum might be an earlier formation of platinum clusters as also shown
in the DRIFTS experiments in figure 31. Comparing the feature attributable to hydrogen
desorption between the platinum-loaded and the plain ceria samples, it can be observed that
the intensity of the reversible reduction feature, discussed in detail in chapter 9.1, is more
clearly seen in the Pt-loaded samples, since now the processes of surface reduction with
hydrogen and desorption of hydrogen, through the shift of the reduction maximum to lower
temperatures, are more separated and do not overlay as much. When atomically dispersed
platinum is present in the samples the reduction behavior should not be dependent on the
surface specific loading anymore, since the single platinum sites do not interact. To show
this, the CeO,-64 sample was loaded with a lower surface specific loading of platinum.
The obtained reduction profile is shown in the appendix in figure 68, which shows only a

slight shift. This is in contrast to nanoparticle loaded ceria materials.'*’
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10.3. CO Oxidation Catalyzed by bare Ceria

As discussed in chapter 1.1 it is necessary when investigating heterogeneously catalyzed
reactions, in order to draw conclusions about the catalyst, to evaluate whether measured
kinetics are the true microkinetics of the solid or whether mass transport superimposes
and macrokinetics are measured. Mass transport limitations can be caused by film and
pore diffusion leading to a decrease of the catalyst effectiveness factor (c.f. equation (2)).
Different approaches can be taken to prove this, which were already described in chapter 1.2
and 1.3.

A test for pore diffusion limitation is given by the Weisz-Prater Criterion, shown in

equation (3). For the CO oxidation the criterion W is calculated with equation (58)

(%) .
U = 58
Deff,co * Cco (58)

where D is given by equation (4). The calculation of the effective diffusion coefficient
requires knowledge about the pore structure of the system. For that purpose Hg intrusion
porosimetry measurements were carried out, the results of which are shown in figure 36
and listed in table 20.
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Figure 36: Mercury intrusion porosimetry results for CeO,-64 100 um < dg, < 200 pm.
The Hg porosimetry measurements yielded a surface area of Sy, = 102m? g~',
total cumulative volume of Vi, = 0.635 ml g~!, a bulk density of PHg,bulk =
1.22 gml~! and a porosity of ¢ = 0.774
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TEM images of the material showed that the material can be considered as non-porous
primary particles which are aggregated (c.f. figure 27), forming voids rather than pores.
Thus, the expression by Comiti and Renaud is used to calculate the tortuosity 7.8 With the
values for € extracted from Hg intrusion porosimetry and a particle shape factor P given as
P = 0.49, the tortuosity can be calculated using equation (9).3

7T=1—Plne (59)
=1-0.491n0.774 (60)
=1.13 (61)

Using differential experiments, the temperature dependence of the reaction rate r,, was
determined. This enabled the calculation of the volume-specific reaction rate r. Free dif-
fusion coefficients were calculated based on equation (5) and (6) for different temperatures.
Subsequently these diffusion coefficients were used, employing equation (4) to calculate
effective diffusion coefficients D.y. Combined with the maximum particle diameter used
in the catalytic experiments (d.,; = 200 um) as well as the previously calculated values for

ry, the Weisz-Prater Criterion was calculated. The obtained values are shown in figure 37
(left).
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Figure 37: Calculated free diffusion coefficient Dco(o.1 0,, 0.9n,) 0f CO (——) and effective
diffusion coefficients Der,co(0.1 0,, 0.9N,) ( ) in a matrix of 0.1 O, and 0.9 N,.
Calculated Weisz-Prater criterion ¥ as a function of temperature (——) (left);
Empirical studies for macrokinetic limitation for CeO,-64 at 300 °C (right)

Pore diffusion limitation can be considered absent, with a pore effectiveness of more
than 0.95, if ¥ values significantly lower than 1 are obtained.!” This is indeed the case

for all relevant temperatures in this work. Furthermore, since pore diffusion is absent,
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also film diffusion limitation is absent as well, as diffusion limitation starts with pore
limitation before film diffusion is occuring.'® Thus, it can be assumed that when measuring
kinetics the measured reaction rate is dominated by the microkinetics, rather than the
macrokinetics. It was also attempted to show this experimentally by varying the flow rate
V while keeping the residence time constant, as well as varying the secondary particle
size at constant residence times. The first variation is to show whether measured reaction
rates are limited by film diffusion, whereas the second one aims to show the absence
of pore diffusion experimentally. The experiments are designed in a way that when no
mass transport limitations are present, the observed conversions and with it calculated
reaction rates should be the same. The results of these experiments are also shown in
figure 37. Indeed, the results are congruent with the calculations, showing that neither film
diffusion, nor pore diffusion are present. Further experiments can thus be used to derive

structure-property relationships without having to consider mass-transport processes.

It is notoriously difficult to compare the activity of polycrystalline materials between
different studies. However, it is necessary to validate the activity measurements in this
work. As mentioned before, it is possible to prepare facet-enriched ceria. These materials,
due to their defined surface properties, can be used to compare results obtained in this
work with literature. Cerium nanocubes were synthesized according to literature.?’? After
preparation, the material was analyzed using N, physisorption as well as TEM, before
measuring CO oxidation light-off curves. A TEM image shown in figure 38 shows the
successful preparation of nanocubes, while N, physisorption revealed a surface area of
Sger = 25m?g~!, which is the same BET surface area as measured in the published

preparation recipe.?’?

100 200 300 400
Temperature T/ °C

Figure 38: TEM image of prepared CeO,-NC (left) and CO oxidation activity (right) of
prepared CeO,-NC (—e—) in comparison to studies of ceria nanocubes by
Konsolakis and Lykaki'®® (—a—), Wu, Li, and Overbury'** (—v—) and Lykaki
et al.?* (—m—).
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In the representative TEM image depicted in figure 38, the cubic structure of the ceria
nanocubes is evident showing that the preparation was successful and led to materials that
can be compared to literature results. After preparation a light-off curve of the nanocubes in
the experimental setup was measured. When comparing the measured CO oxidation light-
off behavior of the prepared nanocubes, the results obtained here show highly comparable
results to literature, as shown in figure 38. This proves that the self-built setup can be used

to analyze activity of different ceria materials and compare these to literature results.

After investigation of the redox properties the prepared polycrystalline ceria materials
were tested for their CO oxidation activity. Light-off curves of the different unloaded ceria

materials were measured and are shown in figure 39.

420
1.0 o o
400F
0.8 380 | -’
2 06} O 360}
o ~
< 0.4 B340 m e
' = n [ N
320 F \
0.2F \ A
l\\-. J A
300 F
0.0 pe=tre—top—tyo—mge—tye=it
L L L L L L 280 1 1 1 1 1 1 1 1
50 100 150 200 250 300 350 400 0 20 40 60 80 100 120 140 160
Temperature T/ °C 2,1
P Sk OF Sgpys OF Sger / Mg

Figure 39: Light-off curves of different unloaded ceria materials CeO,-64 (—m—), CeO,-54
(—m—), CeO,-41 (—m—), CeO,-34 (—m—), CeO,-15 ( ), Ce0,-10 ( )
(left) and light-off temperature 75, as a function of Syk (M), Scrys (@) and Sger
(m) (right)

Comparing the measured light off curves with the H,-TPR profiles of the different samples
from figure 34 shows that the CO oxidation activity is closely related to the reduction onset
of the different materials. This can easily be explained by the proposed MvK mechanism.
As the oxidation of CO commences by reduction of the redox catalyst rather than direct
oxidation through an ER or LH mechanism, the ceria lattice has to release oxygen in order
to close the catalytic cycle. This explains why the reaction onset is directly related to the

oxygen release properties of the ceria material.

The light-off curves shown in figure 39 were measured, as described in chapter 7.12.1, at
constant modified residence times Tyoq Of Tmoa = 120000 gsm™3. Since the materials
vary in their specific surface areas the active surface area in the reactor deviates between

the measurements. When the light-off temperatures, the temperatures where a conversion
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Table 16: Results of the CO oxidation experiments for the different cerium oxide materials,
value marked with * are extrapolated values due to the temperature limitation
of the used aluminum heating block of the reactor.

Sample  Tso /°C  Epapp / kImol™" TOFys0¢ /s7!

Ce0,-64 313 76 £1 0.011
Ce0,-54 308 73+£1 0.010
Ce0O,-41 334 79 £ 1 0.011
Ce0,-34 340 79£2 0.007
Ce0O,-15 384 81 £ 1 0.003
Ce0,-10 4107 94+2 0.002

of Xco = 0.5 is reached, which are listed in table 16, are compared between the different
materials, they show similar but slightly displaced linear trend which is obtained when
plotting the light-off temperature as a function of the MvK active surface area and as a
function of the crystallite surface area derived from crystallite size listed in table 13 and
14. This shows, although deviations are present, that the concept of a theoretical crystallite
surface can be used to approximate the redox-active surface area. When these curves are
compared to the light-off temperature as a function of the BET surface area it is evident
that light-off temperature can not be described sufficiently by the measured BET surface
area., which is also evident from figure 39 and consistent with the previously discussed

results.

To investigate this further, steady-state kinetics investigations were carried out as described
in chapter 7.12.2. To evaluate the temperature dependence of the reaction rate the natural
logarithm of the mass specific reaction rate r,, is plotted as a function of the inverse absolute
temperature 7" 1/7'in figure 40.

From the Arrhenius-type plots shown in figure 40, the apparent activation energies Fa 4pp

can be extracted from the slope mg, of the linear fit function using equation (62)

EA,app = — 1Mt R. (62)

The calculated values for the apparent activation energies are listed in table 16 while the

errors were calculated from the standard deviation of the linear regression. Comparing the

109



10. INVESTIGATION OF STRUCTURE-PROPERTY RELATIONSHIPS OF CERIA CATALYSTS IN CO OXIDATION

-1

L
N
T

A
w
T

-1e-1

Inr,/ molg-s
| 1
S

A
()}
T

_17 1 1 1 1 1 1
155 160 165 170 175 180 1.85

1000 Tt/ 1/K

Figure 40: Arrhenius-type plot of steady state kinetic measurements of CeO,-64 (m), CeO,-
54 (m), CeO,-41 (m), CeO,-34 (m), CeO,-15 (m) and CeO,-10 (m) and linear fit
used to calculated activation energies listed in table 16

activation energies it is evident that the material properties do influence the CO oxidation
activity. Compared to reported literature values, the values obtained are mostly comparable
to other studies on polycrystalline ceria materials. Only CeO,-10 showed a slightly higher
value compared to the values reported in literature. Aneggi et al. and Kim et al. reported
activation energy values of about 85 kJmol~! for their material with large crystallites
and low surface area samples.!!*?’> However, it was shown that their high temperature
treatment led to a surface faceting in their materials, since very low surface areas and
large crystallites were only obtained with temperatures above 700 °C which is given as the
threshold for surface restructuring.'!® In this study it was attempted to remain below this
threshold to avoid surface restructuring. Therefore, the higher activation energies might be

a result of large crystallites without enriching the surface with highly active facets.

The vast difference in mass specific reaction rates plotted in figure 40 can in part be
explained by the different Mars-van-Krevelen active surface areas Sy Which the oxides
exhibit (c.f. table 14). Therefore it is necessary to compare the site specific reaction rates,
represented by the 7OF. These can be calculated from the mass specific reaction rates
rm using equation (43). As the measured TOSCsyoc values represent a mass specific site
density S Dy, the difference in active surface area between the materials is accounted for by
the TOF calculation, which is expressed as mole of converted CO per mole of surface

oxygen centers per second. The site specific turnover rates are plotted in figure 41.

Comparing the mass specific and site specific reaction rates in figure 40 and 41 the differ-
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Figure 41: Arrhenius-type plot of steady-state kinetic measurements of CeO,-64 (m), CeO,-
54 (m), CeO,-41 (m), CeO,-34 (m), CeO,-15 (m) and CeO,-10 (m) (left) and plot
of the extracted activation energy Fa .p, (M) and T'O F53;5-c (W) as a function of
the crystallite size.

ence between the materials got smaller, since now the contribution of different surface areas
is accounted for. However, there are still differences between the materials observable.
As discussed previously, it was reported in literature that high temperature calcination
might lead to more active exposed surface sites, through surface faceting.!!” This can not
be observed in the results obtained here. Instead, materials calcined at higher tempera-
tures, so materials with larger crystallites, showed lower site specific activity compared
to materials calcined at low temperatures. This is in line with theoretical calculations,
predicting that the oxygen vacancy formation energy decreases with decreasing particle
size.?’*27> When comparing the activation energies between the materials, listed in table 16,
and the respective material properties from table 14, a somewhat good correlation can
be found between the crystallite size and the activation energy as well as the turnover
frequency. The dependence of E, is plotted as a function of D in figure 41. The results
show that with increasing crystallite size, the activation energy does indeed, as predicted
in literature, increase. This is at the same time accompanied by a decrease in site-specific
turnover rate at 315 °C. As discussed previously, separating the strain and size distributions
in nanocrystalline materials is difficult as these do indeed influence each other. When
comparing the activation energy and site-specific turnover rates as a function of the bulk
defect concentration extracted from Raman spectroscopy Igo0/ 464, Which is also shown
in the appendix in figure 67, a correlation can be observed as well. The most sensible
explanation for the observed dependencies would be the aforementioned decrease in va-
cancy formation energy with decreasing crystallite size, whereas the intrinsic activity might
be better described as a function of the defect concentration. With an increase in defects

the Ce—O bond length is increased, leading to an easier removal of oxygen, which was

111



10. INVESTIGATION OF STRUCTURE-PROPERTY RELATIONSHIPS OF CERIA CATALYSTS IN CO OXIDATION

also shown for ammonia oxidation.?’® The observed plateauing of the turnover frequency
with increasing defect concentration might be explainable by the fact that if the defect
concentration is too high, the extraction of oxygen might be decreased again through strain

effects in the material.!”?

To investigate this further, partial pressure dependencies of reaction rates were probed,
since there is almost no data published on the reaction order of cerium oxide materials.
The studies published, suggest a reaction order between 0.5 to 1 for CO and 0 for O, for
unloaded ceria.'®®!%3 This was investigated for three different ceria materials to see how

the partial pressure dependence of the reaction rate changes with material properties.
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Figure 42: Partial pressure dependence of the site specific reaction rate TOF for CeO,-54
(left), CeO,-34 (middle) and CeO,-10 (right). a variation of oxygen partial

pressure at constant pco = 500 Pa and e variation of CO partial pressure at
constant po, = 11000 Pa at different temperatures. - - - - represents a power-
law fit (equation (63)) of the reaction rate, while —— is a fit based on an

Eley-Rideal mechanism (equation (64)) for different indicated temperatures.

The dependencies of the TTOF' on the partial pressure depicted in figure 42 shows that
the reaction orders obtained are comparable to the ones published in literature for all
materials measured. Whereas a reaction order of ng, = 0 is roughly observed for all
materials independent of the temperature, the reaction rate is strongly influenced by the CO
concentration. Using a double logarithmic plot of the obtained reaction rates as a function
of partial pressure, it could be observed that indeed the reaction order no, is independent of
the temperature approximately 0, whereas the CO reaction order increases with increasing
temperature. Based on the general power law description equation (10) to describe the
partial pressure dependence of the reaction rate r and the Arrhenius equation (equation (11))
to describe the temperature dependence of the reaction, the measured reaction rates were

fitted using equation (63)

— ko - €T - Pl L plo: 63
( 0°€ Pco " Po, - (63)
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The result of this fit is plotted in figure 42 as the dashed line. As the power law kinetics can
not describe a dependence of the reaction orders on temperature, but assumes a constant
reaction orders, it is hardly surprising that the fit obtained for the different temperatures
is not optimal. Therefore a mechanistic model was used to fit the reaction data obtained
in differential mode. Generally, the MvK is proposed for ceria-based catalysts as described
in chapter 3.3. However, the independence of the reaction rate on po, under the chosen
lean conditions does not allow to model the contribution of oxygen partial pressure on the
reaction rate. Therefore, an ER mechanism was used to fit the reaction data as it was already
proposed for CO oxidation catalyzed by other ceria containing systems.!* This assumes
the reoxidation of the ceria is significantly faster than the surface reduction step, which is

known from literature.!”® The expression used for the fit is shown in equation (64)

k e% . K p . pnOZ
Mo coPco - Po,” 64)
1 + Kcopco

When fitting the reaction rate as a function of the partial pressure dependence using a
power law approach (c.f. equation (10)) an insufficient description of the reaction rate for
the different temperatures was obtained. This is not surprising since the partial pressure
dependence of the reaction is, as previously discussed, a function of temperature, which
is not considered when describing the kinetics using equation (63). Since equation (64) can
describe this temperature dependence and also has more degrees of freedom (six parameters
fitted) compared to the power law (four parameters fitted) it is hardly surprising that a
better fit is obtained when using equation (64). The parameters obtained through fitting
with the ER rate equation in equation (64) are given in table 17 and were used to simulate

light-off curves for the different materials, which are shown in figure 43.
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Figure 43: Simulated light-off curves using equation (64) and parameters obtained from
the partial pressure dependence listed in table 17 (c.f. figure 42) (----) and
measured CO conversion as a function of temperature (m). Fitted expression
using equation (65), considering CO, competitive adsorption (——) for CeO,-54
(left), CeO,-34 (middle) and CeO,-10 (right)
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Comparing simulated and measured light-off curves shown in figure 43 it is evident that,
although the reaction onset is described mostly correct, the simulated curve shows a
steeper increase in CO conversion with temperature compared to the measured one. As
the ramping speed with 1 Kmin~! is slow enough a hysteresis due to too high ramping
speeds is unlikely. The rates in figure 42 and were measured in differential mode. Since
conversion is kept below Xco = 0.1, the CO, partial pressure is comparatively low.
Therefore CO, desorption might be a possible limiting factor for the reactivity at higher
conversions. To probe this, CO, desorption experiments on prereduced ceria were carried

out. The measured CO, desorption profiles are shown in figure 44.
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Figure 44: CO, desorption profiles of prereduced (c.f. chapter 7.11.3) CeO,-54 (—),
Ce0,-34 (—) and Ce0,-10 (—)

Ceria materials are known to exhibit basic surface properties, enabling the formation of
surface carbonates upon CO, adsorption. This strong adsorption behavior is also evident in
figure 44. There are multiple distinct features in the desorption profile. A low temperature
feature around 100 °C, a feature at around 250 °C as well as high temperature features
at 500 °C and 650 °C were observed. IR studies by Binet et al. suggest that desorption
around 100 °C might be related to bidentate carbonates, whereas monodentate carbonates
decompose at around 200 °C and polydentate carbonates at even higher temperatures.?¢!
Solely a desorption feature at 100 °C is reported for fully oxidized ceria materials. The

artificial introduction of La™

ions in the study of Bernal et al. however led to similar CO,
desorption profiles observed for the profiles measured for reduced ceria here.?”’ Similar
to La"™, the Ce" ions formed through reduction of ceria exhibit significantly stronger Lewis
basicity compared to Ce'. Thus, this strong CO, adsorption behavior of ceria catalysts

points towards a possible competitive adsorption between CO, and CO, resulting in a
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Table 17: Estimated parameters by using equation (64) and equation (65) for the different

materials
Material ko EA app Aco Qco no, Aco, Qco,
s~ kJ mol ™! s~ kJmol™! - s~ kJ mol™!

Ce0,-54 3.26 x 101 1484 1.19x 1072 982 0.0 7.00x 1072 1102
Ce0,-34  1.66 x 10° 130.7 509 x 107" 883 0.0 4.00x 1072 120.0
Ce0,-10 6.16 x 108 126.4 443 x 107" 8.7 0.0 6.00x 1072 1204

product inhibiting behavior. This was tested by adding a CO, adsorption term to the kinetic

expression in equation (64), yielding equation 65:

EA app
- ko - e ®T" - Kcopco - po,

r =
1 + Kcopco + Kco,pco,

(65)

Equation (65) considers the oxidation reaction to be still irreversible as the CO, reduction
rate 7co,—req €an be considered very slow compared to the CO oxidation rate 7co_ox at the
investigated temperatures. But by introducing a term considering the CO, competitive
adsorption, the reaction rate decreases with increasing CO, partial pressure pco,. Using the
measured light-off curves, the adsorption term of CO, was fitted while the other parameters
were held constant according to the values determined by fitting equation (64). Through
integration of the rate law, conversions for different temperatures were calculated and
plotted in figure 43. It can be shown that just by adding the CO, adsorption term, the
light-off behavior can be fitted comparatively well. The obtained additional parameters
Aco, and Qco, from the fit are also listed in table 17.

Since only the terms for CO, adsorption were fitted, this rate law is still able to describe
the partial pressure dependence measurements shown in figure 42. When comparing the
different parameters in table 17, obtained through fitting of the measured steady-state rates
as well as fitting the light off curves by CO, adsorption, trends in some of the parameters
can be observed. First, the physical meaningfulness of the obtained heat of adsorption
values has to be established. Adsorption CO, on CeQO, differs between the oxidized and
reduced states. It is known that reduction of a reducible support leads to an increase in Lewis
basicity, due to formation of two unpaired electrons.?’®27 It is therefore not surprising

that the adsorption strengths of CO, differ between reduced and oxidized ceria. Using
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Figure 45: Activation energy Fs (m), adsorption energy of CO, ()co, (®) and difference
Ex — Qco (a) as well as logarithm of pre-exponential factor log ky (0) as a
function of the intensity ratio of the bulk defect concentration (/g00/ I464) (left)
and adsorption energy of CO, (m) and preexpontential factor log Aco, (W) as a
function of the surface defect concentration measured through XPS (right).

DFT calculations, CO, adsorption energies can be calculated. Cheng et al. calculated
adsorption energies of CO, on reduced ceria of 100 kJ mol~! and 119 kJ mol~! depending
on the vacancy association state.?*® This is similar to values published by Kumari et al. who
postulated an adsorption energy of 123 kJ mol~'.28! These values are similar to the values
obtained by fitting the kinetic measurements shown in table 17. It was also discussed in
literature that desorption of CO, only occurs upon reoxidation of the reduced oxide.?®?
However, experimental studies also showed that while adsorbed carboxylates do reoxidize
the support readily at low temperatures, surface carbonates do limit the reoxidation of the
oxide support.?®} These literature findings all align well with the results obtained here. For
cerium oxides, the rds is frequently reported to be the oxygen vacancy formation.?84283
A thorough DFT study showed that surface carbonate formation (i.e. carbon monoxide
activation) and oxygen vacancy formation do have similar activation barriers of 44 kJ mol~!
and 45 kI mol~!'. When pcoKco < 1, essentially assuming a first reaction order regarding
CO, the activation energy can be calculated as the difference between £, and Qco.'** This
yields values between 40 kJ mol~! and 50 kJ mol~! for the kinetic parameters in table 17,

which is close to the theoretically predicted value by Kim et al.?”

Using the material parameters for the different materials listed in table 14 together with the
obtained kinetic parameters in table 17, structure-property relationships can be derived.
Plotting the different activation and adsorption energies against Igo0/ 464, representing
the bulk defect concentration given by Raman experiments, as well as against the surface
Ce(IIl) concentration from XPS measurements yield the plots shown in figure 45. It can
be seen that the activation energy, as well as the heat of adsorption of CO can be well

described by the bulk defect concentration. With increasing bulk defect concentration Fa,
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Qco as well as ky all increase as well. Defects in the ceria lattice usually lead to an increase
in lattice expansion, which is described to lead to a larger barrier for the reduction,'’”> which
can explain the larger activation energy. The increase of the pre-exponential factor ky and
heat of adsorption of CO with increasing bulk defect concentration might be attributable to
the increased Lewis basicity of the oxide with increasing defect concentration.?’® Increased
Lewis-basicity would lead to stronger backbonding to CO. The kinetic parameters extracted
for CO, adsorption on the other hand can be described quite well with the results from XPS.
It was previously discussed that the desorption of formed CO, or adsorption of CO, from
the gas phase might hamper the reoxidation rate. However, it is known that oxygen can
adsorb and be activated on surface point defect Ce™ sites.!”®17%-286 Thus, the trend might
be explained by a higher degree of oxygen activation and an increase in reactive oxygen
species leading to reoxidation through their surface mobility and thus, lower inhibition

through CO, with increasing surface defect concentration.

Comparing the trend extracted from the Arrhenius-type plots with the activation and
adsorption energies obtained through the mechanistic fits discussed above, an inverse
relationship with the defect concentration is observed. This points towards the assumption,
that it is not enough to use the apparent activation energy, obtained by using Arrhenius-type
plots, to derive structure-property relationships, but rather requires a more in-depth analysis
of the obtained reaction rates. It was also assumed that CO, adsorption was negligible at
low conversions during the kinetic experiments in differential mode due to the very low
CO, concentration. However, this as well as the assumption of 0" order towards CO during
differential kinetic analysis of the measurement data, introduces errors in the analysis.
Thus, co-feed experiments with an additional CO, dosing are required to further strengthen

the assumptions made here.

10.4. CO Oxidation Catalyzed by Platinum-Loaded Ceria
Catalysts

As described in chapter 4.2 it is difficult to derive structure-property relationships from
nanoparticle loaded cerium oxides because of the highly dynamic behavior of the Pt-Ce
interface due to redispersion of platinum under oxidizing conditions.?%>-*!3 Although single-
platinum atoms are known to be less active than metallic platinum clusters due to their
lower electron density, it should still yield important insights into how the ceria material
does influence the CO oxidation kinetics during TWC operation. In combustion engine cars,
water is always present in the exhaust gas due to the combustion of alkanes. Aside from

present molecular oxygen, water can act as an oxidant for reduced ceria materials.!#!!7!
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Since water reduction does not require the breakage of the stable oxygen double bond, the
reduction of water was reported to be the preferred way of reoxidation during reaction.
The aim of this work was to attempt to assess whether the material parameters of the ceria
support influence the degree to which presence of water does influence the activity of the

materials.

As described previously a SEA approach was employed to prepare atomically dispersed
platinum centers on the different cerium oxides. Structural and spectroscopic investigation
of these materials revealed that the platinum species are indeed atomically dispersed,
and stay in their atomically dispersed state under the chosen lean reaction conditions (c.f.
chapter 10.1). Thus, kinetic data can be normalized by the total number of platinum atoms
on the surface of the catalyst as the dispersion is 1 for SACs. With a stable atomic dispersion
and therefore constant platinum-cerium interface, it is possible to derive structure-property
relationships related to the oxide, since differences in activity can now be traced back
solely to the oxide support. Congruent to the investigation of bare ceria materials discussed
in chapter 10.3 initial activity tests were done based on light-off experiments. In order
to assess how water influences the activity related to the material properties of the oxide,
these experiments were carried out in dry as well as wet feed gas. The obtained light-off

curves are shown in figure 46.

50 100 150 200 250 300 50 100 150 200 250 300
Temperature T/ °C Temperature T/ °C

Figure 46: Light-off curves of different platinum-loaded ceria materials CeO,-64 (—m—),
Ce0,-54 (—m—), Ce0,-41 (—m—), CeO,-34 (—m—), Ce0O,-15 ( ), and
Ce0,-10 ( ) with dry feed gas (left) and wet feed gas (right), light-off
temperatures 75 are listed in table 18.

Comparing the light-off curves between the unloaded ceria materials in figure 39 and
the light-off behavior after platinum loading in figure 46, the light-off temperatures 75
shift significantly to lower temperatures as shown in table 18. Not only does the light-

off temperature itself change, but the slope of the light-off curve becomes steeper as
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Table 18: Light-off temperatures of CeO, (c.f. table 16) and Pt;-CeO, catalysts in dry and
wet feeds

Material T50,un10aded /°C T50,dry /°C T5O,wet /°C

Pt,-Ce0,-64 313 194 170
Pt,-CeO,-54 308 229 217
Pt,-CeO,-41 334 250 239
Pt,-Ce0,-34 340 254 223
Pt,-CeO,-15 384 229 202
Pt,-CeO,-10 410 258 239

well, compared to the unloaded oxide. When comparing the obtained light-off behavior
with values from literature listed in table 6, the obtained 75, values are congruent with
literature values (c.f- table 5 and 6). Therefore, as discussed in chapter 4.2, the light-off
temperatures observed for the here prepared materials are around 100 K higher compared

to Pt-nanoparticle loaded ceria materials.?!?

When comparing the actual obtained light-off temperatures, which are listed in table 18, it
is evident that between the unloaded and loaded materials the 75, values shift differently for
the different oxide supports which hints towards a change in activity due to the respective
oxide properties. When water is added to the feed gas, the light-off temperatures are
only slightly lowered. This phenomenon was already reported in literature.!”! However,
comparing the shift observed for materials prepared in this work, which varies around 20 K,
to literature values the reported shifts are larger in Wang et al. study, who reported a shift
of 70 K. The authors of that study used highly-loaded materials, which showed very low
light-off temperatures. This points towards the presence of small platinum clusters in their
materials.?!7-??! It is known that metallic clusters which are formed under CO oxidation
conditions, activate CO more effectively compared to Pt;-CeO, materials. Thus, the
influence of the reoxidation becomes even more pronounced, which might explain the
smaller shift observed in the data presented here. Negligible WGS activity was found during
their kinetic experiments below 200 °C, which is in line with other published results on
highly-dispersed platinum-loaded ceria.'®>*%” Wang et al. proposed a mechanism through
which CO oxidation rate would be increased by water as a mediator (water-mediated
MvK).!"! Using DFT calculations coupled with experiments they proposed dissociation
of water atop of a cerium ion, forming two hydroxyl groups, one vicinal and one lattice

hydroxyl group. The vicinal OH group subsequently reacts with the CO adsorbed on the
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platinum single site forming a carboxyl intermediate. The carboxyl group is subsequently
dehydrated through the lattice hydroxyl group initially formed by water adsorption, thus
releasing CO, and H,O, forming an oxygen vacancy which subsequently can be refilled.!”!
This is in direct contrast to a mechanism following the WGS activity, also reported for
Pt,-CeO, catalysts.?8® In comparison to the mechanism proposed by Wang et al., WGS is

accompanied by consumption of water and formation of hydrogen through reaction 23

CO + H,0 = CO, + H,- [R 23]

The difference between the two mechanisms is therefore the observed consumption of
water. While the water-mediated MvK mechanism for CO oxidation does not coincide
with net water consumption, the WGS reaction would be accompanied by a stoichiometric
conversion of water to H, following reaction (23). However, as the formed hydrogen would
subsequently be reoxidized due to the lean experimental conditions the contributions of the
different mechanisms would require separate WGS experiments, which were not carried

out.

The changed slope of the light-off curves in the presence of water points towards a change
in activation energy. The difference between the different ceria materials points towards
a change in influenceability of the reaction rate based on the material parameters of the
oxide. To investigate this further, steady-state kinetic investigations of the platinum-loaded
samples were carried out in dry and wet feeds. From the measured CO conversions, site
specific turnover rates TOF were calculated using equation (38) to (42). By plotting
the natural logarithm of the obtained 7'O F' against the reciprocal absolute temperature,

Arrhenius-type plots were obtained through these experiments as depicted in figure 47.

Comparing site specific turnover rates as a function of temperature obtained for materials
prepared in this work to literature values, it can be observed that the 7O F" values obtained
here are in good agreement with published literature (c.f. figure 71). Between the different
materials in this work, it is evident that most of the materials exhibit similar slopes as a
function of temperature. When activation energies are calculated from the obtained fits,
which are listed in table 19, indeed the calculated activation energies Fa ,p, are similar
between the materials at (100 4 5) kJ mol~!, except for material Pt;-CeO,-10. As already
discussed in context of the light-off experiments the high activation energies obtained for
these materials can be traced back to the lower electron density of platinum and therefore
decreased activating capability of the single-platinum atoms compared to metallic Pt° found

in clusters and particles. Especially as Pt clusters and nanoparticles are reported to be
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Figure 47: Arrhenius-type plots for different Pt; ceria materials CeO,-64 (m), CeO,-54 (m),
Ce0,-41 (m), CeO,-34 (m), CeO,-15 (m) and CeO,-10 (m) with dry feed (left)
and wet feed (right)

reduced even under oxygen surplus to Pt”.2°>20° Obtained values also align with published
studies.??! The similarity of activation energies extracted from the Arrhenius-type plots
between the different materials points towards a rds connected to the Pt active site, as
these sites are comparable between the materials. Wang et al. calculated an activation
barrier of Ep 4o, = 100kJ mol~! for the reaction between CO adsorbed on Pt, centers with
lattice oxygen of ceria.'® This is congruent with the values obtained for the fits in figure 47
and listed in table 19. The only material that behaves differently is Pt;-CeO,-10 which
exhibits an activation energy that is substantially lower compared to the other materials.
One possible explanation is that high-temperature treatment is known to restructure the
surface in a way that yields highly active (100) facets on the surface. Studies on single
platinum atoms on ceria focused on introducing surface restructuring around the platinum
ions propose that high-temperature treatment yields a coordination environment around the
single platinum ions similar to platinum ions on a (100) facet, which can also be found
on surface defects. These platinum ions are reported to exhibit lower activation energies,
similar to the material measured here. Thus, it is perceivable that the restructuring of the
surface before platinum loading yielded these adsorption sites, leading to more active Pt;
ions on the surface.'+?232%% However, the structural rearrangement would have also been
evident in the studies focusing on the bare ceria support, as these also show enhanced
CO oxidation activity without platinum being present. However, the samples calcined at
700 °C when tested in their unloaded state did not show increased site specific activity.
Another explanation for the observed very low activation barrier is, that stabilization of
single platinum ions on the surface was not possible on this support and platinum clusters
were formed. As the employed method uses cerium defect sites, whose concentration is

lowered for large crystalline samples, to anchor platinum ions in their atomically dispersed
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Table 19: Results of kinetic investigations of Pt;-CeO, catalysts in dry and wet feeds

Material Eady/KImol™  Ex ye/kKImol™"  TOFyppocay /s TOFi700cwet/s™"

Pt,-CeO,-64 102 £2 80 & 3 0.38 0.63
Pt,-Ce0,-54 110 4+ 4 64 +2 0.16 0.24
Pt,-Ce0,-41 98 + 4 66 + 4 0.09 0.14
Pt,-Ce0,-34 101 + 4 56+4 0.35 0.50
Pt,-CeO,-15 103 £ 8 79+ 4 1.14 1.87
Pt,-Ce0,-10 5542 63 +3 1.79 2.67

state, the area-specific platinum loading has to be smaller compared to the area-specific
ceria-defect density. When less defects are present on the surface than introduced platinum
ions the stabilization would not occur and thus, highly active platinum clusters would most
probably form. Generally it can be assumed that the larger the crystallites, the lower the

number of surface defects are, which could be a possible reason for this observation.

When the steady-state plots of CO oxidation with dry and wet feeds in figure 47 are
compared, a shift to higher reaction rates in the presence of water can be observed. This,
as discussed before, was expected and also shown by light-off experiments discussed
previously. Compared to the results obtained under dry feed conditions deviations in the
slope of the Arrhenius-type diagram can be observed. Calculation of the apparent activation
energies Fa 4, for the different materials makes this also evident. However, it has to be
pointed out that the margin of error is increased with water in the feed due to inconsistencies
of water concentration in the feed. When the calculated activation energies, listed in table 19,
are compared between the experiments in dry and wet feeds, a decrease in activation energy
between 10 kI mol~! to 50kJ mol~! is observed between the materials. This difference
in activation energy between dry and wet feeds was previously found by Wang et al. as
well. They traced it back to a water-mediated MvK mechanism in which the reoxidation
of formed oxygen vacancy through reduction was refilled by water, forming hydroxyl
groups, which subsequently were able to form carboxyl intermediates.!”! This formation
had, according to their DFT calculations, roughly 30 kJ mol~! decreased activation barrier.
Thus, it is most likely that the same mechanism is prevalent for the present materials, leading
to the decrease in activation energy. It was already discussed that the presence of water
enables the reaction to proceed through the WGS reaction. Literature proposes activation
energies of WGS reactions catalyzed by highly-dispersed platinum species on ceria to

exhibit activation barriers of around (70 4= 5) kJ mol~!.287:2%0-22 However, no significant
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WGS activity was found in these studies below 210 °C. Since most measurement points
for the determination of activation energies were measured in the present work below that
temperature (1000/7 = 2.07 K~1), it can be assumed, that the contribution of the WGS
reaction is negligible. Thus, the activities probed here are most probably dominated by

the water-mediated MvK mechanism proposed by Wang et al.!”!

When comparing the activation energies that were extracted from the Arrhenius-type
diagrams, no clear correlation with the material parameters in table 14 can be found. This
is also true for the magnitude in light-oft temperature decrease. The simplified Arrhenius-
type analysis, where the measured reaction rate is used to extract the activation energies
does not yield the true activation energy of the surface reaction. This was well shown in
the discussion of the material-parameter dependence of unloaded ceria redox catalysts
discussed before. Therefore, if multiple processes influence the reaction rate, this simplified
view on reaction kinetics is not sufficient anymore and a mechanistic model is required. It is
known that the redox-active support might change the electronic properties of the platinum

293 As the transition state in the water-mediated MvK mechanism is described to be

ions.
a vicinal hydroxyl group reacting with adsorbed CO on the platinum ions, the hydroxyl
density might influence the reaction rate as well. Also, as discussed above, the contribution

of the WGS reaction is not entirely clear here.

The extracted T'O F' values at 220 °C for the dry feed measurements and 150 °C for measure-
ments with water containing feeds are plotted as a function of the bulk defect concentration

measured by Raman spectroscopy and represented by g0/ 1464 are plotted in fig. 48 .
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Figure 48: TOF values for different materials for dry (7'O F3,(- m) and wet feed (T°O Fy50oc
o) (left) and conversion during the induction period of Pt;-CeO,-64 at 220 °C
for wet (m) and dry feeds (m) (right)

When looking at the site specific rates, 7'O F, as a function of the bulk defect concentration

extracted from Raman spectroscopy Igno/ 464 for dry and wet feeds in figure 48, similar
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trends can be observed independently of whether water is present or not. Whereas high
TOF values are observed for materials which exhibit low defect concentrations, a mini-
mum of activity is observed, while highly defective materials again show an increase in
activity. This suggests that there might be two different processes that dictate the reactivity
depending on the respective defect concentration. This might be caused by materials with
higher defect concentration having higher electron density at the platinum ions, enabling
a better activation of CO, while at low defect concentrations, the formation of the vicinal
hydroxyl group might be easier. Both would influence the observed reaction rate but in
an opposite manner, making the analysis of the combined effect difficult. Also, when
looking at the conversion over time during the equilibration period before kinetic testing,
an interesting picture arises. Whereas feeds without water start with high activity, which
subsequently decreases, when testing the same sample in a wet feed the activity increases
during equilibration. The latter might be explainable by converting vicinal lattice oxygen
into hydroxyl groups, whereas for the dry feed this points to an equilibration of the reduction
degree around the platinum ion. In their oxidized state, the surroundings of the platinum
ions are fully oxidized, whereas there are oxygen vacancies formed during catalysis, which
due to the low temperature cannot be refilled fast enough through reoxidation, leading to
a decrease in reaction rate. This also shows that it is necessary to look into the reoxidation
of ceria materials when looking into platinum-loaded materials and their structure-property
relationships. This, along with the possible presence of the WGS reaction, requires further
detailed study of partial pressure dependencies in order to derive material-based activity

descriptors.

The results presented show that among the different catalysts similar processes occur, which
determine the activity of Pt;-CeO, catalysts. Congruent with literature the data presented
here suggests that activation energy is determined by the reaction of adsorbed CO on Pt
sites and ceria lattice oxygen. Intrinsic activities of the different materials show that at
high as well as low defect concentrations activities are high, whereas at intermediate ones
they are low. Whereas water increases the activity, it does not change this dependency.
It was shown that the oxide support does indeed influence the activity of the materials
substantially, however, a clear description of structure-activity descriptors in their platinum-
loaded state is difficult due to the complex nature of the reaction system. Carrying out
measurements for the partial pressure dependence of the reaction rate coupled with the use
of a two-center LH kinetic expression should provide the necessary results to disentangle
the different contributions on the reaction rates and activation energies and set up models
with which activities of different platinum-loaded ceria materials can be predicted. These
investigations show that the use of low loaded Pt-CeO, catalysts can be used to investigate

the role of the oxide supports in redox catalysis.
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Part VI.
Conclusion

The aim of this work was to investigate structure-property relationships of different cerium
oxide catalysts. First, the interplay of preparation parameters and resulting material prop-
erties was investigated. Precipitation, as one of the most used wet chemical preparation
techniques for metal oxide catalysts, was selected as the preparation method of choice. It
is known that precipitation is a process that is highly sensitive to its process parameters.
In order to vary material properties of ceria materials over a wide range, the precipitation
temperature, 7., dependence was investigated. It was found that higher precipitation
temperatures led to an increase in specific BET surface area and decrease of crystallite
size. Using pH experiments, this was traced back to an increase in nucleation rate at higher
temperatures, leading to smaller crystallites exhibiting higher surface areas. Redox inves-
tigations, to probe the interplay between material properties and the redox-active or MvK
active surface area were carried out next. While literature often assumes that the redox-
active surface area is equivalent to the BET surface area, the results obtained in this work
suggest something else. Through oxygen pulse chemisorption experiments, it was found
that at large BET surface areas the MvK-active surface area deviates substantially from the
BET surface area obtained from N, physisorption experiments. H,-TPD experiments as
well as in situ-DRIFTS were used to trace this back to reduction of the surface without
formation of oxygen vacancies, but rather hydroxyl groups for small crystallites. Since
these sites cannot release oxygen, they are not active during MvK catalysis. Therefore,
the presented results show that it is of paramount importance that obtained kinetic results
are not simply normalized by the BET surface area, but rather using the MvK active surface
area. It was also found that it is possible to use a calculated crystallite surface area, Scrys
based on the crystallite size, D, extracted by Rietveld refinement, as a descriptor for the
MvK active surface area. This is especially important when direct measurement of the

redox active surface area can not easily be realized, e.g. for doped ceria materials.

Subsequently CO oxidation experiments were used as a model reaction to probe the influ-
ence of the material properties on catalytic activity of ceria materials. It was found that the
bulk oxygen point defect concentration measured by Raman spectroscopy probably deter-
mines the activity of ceria-based materials in CO oxidation. This is in line with other studies
in literature. By measuring partial pressure dependencies and using mechanism based
models, the results suggest that for bare ceria catalysts, CO, desorption and readsorption of

previously formed CO, causes an inhibition of the CO oxidation. Defect concentration
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did lead to an increase not only in the preexponential factor of the rate expression but
also in the activation energy and heat of adsorption of CO. First results, which have to
be supported by further measurements, pointed towards a decreased heat of adsorption
of CO, with decreasing number of surface defects, while also the preexponential factor

decreased.

Single-platinum ions supported on different ceria materials were employed to investigate
whether these systems can be used to derive structure-property relationships of platinum-
loaded systems. By using a SEA approach it was possible to prepare different ceria materials
with comparable area-specific loadings. These catalysts showed atomic dispersion after
preparation. The atomic dispersion was shown to be stable under the lean conditions used
for catalytic experiments. It was however shown that when harsh reducing conditions were
applied, i.e. reduction at 300 °C in 10 % H, in N,, cluster formation did most probably occur.
Kinetic measurements of these materials showed that, although the catalytic active center
was comparable between the different catalysts, differences in activity could be observed.
As atomic dispersion was present this could be solely traced back to the influence of the
oxide support. When using oxygen as the oxidant during catalysis, activation energies
were similar between the different materials. However, turnover rates did change between
materials, which could, similar to the results obtained for the unloaded ceria materials, be
traced to the bulk defect concentration. This also did not change when water was introduced
to the feed. Although the overall activity increased, similar trends were observed for 7O F
values as a function of the bulk defect concentration. Although it could not be ruled out that
WGS plays a role during the catalytic experiments, the influence of water in the temperature
range in which the catalytic experiments were carried out, the water-mediated MvK seems
to be prevalent. Concluding, it can be stated that it is possible to use low-loaded platinum
single-atom catalysts as a means to derive structure-property relationships of the ceria

support in platinum-loaded ceria catalysts.
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Part VII.
Outlook

In this work it was shown that for redox-active oxides the physical surface area might differ
from the active surface area in catalysis. Although for the investigated CO oxidation this
contribution through reduction by hydroxyl group formation was not beneficial, many
other reactions could benefit from it. Especially selective oxidations, where total oxidation
1s a competing reaction, such as oxidative dehydrogenation of propane to propene might
be able to take advantage of this phenomenon. Especially the stabilization of these sites
as well as their kinetic characterization might open new pathways to carry out selective

oxidation reactions using ceria catalysts.

While good correlation between the activity of unloaded ceria materials and respective
material parameters were found, the data set obtained during this work is limited. In
order to derive reliable structure-property relationships for these materials, partial pressure
dependencies have to be extended to other materials. Also, artificial CO, dosing is necessary
to really show whether CO, adsorption is causing a product inhibition in the CO oxidation
rate at CeO,. Using the derived structure-property relationships to predict CO oxidation

activities could act as a way to verify these findings.

The experiments in this work showed that it is possible to use Pt;-CeO, materials to probe
the influenceability of the reaction rate by the support. Thorough measurement of partial
pressure dependencies of the reaction rate need to be mechanistically modeled in order to
derive the necessary activity descriptors. Although the results obtained in this work were
congruent with literature, it was not probed how the derived structure-property relationships
translate to nanoparticle loaded Pt-NP-CeO, systems. If these findings can be used to
describe activities of nanoparticle-loaded ceria systems, they could be used to parameterize
kinetic models for dynamic applications. This would enable the transfer of knowledge
gained through these model systems to industrially relevant nanoparticle catalysts. It
was shown that water does influence the reaction rate. Initial results point towards a
water-mediated MvK mechanism, with no net water conversion. However, this has to
be probed in more detail. It would be interesting to investigate whether in steady-state
the water-mediated MvK mechanism is also prevalent at higher temperatures also in lean
exhaust gases. The presented results suggest that there is a temperature range at which
the reactivity changes to the WGS mechanism. This would mean that it is necessary to

not only find structure-property relationships for LT-CO-Oxidation but also WGS activity.
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Similar to the CO oxidation, there is little data available to how ceria materials do influence
the WGS activity of Pt-loaded ceria catalysts.
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A. COMMISSIONING OF SYNTHESIS SETUP

Part VIII.
Appendix

A. Commissioning of Synthesis Setup

During commissioning of the precipitation setup the temperature of the reactor as well
as the piston pump for ammonia addition was calibrated. As discussed in chapter 6.1
the temperature of the precipitation reactor was controlled using a thermostat. The set
temperature was calibrated using two thermocouples in the reactor, whose temperature
difference AT was always smaller than AT < 0.3 K. The reactor was filled with 0.61
of water, equivalent to the preparations. After setting a temperature at the thermostat 7
and an one hour long equilibration, the temperature was measured. This was repeated for
the other temperatures. Thermal equilibrium was checked by repeating the calibration by
starting at a high temperature and decreasing the temperature. The resulting calibration

plots are shown in figure 49.

During precipitation an ammonia solution was added to the reaction solution using a piston
pump with a constant flow rate V. The pump was calibrated by setting a flow rate Vi, for
a given time into a tarred vial. Dividing the pumped mass of water by the set time gave
the measured flow rate Vs by approximating the water density pn,o = 1gml™'. Values

were averaged over three measurements. The resulting plot is shown in figure 49.
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Figure 49: Temperature calibration measurements and fit of the synthesis reactor (m) with
fit equation (66) and the pH reactor (@) with calibration equation (67) (left)
and calibration of the piston pump used for ammonia addition (right) with fit
equation shown in equation (68)
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B. DIFFRACTOGRAM OF LAB4 STANDARD

From figure 49 the following fit functions were obtained for the synthesis reactor (equa-
tion (66)) and the pH reactor (equation (67))

Tmeas,syn. reactor — <0985 :l: 0006) : Tset,syn. reactor + (1 0 :i: 02) OC (66)
Tneas,pH reactor = (0.997 £ 0.002) - Tt ph reactor + (0.72 £ 0.07) °C. (67)

From the calibration of the piston pump it was evident that the pumping head installed

. The linear fit function, with its

y-intercept set to y = 0 obtained for set flow rates Viq = 1 mlmin~' to 15mlmin~", is

only worked linearly up to a flow rate of 15 ml min—

shown in equation (68)

Vineas = (0.981 4 0.002) - V. (68)

B. Diffractogram of LaBg Standard

A certified LaB4 (NIST-SRM660c) was measured to create the instrument function that
was used to account for the instrument contribution to angular position of the reflections as

well as their lineshape. An exemplary diffractogram is shown in figure 50

LaBg; measured
LaBg simulated

]Ih 1T

Intensity / a.u.

20 40 60 80 100
20/°

Figure 50: Measured and simulated diffractogram of NIST-SRM660c used for caluclation
of the instrument function
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C. H, CALIBRATION FOR TPR EXPERIMENTS

C. H, Calibration for TPR Experiments

A copper(Il) oxide was used to calibrate the TCD signal. The oxidation state of the
commercial copper(Il) oxide was first validated by TGA. 20 mg were placed in a sample
crucible before degasing it in synthetic air at 300 °C. After cooling down to 150 °C the
flow was switched to Ar and the sample was purged free of oxygen for 2 h. Afterwards
the gas was switched to 50 mlmin~—! of 5% H, in N, before equilibrating the mass for
1 h. Afterwards the sample was heated to 500 °C where the sample was again held for
2 h before cooling it down to 150 °C. After cool down the mass was equilibrated for 2 h.
The relative mass loss Aw was calculated based on the mass right before the temperature

ramp and after the mass equilibration after reduction at the end of the experiment.

t/ min
0 200 400 600 800
T T T T 0.0 ‘_‘(
(@]
-05 €
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|_
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; 0 - . . . VAr
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Figure 51: DTA experiment to verify oxidation state of copper standard used subsequently
for calibration of TCD signal

With the relative remaining mass w the molecular weight of copper M, and oxygen Mo,

the stoichiometry x of Cu,O can be calculated using equation (71)
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C. H, CALIBRATION FOR TPR EXPERIMENTS

T = M (69)
=
63.456 gmol ! -
_ A — — 63.456 gmol ! (70)
16 gmol !
— 1.002. (71)

This results shows that the copper standard is copper(Il) oxide as well as the fact that
all copper centers can be reduced, enabling the calibration of the TCD signal for TPR
experiments.

After verifying the presence of CuO, the hydrogen consumption during TPR experiments
was calibrated by measuring TPR profiles of 2.5 mg, 5 mg and 10 mg of CuO. After de-
gassing and oxidizing the samples at 300 °C for 1h, temperature was cooled down to
100 °C before switching to 10 vol. % of H, in N, and applying a temperature ramp of
10K min~! to 450°C and following the hydrogen consumption using the inbuilt TCD.
Water was removed from the gas stream by passing the gas after the sample cell through
a dry ice/acetone cool trap before detection. The resulting H,-TPR profiles are shown in
figure 52. The TPR profiles were integrated and the integral Arcp was plotted against the

amount of consumed hydrogen, which was calculated using equation (72)

(72)

The calibration plot is also shown in figure 52.

XXX



D. CO, CALIBRATION FOR TPD EXPERIMENTS

3.5x10°
1.2x105 F
3.0x103 F
T 25a0°| 100y
" —
~ '
© 2.0x10%} ’\ ;‘ 8.0x10* | n
C
= 1.5x10° E
5OX - 4 L
@ /) =, 6.0x10
2 10x0%} =
s - < 4.0x10*F
© 5.0x10%} /
[a] / 2.0x10% f
0.0} - _
2 1 1 1 OO ! !
00 o 250 300 350 400 00 5.0x10™ 1.0x107 1.5x107
Neyo / Mol

Temperature / °C

Figure 52: H,-TPR profiles of CuO with 2.5 mg (——), Smg (——) and 10 mg (——) and
plot of the integrated peak area Arcp (W) as a function of ny,, fit function is
given in equation (73)

The fit function of Arcp (ny,), with y-intercept being set to 0 is shown in equation (73)

Arcp (nu,) = (6.75 £0.09) x 10°mV Kmol ™" - ny,. (73)

2

D. CO, Calibration for TPD Experiments

As described in chapter 7.11.3 the TCD signal during CO, desorption was calibrated. The

resulting plot is shown in figure 53.
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Figure 53: Calibration curve for the CO, desorption signal for TPD experiments
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D. CO, CALIBRATION FOR TPD EXPERIMENTS

The fit function obtained to quantify the CO, desorption signal is shown in equation (74)

Arep (nco,) = (2.32£0.02) x 10°mV s~ ' mol™" - nco,. (74)
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E. INVESTIGATION OF REDUCIBILITY

E. Investigation of Reducibility

The DRIFTS results of the other materials are shown in figure 54, 55, 56 and 57.
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Figure 54: In situ-DRIFTS spectra during reduction of HSA sample after 1 h of isothermal
treatment under hydrogen flow at 100 °C (—), 150 °C (—), 200 °C (—), 250°C
(—), 300°C (—), 350°C (—), 400 °C (—), 450°C (—) and 500°C (—) in the
OH-region (left) and the low frequency region (right)
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Figure 55: In situ-DRIFTS spectra during reduction of UP-500 sample after 1 h of isother-
mal treatment under hydrogen flow at 100 °C (——), 150°C (——), 200°C
(—), 250°C (—), 300°C (—), 350°C (—), 400°C (—), 450°C
(—) and 500 °C ( ) in the OH-region (left) and the low frequency region

(right)
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Figure 56: In situ-DRIFTS spectra during reduction of AP50-500 sample after 1 h of isother-
mal treatment under hydrogen flow at 100 °C (—), 150°C (—), 200°C (—),
250°C (—), 300°C (—), 350°C (—), 400°C (—), 450°C (—) and 500 °C (—)
in the OH-region (left) and the low frequency region (right)
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Figure 57: In situ-DRIFTS spectra during reduction of AP5-700 sample after 1 h of isother-
mal treatment under hydrogen flow at 100 °C (—), 150°C (—), 200°C (—),
250°C (—), 300°C (—), 350°C (—), 400°C (—), 450°C (—) and 500 °C (—)
in the OH-region (left) and the low frequency region (right)

Spectra after initial degas and desorption after reduction are shown in figure 58.
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Figure 58: In situ-DRIFTS spectra after initial degas (——) and after reduction with suc-

cessive desorption (- - --) for HSA (—), UP15-500 (——), AP50-500 (—)
and AP5-700 (—)
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F. GC-system
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Figure 59: Column and detector system of GC-MS
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Figure 60: Exemplary chromatograms with MS (——), TCD (——) and FID (——) of
GC-MS system, retention times tg are listed in table 10.
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Exemplary Calibration of GC-MS System

As described in sec. 7.12, the GC-MS was calibrated repeatedly over the course of this
work. One exemplary calibration for CO (FID), CO, (FID), O, (TCD), N, (TCD) and H,O

(MS) is shown in figure 61.
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Figure 61: Calibration plot of exemplary calibration of GC-MS system for CO, (FID) (m),
CO (FID) (m), O, (TCD) (m), N, (TCD) (m) and H,O (MS) (m)

The intercepts of the calibration functions were set to 0. With that, the following calibration
equations for the different compounds were obtained. The slopes of the calibration plots
shifted only slightly over the course of this work.

Acorp = (2.56 £0.01) x 10" pAmin~" - 2o (75)
Aco,rip = (2.30 £0.03) x 10" pAmin~" - zco, (76)
Ao, 1cp = (2.50 £0.02) x 10° pVmin~" -z, (77)
An,tep = (2.89 £0.02) x 10° uVmin ™" - zy, (78)
Anoms = (3.34£0.08) x 10°min™" -z (79)

(80)
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G. Characterization of CeO, Materials Used for
Investigations of CO Oxidation Activity

Materials used for CO oxidation experiments were thoroughly characterized. XRD patterns
with the respective Rietveld calculated pattern and residual are plotted in figure 62, while
N,-physisorption isotherms are shown in figure 63 on basis of which Sgpr values were
calculated, Raman spectra of the samples are shown in figure 64, while Ce3d XPS spectra
are shown in figure 65 and the TPR profiles of the materials before O, chemisorption are

shown in figure 66.
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Figure 62: Measured X-ray diffractograms (@) and associated calculated diffraction pattern
(—) and residual (——) from Rietveld refinement for materials used in the CO
oxidation experiments, results of the structural refinement are listed in table 14.
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Figure 63: N, physisorption isotherms obtained from N, physisorption for materials used
in the CO oxidation, he extracted surface areas are listed in table 14.
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Figure 64: Normalized Raman spectra of the prepared materials used in CO oxidation (left)
and baseline subtracted defect related feature for quantification (right), CeO,-64
(—), Ce0,-54 (—), Ce0,-41 (—), Ce0,-34 (—), CeO,-15 (—)
and CeO,-10 ( )

The obtained kinetic parameters could not only be described as a function of crystallite size
D but also as a function of the bulk defect concentration extracted from Raman spectra
as shown in figure 67.

XXXIX



G. CHARACTERIZATION OF CEO, MATERIALS USED FOR INVESTIGATIONS OF CO OXIDATION ACTIVITY
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Figure 65: Ce3d spectra of the different materials investigated in CO oxidation for CeO,-64
to CeO,-10 from top to bottom
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Figure 66: TPR profiles of Ce0,-64 (——), Ce0,-54 (—), Ce0,-41 (—), Ce0,-34
(—), CeO,-15 (—) and CeO,-10 (—) as well as the temperature (----),

after the reduction oxygen pulse chemisorption were carried out to measure
TOSCsp9oc values.
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Figure 67: Extracted activation energies Ep app (——) and T'O F350¢ (——) from steady-
state kinetic investigations shown in figure 41 as a function of defect concentra-
tion g0/ I464 extracted from Raman spectroscopy

TPR Analysis of Materials with Different Surface
Specific Loading

To see whether the same trend as in nanoparticle loaded ceria materials is present where re-
duction temperature is a function of loading, a control sample was prepared. While the “’stan-
dard” Pt-CeO,-64 sample has a surface specific platinum loading of SD, = 0.012 Np;/nm?,
the reference sample exhibits a surface specific loading of SD, = 0.007 Np,/nm?. The

measured reduction profiles are plotted in figure 68.
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Figure 68: TPR profiles of Pt-Ce0,-64 samples with SD, = 0.012 Np;/nm?> (—) and
SDA = 0.007 Npt/nl'l'l2 (—)
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Figure 68 shows that although the mass specific loading is almost halved, the reduction
maximum is only shifted by 10 K. This proofs that the materials are in a range where the
reduction temperature is mostly independent of the surface loading, which is in contrast

to nanoparticle loaded cerium oxides.'?’

Correction of ICP-OES Values

The low loading of the prepared Pt;-CeO, materials did lead to substantial errors in the
determination of platinum content through ICP-OES, because the values were at the lower
detection limit. For that [CP-MS measurements were carried out at the Fraunhofer IGB

with the same solutions as ICP-OES measurement. The results of which are shown in

figure 69.
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Figure 69: Actual platinum weight fraction as measured by ICP-MS wpy jcp—wms as a function
of the measured weight fraction from ICP-OES wpy icp—ogs (M) and relative error

(m).

From figure 69 it is evident that there is a systematic error in the measured wp jcp—ogs
when using ICP-OES at very low Pt contents. When assuming the ICP-MS value for the
platinum weight fraction to be the real platinum value wp, this error can be corrected using

the linear fit function obtained, whose fit function is given in equation (81)

wpe = (1.27 £ 0.07) + (0.95 = 0.02) wpyicp_oEs. (81)
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STEM Analysis of Pt-iso Materials.

Intensity line scans are shown in figure 29. The lines scanned for this are shown in

figure 70.

Figure 70: Lines scanned for intensity line profiles

Comparison of Obtained TOFs with Literature Values

The obtained values in this work are juxtaposed in figure 71 with literature values shown

in figure 3.
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Figure 71: Comparison of literature 'O F' values (0O) with results obtained in this work
for Pt;-CeO,-64 (m), Pt;-CeO,-54 (m), Pt;-CeO,-41 (m), Pt;-CeO,-34 (m), Pt;-
Ce0,-15 (m) and Pt;-CeO,-10 (m) for dry (m) and wet (®) feeds

H. Calculation of Effective Diffusion Coefficient

The effective diffusion coefficient D¢ was calculated with equation (4). First, the free
diffusion coefficient of CO in the reaction gas Dco (0.1 0,, 0.9 N,) (7', 1.05 bar) was calcu-
lated according to Blanc's law (c.f. equation (5)) based on the free diffusion coefficients
of CO in Ny Dco, x, (7, 1.05bar) and O, Dco, o, (1, 1.05 bar). With equation (6) and val-
ues at STP published by Massman which are Dco, n, (0°C, 1 bar) = 1.804 x 10> m*s™!
and Dco, 0, (0°C, 1 bar) = 1.817 x 107> m? s~'? the values shown in table 20 were ob-

tained.

Using the expression for the mass-specific reaction rate r,, for CeO,-64 from figure 40
and the bulk density value pp, = 1.22 x 107 gm ™ extracted from mercury porosimetry
shown in figure 36 were used to calculate the volume-specific reaction rate according to

equation (82)

v ="Tm * Pbulk- (82)

The calculated values are listed in table 20. Subsequently the Weisz-Prater criterion was

calculated according to equation (58).
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Table 20: Calculated values for Dco (0.1 0,0.9 n,) (7', 1.05 bar), Deg, 7y and ¥ between 50 °C

to 450°C
T / Dco,(o.l 0,, 0.9 N,) / Dt rv v
/°C /m?s~! /m?s~!  /molm—3s~! -

50 234 x 1073 1.61 x 1075 4.72x 1073 2.61 x 1028
100 3.04 x 1073 209 x 107> 510 x 1071 218 x 10723
150 3.82x 1073 2.62x107° 3.57x107" 121 x 107"
200 4.67 x 1072 321 x107° 3.84x 107" 1.07 x 10716
250 5.60 x 1072 3.85x107° 1.09 x 107% 252 x 107
300 6.61 x 1073 454 x 107 1.15x107% 226 x 1072
350 7.69 x 1073 529 x107° 577 x107°  9.74 x 107!
400 8.84 x 107 6.08 x 107> 1.62x 1072 237 x107°
450 1.01 x 10~* 6.92 x 10> 285x 1072 3.68x 1078
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