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Kurzfa ssung IX

KURZFASSUNG

In der vorliegenden Arbeit wird das Zusammenspiel zwischen ionischen sowie
elektronischen Punktdefekten und der Kkatalytische n Aktivitat fur heterogene
Reaktionen experimentell untersucht . Es werden insbesondere die Einfllisse von
Sauerstoffleerstellen, Elektronen oder Elektronen l[ochern auf die Kinetik der
Sauerstoffaustausch reaktion , Kohlen stoff monoxid — und Methanoxidation
behandelt . Die Reakti onskinetik wurde an circa 30 unterschiedlich dotierten Proben
(Cerdioxid , Strontiumtitanat und Zir kondioxid) untersucht, wobei der Schwerpunkt
auf Cerdio xid als Modellmaterial liegt. Grundlegende Zusammenhange zwischen
katalytischer Aktivitdt und Defektche mie konnten dadurch  aufgeklart werden. Sie
unterstreichen die wichtige Rolle der Defektchemie in der heterogenen Katalyse.

Fur die Sauerstoffaustauschkinetik wurde ein Aufbau fir den gepulsten 160/ 180
Isoto penaustausch  entwickelt und optimiert. Dieser Aufbau  ermdoglicht ein
vergleichsweise schnelles Screening und damit eine systematische Untersuchung
der Abhangigkeit der Sauerstoffaustauschkinetik von Punktdefekten und
Sauerstoffpartialdr tGcken. Die Kohlen stoff monoxid - und Methanoxidation wurden
ebenfalls in Festbettreaktoren im gleichen Versuchsaufbau untersucht. Die
katalytische Aktivitdt eines Metallo xids hangt stark von den herrschenden
Oberflachenbedingungen ab . Daher ist es extrem wichtig Messreihen zu erstellen
bei denen die Proben unter gleichen Be dingungen synthetisiert, vorbereitet und
gemessen werden. Dies bildet eine zuverlassige Grundlage fir konsistente und
weiterfihrende  Schlussfolgerungen

Die Behandlung der Volumen -Defekt chemie von dotiertem Cerdioxid folgt einer
ausfuhrlichen Diskussion des zu erwarteten defektchemischen Regimes an der
Probeno berflache. Thermogravimet rische und Raman -spektrosko pische Messungen
zeigen eine klare Korrelation der  Volumen -Sauerstoffleerstellenkonzentration mit
der Gd - und Pr -Konzentration in dotiertem Cerdioxid. In Nb-dotierte m Cerdioxid
hingegen sind keine Sauerstoffleerstellen vorhanden. Zusatzliches Dotieren von Gd -
und Pr -dotiertem Cerdioxid mit Nb verringert die Leerstellenkonzentration im
Vergleich zu Proben ohne Nb. Oberflachenempfindliche H 20- und CO »-
Sorptionsexperimente zeigen, dass die Adsorbatkonzentration eindeutig mit Art und
Menge des Dotierkations korreliert. Die  Konzentration von adsorbiertem H O und
CO. korreliert klar mit der Sauerstoffleerstellenkonzentration in Gd- und Pr -
dotiertem Cerdioxid (GDC, PDC). PDC und GDC zeigen identische CO, Adsorbat -

konzentrationen , wahrend CO »- und H ,O- Adsorption bei Nb -dotiertem Cerdioxid
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(NDC) kaum stattfindet . Bei hohen Pr Konzentrationen wurde in Pr -dotiertem
Cerdioxid und Zirkon dioxid die Bildung eines Pr-Storstellenbandes mittels UV-Vis
Spektroskopie beobachtet .

Die Gleichgewichtsaustauschrate der Sauerstoffein baureaktion korreliert
eindeutig mit der  Art des Dotierkations und seiner Konzentration. Die hochsten
Reaktionsraten wurden gemessen, wenn sowohl Sauerstoffleerstellen als auch
redox -aktive Zentren/ elektronische Ladungst rager verflgbar waren. Dieser Befund
wird dadurch gestitzt , dass z usatzliche s Dotieren von PDC oder GDC mit Nb d ie
Gleichgewichtsaustauschrate  auf das Niveau von undoti ertem Cerdioxid senkt. Ein
Mechanismus der  Sauerstoffeinbaureaktion konnte abgeleitet werden, in dem
molekulare  Sauerstoff spezies im geschwindigkeitsbestimmenden Schritt  ( rds)
beteiligt sind und Sauerstoffleerstellen in oder vor dem rds auftreten. Entweder st
das Zusammentreffen von adsorbiertem 0, mit einer Sauerstoffleerstelle, der
anschlielende Einbau des 03 in eine Sauerstoffleerstelle , oder die Leerstellen -
unterstitzte Dissoziation der molekulare n  adsorbierten Sauerstoffspezies
ratenlimitierend

Der starkste Anstieg de r Gleichgewichtsaustauschrate der Sauerstoffein bau -
reaktion wurde bei PDC festgestellt . Im Vergleich zu undotiertem Cerdioxid ist die
Gleichgewichtsaustauschrate fur 20 mol% Pr -dotiertes Cer dioxid bei 700 °C um
einen Faktor von fast 100000 erhoht. Dieser steile Anstieg ist auf die Kombination
von hoher Sauerstoffleer stellen konzentration und erleichtertem Elektronentransfer
zu adsorbierte m Sauerstoff zurtickzufihren . Letzteres wird durch die Bildung eines
Pr-Storstellen bandes beginstigt . Angesichts der ahnlichen Defektchemie verhélt
sich Tb -dotiertes Cer dioxid (TDC) analog zu PDC. Zusammen mit der klaren
Korrelation der Gleichgewichtsaustauschrate mit der Fe - und Pr -Konzentration in
Fe-dotiertem Strontiumtitanat und Pr -dotiertem  Zirkoniumdioxid wird die
Bedeutung der redox -aktiven Dotierung (bzw. Kationen mit leichte Valenzwechsel)
fur eine verbesserte Sauerstoffaustauschaktivitat verdeu tlicht .

Bei hoher dotiertem PDC und TDC wird im O Isotopenaustauschexperiment
kein 340, gebildet. Dieser Befund deutet auf eine schnellere  Sauerstoffionen -
diffusio n im Vergleich zu GDC hin . Dies wurde durch 180 Diffusionsexperimente in
keramischen Proben bestatigt. Die Erh6hung des Sauerstoffdiffusionskoeffizienten
hangt wahrscheinlich mit de m Valenzwechsel in Pr- oder Tb -dotiertem Cer dioxid
zusammen . Es wird angenommen, dass sich entlang der Pr3+4+ [Th 3+/4+ Platze ein
schneller Sauerstoffm igrationspfad bildet , da der Valenzwechsel , der auch den

Kationradius veréandert, zu verminderten Migrationsbarrieren fihrt.
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Darlber hinaus wurde gezeigt, dass die Oberflachenreaktionsrate viel
empfindlicher als Volumen -Eigenschaften auf experimentelle Details wie
beispielsweise  Oberflachenvergiftung en oder katalytische Verunreinigungen
reagiert. Dies unterstreicht die Notwendigkeit, systematisch dotierte  Proben reihen
zu untersuchen  welche nach der gleichen Methode hergestellt und unter
identischen experimentellen Bedingungen behandelt wurden.

Die Analyse der CO -Oxidationskinetik ergab, dass die Redox  -Aktivitat des
Katalysators entscheidend flr eine hohe Reaktionsrate ist. Interessanterweise sind
die intrinsische Redox -Aktivitdt und die  Sauerstoffleerstellenkonzentration an der
Oberflache von undotiertem C erdioxid bereits so hoch, dass Pr - oder Gd -Dotierung
die Reaktionsrate kaum weiter steigert . Im Gegensatz dazu verringer n das Fehlen
von Redox -Aktivitat in  Yttrium -stabilisiertem  Zirkoniumdioxid und die verminderte
Reduktionsfahigkeit in Donor -dotiertem ND C die Reaktionsr ate. Aufgrund der
Konkurrenz von Reduktion (durch CO ) und Re -oxidation (durch O ;) bildet sich
innerhalb der Katalysatorpartikel ein kinetisch bestimmter verminderter effektiver
Sauerstoffpartialdruck  aus, der mit abnehmender  Konzentration d er Dotierkationen
starker ausgepragt ist. Dies beschleunigt die Sauerstoffei nbaureaktion , bis die
Reaktionsraten der CO -Oxidation und Sauerstoffeinbaureaktion ausgeglichen sind.
Es wurde der Schluss gezogen, dass der ratenbestimmende Schritt der CO -
Oxidati on die Reaktion von adsorbiertem CO + mit Oberflachen -Gittersauerstoff
beinhaltet, gefolgt von einer schnelle n CO,-Desorption und Bildung einer
Sauerstoffleerstelle

Die Methanoxidationskinetik von dotiertem Cer dioxid ist im Vergleich zur CO -
Oxidation und Sauerstoffeinbaureaktion  langsamer. Die CH 4-Oxidationsrate hangt
nur maRig von der Konzentration der Dotierkationen ab. Es wurde kein
signifikanter Unterschied zwische n Gd- und Pr -Dotierung gefunden. Dies deutet
darauf hin, dass der Valenzwechsel/ Reduktion sfahigkeit von Pr die CH 4-Oxidation
nicht weiter fordert.  Die Dotierung von Cer dioxid mit Gd oder Pr hat jedoch einen
Einfluss auf die Elektronenlochkonzentration . Die Elektronenlocher treten hier als
reaktive Spezies i m oder vor de m raten bestimmenden Schritt auf, welcher die
Spaltung der ersten C -H Bindung ist . Im Gegensatz zur CO -Oxidation entsteht in
den Katalysatorpartikeln kein verminderter ef fektiver Sauerstoffpartialdruck. Dies
lasst sich auf die wesentlich langsamere  Methanoxidations kinetik im Vergl eich zur

schnelleren Sauerstoffein baukinetik zurtckfihren.
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ABSTRACT

This thesis investigates the interplay between ionic and electronic point defects
such as oxygen vacancies, electrons or holes , and the catalytic activity for
heterogeneous reactions, in particular oxygen exchange , carbon monoxide and
methane oxidation. The importance of point defects for reaction kinetics is
demonstrated for more than 30 differently doped ceria, strontium titanate and
zirconia samples, whereby the focus is set in doped ceria. Fundamental
relationships between catalytic activity and defect chemistry are elucidate d
emphasizing the importance of defect chemistry in heterogeneous catalysis.

For oxygen exchange kinetics, a setup for pulsed 160/ 180 isotope exchange (PIE)
was assembled and optimized. This setup allows for a comparably fast screening
and thus systematic investigation of the dependence of oxygen exchange kinetics on
point defects. Carbon monoxide and methane oxidation were studied in fixed bed
reactors with the s ame experimental setup. Since the catalytic activity of an oxide is
extremely sensitive to the exact surface conditions, it was important to establish a
consistent data set from samples prepared and measured under the same
experimental conditions as the ba  sis for further conclusions.

First, the bulk defect chemistry of doped ceria is reviewed , followed by an
extensive  discussion of expected surface defect chemical regimes.
Thermogravimetry and  Raman spectroscopy vyield clear correlation of the bulk
oxygen va cancy concentration to Gd and Pr concentration in doped ceria. Nb doping
leads to an absence of oxygen vacancies and additional co -doping of Gd- and Pr-
doped ceria with Nb decreases the vacancy concentration when compared to
samples without Nb.  Surface se nsitive H ;O and CO , sorption experiments  show that
the adsorbate concentration clearly correlates to the dopant type and amount. The
amount of adsorbed H .0 and CO . correlates with the concentration of  surface
oxygen vacancies in Gd—doped ceria (GDC) and Pr—doped ceria ( PDC). PDC and GDC
show identical adsorbed CO ; concentrations , while CO ; and H >0 adsorption is not
favorable on N b-doped ceria (N DC). The formation o f a Pr impurity band in Pr—
doped ceria and zirconia at high Pr concentration was verified by UV-Vis
spectroscopy .

The equilibrium exchange rate of oxygen incorporation clearly correlates with
the dopant concentration , and highest reaction rates were found when both oxygen
vacancies and redox -active centers/electronic carriers are available. Addit ional

doping of PDC/GDC with Nb decreased the equilibrium exchange rate, supporting
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this interpretation. A mechanism of oxygen incorporation was deduced, in which
molecular oxygen is involved in the rate —determining step  (rds) and oxygen
vacancies appear in or before the rds. Either the encounter of adsorbed 03 and
oxygen vacancies, the subsequent incorporation of O3 into an oxygen vacancy, or
the vacancy assisted dissociation of molecular oxygen species is rate -limiting.

The strongest increase of the equ ilibrium exchange rate was observed on PDC.
At 700 °C, 20 mol% Pr—doped ceria accelerates the equilibrium exchange rate by
five orders of magnitude compared to undoped ceria. This steep increase is assigned
to the combination of high oxygen vacancy concentration with facilitated electron
transfer to adsorbed oxygen due to the formation of a Pr impurity band. Due to its
closely related defect chemical behavior compared to PDC, Th —doped ceria (TDC)
behave similar. Together with the clear correlation of the equilibrium exchange rate
with Fe and Pr concentration in Fe  —doped strontium titanate and Pr  —doped zirconia
this emphasizes the importance of doping with redox -active cations (or rather
cations with facilitated valance change between 3+ and 4+)  for higher oxygen
exchange activity. The absence of 340, formation in case of highly doped PDC and
TDC indicates faster oxygen ion diffusivity compared to GDC , probably related to
the easy valance change of Pr or Tb in dop ed ceria, which was confirmed by
isothermal isotope exchange line profiling . It is hypothesized that a n oxygen
migration path forms along a percolating path close to Pr 3+la+ [Th 3+4+ in which the
facile valance change , which also changes the dopant radius | eads to decreased
migration barriers.  Furthermore, it was shown that the surface reaction rate is
much more sensitive to experimental details like surface poisoning or catalytically
impurities than bulk properties , emphasizing the importance to investigate a

systematical ly doped set by the same method, and in identical experimental

conditions.
The investigation of the CO oxidation kinetics revealed that the redox -activity of
the catalyst is crucial for good CO oxidation performance. Interestingly, the intri  nsic

redox -activity and surface oxygen vacancy concentration of undoped ceria are
already sufficiently high, such that Pr — or Gd —doping hardly increase the reaction
rate. In contrast, absence of redox -activity in yttria —stabilized zirconia and
decreased re ducibility in donor —doped NDC decreases the rate. Due to the
competition of reduction by CO and re —oxidation, a Kinetically determined
decreased effective oxygen partial pressure prevails inside the catalyst particles,

which is more pronounced with decreas ing dopant concentration. This accelerates

the oxygen incorporation reaction until the CO oxidation and O incorporation
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reactions are balanced. It was concluded that the rate —determining step of the CO
oxidation involves the reaction of adsorbed CO + with s urface lattice oxygen followed
by fast CO , desorption and oxygen vacancy  formation.

The methane oxidation  kinetics of doped ceria is slower when compared to the
CO oxidation and oxygen incorporation. The CH 4 Oxidation rate depends moderately
on the dopant concentration. No significant difference between Gd — and Pr —doping
was found , indicating that the reducibility of Pr does not further promote CH 4
oxidation. Gd and Pr have an impact o n the electron hole concentration , whic h is
assigned here as a reactive species in or before the rds of the first C -H bond
cleavage. In contrast to CO oxidation, inside the catalyst particles no decreased
effective oxygen partial pressure develops, which is attributed due to the lower

methane o xidation rate compared to the rate of oxygen incorporat ion.



Abbreviations and Symbols

XV

ABBREVIATIONS ANDSYMBOLS

Abbreviations

Ac
BET
C

CA
CPE
d.c.
EDX
EG
GDC
GNDC
H
ICP-OES
M1, M2
Me
MFC
MHRS
MIEC
MP
MS
NDC
P

PBR
PDC
PDZz
PIE
PNDC
R

rds
EIS
ESR
FT-IR
SCL
SEM
SFT
SIMS
SOFC
SPS
TDC
TEM
TPD
V
XPS
XRD
YSZ

Symbols

a,b,c
B

Acceptor dopant

Brunauer -Emmet -Teller

Check valve

Citric acid

Constant phase element

Direct current

Energy —dispersive X —ray spectroscopy
Ethylene glycol

Gd—doped ceria

Gd and Nb double —doped ceria

Heater

Inductively plasma optical emission spectroscopy
Mechanism 1 and 2

Metal

Mass flow controller

Multifunctional  heterogeneous reaction setup
Mixed ionic and electronic conductor
Membrane pump

Mass spectrometer

Nb—doped ceria

Pressure probe

Plug flow reactor

Pr—doped ceria

Pr—doped zirconia

Pulsed isotope exchange

Pr and Nb double —doped ceria

Rotameter

Rate-determining step
Electrochemical impedance spectroscopy
Electron spin resonance

Fourier -transform infrared spectroscopy
Space char ge layer

Scanning electron microscopy

Iron —doped strontium titanate

Secondary ion mass spectrometry

Solid oxide fuel cell

Spark plasma sintering

Th-doped ceria

Transmission electron microscopy
Temperature programmed desorption

Valve

X-ray photoelectron
X-ray diffraction
Yttrium stabilized zirconia

spectroscopy

Peak area
Lattice constants
Scattering coefficient
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Abbreviations and Symbols

=

Concentration

Capacitance

Bulk capacitance

Chemical capacitance

Grain boundary capacitance
Surface concentration of defect |
Bulk concentration of defect |
Oxygen ion tracer diffusion coefficient
Oxygen vacancy diffusion coefficient
oxygen non -stoichiometry
Space charge potential
Elementary charge

Electron according to Kréger
Activation energy

Vacuum permittivity

Relative permittivity

Fraction

Molar gas phase fraction of 320, 34O, and 360,
Molar fraction of 180 in gas (g) or solid (s) phase
Faraday constant

Tracer correlation factor
Pre-exponential factor

Electron hole according to Kroger
Enthalpy of reduction
lon current

Imaginary part of the
Reaction rate constant
Boltzmann’s constant
Effective tracer surface exchange reaction rate constant

Effective chemical surface exchange reaction rate constant

Effective electrical surface exchange reaction rate constant
Equilibrium constant

Absorption coefficient

Characteristic length

Thickness

Influence of point defects on the overall oxygen partial pressure
exponent n

Accumulated 160 in the sample attime t

Metal cation on a Metal lattice site, positively charged relative to the
perfect lattice, according to Kréger  -Vink notation

Metal cation on a Metal lattice site, neutral relative to the perfect lattice,
according to Kroger -Vink notation

Metal cation on a Metal lattice site, negatively charged relative to the
perfect lattice, according to Kréger  -Vink notation

Electrochemical potential of a bulk defect

Standard electrochemical potential of defect j

Gas phase oxygen chemical potential

Electrochemical potential of a surface defect

Oxygen partial pressure exponent of the defect species j

-Vink notation

-Vink notation

resistance
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P(02)efr

Oion
spec

N

Normalized peak area

Volume flow rate

Peak frequency

Partial pressure

The exponent of CPE

Kinetically determined decreased effective
Saturating pressure

Electrostatic potential at the interface
Electrostatic potential in the bulk

The admittance constant of CPE

Mean particle radius

Universal gas constant or resistance
Absolute reflectance of an  infinitely thick
Equilibrium exchange rate

Apparent reaction rate of CH 4 oxidation
Apparent reaction rate of CO oxidation
Bulk resistance

Exchange rate of dissociative adsorption
Resistance of the grain boundary
Exchange rate of incorporation adsorption
Reaction rate of the rate —determining step
Real part of the resistance

Charge density

Total surface area

Entropy of reduction

General conductivity

Bulk conductivity

Electronic conductivity

lonic conductivity

Specific grain boundary conductivity
Conductivity due to small polaron hopping in PDC
Total conductivity (sum of all conductivities)
Oxygen vacancy conductivity

Total charge within the  space char ge layer
Temperature

Reference temperature where no oxygen
Mean residence time of the pulse in the
Adsorbate surface concentration
Mobility of oxygen vacancies

Volume

Oxygen vacancy according to Kroger
Thermodynamic factor

Distance

Conversion of species i

Complex Impedance

p(0;)

sample

isotope exchange occurs
packed bed

-Vink notation
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1 INTRODUCTION

Heterogeneous reactions of gases at a solid catalyst  or reaction partner  occur at
the surface. The surface of a solid is a highly complex defective two -dimensional
structure. Even on a hypothetical perfect surface plane of a metal oxide, oxygen
ions are bound less strongly and are more active for undergoing reactions compa red
to bulk oxygen. Also higher -dimensional imperfections  such as dislocations, kinks,
or steps further decrease the coordination of surface atoms and increase their
reactivity. Moreover, positive and negative charge carriers are not found in equal
number near the surface, implying the formation of a surface space charge.

Point defects represent centers of increased local free energy and thus enhanced
reactivity. For example, in  metal oxides a surface oxygen vacancy is not only a site
where oxygen can enter the material. Since it is surrounded by cations, it
represents a strong ly acidic center. Generally, such ionic defects represent strong
acid -base active centers [. All in all , it is not surprising that physicochemical
properties of surfaces differ strongly from bulk properties.

One of the earliest studies , which investigates the impacts of defect chemistry
(especially ionic point defects) on heterogeneous catalysis was conducted by Wagner
und Simkovich 2 in 1962 . They performed dehydrohalogenating of alkyl halides on
the surf ace of AgCl. It was demonstrated that doping of AgCl with CdCl 2 increases
the silver vacancy concentration, which accelerates the reaction kinetics whereby
electronic defects are minimized due to the i nsulating character of AgCl.

At present, heterogeneous catalysis occup ies almost 80 % of the global market
share Bl in terms of base and fine chemicals production and pharmaceutical
compounds, emphasizing the importance of interfacial reactions and influences of
surface point defects. But studies which intensively exploit fundamental influence
of both electronic and io nic point defects on heterogeneous reaction kinetics are
rare, and hardly cover a systematically varied set of materials suggesting the
underestimated role of defect chemistry in the catalysis community which is also
addressed in refs 4-6l,

Therefore, this work aims to elucidate fundamental relationships between
catalytic activity and defect = chemistry for an extended set of a systematically doped
model system. As model material, ceria (CeO ) was used in this study  since ceria
based materials are well suited for fundamental investig ations. Undoped and doped
ceria adopt a simple face -centered c ubic cry stal structure (fluorite type) with 8 —fold
coordinated Ce 4+ and 4 -fold coordinated O 2-. A benefit of this simple structure is

that it has only one cation site facilitating controlled doping and avoiding
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complications from varying cation site occupa tion as e.g. in perovskites. Owing to
the intrinsic redox —activity of Ce (Ce 3+/Ce 4*) oxygen transport and catalytic activity
is present already for the undoped material. On account of the large solubility of
acceptor, donor and redox -active dopants with co mparable ion sizes, a controlled
tuning of bulk point defect concentrations over a large range is possible. For
example, d oping of ceria with Gd 3+ leads to oxygen vacancy formation, Pr  3+4+
create s oxygen vacancies and redox activity, and Nb 5+ causes the formation of
conduction electrons and/or oxygen interstitials. While quantitative studies of
surface defect concentrations are scar e, the available data indicated that the
relative changes e.g. upon doping or variation of oxygen partial pressur e are similar
as in bulk. Inview of its use as catalyst material in automotive industry in the late
1970’s, CeOz2 has been intensively investigated. Owing to its intrinsic redox  —activity
and high abundance of  cerium in the earth crust, ceria based material s find an
extremely wide range of applications beyond exhaust gas emission control and soot
oxidation in automotive industry , e.g., solid electrolyte in solid oxide fuel cells
(SOFC), oxygen permeating membranes, catalyst for steam reforming, water gas
shift and oxidation reactions , whereby the defect chemistry was only extensively
addresses in the SOFC or oxygen permeating membrane community (see, e.g., the
review articles in refs. [7-111), However, in the last years the importance of point
defects in catalysis seems to be more recognized. For instance, in a recent  review
article 221 it was demonstrated that oxygen vacancies in ceria are key factors of the
oxidation of volatile organic compounds.

The incorporation of oxygen is one major research field in solid state ionics since
a deep understanding of this mechanism results into well -directed design of
materials applicable , e.g., energy storage, permeation membranes or as catalysts
The exchange of oxygen on metal oxides proceeds via a complex network of reaction
steps such as chemisorption, dissociation and incorporation. The actual reaction
rates depen d on the surface defect concentrations which are coupled to the bulk
concentrations and thus also to the oxygen activity in the gas phase.  [13]

Consequently , the focus of this work is first to elucidate the  impact of ionic and
electronic point defects on the oxygen exchange kinetics for an extended set of
systematically doped ceria . This is subsequently complemented by catalytic test
reaction s such as carbon monoxide and methane oxidation to provide a complete

picture of point defect impacts on gas  -solid reaction kinetics.



3 2 Theory

2 THEORY

In this chapter , the theoretical consider ations required for the  understanding
and interpretation of the results presented in chapter 4 are given. First, the defect
chemistry of doped ceria samples is intro duced followed by an extensive discussion
of the corresponding surface defect chemistry. Some experimental results are
already presented here to  give a full overview of the defect chemistry and sample
behavior. The last section of this chapter deals with t he calculation of the reaction
rates for oxygen exchange Kkinetics, carbon monoxide oxidation and methane

oxidation.

2.1 Bulk Defect Chemistry

In the following subchapters, bulk and surface defect chemistry of pure and
doped ceria are introduced. The defect ch emistry of the bulk material is well
understood (Gd -, Pr—, and Nb —doping) a nd many data sets are available  [14-23],

On the other hand, only a few studies are available in which the surface of
doped and pure ceria has been investigated with re spect to point defect
concentrations and their oxygen partial pressure (p(0,)) dependence since it is very
challenging to measure under well  —defined temperature and  p(0,)[?4-271,

But if one considers a heterogeneous reaction of either a liquid or a gas phase
compound with a solid, the point defects present in the surface layer of the solida re
the most reactive and relevant ones (see , e.g. [t 61) and the oxygen partial pressure

dependence has to be considered .

2.1.1 Pure Ceria

One fundamental aspect of CeO,.5 is the property of changing its oxygen
stoichiometry ( 2 —6) upon changes in p(0,) and temperature. The oxygen non -
stoichiometry ( & # 0) originates f rom the intrinsic redox activity of Ce and hence, is
connected with the val ence change between Ce3+ and Ce#. The release of one
oxygen atom from the lattice to the gas phase is connected to the reduction of two
Ce4 and the formation of one oxygen vacancy in the crystal . Typical values for § at
800 °C range between 107° (1 bar 0,) and 0.1 ( 1072° bar 0,)8],

In the following, the  notation introduced by Kréger -Vink 29 is used which labels
the ionic and electronic defects relative to the perfect crystal lattice , where
subscript s denote the position and the superscript s the charge . Oxygen vacancies
are denoted with V3" which means that one vacancy ( V) is located on a former

oxygen lattice site ( 0) with a two-fold positive charge relative to the perfect crystal
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(**). In this manner, Ce# and Ce3* are labeled as Ce¥, and Ceg., Where in this case

!

the superscripts x and stand for neutral and one-fold negative charge,
respectively .

In general, the overall incorporation of gas phase oxygen into the bulk material
of ceria is expressed via reaction r. 1 where e’ denotes electron s and O regular

lattice oxygen.
1/20, + 2¢’ + V' = 0§ r.1

In r. 1, the creation of e’ corresponds to the reduction of Ce4* (Ce{,.) to Ce3* (Cece)
by forming small polarons [0, Since t he reduction enthalpy of ceria (cf. r. 1) is
positive with a value of approx. 7 eVBl, the intrinsic redox activity is accessible only
either at high temperatures and/ or very low p(0,). In this regime , ceria is not only
an oxygen ion conductor , but also an electronic conductor; a so —called mixed ionic -
electronic conductor (MIEC).

In equilibrium, the concentration of each species is determined by a mass action
constant K according to eq. 1 where square brackets denote concentrations (in this
section, concentrations/partial pressures are always refer to equilibrium
concentrations/partial pressures) and ideally diluted conditions are  assumed. It is
also possible to formulate the mass action law in terms of electron holes ( h*),

whereby K and K’ differ by the band gap mass action constant.

[05] R [05][r°]?
KT)=——— or: K = =0
(1) Vsl T (T) P OVE] eq. 1
In undoped bulk ceria, the electroneutrality condition 2[Vg'] = [e'] ([Cecc)) holds.

Inserting this into eq. 1 and solving for [V3'] and [e'] yields a p(0,) dependence of
2[Vy'] = [e'] « p(0,)~/6. The knowledge about the p(0,) dependence of the defect
species will be important  later in this work since this has to be considered when the
p(0,) dependence of the measured reaction rates are interpreted , cf. section 2.3.2.
The concentration of the  point defects can deliberately be controlled by doping of
ceria (at higher doping concentrations the terminus substitution instead of doping
would be more accurate). In this work, three kinds of dopants are used: (i) Pr for
enhancing the redox properties, (i) Gd as an acceptor dopant and (iii) Nb as a donor
dopant. The influence of the defect chemistry of those dopants is discussed in the

following sections.

2.1.2 Redox-Doped Ceria

Doping of ceria with a redox -active element with a smaller reduction enthalpy

and comparable cation size leads to an enhanced redox —activity compared to pure
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ceria while maintaining the fluorite type crystal structure . Such elements are, e.g.,
praseodymium and terbium. From here on , this kind of doping is denoted as redox —

doping . Since Pr— and Tb —doped ceria show comparable defect chemical behavior

(cf. B21), the following description will focus only on Pr , but it is applicable to Tb as
well. In case of redox -doping, the intrinsic oxygen incorporation reaction of ceria in
r. 1 is complemented by the redox reaction of Pr . The overall oxygen excorporation

(r. 2 and eq. 2) then shows a smaller reduction enthalpy of 1.5  eV[4.151 compared to

pure ceria:
0% + 2Pr¥, - 1/20, + V&' + 2Pr¢, r.2
Vp(0)[VS'1[Pre.]?
K(Mp, = - — € eq. 2
[05][PrE.]

With increasing Pr  content, the overlap of Pr and O states leads to the formation
of a so—called impurity band , which becomes broader as more Pr is introduced . The

broadening of the impurity band can be seen in the absorption band of Pr (UV-Vis

spectra in figure 1a) at lower energies ( =1.8 eV).
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Figure 1: a) Obtained UV =Vis spectra of Pr doped ceria. b) lonic and electronic conductivity of a series
of Pr doped ceria. The electronic conduction increases strongly with increasing Pr concentration. Data

was taken from ref. [33l,

With increasing Pr concentration, the absorption increases due to O — Pra+
charge transfer processes. This mode becomes more pronounced with increasing
dopant concentration indicating the formati on of an impurity band . Electronic
conductivity in PDC occurs by small polaron hopping and shows a maximum in
electronic conductivity at equimolar concentrations of Pr 4+[Pr 3+114, 151 . The impurity
band also facilitates the electronic conductivity , which increases over—proportionally
with increasing concentration of Pr (see electronic conductivity in figure 1b from
ref.331). It is important to note that the change in the electron ic structure lead s to

deviations from ideally dilute defect chemistry, e.g. the reduction enthalpy
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becoming dependent on  Pr concentration as observed in ref. 14 (H? between 5.2 —
4.0 eV for20 — 0.2 mol% Pr in doped ceria )

The release of oxygen is connected to the formation of one Vg5 and to the
reduction of two Pr4 to Pr3+. Therefore, Pr do ping involves electronic and ionic
defects (see the Brouwer diagram in  figure 2, calculated according to ref. [151) and

shows MIEC behavior like pure ceria , but already at milder conditions
22

204

184

16710PDC, 700°C

log([ ]/cm?)

141 o 1

12 / b

10 T T T T T
20 -16  -12 -8 -4 0

log(p(O,) bar™)
Figure 2: Point defect concentrations calculated for 10PDC at 700 °C according to literature data in

ref.[15],

Atlow p(0,), all Pris tetravalent and [VJ'] is constant according to the condition
[Pree] = 2[Vy].  Considering eq. 2, [Pr¥] scales with p(0,)Y*  and
[Cel.] = [e'] x p(0,)"'/* is obtained by considering  eq. 1. With increasing p(0,),
more Pr becomes oxidized . In this regime, [Pr¢.] = 2[V3'] still holds , but varies with
changes of p(0;). Inserting the condition  [Pr¢e] = 2[VS] in  eq.2 yields
[Pree] = 2[VE'] o p(0;)7Y/e.

In figure 3, the bulk fraction of Pr 3+ relative to the total Pr concentration [Pr]iot
from TG measurements is plotted at different p(0,) and tem peratures for 20, 6, and
2PDC. For quantification of Pr  3+/4+ it was assumed that the activity of the intrinsic
valance change of Ce 3+4+ in the considered temperature and oxygen partial
pressure regime is negligible small, and that at high p(0,) and low T only Pr 4+ is

present .
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Figure 3: PR+ fraction relative to the total Pr content as a function of oxygen partial pressure at 500 -
800 °C for a), 20PDC, b) 6PDC, and c) 2PDC.

The magenta area indicates the measurement conditions where later the oxygen
exchange kinetics is investigated . In this regime, about 15 — 80 % of Pris in its 3+
state with a corresponding V5" concentration. At high temperature and/or lower
oxygen partial pressure, the dependence of the [Preel/[Pr]ior ratio flattens and
[Prie]—[Prlior- The ratio varies moderately with p(0,) and T but the dependence on
[Pr]iot is small. Overall, the relation  [V3'] « [Pr]: iS a reasonable approximation to
describe the dependence of [V{] with the total Pr content which varies by 1.5 orders
of magnitude.

The MIEC behavior of 10 mol% Pr doped cer ia is displayed in  figure 4 according
to ref .[151 by plotting the  conductivity of the different defect species as a function of
p(0,). The total conductivity oy, iS purely ionic in an inter mediate p(0,) regime. At
higher partial pressures , the total conductivity comprises comparable shares of
ionic (oyy) and electronic  conductivity, whereby the electronic conductivity consists

of Pr4+/3+ small polar on hopping (ce rappea) @nd contributions of electrons in the ceria

conduction band (o).
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Figure 4: Point defect conductivities calculated for 10PDC at 700 °C according to literature data in ref. [15],
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An interesting feature of Pr doped ceria is the appearance of a small hump in the
total conductivity at higher oxygen partial pressures (see figure 4), which is related
to the partial reduction of Pr. When 50 % of the total Pr amount is reduced, the
conductivity contribution due to small polaron hopping reaches its maxim um. As

the p(0,) increases more, the oxidation of Pr is favored and hence the conductivity

decreases.

2.1.3 Acceptor—Doped Ceria

Acceptor doping of ceria by cations with a fixed valance like Gds3+ yields an

increased, but fixed amount of additional  V3® accordingto r. 3:
Gd,05 + 2Ce¥, + 0¥ — 2Gdg, + V3 + 2Ce0, r.3

For oxidizing conditions, t he amount of Vg is pinned according to the condition
[Gd¢e] = 2[V3'] and the p(0,) dependence of [V3°] is zero. Inserting the condition into
eq. 1, the p(0,) dependence for electron holes ( h*) and excess electrons ( Ceg,) is
found to be +1/4. It is important to note  that this doping situation does not lead to
a higher conduction electron concentration in contrast to a situation where Vg are
created by reduction of ceria. Due to the increased [V3'], Gd—-doped ceria shows
higher ionic conductivities. But under strongly reducing or oxidizing conditions
contributions of n—, or p-type electronic conduction are present in the total

conductivity ( cf. [34-36]),

2.1.4 Donor-Doped Ceria

Donor doping by five -fold positively charged cations like Nbs+ leads to an
annihilation of V3" due to the formation of oxygen interstitials ( 0;") under oxidizing

conditions accordingto r. 4:
Nb,0s + 2Cef, — 2Nbg, + 0}’ + 2Ce0, r. 4

The amount of 0; is fixed by the neutrality condition [Nbg] = 2[0;']. However,
under reducing conditions the compensation is predominantly electronic according
to [Nbg.] = [e'] = [Cece] and is described by r. 5:

Nb,Os + 4Ce¥, — 2Nbg, + 2Cef, + 2Ce0, r5

In the experimental conditions in this work the formation of 0;' dominates 22 23]
The system wi th equal acceptor and donor concentrations ([Nbg.] = [Gdge] or

[Nbge] = [Pree]) can be used to have Gdg, or Prg, present but with minimized [V
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2.2  Surface Defect Chemistry

2.2.1 Theoretical Considerations

Due to structural distortion and symmetry break ing, the concentration s of ionic
and electronic defects j in the surface layer of a solid ( ¢;s) differ from the bulk
values (c;p,). Such redistributions lead to a local excess charge, in contrast to the
bulk where electroneutrality is always fulfilled. Therefore, the formation of a space
charge potential A¢@ within a space char ge layer (SCL) occurs , which is the
difference between the electrostatic potential at the interface ( ¢s) and the bulk ( ¢y).

In equilibrium, the electro chemical potential s of a surface defect ( jis) and the
respective bulk species ( fi,) are equal. D econvolution into the chemical potential u
and the electr ostatic potential ¢ (z; is the charge of the defect species , uj is the
standard electrochemical potential, kz denotes Boltzmann’s constant, and e is the

elementary charge) vyields:

ui + kBTln(cj‘s) + zjeFps = uj + kBTln(cj,b) + zjeF gy,

Cj zje eq. 3
In(Z22)] = 2=
n(Cj'b> kBT @

The corresponding concentration profiles can be obtained by applying Poisson’s
equation , which turns into the Poisson -Boltzmann differential equation when
combined with eq. 3 (¢, and ¢, are the vacuum and relative permittivity and p is the

charge density ):

P ZjGCj,S Zje ( Z]-e )
Vip = — = = ; ——2_A
¢ E0€r  E0€r  Eo€p €1bEXP kpT ¢ eq. 4
In case of acceptor doped ceria , an appropriate boundary condition to solve eq. 4

is the so —called Mott —Schottky approximation where it is assumed that the acceptor
dopant is immobile and its profile horizontal . The concentration profile near a grain
boundary of acceptor doped ceria is shown in figure 5, assuming the Mott -Schot tky
casel3,

In case of ceria A¢ is positive , which was experimentally found at grain
boundaries , e.g. in ref.i38. Also from present impedance measurements performe d
on Gd -doped ceria (figure 5b) the space charge potential is positive . The thickness
of the SCL increases with decreasing [Gd] to maintain a constant SCL charge . In
this case, the depletion of [V3'] to the interface is stronger compared to higher
dopant concentration . This depletion is exponentially connected to Ap (Poisson-—
Boltzmann ), which results into an increased A in case of small [Gd] (see, e.g.,

refs.[39.401),
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Figure 5: a) Mott-Schottky case in acceptor doped ceria : Concentration profile  of acceptor dopants,
oxygen vacancies and electrons near a positively charged grain boundary core with a space charge

potential of +0.44 V. The concentration of the acceptor dopant is constant (immobile). Due to the
positive potential, a depletion of oxyge n vacancies is observed connected to an enrichment  of
electrons. Data was taken from ref. 71, b) Space charge potential  of Gd —doped ceria versus bulk Gd
concentration obtained by electrochemical impedance spectroscopy of dense pellets cf. chapter 3.3.
The charge density p can be integrated to obtain the total charge  Xg¢p, within the

SCL (x denotes the distance to the interface  ):
IseL = J, pdx eq. 5

A change in the electrostatic potential is compensated by a change in the
concentration profiles to maint  ain elect rochemical equilibrium, hence eq. 3 can be
rewritten:

Cj zZje
aln(-L2) =-Z_a(a eq. 6
n<cj'b> kT (Ap) q

The oxygen partial pressure dependence of the concentrations of the  surface and

bulk defect species is given in eq.7 where n; is the o xygen partial pressure

exponent wit h respect to the defect species j:

dln(c;)

an(p(0y)) 7 e !

A relationship connecting  n; and Ag is obtained by substitution of eq. 7 into eq. 6:

I __ze 2(Ap) cq. 8
72 T e T 9n(p(0,)) N

From eq. 8, two important statements canb e made:
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0] If the variation of Ap and hence ZXgc with changing p(0,) is minute , the
p(0;) dependence n; of the defect species located in the bulk and surface
layer do not change and vice versa.

(i) The fact that the absolute defect concentration at the surface differ s from
the bulk value does not influence the oxy gen partial pressure
dependence, as long as the defect chemistry does n ot change
gualitatively, and  the majority defects do not change with respect to the

bulk and surface.

2.2.2 Surface Defect Chemistry of Undoped and Doped Ceria

Table 1: Surface vs. bulk defect chemistry.  Different defect regimes with respect to the oxygen partial
pressure d ependence of the surface are compared to the bulk regime (intrinsic, acceptor -, and donor -

doped ceria)

Surface Regime Bulk Regimes Surface Regime
Intrinsic Acceptor Donor
20V, = [e] 2[V5'Ty = [Gd'], [Nb*]y = [e']y 2[0{" ], = [Nb*];,
n 2 rt: = 1k/)6 = [V5'lp = const. | = [e], = const. | = [0f' ], = const.
Vb = Teb = n,, =—1/4 Noip = 1/2 Nep = —1/4
Zso, =0 ) i Zsc, =0
(m 2[V5'ls = [e'ls equaln different n equaln different n [Nb]; = [e']s
Nys = MNes =—1/6 nois = 1/2
Zse, =0 , i . e, =0
(2) 2[Vg'ls = [Gd']; different n equaln different n equal n [0f' s = [Nb7],
Nes = —1/4 Nes =—1/4
ZseL, # 0 s, # 0
(3) | s = 2[Vols = const. | different n equaln different n equaln | % ~2[0r] = const
Mes = 174 nes = —1/4
Zsc, # 0 Zser, # 0
(4) | Zsc =[] =const. | differentn | differentn equal n different n | Zsc = [e], = const.
nys = —1/2 nois = —1/2
Zscr. # 0 but small Zscr # 0 but small
K=K ( quu) K=K ( zF(u)
= K exp(— — . . . . = K exp(———
(5) PR differentn | differentn | differentn | differentn PR
Nes = —X Nes = —X
Nys = —2N, s — 1/2 Nys = —2Ng 5 — 1/2
probable cases infrinsic and acceptor doped 0, +2Vy = 20§ +4h* | log(K) = 4log([h°]) — 21log([V5']) — log(»(02))
less probable cases | donor doped 0, + 2V{ = 20; + 4h° =>1=4n, - 2n,

hard fo estimate

The data given in table 1 summarize all possible situations regarding the oxygen
partial pressure dependence of the defect species at the surface in case of pure,
acceptor —, and donor —doped ceria. The gray/white colore d boxes give a qualitative
direction whether the considered defect chemical regime is most likely to be present

or not. Dark gray boxes indicate probable cases, bright gray denotes less probable
ones and white denotes defect regimes , which are hard to esti mate due to the lack
of appropriate literature . Please note that the deduction of the probability of the

presence a specific defect chemical regime at the surface refers just to ceria. The
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absolute concentrations of defects at the surface differ from those in the bulk ( figure
5a), but depending on the regime the oxygen partial pressure dependence ma vy
change or not.

First, an overview of the possible defect chemical regimes is given followed by a
specific discussion of intrinsic and doped ceria. In the first two cases in  table 1, a
zero surface charge ( Xsc) arises if:

(1) The surface oxygen vacancies ( Vgs) are compensated by surface electrons ( eg)
which results in an oxygen partial pressure dependence of 2[Vgss] = [ed] «
p(0,)~/¢. This is expected to occur onl y under strongly reducing conditions.

(2) The [Vg] is determined by the surface acceptor dopant [AGes]- Therefore,
[Véfs] is p(0,) independent and for surface electrons the relationship [es] «

p(0,)~* is valid.
Three further cases can be distinguished in which Xgcp, shows a non —zero value:

(3) The concentrations of Vg5 are large at the surface meaning that Xscr IS also
large and is determined by  [V{’]. The relative change of  [Vg'] is small due to
its high concentration , hence a reasonable approximation is that the Vs do
not show perceptible p(0,) dependence , and hence [el] x p(0,)~ /4.

(4) Aconstant Zsc, results due to ahigh  [eg], and hence [V{] o p(0,)~ /2.

(5) The last case corresponds to a small XYsc, Which implies that  Xg¢;, may have a
perceptible p(0,) dependence which makes it hard to derive an analytical

expression for the p(0,) dependence of the surface defects.

For ceria —based materials, data regarding the surface defect chemistry is only
rarely available since it is very challenging to measure the surface defect
concentrations under well —defined temperature and oxygen partial pressure
conditions directly. Generally, i n case of a non —zero Xs¢, it is expected that the sign
is positive for ceria. Indeed, a positive X for grain boundary cores in ceria ha S
been found experimentally (cf. refi38, and own data in figure 5b). A positive excess
charge (about +2 elementary charges p er surface of a unit cell with 128 ceria
formula units) was found in ref. 41 by Kinetic Monte Carlo simulations on 10 mol%
Gd doped ceria. For zirconia electrolyte  materials and for a YSZ bicrystal an
accumulation Vg in the grain boundary core could be seen by TEM [42],

Concentrations of surface defect s have been measured by ambient —pressure XPS
on ceria thin films , which is experimentally rather challenging. It was concluded
that the surface charges are rather small [24-26, 431 . The concentrations of surface  Ceg,

and Vg are strongly increased compared to the bulk , from which a decreased
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reduction enthalpy by 1 eV was deduced. This agrees well with DFT calculations [44]

(decrease of the reduction enthalpy by 0.8 eV for (111) surfaces to 1.4 eV for (110)

surfaces) and experiments on monocrystalline ceria samples 31, But at a p(0,) of
10-4 bar and 450 °C, which is comparable to the condition in this wor k, the amount
of surface Ceg, is still smaller than the acceptor dopant concentration. In ref. 451 it

was discussed that the data in ref. 431 could be interpreted by a surface space charge
potential that is independent of an applied d.c . bias (independent of the oxygen
chemical potential in the thin film). Therefore, it can be concluded that case 4
does not apply for ceria.

Ambient —pressure XPS studies on undoped ceria thin films under reducing
conditions found that the excess concentrations of Vos and eg (Cec.) match almost
perfectly 241 so that Xs¢;, appears to be rather small. Hence, case (1) can be assumed
to be valid for undoped ceria under reducing conditions. Also on Sm —doped ceria
(reducing conditions ) it was found that Vg’ and Ceg, largely mutually charge
compensate 251 which means that case (2) applies here. On Pr—doped ceria t hin films
on YSZ and modified effective  p(0,) (tuned by a d.c. bias) it was found by ambient -
pressure XPS that the surface concentration of Pr¢, increases less with decreasing
p(0,) compared to bulk Pr¢., and it was also argued that Pr —doped ceria does not
have a pronounced surface charge [271. Even if there is a surface charge, since highly
acceptor doped samples are considered in this work, and hence a high and constant
Vgs concentrat ion is expected which fixes the g, with respect to  p(0,) changes
(case (3)), the oxygen partial pressure dependence of the defects are equal to the
bulk. Approximately p(0,) independent space charge potentials and corresponding
approximately constant  excess charges have been observed for grain boundaries in
ref.48l for Fe -doped SrTiO s.

Overall, for undoped as well as acceptor —doped ceria one can reasonably assume
similar p(0,) dependencies of surface and  bulk defects. Regarding Pr —doped ceria, a
smaller p(0,) dependence of surface Prg, in the range of -0.1 instead of -1/6 for the
surface might be present. For donor —doped ceria (Nb —doped ceria), no direct
measurements of surface defect concentrations are available so far. Nevertheless, a
number of probable cases yield the same defect chemical regimes for surface and
bulk.

2.2.3 Surface Orientations

The thermodynamically most stable surfa ce orientation of ceria is (111), followed
by (110), and (100) ®7. For doped ceria sample s, no surf ace energies could be

retrieved from the literature . But at least for a low dopant level the same sequence
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of surface stabilities is probable. In this work , it is assumed that the surface , at
least in the pulsed isotope exchange experiment , is largely reconstructed into the
most stable termination due to the harsh annealing at 1400°C prior to
measurement for undoped as well as doped ceria sample S.

The formation energy of V3 at the surface depends on the surface orientation
and leads to a significant variation of the oxygen vacancy concentration of undoped
ceria under reducing conditions [44, 471, Such differences are assumed to be much
less pronounced for acceptor doped ceria where the oxygen vacancy concent ration
is largely fixed by the dopant. In ref. (441 it was found that the formation enthalpy fo r
oxygen vacancies in the surface layer increases according to (110) < (100) < (111).

Regarding the reaction rate of oxygen incorporation, no dependence on the
surface terminations is available so far for ceria. However, for epitaxial
Lao.7Sro3MnO 3.5 perovskite films, the variation of the surface reaction rate constant
of oxygen incorporation  between the surface terminations (001), (110), and (111)

has been found to be less than a factor of four .[48.49]

2.3 Calculation of Reaction Rates

2.3.1 Carbon Monoxide and Methane Oxidation

The apparent reaction rate for carbon monoxide oxidation Rco, and methane

oxidation Rcy, was calculated according to eq. 9, which is commonly used to
describe reaction kinetics measured in packed b ed reactors (see, e.g., ref.59). The
conversion X; of the reactant i, which describes how much of the reactant has

reacted when exiting the reactor (relative difference of the inlet concentration Ciin
and exiting concentration Ciex) IS Multiplied by the volume flow rate of the gas
through the reactor , and normal ized to the total surface area S of the catalyst

particles.

V(Ciin — Ci VG
;= ( i,in L,ex) _ “Lin X; eg. 9
S S

Since the reactor is small (2 mm inner diameter, bed height 5 mm), no
significant temperature  gradients are expected. To calculate the apparent activation
energy E, of the oxidation process, it is reasonable to assume a first order reaction

with respect to species i and the corresponding surface reaction rate k.

k;S k;S
Xi=1—exp<—#> & In(t—X) = -+ eq. 10



15 2 Theory

Plugging in the Arrhenius type behavior for ki=yexp(—§—;) results in an

expression from which  an apparent activation energy  E, can be obtained (y denotes

the pre -exponential factor)

E, 1 s
In(=In(1 — X)) = ——2= +In (’/7) eq. 11

2.3.2 Pulsed Oxygen Isotope Exchange (PIE)

The gas phase fraction of oxygen can be analyzed either by considering just the
18Q/ 160 fractions or the fractions of the oxygen isotopologues 320;, 340,, and 360y,
which correspond to 160160, 160180, and 180180, respectively. In the following, the
analysis in terms of the 180/ 180 fractions is introduced followed by the approach of
analyzing the oxygen isotopologues.

The gas phase fractions of 180/ 160 at the e xit of the rea ctor are analyzed based

on the overall oxygen incorporation reaction with its forward and backward reaction

constants Eo and Eo, respectively as displayed in reaction r. 6.

—_

ko
0,+2Vy +4e’ = 20§ r. 6
ko
Since PIE is conducted under equilibrium conditions , the forward and back ward

reaction rates are equal vyielding the equilibrium exchange rate of oxygen
incorporation  RybBL 52 (eq. 12). To accent the importance of the equilibrium

condition in the following derivation, the equilibrium concentrations are labeled
with [ ].
Ro = ko[05][VS]*[']" = ko[0T eq. 12
Formulating now the rate law with respect to oxygen incorporation described in
r. 6, substitution of eq. 12, and taking the surface area of the sample particles ( S)

into account, the change of the gas phase concentration of oxygen ( eqg. 13) can be

obtained:

v d[0,] ([ V12 [e']* [OX])
— = —R, eq. 13
S de A\A RIS

Considering n ow the isotopic exchange in chemical equilibrium , eq. 13 describes
the deviation from isotopic equilibrium of oxygen where the point defect
concentrations do not change  over time. Replacing concentrations with fractions ( fe
for oxygen gas phase fraction and f; for lattice oxygen fraction ) eq. 13 turns to

ed. 14 and eq. 15 for the oxygen isotopologues 320, and 360,
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Vd32f -
d36f
< dtg [07] = m0(36fg 18f52) eg. 15
The rate law of the mixed oxygen isotopologue 340, is obtained by applying the

law of mass conservation :

Vd34. d32 d36
s dtfg[ 0] = __< dtfg fg) [02] = Ro(P*fg — 2°47°K) eq. 16

The rate law of 180 incorporation is then:

leBfg
s a 20 =

d36fg d34fg
2 _5 18, _ 18 eqa. 17
5Tt ) 2o = - ) :
By integration of eq. 17 from time range of zero to t— where tdenotes the mean
residence time of the pulse in the packed bed — and by assuming that  '8f; is always
below 1 % of the available 160 lattice oxygen, an expression for the equilibrium

exchange rate of oxygen incorporation R, is obtained. ( 18fg,inlet is the 180 gas phase

fractions in pulse and 18fg,exit is the fraction in the exiting gas):

R /4 18,
Ry = 2[02]§ln( fgmlet) eq. 18

18
f g exit

The equilibrium exchange rate R, is connected to the effective surface exchange

reaction rate constant k* by(53l;
R, = k*[0F] eq. 19

This analysis of R, does not require the assumption of a specific reaction
mechanism since it represents the overall oxygen exchange reaction where all
reaction steps are merged . From the variation of R, with p(0,) and dopant/defect
concentrations several important conclusions can be drawn . For this, the approach
of the rate determining step (rds) is introduced , which has a slower exchange rate
than fast preceding or subsequent reaction steps. In other words, one of the
reaction steps merged in R, is such slow that it determines the overall reaction
rate.

If, e.g., the dissociative reaction (eq. 21) is the rds of the oxygen incorporation
reaction, it will determine the overall exchange rate R, (assuming a fast oxygen

adsorption as a pre —equilibrium step , eq. 20). In the following the equilibrium label
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[A] is not used anymore for better legibility , but concentrations still refer to

equilibrium concentrations.

Ead
- . . [0Z1[R°]
0 = 0 h =2 .
2 3 2ad T with  K; (03) eq. 20
kad
’I;da 7 1
kq.Kp(O
Oad = 205q+h" = %~ d[lh—pg” = Ry « p(0,)1 ™ eq. 21
I(Eda

The exponent m in eq. 21 denotes the influence of point defects on the overall
oxygen partial pressure exponent n. In this case, molecular oxygen is involved in
the rds and hence, @R, is proportional to p(0,)"™ with n < 1. The exponent n can be
lowered to 1 —m through the influence of point defect s. For example , if for Gd —
doped ceria, holes [h'] « p(0,)"%25 appear be fore the actual rate -determining
elementary step ,then m = 0.25 and therefore n = 1 —0.25 = 0.75.

If instead the incorporation of a single oxygen ad  -atom (eq. 22) is assumed to be

the rds, a different p(0,) dependence is obtained.

=~

Ozq + Vo

1

o5 +h° eq. 22

=1

For the equilibrated dissociative —adsorption reaction in eq. 20 and eq. 21, one

can write:

v Kll[(;ﬁ(oz) eq. 23

The overall exchange rate R, equals the rate of oxygen ad —atom incorporation.

[0%4] =

By considering eq. 23, one obtains that R, is proportional to  p(0,)%>~™:

Ro ~ ki[054][V5'] = @W = Ry < p(0)*5™ eq. 24

This concept of the rds is generally applicable and enables one to distinguish
whether molecular or atomic oxygen is involved in the rds. It is important to note
that i deal behavior is assumed her e. Nevertheless , non-idealities might be present
at high dopant concentrations. However, sufficient quantitative data describing
non —idealities of doped ceria samples are lacking, and the effect on the p(0,)
dependece of R, is expected to be rather modest.

The analysis in terms of R, and hence the analysis of only the 180 gas fraction
does not fully exploit the information content available from the actual measured

320,, 340,, and 360, gas phase composition. For a more guantitative analysis one
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has to consider specific reaction mechanisms. The mechanisms denoted as M1 and
M2 which are suggested in [54-56] haven been chosen here . These mechanisms
represent simplified cases (with several elementary steps condensed in to two steps)
which nevertheless capture the important differences for the oxygen exchange

reaction (involvement of  Vg', incorporation of O already in dissociative adsorption or

not):
M1 M2
1 2
s‘Rda r. 7 mda r. 8
0,+2' = 207 0,+Vy+3 = 0 40§
IR 2R
! r. 9 ! r. 10
0"+Vy+e' = 0f 0" +Vy+e' = 0f
In these mechanisms, the molecular chemisorption (including the transfer of one

or two electrons) is combined with the subsequent dissociation. This can be
justified by the fact that chemisorption represents a fast preceding step wh ich is
correspondingly in quasi —equilibrium (formation of adsorbed superoxide and
peroxide species happens alr eady at very low T, see, e.g., ref. 7).

The question whether V5" is involved only in incorporation or also in
dissociation, and which of these step s is limiting , cannot be decided a priori. For
mixed conducting perovskites there is some evidence that V5" may appear in the
rate determining step, see  e.g.l8-60], and also for Th—doped CeO . this has been

suggested 611. The bulk oxygen diffusion that follows after O incorporation into the

surface layer does not explicitly appear in models M1 and M2; it is only requir ed to
be suff iciently fast to guarantee that the 180 fraction in the lattice in the first layer
remains small.

M1 is strictly sequential with respect to oxygen incorporation. Oxygen from the

gas phase undergoes adsorption and dissociation at the surface b y exchange rate
liRda (r. 7) followed by incorporation with rate liRi (r. 9). In contrast, in mechanism
M2 one oxygen atom is incorporated already in the dissociation step r. 8 with rate
ziRda, the second oxygen atom in the subsequent pure incorporation step r. 10 with
rate ‘R, (= 'R).

With respect to oxygen isotope exchange of the sample this corr esponds to the
presence of two parallel paths , because even for infinitely small ZERi, 18fg can

decrease by formation of 340 in the backward reaction of  eq. r. 8 until all oxygen of
the first layer is exchanged. However |, in the present samples the amount of 180 in

the pulse exceeds the amount of oxygen in the surface layer of the particles by
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about thr ee orders of magnitude, i.e., a significant change of 18fg occurs only if bulk
oxygen diffusion is possible. In this respect , the present pulsed isotope exchange
does not differ from experiments that create an 180 concentration profile in the solid
detected by SIMS ( k*, see chapter 3.5), execute the fuel cell cathode reaction (  k9), or
change the oxygen stoichiometry of the sample ( k%, see chapter 3.6).

Expressions for the exchange rates R4, (0xygen molecules per unit time and
surface area; in contrast to ref. [54-561 which uses atoms per time and area) and R;
(oxygen atoms per time and area) are given in the appendix . These rates depend on
p(0,), defect concentrations and T. For the two mechanisms M1, M2 different

relations between R, and Rg,, R; can be obtained:

1 1 4 1

M1 =1 1 eq. 25
mo 2 ERda mi
) R,

M2 R = “R 1+——""1— eq. 26

The statements in eq. 25 and eq. 26 nicely show the strictly sequential nature of

M1 and parallel character of M2 with respect to the O uptake into the sample.

For M1, if 'R, » '® then R, ~ 'R. In this case the 120 exchan ge with the
sample is very slow and 340 is mainly formed via scrambling (recombination of
adsorbed 180 and 160 atoms at the surface to 3402, backward reaction of r. 7,

without changing '2f,). If 'R, « ‘% the value of %, becomes ~2 'R, and

da’
180/ 160 surface scrambling hardly occurs since 180 incorporates immediately

2 02 :
K iRi), Ro = 2R Is

For M2, for the case of slow dissociative adsorption ( ZiRda

obtained as for M1. The situation differs for 2Ry, » R Since oxygen is not only
adsorbed but one O also incorporated in the first step, reaction r. 8 already suffices
to change 18fg, and R, =~ Z*Bda (but only as long as unlabeled 160 is still available in

the surface layer). 340, will mainly be formed by backward reaction of r. 8, rather

than by pure surf ace scrambling in back -reaction r. 7. Thus, for M2 R, ranges
between %R, and 2 ?®R__, but only as long as unlabelled 160 is still available in the
surface layer. If zfﬁi as well as bulk oxygen diffusion is slow, the isotope exchange
stops after exchanging the first layer.

For M1 and M2, different oxygen partia | pressure p(0,) dependencies can be
found if either Ry, or R, is considered as rds. When the dissociative —adsorption in
r. 7 and r. 8 is rate -determining, the rds contains molecular oxygen species and

correspondingly the expression for R4 coNtains a term o« p(0,)'. However, also
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defects such as V{3 and electronic defects may be involved in the rds or preceding
equilibria. They will contribute to the overall p(0,) dependence of Ry4,, and typically
decrease it by consumption of electrons/  Ceg,., formation of h® in preceding equilibria
such as molecular chemisorption, and involvement of Vg’

When the incorporation r. 9 in M1 is the rds, dissociation is a fast preceding
equilibrium  step leading to [07] « p(0,)Y/2. Correspondingly, the over all p(0,)
dependence of lﬂ%i is 1/2 minus the decrease caused by the p(0,) dependence of
involved defects. Interestingly, when the incorporation r. 10 in M2 is the rds, a
different overall p(0,) dependence is obtained because adsorbed 0~ is formed in a
different pre —equilibrium and [07] « p(0,)!. The p(0,) dependence of ZSRi is one
minus the decrease caused by the involved defects . While this case is in principle
possible, it is not considered here as  a highly probable case ( Zﬂida and ZiRi both
require encounter of adsorbed oxygen species and V5", and a higher surface
coverage is expected for O~ than for adsorbed molecular oxygen species; cf.
discussion in  [62]),

The values for R; and Ry, can be obtained from the measured isotope fractions

at the reactor outlet (assuming that [1%0,4] is at steady state and  [0,] « [0F]):
d36fg - _ 2 IERdaS (36f _ 18f2)
dt No g ad
—27S AN S
M1 36f  =Bexp| ——2 | + (3%f,; — B)exp 0 i eq. 27
ge o (**fgi — B) ("%, — 9t)no
1 2
~ (18fg,i ERO)
-1 1 1
R (2 9, - )
d*°f,  2°R,S n Ly
M2 g_ T " da”36 2R =2 el eq. 28
dt o Je® M=o 3, o a

In eq. 27 and eq. 28 *°f,; and *°f,. are the gas phase fraction of 360, in the pulse
at the inlet and exit of t  he reactor , and ng the molar amount of oxygen atoms in the
gas phase. With eq. 18, and eq. 25 to eq. 28 it is possible to deconvolute the
exchange rates for Ry, and R; from R,. However, depending on the actual sample
behavior the faster of these two rates may carry a rather large uncertainty.

This separation of R, into Ry, and R; depends sensitively on the formation of
340,. If the formation of 340, is large R; becomes small in M1 and M2 and shows a

very large error which makes  R; not reliable anymore.



21 3 Experimental Details

3 EXPERIMENTALDETAILS

3.1 Sample Synthesis

3.1.1 Doped Ceria and Zirconia Samples

Doped ceria and zirconia samples were prepared wet chemically by a Pechini
type approach to ensure homogeneous distribution of the dopants (15, 63, 64]

Single — and co —doped ceria was synthesizes using M e(NOs3)z x H>O (with M e: Ce,
Gd, Pr, and Tb ; REacton, Alfa Aesar, 99 .99 %) and NH sNbC:04 ¢ xH,O (Aldrich,
99.99 %) in the desired molar ratios. For Pr —doped zirconia , ZrO(NO3); * xH20
(Aldrich, 99.99 %) was used as reagent. The exact water content was determined by
thermogravimetric analysis. The metal salts, citric acid (CA) (Roth, >99.5 %),
ethylene glycol (EG) (Emsure, Merck), and a few droplet s of HNO 3 (Roth, p.a.) were
dissolved in a glass beaker with approximately 60 - 100 mL distilled water. The
molar ratio of EG/ICAwas two , and EG/metal one. The reaction mixture wa s stirred

at 175 °C until a resin was formed (the resin was yellowish in case of doped ceria

and white in case of doped zirconia). A 5 L glass beaker, with a hole at the bottom
and covered by alumina  foil at the top, was placed on top of the reaction vesse lin
order to capture the fluffy, voluminous product which was form ed when pyrolysis at

approximately 250 °C was performed. T he obtained powder was homogenized by dry
milling in a zirconia  ball mill for 30 — 45 minutes and calcined at 800 °Cfor 8 hin

air . The samples are labeled accordingto  table 2.

Table 2: Sample abbreviations and their composition used in this study.

Sample Composition Sample Composition
06PDC Cep.994Pr0.00602-5 06GDC Ce.994Gdg.00602-5
2PDC Cep.9gPrg 02025 2GDC CepogsGdp 20,5
6PDC Cep.94Prp 06025 6GDC Cepg4Gdp 60,5
20PDC CeogoPro2002-_5 20GDC Cep.50Gdp2002_5
6TDC Cep.04Tbg 0602_5 20TDC Cep.g0Thp2002-s
2P6GD Cep.02Gdg o6Pro.0202_5 6P2GDC Cep.92Gdg 02Prg 06025
6P14GDC Cep.g0Gd14Pro0602—_5 14P6GDC Cep.g0Gdo06Pro1402-_5
11PNDC Cep.7gPro11Nbgp.1102_5 6PNDC Cep.88Pro.06Nbp.0602—5
2PNDC Ce.96Pro.02Nbg.0202-5 2GNDC Ce.96Gdo.02Nbg 02025
2NDC Ce.9gNbg0202-5 2PDZ Zrj9gPro0202-5
6PDZ Zr494P100602_5 15PDZ ZrogsPrg150,5_5
06STF SrFe 006 Ti0.99403_5 2STF SrFeq 02 Tip9g03_5
6STF SrFe 06 Tip 0403 5 20STF SrFeg 50 Tipg003-_5
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From now on, the sample history will differ, depending on which experiment is

planned (exceptions will be mentioned in the respective chapters) .

(i)

(ii)

(iif)

(iv)

(v)

(vi)

For UV —Vis spectroscopy, thermogravimetric analysis (determining the
oxygen stoichiometry) , and for water and carbon dioxide adsorption the
calcined powders were used.

For carbon monoxide and methane oxidation , carbon dioxide adsorption
and pulsed carbon monoxide  oxidation the calcined powders were sieved

to 60 — 100 um in order to break agglomerates.

For electrochemical impedance spectroscopy and isothermal isotope
exchange line profiling , 1 g of the calcined powder was compacted into a
dense pellet by isostatic p ressing in a silicon rubber mold (g 10 mm) at
300 KN. The green body was sintered at 1400°C for 24  h in air with a
heating/cooling rate of 200 °C h-t. A theoretical density between 96 -
98 % was achieved by this procedure.

For in situ carbon monoxide oxida tion conducted with electrochemical
impedance spectroscopy, 0.5 g of the calcined powder was compacted by
isostatic pressing at 250 kN in a silicon rubber mold (g 10 mm). The
green body was sintered at 850 °C for 8 h with 100 °C h-! to achieve a
porous sam ple with a mean theoretical density of 7 2 %.

For in situ carbon monoxide oxidation ~measurements by
thermogravimetric analysis 1 g powder was compacted into  a dense pellet
by spark plasma sintering (SPS; FCT -DP D 5/2, FCT Systeme) . The
sample was compacted at 1000 °C for 3 minutes in a graphite mold
(g 10 mm) with a heat ing/cooling rate of 200 °C min -1 at 6 kN pressure in
25 mbar Ar atmos phere. The pellet was annealed at 1400 °C for 8 h in air
with a heat ing/cooling rate of 100  °C h-1. The sintered pellets showed a
theoretical density of 96 - 99 % and were crushed a nd sieved to a particle
size of 60 —100 pm and < 60 ym. T he latter fraction was used for the
experiment s.

For pulsed isotope exchange, isothermal isotope ex change, mass
relaxation, propan -2-ol te st reactions , Raman spectroscopy , and energy
dispersive X —ray spectroscopy the parti cles mentioned in ( v) wit h the size
distribution of 60 -100 um were annealed at 1400 °C with a
heating/cooling rate of 200 °C h-1 in air. With this procedure a smooth
and dense surface was obtained and the particle size d id not change by
this procedure and the pressure drop across the packed bed reactor was

minute.
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3.1.2 Iron Doped Strontium Titanate

Iron doped strontium titante was prepared by a solid state reaction . The
corresponding amounts of Sf*CO 3 (Aldrich, >99.9 %), TiO, (Riedel-de Haén, >98 % ),
and Fe O3 (Alfa Aesar, >99.85 %) were dry milled for 1 h in a zirconia mill and
annealed at 1200 °C with 300°C min -t in air for 20 h. The mixture was milled thr  ee
times and after each grinding step, the powder w as calcined at 1300 °C with
300 °C h-tinair for12 h.

3.2 General Sample Characteristics

3.2.1 Density Measurement

Density measurements were conducted on pellets (total mass > 1g)withab5 mL
pycnhometer (Gay -Lussac) in distilled water at 27 °C. The measured densities were

already mentioned in section  3.1.1.

3.2.2 Surface Area Measurement

The surface area was determined using the Brunauer -Emmet -Teller (BET)

theory . For hig h surface area samples, the BET -area was measured by an

Autosorb -1 (Quantachrome Instruments) with N . as adsorbate. Prior to
measurements, the samples were treated at 120 °C in vacuum to desorb
adsorbates. For low surface area samples, the company POROTEC GmbH (Hofheim ,

Germany) was commissioned which uses Krypton as adsorbate.

3.2.3 X-Ray Photoelectron Spectroscopy

The surface of the ceramic particles was investigat ed by X -ray photoelectron
spectroscopy (XPS) at room te mperature with an AXIS Ultra ( Kratos) with
monochromatized Al Ko radiation with a base pressure <10  -10 mbar. The spectra
were obtained with analyzer pass energy of 20 eV. The analysis was performed with
CasaXPS by the interface analysis group of the Max —Planck —Institute for Solid Sate

Research.
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3.2.4 X-Ray Diffraction

Phase purity and lattice parameters were examined by X —ray diffraction  with an

Empyrean (Malvern Panalytical) diffractometer with Cu K o radiation (40 kW, 40 mA,
A =1.541874 A) in Bragg —Brentano reflection geometry at room temperature with a
Pi1Xcel 3D detector . Lattice parameter s were refined by the HighScore Plus (Malvern

Panalytical) software

3.2.5 Scanning Electron Microscopy

The topography of the surface of the samples was investigated by scanning

electron microscopy with a Merlin Gemini Il ( Carl Zeiss) .

3.2.6 Inductively Coupled Plasma Optical Emission Spectroscopy

The cation stoichiometry and trace impurities were checked by i nductively
plasma optical emission spectroscopy (ICP-ES, Spectro Ciros CCD, Sp ectro
Analytical Instruments ). Samples were dissolved in HF , and the measurements were

performed at the Max —Planck —Institute for Intelligent Systems.

3.2.7 Energy Dispersive X-Ray Spectroscopy

Segregation effects to grain boundaries were investigated by transmis sion
electron microscopy (TEM) coupled with energy-dispersive X —ray spectroscopy
(EDX) with an ARM 200CF (JEOL) and a Centurio EDX detector (200kV, probe size
1.2 A). Measurements were performed by the Stuttgart Center for Electron

Microscopy (StEM) at the  Max—Planck —Institute for Solid State Research.

3.2.8 UV-Vis Spectroscopy

UV-Vis spectroscopy was performed with a Cary Series UV -Vis—-NIR spectrometer
(Agilent Technologies) in diffuse reflectance mode with a reduced slit height and a
scan rate of 600 nm min -1 with a resolution of 1  nm on calcined ceramic powders
diluted with 75 % zirconia (TZ -0, TOSOH) from 800 - 200 nm at room temperature.
Prior to reflectance measurements, baseline and background correction was
performed with a blank sample (total reflection) and with a blocked beam line (zero
reflection). Reflectance spectra were converted by the Kubelka -Munk function  f(Ry)

according to:

(1-Rx)?* k
f(Roo):TZE eq. 29
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In eq. 29, k is the absorption coefficient, B the scattering coefficient, and Ry IS

the absolute reflectance  of an infinitely thick sample .

3.2.9 Raman Spectroscopy

Raman spectroscopy was performed with a Jobin Yvon Typ V 010 LabRAM
(HORIBA) single grating spectrometer with a resolution of approx. 1 cm-l at room
temperature. The light beam - a linear polarized He/Ne gas laser with A = 633, 532,
and 457 nm with <1 mW power — was focused on top of the partic le surface by a
microscope (spot size approx. 10  um). Spectra were recorded by the spectroscopy
service group in the department of Solid State Spectroscopy of the Max —Planck -

Institute for Solid State Research.

3.3 Electrochemical Impedance Spectroscopy

A plati num layer with a thickness of approximately 300 nm was sputtered on
the upper and bottom surface of the sample. At low temperature, this Pt layer can
be considered as ion -blocking electrode, but at high temperatures, oxygen exchange
will take place. For in situ carbon monoxide oxidation, Au was used as electrode
due to its lower catalytic activity. The samples were then placed into a spring loaded
quartz glass sample holder as depicted in figure 6.

gas outlet

AlLO, cylinder spring
/‘Pt electrode SiO. tube \
2
? : | gas inlet
SiO, vessel '\
sample : BNC conncector

Figure 6: Sample holder used in electrochemical impedance spectroscopy experiments.

Electrochemical impedance spectroscopy is a technique which allows the
distinction of processes which proceed at different time scales ( e.g., bulk vs. grain
boundary conductivity) . An alternating voltage is applied to the sample and
amplitude and phase shift of the resulting current are measured , and the complex
impedance Z can be calculated. Usually, the negative imaginary part of the
impedance is plotted versus the real partin aso —called Nyquist plot.  Analysis of the
Nyquist plots was done by ZView (Scribner Associates Inc.). If the processes in the
sample show different t ime constants, they are recognized as distinct semicircles
The analysis is performed by  fitting to equivalent circuits (capacitors and resistors

connected in series or parallel) which correspond to the electrochemical processes
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in the sample. Due to non -homogeneity (rough or porous surface), a so  —called
constant phase element (CPE) was used in the equivalent circuits instead of a

capacitor. The capacitance can be calculated according to ref.[©5]:
C = (RVPQV/P eq. 30

In eq. 30, C is the capacitance, R is the resistance, P and Q are the exponent and
admittance constant of CPE |, respectively. Specific conductivities (o) were calculated
spec

by eq.31 and specific grain boundary conductivities (ogg ) Were calculated

according to eq. 32166l;

1L
__-Z eg. 31
7=Rs a
1 LC
spec B
=0 eq. 32
GB RGB S CGB
R;g is the resistance of the grain boundary semicircle, L, and S are the thickness

and area of the sample, Cy, and C;p are the bulk and grain boundary capacitance :
respectively (brick layer model) . The space charge potential (Ag) was calculated by
solving eq. 331651 numerically where wp and wgp denotes the peak frequency of the
bulk and grain boundary arc , respectively. T he elementary charge is denoted by e
and kg is Boltzmann’s constant.

Wp (6Aq0> kBT
—= — eg. 33
WeR exp kgT/ 2eAp d

A Novocontrol Alpha —-A high performance frequency analyzer was used for
measuring the impedance spectra. The setup of the frequency analyzer is given in
table 3. Gas mixtures were adjusted with mass flow controllers and the composition

was checked by the oxygen measuring module ZR5 (Zirox GmbH).

Table 3: Parameters used for impedance spectroscopy

Parameter Value
Frequency range 50 mHzto1l MHz
Data points per decade 10to 20
Integration time 2 s, or at least two periods
Output voltage 0.1V

Reference calibration yes
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3.4 Propan -2-ol dehydration/dehydrogenation

Propan -2-ol dehydration/dehydrogenation experiments were performed with the
setup depicted in  figure 7.

The reaction takes place in a temperature controlled quartz glass packed bed
reactor (PBR) with an inner diameter of 8 mm and a SiO , frit in order to fix the
ceramic particle bed. The feed gas enters the reactor at the top. The part before the
PBR with several mass flow controllers (MFC, calibrated by a bubble flo w meter) is
necessary to mix appropriate gas concentrations for calibration. A temperature
controlled evaporator (E) is used to adjust the gas phase concentrations of the
liquid reactants and products of the reaction.

Approximately 1 g ceramic particles w ith a size rang between 60 — 100 pm were
placed into the PBR (bed height approximately 5 mm). Nitrogen was selected as
carrier gas and enters E, filled with pr opan-2-ol, at 13.4 °C (saturating pressure pga¢
= 29 mbar) with a volumetric flow rate of 10 mL min -1. The resulting feed gas has a

fraction of propan -2-ol of 2.86 % and enters the PBR. The pressure drop across the

packed bed was always below 10 % in the temperature regime 250 - 400 °C.
B 3 Legend:
E E P1 C check valve
@ s Vs GC: gas chromatograph
> V4 2 AV/e] R Cc1 MFC: mass flow controller
T : pressure prabe

vz

>

P:
] > PBR: packed bed reactor
MFC3 R: rotameter

100 mL/min E: evaporator
MFC1 @ MFC2 @ |X vV TC: temperature controller
2 mL/min Tm mL/min T P2 V: valve
Ve

&

Figure 7: Pipping and instrumentati on diagram of the experimental setup for propan -2-ol
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dehydration/dehydrogenation measurements.

Gas phase analysis was performed by an Agilent 300A Micro Gas
Chromatograph (GC). The GC system is equipped with thermal conductivity
detectors and two columns:

() Column 1 (Channel B): OV -1, bonded and crosslinked non  —polar dimethyl

silicone capillary column, separation of non —polar compounds.

(ii) Column 2 (Channel C): HP -PLOT Q, bonded polystyrene -divinylbenzene,

separation of non -—polar and weakly polar compounds,

8 m x 320 pm x 10 pm.
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In table 4, the retention times and column types for the analyzed reactants and

products are given. The used parameters for each column are list edin table 5.

Table 4: Analyzed compounds by the Agilent 300A Micro GC, their retention times, supplier and purity.

Column Compound Retention time / s
oVv-1 CO,, Westfalen AG, 4.5 CO ,, 5.0 Ar 39
ov-1 Distilled H 20 74
oVv-1 Propene, Westfalen AG , min. 99.5 % 114

PLOT-Q Propanone, BASF VLSI Selectipur 118

PLOT-Q Propan -2-ol, BASF VLSI Selectipur 123

Table 5: Aligent 300A Micro GC instrument setup.

Parameter OV1/Channel B PLOT Q/ Channel C
Inject time 20 ms 20 ms
Post run time 180 s 180 s
Sample pump timed, 60 s timed, 60 s
Sample inlet temperature 100 °C 100 °C
Injector temperature 100 °C 100 °C
Column temperature 75 °C 60 °C
Pressure equilibration time 60 s 60 s
Column pressure 25 psi 25 psi
Post run pressure 35 psi 35 psi

Prior to propan -2-ol dehydration/dehydrogenation experiments, the sample was
pre—treated with 10 mL min -1 Nz in the PBR at 550 °C for 1 h with a heating and
cooling rate of 10 °C min-1. During reaction, the exiting gas was analyzed in
increments of 10 min with the GC, and each temperature was held for 1 h.

The GC was calibrated with propan  -2-ol, propanone, and water by using the
evaporator. Propene and CO , were calibrated by using bottled gas. The calibration
curves are given in  figure 8 for propan -2-ol, propanone, and H :0, and in figure 9 for
propene and CO ,. The error bars are smaller than the symbols. For each
concentration, a mean peak area was obtained originated from six mea surements.

All calibrations show almost perfect ly linear correlation.

450 125 T 100
*2 slope = 141.35 *2 slope = 594.29 2 slope = 1965.09
% intercept = -3.49 g 1004 intercept = -0.95 g 804 intercept = -3.75
< £ £
@ 300+ @© ©
-~ ~ i ~ 4
© s 5 60
o o o
© R? = 0.999 © 50 R? = 0.999 E 0
x < A |
[ < [

1504 0]
g g S

c 4
8 g 251 g 20
Q [0} Q
E = S
0 : . . 0 : 0 T T
0 1 2 3 0.0 0.1 0.2 0.00 0.02 0.04 0.06
fraction propan-2-ol / % fraction propanone / % fraction H,O / %

Figure 8: Calibration curves for propan -2-ol, propanone and H 20. The error bars are smaller than the

symbols.
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Figure 9: Calibration curves for propene and CO 2. The error bars are smaller than the symbols.

3.5 Isothermal isotope Exchange Line Profiling

Isotope exchange line profiling was performed on isostatically pressed and
sintered pellets. The pellets were cut into halves ( figure 11, a) and the large faces
were polished with a 1  pm diamond suspension (Winter, Diapalst Suspension D1)

and cleaned for 5 min with propan -2-ol in an ultras onic bath.

a) b) icut line C) "0 diffusion profile
sample mea?urement
yay 4
polished areas
18() eXChange p0|ymer
Figure 10: Schematics of sample preparation and the measurement of 180 profile.

As depicted in  figure 11, the sample was pla ced on gold foil and then placed into
a quartz glass tube (inner diameter = 13 mm, length = 300 mm) connected to a

gateway with 180 and 160 feed and a turbo -molecular pump.

O or "0
furnace

sample
quartz glass tube
C_“ ‘ turbo-molecular pump

. u p < 1E-5 mbar
A

A\
gold foil
Figure 11: Schematics of the experimental setup up for isotope exchange line profiling experiment.
The tube with the sample was evacuated to approximately 10 5 mbar for 20 min

and filed by 10, gas (Westfalen, technical grade, higher purity shows an

accumulation of 180 above natural background) to a pressure of 200 mbar. The
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sample was equilibrated at this oxygen pressure at certain temperature for a certain
equilibration time (see table 6), and quenched to room temper ature (usually
quenching proceeds within 3 min). After evacuating to approximately 10 -5 mbar for
20 min, the setup was filled by 180, to a pressure of 200 mbar and was rapidly

heated again to the annealing temperature (usually within 4 — 5 min).

Table 6: Parameters for Isotope Exchange Line Profiling

Sample T/°C Equilibration time / h 18O exchange time / min
550 12 240
600 8 120
20GDC 650 5 60
700 4 30
800 4 30
500 6 120
550 5 60
20PDC 600 4 20
700 4 15

The time the sample is allowed to exchange 160 with 180 was counted from5 °C
below the desired temperature. After a defined exchange time ( table 6), the sample
was quenched to room temperature and embedded into a conducting polymer
(figure 10, b) based on modified methyl methacrylate and dendritic copper particles
(Kulzer, Technovit 5000). The embedded sample was cut perpendicular to the large
face and polished again.

The measureme nt of the 180 diffusion profile ( figure 10, c) was performed by
Time of Flight Secondary Mass Spectrometry (ToF -SIMS, TOF.SIMS 5, IONTOF
GmbH, parameters in  table 7) by the interface analysis group of the Max —Planck -

Institute for Solid State Research.

Table 7: Parameters for ToF -SIMS.

Polarisation Pri mary gun Sputter gun Probed area Pixel
negative Bi, 30 keV Cs, 2 keV 500 pm2 5122
The diffusion profile was evaluated according to eq. 34 for one —dimensional

diffusion in a semi —infinite medium  (see, e.g., Crank [671) by a least square fitting

routine in Matlab.

* * 2 *

f—(Z ? ;b:bg =erf (2\;;_%) - erf(%x + (%) D*t) erf<2\/t)_*t + %\/ﬁ) eq. 34

In eq. 34, f(x) is the 80 fraction obtained form ToF -SIMS, f,, is the natural

background level of 180 in the sample (= 0.2 %), f, the 180 fraction in the gas phase,

x the distance, t is the exchange time, D* is the tracer diffusion coefficient, and k*

the tracer oxygen surface exchange coefficient.
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3.6 Thermogravimetry
Thermogravimetric analysis (TGA) was performed with a STA 449 C Jupiter

(Netzsch) coupled with a quadrupole mass spectrometer ( Balzers Prisma QM S200
F1, Pfeiffer Vacuum ).
Measurements were car ried out typically with 0.25 — 2 g of sample placed in an

Al;O3 crucible. The volumetric flow rate through the TGA was adjusted to

30 mL min -1 (in situ CO/CH 4 oxidation) and 60 mL min -1 (oxygen non -stoichiometry,

H,O/CO , adsorption, and mas s relaxation experiments) where a share of
10 mL min -1 was the so —called protective gas (N2) running through the balance. To
correct for buoyancy effects, the mass change of an empty Al 203 crucible was

measured at appropriate heating/cooling rates and gas compositions , and was
subtracted from the weight change of the sample. Details for the different

experiments performed by TGA are listed in the following.

3.6.1 Determination of the Oxygen Non-Stoichiometry

For determining the oxygen non  —stoichiometry, the samples (calcined powders)
were first heated to the maximum temperature (800 °C or 900 °C) with a heating
rate of 10 °C min-! and then cooled down with the appropriate rate (to ensure
equilibrium) given in  table 8. To quantify the oxygen non —stoichiometry, the mass of
the sample at the lowest temperature was set to the theoretical value of the oxygen
content where al | Pr or Ce are in their 4+ valance state. The oxygen partial pressure
was controlled by mixing bottled gas -0.1%inN32 1 %0z2inN2 100 % O, —with N »

(5.0 0, and 5.0 N ,, Westfalen) by mass flow controllers.
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Table 8: Weight -in of samples and temperature programs used in TGA experiment.

Sample m/g p(O2) /% Temperature program / °C and °C min -1
2 1 0.7 0.3
83 800 — 600 » 500 — 400 — 300
2 1 0.7 0.3
8.3 800 — 600 — 500 — 400 — 300
2 1 0.7 0.3
20PDC 0.301 0.83 800 — 600 — 500 — 400 — 300
2 1 0.7 0.3
0.083 800 — 600 > 500 — 400 — 300
0.6 0.3 0.2 0.1
0.0083 800 — 600 — 500 — 400 — 300
2 1 0.7 0.3
83 800 — 600 — 500 — 400 — 300
2 1 0.7 0.3
6PDC 0.570 0.83 800 — 600 - 500 — 400 — 300
0.6 0.3 0.2 0.1
0.0083 800 — 600 — 500 — 400 — 300
1.5 0.5 0.2 0.1
83 800 — 600 — 500 — 400 — 350
1.5 0.5 0.2 0.1
2PDC 2.069 0.83 800 — 600 — 500 — 400 — 350
0.3 0.2 0.1
0.0083 800 — 600 — 500 — 400
1 0.6 0.3
83 900 — 600 — 400 — 300
1 0.6 0.3
20TDC 0.569 0.83 900 — 600 — 400 — 300
0.5 0.3 0.2 0.1
0.0083 900 — 600 — 500 — 400 — 300

3.6.2 Mass Relaxation

To determine the chemical oxygen exchange coefficient ks, relaxation
experiments at different oxygen partial pressures and temperatures were
conducted. The oxygen partial pressure was controlled as already mentioned in
section 3.6.1.

The ceramic sample particles with a diameter of 60 — 100 um are heated in
defined oxygen partial pressure and temperature until equilibrium is reached (no
mass change). An abrupt switch of the oxygen partial pressure was applied and the
mass change was analyzed accordingto , e.g., Crank’s solution of a surface reaction
on spheres [67] (eq. 35, diffusion is not rate limiting and therefore negligible ).

m(t) — megq — exp (_ 3k5t>

m(t =0) —meq T

eq. 35

In eq. 35, m(t) is the mass at time t, m(t = 0) is the mass of the sample prior to
relaxation, meq is the mass after relaxation when the sample is in equilibrium, T, IS
the mean particle radius (» 40 um), and with the factor 3, spherical particles are
assumed as approximation. Usually, the change of oxygen pa rtial pressure was
performed f rom low to higher values where it is assumed that the step change in
oxygen partial pres sure is sufficient ly small to get a linear response.

The relaxation experiments were performed between 500 — 700 °C and at p(0,)
changes from0.01 -0.1 %,0.1 —1 %,and1 -10 % with 100 mg sample.
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3.6.3 In Situ Carbon Monoxide and Methane Oxidation

For in situ CO oxidation, the gas composition was set to 1 % O, and 1 % CO
mixed from 10 % O; in N (both 5.0, Westfalen) and 3 % CO in Ar (4.7 CO and
5.0 Ar, Westfalen).

For in situ CH. oxidation, a gas composition of 0.25 % CH4 and 1 % O, was
used, mixed from5 % CH.in N (4.5 CH 4, 5.0 N ; Westfalen) and 10 % Oz in N ».

The measurements were conducted with a sample load of 710 — 730 mg ceramic

particles with a particle size below 60 um. Mass changes were recorded in 1 % Oq
and in the appropriate CO/CH 4 concentration s plus 1% O form high to low

temperatures , whereby the temperature program was set to:

2°Cmin~? 1°Cmin~1 0.6 °C min~1 0.3°Cmin~?
750°C ———— 600°C ——— > 450°C —— 350°C ——— 250°C

3.6.4 Carbon Dioxide and Water Desorption

Carbon dioxide and water desorption experiments were performed in N > (5.0,
Westfalen) gas and with a sample mass of 270 — 290 mg of calcined powders. For
H,0O adsorption, the gas was humidified by an evaporator filled with distilled H 20 at
a temperature of 18 °C (saturated pressure ps,: = 21 mbar), and CO, adsorption
took place at a partial pressure of 10 % COo.

The sample was pre -treated in N ; at 1000 °C for 10 min in the TGA and cooled
down with 20 °C min -1 to 50 °C to be sure that no adsorbed species is present at the
surface of the sa mple. At 50 °C, H,O or CO , were added to the gas stream until no
change in mass could be observed. Water or CO 2 were disconnected from the gas
stream and when the mass was constant, the sample was heated to 900 °C with
5 °C min -1 in order to desorb H .0 or COs..

3.7 Multifunctional Heterogeneous Reaction Set up

Pulsed isotope exchange (PIE), isothermal isotope exchange (IE), carbon
monoxide and methane oxidation (CMOX, MOX) , pulsed carbon monoxide oxidation
(PCMOX), and pulsed carbon dioxide adsorption (PCDA) experiments were
conducted on a self-assembled and validated multifunctional heterogeneous
reaction setup (MHRS). In figure 12, the piping and instrumentation is depicted and

in figure 13, a photograph of the experimental setup is shown
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Figure 12: Pipping and instrumentation of the multifunctional heterogeneous reaction setup.

With MHRS it is possible to operate in a steady —state and a pulsed mode. The

core of the MHRS is the packed bed reactor (PBR1) connected by Swagelok Ultra
Torr screw fittings to a six —way valve at the entrance , and to a mass spectrometer
(MS, Balzers Prisma QMEZ200, Pfeiffer Vacuum) at the exit. The pipes are mainly
1/8 inch, but the connection to the MS is 1/16 inch to minimize dead volume.
Between PBR1 and MS, a heater (H1) is mounted in order to keep the exiting gas at
constant temperature. The amount of gas which enters the MS can be determined

by a rotameter (R1) and is adjusted by a needle valve (V10) connected after H1. The
six-way valve is mounted to a lar  ge gas mixture part with four mass flow controllers
(MFC1-3 & 5) were feeds of oxygen, nitrogen, argon, methane and carbon monoxide

can be connected and mixed in desired ratios. All MFC were calibrated with a
bubble flow meter.

For carbon monoxide oxidati on measurements, a second packed bed reactor
(PBR2, filled with SIO , wool) is required to deposit formed tetracarbonylnickel
originating from the stainless steel pipes which contain some amounts of Ni. A
check valve (C3) avoids other gases to enter PBR2.

The pressure probe (P1, PA -33X, KELLER Ges. fur Druckmesstechnik mbH)
before PBR1 enables one to determine the pressure drop across the packed bed.
The capacity located at P1 is necessary in order to prevent pressure waves which

can occur during pulsing du e to the increasing pressure difference between P1 and
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P2 (LEO2-Ei, KELLER Ges. fur Druckmesstechnik mbH) at higher temperatures.
The sample loop of the six -way valve has a volume of 0.5 mL and is connected to a
second gas mixture unit , separated by a 10 mL mass flow controller (MFC4) where

the pulse gas can be mixed and stored into 0.5 L lecture bottles.

ﬁ =

o 3

\

Figure 13: Photograph of the MHRS (March 2019)

With the possibility to bypass the sample loop of the six -way valve (bypass f rom
valve V12 and check valve C3) it is possible to introduce an abrupt change in gas
concentrations during steady  —state measurements , necessary for isothermal isotope
exchange experiments .

All experiments were conducted in gas tight Al,O3 tubes (Friatec Gm bH, inner
diameter 2 mm, thick ness 05 mm, and length 300 mm). Temperature
measurements were performed by a th  ermocouple placed close to the p acked bed
and fixed by a gold wire. The sample particles or powders were fixed by
approximately 15 mg SiO ;2 wool in the middle of the Al .03 reactor . The SiO > wool
was pre —treated in concentrated HNO 3 overni ght and annealed at 800 °C for 4 hin
air with a heating/cooling rate of 200 Ch-1,

A summary of gases and their purities used in the MHRS is given in  table 9.
Other e xperimental details for the different experiments conducted with MHRS are

described in the following sections.
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Table 9: Overview of the used gas types and purities for different experiments conducted  with the

multifunctional heterogeneous reaction setup.

Gas Type Supplier Purity Experiment
Ar Westfalen AG 5.0 CMOX, PCDA
N2 Westfalen AG 5.0 PIE, MOX
20 % O3 in Ar Westfalen AG 500,,50Ar CMOX, PCMOX
10 % O2in N> Westfalen AG 5.00,,5.0N; PIE, MOX
1% 02inN; Westfalen AG 5.00,,5.0N, PIE
0.1 % 0O2inN> Westfalen AG 500,,5.0N PIE
1% O, in He Westfalen AG 5.00,,5.0N ; PCMOX
5% CO in Ar Westfalen AG 4.7 CO, 5.0 Ar CMOX, PCMOX
5% CH4inN2 Westfalen AG 45CH 450N MOX
5% COz in Ar Westfalen AG 45C0O, 50Ar PCDA
3.7.1 Pulsed Isotope Exchange
Pulsed isotope exchange experiments were conducted on 100 mg ceramic

particles with a size between 60 - 100 pm. The flow rate of the carrier gas -
mixtures of 10, 1, and 0.1 % O, in N2 —was setto 7 mL min -1 to keep the pressure
drop across the packed bed below 20  %. The bed height was approximately 8 mm
for all samples (exceptions will be mentioned in the respective chapters). Prior to
isotope exchange, the sample in the packed bed reactor was pre —treated in the
appropriated carrier gas at 900 °C for 30 min with a heating/cooling rate of
2.5 °C min -1, The 0.5 mL sample loop of the six -way valve was used to introduce an
180 enriched pulse with the same oxygen partial pressure as the carrier gas. The
isotope enriched gas was mixed from 97 at% enriched 180 gas (euriso -top), 97 at%
enriched 15N gas (Westfalen AG) , and standard N » gas. 15N was used to recognizet he
gas from the pulse loop a nd as internal standard, where the concentrations of 180
and 15N are similar. Prior to isotope exchange, the sample was equilibrated for

30 min in the carrier gas stream at each measurement temperature. The isotope
enriched puls e was introduced by turning the six -way valve manually and the
pulses were repeated th ree times with three minutes in  —between. The pulse
m/ z = 30 (15Ny), 32 (160;), 34

(180180) and 36 ( 180,) with a resolut ion of five points per second

response was monitored by the mass spectrometer at

For quantification, t he peak areas A for each oxygen isotopologue i at reactor

temperature T were normalized by the peak area of the 15N> signal (Aszg)-

A;(Tg) — Ai(T)

eg. 36
Ao (T) g

Ny(T) = ‘
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In eq. 36, Ty is the reference temperature where no oxygen isotope exchange

occurs (usually Tg = 25 °C). The molecular oxygen isotope fractions f were calculated

accordingto eq. 37.

32¢ _ N3o(T) | 32 34,0 _ N3u(T) | 34 360 _ N3e(T) | 36, _
f_ZiNi(T)+ fo f_ZiNl-(T)-I_ fo f_ZiNi(T)+ fo —1 eq. 37

The parameter f, displays the initial molar fractions of the oxygen isotopologues
in the 97 at% enriched 180 gas prior to isotope exchange. The values for 2f,, 3*f,,
and 3°f, can be calculated by assuming statistical equilibrium of the oxygen

isotopologues ( eq. 39) and are 0.001, 0.056 and 0.943. The total isotope fraction 18¢

is obtained accordingto  eq. 38.

1Bf =30f 4 0.5%f eq. 38

o]

1818 16,16 = 18,16 | S S ed. 39
0'°0 + *°0'°0 = 2*°0"°0 5,707 4 q
3.7.2 Isothermal Isotope Exchange
Isothermal isotope exchange was conducted on 100 mg 20PDC particles (bed

height was approximately 8 mm) with a size of 60 — 100 pm in 10 % O atmosphere
with a volumetric flow rate of 7 mL min -1,

The sample was equilibrated in 180 atmosphere for 6 h prior to an abrupt switch

to 160. Gas phase analysis at the exit of the reactor was performed by mass
spectrometry with m/ z = 28 (14Ny), 32 (160,), 34 (180160) and 36 ( 180,).
The fractions of 180 and 160 in the exiting gas were calculated with eqg. 38. To

calculate the tracer oxygen exchange coefficient k*, the solution of diffusion into a
sphere with surface reaction (see, e.g., Crank 67) was used by assuming that
diffusion is not rate  —limiting ( eq. 40, for a derivation see , e.g., ref. [68]),

M(t) e 3kt eq. 40
M(t = ) P 7, 4

M(t) is the accumulated 160 in the sample at time t, and M(t = o) the total
amount of 160 incorporated into the sample in equilibrium, and 1, represents the
mean radius of the particles (here ~ 40 um). By using the factor 3 in the exponent of

ed. 40, spheri cal particles are considered as an approximation.
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3.7.3 Carbon Monoxide and Methane Oxidation
Carbon monoxide and methane oxidation were conducted on approximately
15 - 25 mg calcined powders with a bed height between 4 — 8 mm. Prior to CO/CH 4

oxidation measurem ents, the sample was pre —treated in the p acked bed reactor in
the appropriate carrier gas stream (but without CO or CH 4) for 30 min at 750 °C
with a heating/cooling rate of 5 °C min -1, For carbon monoxide oxidation, the
carrier gas did not contain any nitrogen but argon to recognize the CO signal (N2
and CO have the same m/ z). For CH 4 oxidation, nitrogen was used instead.

Conversions of CO and CH 4 were measured as a function of  p(0,), p(CO), and
p(CH,). The gas phase analysis was performed by mass s  pectrometry at the exit of
the reactor :

(i) For CO oxidation: m/ z = 28 (CO), 32 (O »), 40 (Ar), 44 (CO,).

(i) For CH 4 oxidation: m/z =15 (CHs*), 18 (H20), 28 (N 2), 32 (O2), 44 (COy).

For methane oxidation the ~ CHF(m/ z = 15) fragment was analyzed instead of CHf
(m/ z = 16) since the latter signal is influenced by oxygen. In order to not exceed a
pressure drop across the packed bed of 20 %, the total volumetric flow rate was set
to 10 mL min -1 (p(0,) experiment) and 25 mL min -1 (for p(CO)/ p(CH,) experiment).
The gas composition was adjusted according to table 10 for CO oxidation and table
11 for CH 4 oxidation.

Table 10: Gas composition s and volumetric flow rates used for carbon monoxide oxidation

measurements.

Gas Composition 20 % Oz_ in Ar 5% CO_in Ar Ar_
mL/min mL/min mL/min

1%0,/1 %CO 0.50 2.00 750

4 %0,/1 %CO 2.00 2.00 6.00

10 %0, /1 % CO 5.00 2.00 3.00
1%0,/ 0.3 %CO 1.25 0.50 23.25
1%0,/ 0.1 % CO 1.25 2.50 21.25

Table 11: Gas compositions and volumetric flow rates used for methane oxidation measurements.

. 10 %OzinNz 5%CH4in N> N>
Gas Composition mL/min mL/min mL/min
1%0,/0.25 %CH, 1.00 0.50 8.50
3 %0,/ 0.25 % CH4 3.00 0.50 6.50

9.5 %0,/ 0.25 % CH4 9.50 0.50 0
5%0,/ 0.1 %CH, 12.50 0.50 12.00
5%02/ 0.3 % CHg4 12.50 1.50 11.00
5%02/1 %CHa 12.50 5.00 7.50

The quantification of CO, CO ,, CH4, O, and H 2O was done by a linear two point

calibration : at room temperature  where no reaction takes place (the measured ion
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currents are equal to the inlet gas concentrations) and at higher temperatures
where total conversion of CO and CH 4 occurs (concentrations of zero)

In case of CO oxidation, the exiting gas stream was analyzed additionally by a
CO sensor (TOX Sens, Kohlenmonoxid 300 ppm, Endresss+Hauser ) in order to
check for full conve rsion at high temperatures.

Prior to calibration, the ion currents for CO (I¢p, in case of CO oxidation) and O >
(lo,, In case of CH 4 oxidation) were corrected according to eg. 41 and eg. 42, in
order to consider the fragmentation of CO 2 (Ico,) and H20 (Iy,0) in CO* and O+

respectively.

Icocorr = Ico — 0.111¢o, eq. 41

Io,,corr = 1o, — 0.01ly,0 eq. 42

3.7.4 Pulsed Carbon Monoxide Oxidation

Pulsed carbon monoxide oxidation was performed on the same samples with the

same pre —treatment procedure already mentioned in section 3.7.3. The total
volumetric flow rate of the carrier gas —a mixture of 1 % O» in He — was set to
10 mL min-1. The 0.5 mL sample loop of the six -way valve w as used to introduce a

pulse with a composition of 1 % 180 enriched oxygen (97 at% 180, euriso -top) and

1 % CO in argon. 15N, was not used here because it contains traces of 14N2 which
falsify the measured CO ion currents (same m/ z).

Prior to pulsed carbon monoxide oxidation, the sample was equilibrated for
30 min in the carrier gas stream at each measurement temperature. The 180,/ CO

pulse was introduced at each temperature by manually turning the six -way valve.
After pulsing and a delay of 10 minutes , the sample was heated to the next
measurement temperature

The pulse response was monitored by the mass spectrometer at m/ z = 28 (CO),
32 (1803y), 34 (180160), 44 (C 1807), and 46 (C 160180) with a resolution of four points
per second . The oxygen isotopologue 360, could not be quantified since the signal is

influenced by Ar (36Ar isotope) .

3.7.5 Pulsed Carbon Dioxide Adsorption

Pulsed carbon dioxide adsorption experiments were conducted on approximately

5 mg calcined powders. The carrier gas was a mixtur e of 1 % O; in argon with a

total volumetric flow rate of 10 mL min-1.
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The sample was pre -treated in the packed bed reactor in the carrier gas stream
for 30 min at 600 °C with a heating/cooling rate of 5 °C min-1. The 0.5 mL sample
loop of the six —way valve was used to introduce a pulse with a composition of 1 %
02,1 % CO», and approximately 1 % 15N, (Westfalen, as internal standard) in argon.

The O,/CO ; pulse was introduced only once at each temperature by turning the
six-way valve manually . After a delay of three minutes  after pulsing, the sample was
heated to 600 °C with 100 °C min -1 to desorb CO: and cooled down to the next
measurement temperature with 10 °C min -1,

The pulse response was monitored by the mass spectrometer at m/ z = 30 (15Ny),
32 (O2) and 44 (CO ;) with a resolution of  five points per second and the peak area of
the CO ; signal was normalized by the peak area of 15N. To quantify the amount of

adsorbed CO 2 (cco,,aq): €d. 43 was used.

NCOZ,reactor - NCOZ,sample (T)

€co,ad(T) = Cco,,puls eq. 43

NCOZ,reactor

The normalized CO . peak area obtained on an empty reactor (Nco, reactor) WaSs
subtracted by the normalized area obtained with the ceramic sample powder

(Nco,,sample) at temperature T multiplied by the amount of available CO 2 in the pulse

(CCOZ,puls)-
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4 RESULTRND DISCUSSION

4.1 Specific Sample Characterization

4.1.1 Raman Speciroscopy

Materials with a fluorite  -type crystal structure show only one allowed Raman
phonon mode, which is the symmetric breathing mode of the lattice oxygen atom
around each cation. For undoped ceria, this mode appears at approximately
465 cm-1. McBride et al.6% found experimentally (and confirmed by model
calculations) that upon substitution of Ce 4+ with a trivalent rare earth metal like La,

Gd, Pr, or Tb a broad feature at about 570 cm-1 appears in the Raman spectra
which is attribute d to oxygen vacancies.

Interestingly , on Gd, Sm, Y, Lu, and La -doped ceria samples a second band at
around 600 cm-l appears simultaneously. This second mode originates from the
different ionic radi i of the dopant cation s compared to Ce#* (e.g., 0.97 A for Ce 4+ and
1.05 A for Gd 3+). The absence o f the latter peak in case of Pr  was explained due to
the fact that in PDC, the majority of Pr is the 4+ s tate with a radius close to that of
Ce%+ (0.96 vs. 0.97 A).r70

The ratio of the peak areas at the phonon mode s 570 and 465 cm-! (ratio of
lattice oxygen to oxygen vacancies) displays the relative oxygen vacancy
concentration in the bulk material. 71, 721 In principle, surface  sensitive
measurements are possib le by Raman spectroscopy if  the excitation energy is
within the band gap of ceria (E; =~ 3.6eV (344nm)).”2 However, due to the
unavailability of a n appropriate UV laser these measurements could not be
conducted in the present study. Here, Raman spectroscopy was performed  with
annealed GDC and PDC particles (g 40 um) with an excitation  wavelength of
633 nm (red laser) .

The Raman spectra of Gd —doped ceria samples ( figure 14a) clearly show the F 24
vibrational mode of the Ilattice oxygen and the tw 0 defect modes at
570 and 600 cm-i, which is in line with literature findings on GDC powders
conducted with the same excitation wavelength. [731 Qualitatively, a clear trend can
be seen from figure 14a: the intensities of the  defect mode s increase with [Gd],
indicating the increase of [V3']. Due to relative low intensit ies, a quantitative

analysis was not performed here  for GDC .
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Figure 14: Logarithmic plot of the n  ormalized Raman spectra for a) GDC and b) PDC particles . Spectra
are vertically shifted for clarity.

A clearer result (which is in line with literature data, cf. ref.[69. 71 74 ) was
obtained for PDC. As depicted in figure 14b, with inc reasing Pr dopant
concentration the oxygen vacancy related mode at 570 cm-! becomes more i ntense ,
and a linear relationship between the peak area ratio Aszo/ Ases with the Pr
concentration was obtained  (figure 15a). From this, it can be clearly stated t hat the
oxygen vacancy concentration in PDC increases with [Pr].

Figure 15b displays the Raman spectra of Gd/Nb and Pr/Nb co -doped ceria
together with 2NDC, 6PDC and 6GDC. For 2NDC, only the vibrational mode at
465 cm-1 of lattice oxygen was observed. Comparing 6G6ND C/6P6NDC to
6GDC/6PDC, the defect related modes at 570 and 600 cm-1 are less intense when
Nb is present. This qualitative observation indicates that in presence of Nb, oxygen
vacancies are annihilated.

a

=3

6G6NDC
i ——6GDC
—— 6PENDC
——6PDC
—— 2NDC

log(norm. intensity)
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Pr dopant content / mol% Al nm

Figure 15: a) Correlation of the peak area ratio of the lattice oxygen and oxygen vacancy signal with
the Pr dopant concentration. b) Comparison of the n ormalized Ram an spectra of single Nb -, Gd-, and

Pr-doped ceria with the Nb co  -doped system .

To conclude, by Raman spe ctroscopy it was shown that the concentration of
oxygen vacancies clearly correlate with the Pr/Gd dopant concentration . Nb—doped

ceria did not show oxygen vacancy related modes and in GDC/PDC with additional
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Nb—doping, the oxygen vacancy related modes are less intense indicating a

decreased oxygen vacancy concentration.

4.1.2 UV-Vis Spectroscopy

Pure ceria shows three different absorption maxima in the UV region at about
255, 285, and 340 nm (3.6 —5 eV) which correspond to Ce — O charge transfer
processes and interband transitions [75. 761, The measured spectra of doped ceria
samples in the present study are all normalizes to the transition at 340 nm.

For Pr—doped ceria [0 771 and zirconia [78, a broad absorption band at around
500 nm (2.5 eV) appears which is attributed to Pr 3+ and creates the reddish color of
PDC. It becomes more intense with increases Pr concentration ( figure 16).
Absorption measurements on Pr,Os7 (only Pr 3+) showed three different transitions
related to Pr 3+ at around 450, 470 and 490 nm (2.5 -2.8 eV). On PrgO1:189 (the
majority of Prisin  the 4+ state) a very broad feature between 400 and 1400 nm was

observed which is attributedto O - Pr4+ charge transfer processes

GDC 0.6PDC _ | LZPDC PD

Figure 16: Color of GDC (which is similar for all Gd  dopant content and pure ceria) and the series of PDC

20PD

samples.

From figure 17a-c it can be seen that 20GDC and 6G6NDC show only Ce -0
charge transfer processes a nd interband transitions as undoped ceria does. PDC
samples as well as TDC show a broad band at around 500 nm (2.5 eV) which is
attributed to Pr 3+/Tb 3+. With increasing Pr/Tb concentration, this absorption
becomes more intense , which is in line with the co  lor series of the samples ( figure
16). At lower energies (<1.8 eV) and with increasing Pr/Tb concentration, the
absorption increases again due to O - Pr4+/Tb 4+ charge transfer processes. This
mode becomes more pronounced with increasing dopant concentration indicating
the formation of an impurity band within the valance - and conduction band of  ceria
(see figure 18 for a scheme) . The Pr4+ related transitions can also be  noticed when
one considers the absorption of a mixture of 80 % CeO2 and 20 % PrsO1;1 in figure
17a. Pr/Nb co -doped ceria samples show also a broad band at around 500 nm

which is attributed to Pr 3+ transitions as can be seen from  figure 17b.
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Figure 17: UV-Vis absorption spectr a. a), b) and c) doped ceria samples, and ¢) Pr —doped and undoped

zirconia (TZ0) Samples were diluted with 75 % TZ0 powder.

For Pr—doped zirconia (figure 17d), a broad adsorption band between 300 -
550 nm (2.2to 4.1 eV)is present. At 590 -600 nm (2 eV) a small peak can also be
seen for 15PDZ in figure 17c which corresponds also to Pr3+ transitions [0, The low
intensity and the absence of this peak when PDZ with small Pr concentrations is
considered may indi cate that under the measurement conditions (and after the
calcination in oxidizing conditions) no, or only a very small amount of Pr 3* s
present. The increase of the absorptionat A > 600 nm (2 eV)is also attributedto O  —

Pr4+ charge transfer processes (as in PDC) and indicates the formation of a Pr

impurity band within the valance - and conduction band of zirconia.
CB
|
increasing [Pr] I H. (Pr)

E <
|
VB

Figure 18: Scheme of the Pr -impurity band within the conduction band (CB) and valance band (VB) of

ceria.
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Due to the Franck —Condon principle, the retrieve d energies of absorption are
higher compared to results obtained by non -optical methods.

To conclude, evidence for the formation of a Pr —impurity band in Pr  —doped ceria
and zirconia was found . Terbium doped ceria behave similar to Pr —doped ceria. Co-
doping with Nb seems not to influence the Pr 3+l4+ transitions. No formation of an

impurity band was observed for single Nb and Gd —doped ceria.

4.1.3 Water Desorption

On the stoichiometric ceria (111) surface , it was found by DFT calculations that
water adsorption proceeds on top of  Ce#t cation s.8L. 821 Hydroxyl groups are stable
up to 250 K83l before they disappear . On reduced Bl as well as on Gd-doped ceria
(XPS and electron stimulated desorption studies , cf. refs.84 85) water adsorbs at
room temperature at the oxygen vacancy site and water dissoci ation is
thermodynamically more favorable. O  n reduced ceria (111), hydroxyl groups are
stable to above 500 K.[83]

In figure 19, results from the present water desorption experiments conducted
by TG measurements coupled with mass spectrometry on GDC and 2NDC calcined
powder samples are shown (the BET surfaces are given in  table 12, for water and
CO; sorption experiments ). The samples had been equilibrated with 21 mbar H >0 at
50 °C before desorption. One m onolayer of adsorbed H >0 corresponds to an
adsorbate concentration () of 16 umol m-2 by assuming an adsorption cross section
of 10 Az per H .0 molecule. 86l

Table 12: BET areas of the GDC and 2NDC calcined powder samples used for water and CO 2 desorption

experiments.

Sample BET/m 2 gt
20GDC 10.4
6GDC 14.4
2GDC 13.2
0.6GDC 10.3
2NDC 6.2

A clear trend can be seen in  figure 19: with increasing Gd and hence oxygen
vacancy concentration the mass loss becomes larger ( figure 19a). This indicates
that more water adsorbs to the surface as more oxygen vacancies are present,
which is in line with the above mentioned literature. At about 800 °C, the mass loss
reaches a plateau where all water molecules are desorbed (also indicated b y the

mass spectrometer signal where no further release of H 20O was monitored).
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Figure 19: Water desorption experiments (21 mbar H 20): a) Mass loss measured by TG as a function of
sample temperature. b) Corresponding integrated water signal monitored by mass spectrometry. c) On-
line mass spec trometer data which shows the water desorption for 20 GDC and 2NDC. The data was

shifted vertically for clarity.

For 2NDC, the mass loss from 50 °C to 150 °C is identical to the GDC  samples,
but decreases again at higher temperatures to the value at 50 °C. This might be
related to the small weight changes and uncertaint ies in the buoyancy correction
Since the surface concentration of oxygen vacancies on 2NDC is minute, less water
adsorption occurs when compared to the series of GDC samples . The integrated and
calibrated water signal (using H O formation from 1.8 mg CuSO, 5xH.O as
reference) monitored by the MS also shows that less water desorbs from 2NDC
compared to GDC (see also MS dat a in figure 19c).

It can be stated that the amount of adsorbed H 20 clearly correlates with  [Gd]
and hence with [V3']. While the absolute water amou  nts from TGA and MS differ,
the trend with increasing Gd concentration is the same, strongly suggesting

dissociative adsorption of water at oxygen vacancies.

4.1.4 Carbon Dioxide Desorption

Depending on the surface termination and presence of hydroxyl groups , in situ
FT—-IR spectroscopy on ceria powders showed that CO. adsorbs to ceria surfaces as
monodentate, bidentate, polydentate and hydrogen carbonate species. The
corresponding desorption temperatures were determined by TPD analysis to be 573,
573, 723 and 47 3 K, respectively .[87. 88 DFT calculations of ceria (110) surfaces
indicated that CO . weakly physisor bed on stoichiometric ceria . On reduced ceria,
the strongest adsorption energ ies were found when CO; adsorption proceeds atop
an oxygen vac ancy. 89 Yang et al. conducted e xperimental CO; sorption studies with
undoped and Sm -doped ceria. They concluded that surface oxygen vacancies

strongly affect the CO , adsorption. 9 Dopant dependent CO , adsorption
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experiments have be en performed in ref. 1. They attributed the increase of the CO 2
adsorpti on capability in the series of Cu-CeO; > La-CeO, > Zr-CeO, = CeO; to the
increased amount of oxygen vacancies.

The present CO , sorption experiments were conducted on GDC and 2NDC
powder samples (BET areas in  table 12) by two methods: thermogravimetry and
pulsed CO » adsorption. In the first method, the samples had been equilibrated in
100 mbar CO ,; at 50 °C before desorption. One monolayer of adsorbed CO
correspond s to approximately 8 pumol m-2 by assuming an adsorption cross section
of 20 A2 per CO, molecule .92
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Figure 20: CO:2 desorption experiments (100 mbar CO 2): a) Mass loss measured by TG as a function of

sample temperature. b) Corresponding integrated CO2 signal monitored by mass spectrometry.

Results obtained by MS coupled TG are given in figure 20. 2NDC is inactive for
CO, adsorption. The sample did not show a significant mass loss during CO 2
desorption, also no CO ; was monitored by MS during desorption. GDC samples
show a systematic trend:  with increasing [Gd], the mass loss increases and the
integrated CO > signal from the M S increases as well (using CO > formation from
3.6 mg CaCO ; as reference). These results are in line with ref. 931, where the amount
of adsorbed CO , increases with La concentration in La doped ceria. Furthermore,
the measured CO , surface concentrating for 20GDC of about 1.9 pmol m-2 is
comparable to literature data 31 of 1.6 pmol m-2.

Temperature dependent p ulsed carbon dioxide adsorption experiments on PDC,
GDC and 2NDC calcined powder samples also showed a clear relationship between

dopant content and CO » adsorptio n capability (figure 21).
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Figure 21: CO: adsorption for PDC, GDC and 2NDC, measured by pulsed carbon dioxide adsorption

experiments , the pulse contained 0.5 mLof1 % Oz2and1 % CO-.

While for 20 and 2 PDC/GDC samples the surface concentration of CO
amounts to 1.2 - 1.5 ymol m-2, the concentration of adsorbed CO , for 2NDC is low
with 0.2 pmol m-2 at room temperature. These values are i n good agreement to the
present CO , desorption experiment by TG/MS and to data of Wilkes et al. (for
20PDC 1.5 pmol m-2 )¢3l. With increasing temperature, less CO , tends to adsorb to
the surface. At 100 °C, almost no CO , adsorbs to the 2NDC surface. For 2PDC and
2GDC, the surface concentration of CO  , is minimal already at about 200 - 250 °C
while for 20GDC and 20PDC CO , adsorption ceases only at 450 °C to about
0.2 umol m-2,

Specific ca tion effects cannot be excluded; however, it is highly plausible that
the amount of adsorbed CO » correlates with  [V)'] hand hence , with the dopant type
and concentration. PDC and GDC tend to adsorb ident ical adsorbate concentrations

while CO ; adsorption is not favorable on 2NDC.

4.1.5 Thermogravimetry

Thermogravimetric measurements were conducted in order to investigate the
oxygen non -stoichiometry of Pr —doped ceria and how strong PDC got reduced under
the experimental conditions in the further approach. Results , regarding the
chemical oxygen surface exchange coefficient k% obtained from mass relaxation are
given in section 4.2.3.3 , where the measured exchange coefficients from different
methods are compared. The results of in situ CO and CH 4 oxidation are given in
chapter 4.3.

The oxygen non -stoichiometry (2 -6) is plotted for 20, 6, and 2PDC in figure 22.
At low temperatures all Pris  assum ed to be tetravalent and & was set to zero. With

increasing temperature and decreasing oxygen partial pressure, Pr 4+ reduces to Pr 3+
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which induces the increase of the oxygen vacancy concentration and hence, a

stronger negative deviation from the ideal oxyg en stoichiometry. At T > 800 °C, (2-6)

reaches a plateau where all Pr is trivalent and the condition [Pr]ior = 2[Vg'] holds.
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Figure 22: Oxygen non-stoichiometry at different oxygen partial pressures as a function of temperature
for a) 20PDC, b) 6PDC and c) 2PDC.

The thermodynamic factor ~w was extracted according to  eq. 44 (cf. ref.194, page
268) from the oxygen non -stoichiometry data and the results are given in figure 23.
Generally, w describes how strong ly the oxygen ion concentration in the material
changes on the oxygen partial pressure. With increasing Pr concentration and

decreasing temperature, w decreases as expected since the thermodynamic factor is

inversely related to the chemical capacity (  Cchem = %)
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Figure 23: Extracted thermodynamic factor w for 20, 6, and 2PDC at different temperatures.

From the mass change in figure 22, the fraction of Pr 3+ can be extracted by
assuming r. 2, and eq. 45 can be derived (ideal behavior assumed) , where xp, and
xp, denote the fraction of Pr in the doped ceria samples and the fraction of oxygen
in the gas phase. AH;p. is the enthalpy of reduction for Pr and AS;p, the

corresponding entropy which are given in table 13.
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[08][PrEe I? (2 = &) (xpr — 26) —AH; pr + TAS; py
K= OVl Pre]? = \/x_02453 = Krjprexp< RT > eqg. 45
Table 13: Calculated thermodynamic data for Pr doped ceria samples.
Sample AH;p. / eV AS;.p. /Jmol 1K1
20PDC 2.3eV -200
6PDC 1.9eV -130
2PDC 1.8eV -95
The fraction of Pr 3+ as a function of temperature at different p(0,) was already
discussed and show n in section 2.1.2.
Overall, TG meas urements showed that the oxygen non -stoichiometry  and

Pr3+/Pr 4+ ratio is strongly affected by the oxygen partial pressure and temperature.

4.1.6 Oxygen lon Diffusion

Oxygen ion diffusion was measured by isothermal isotope exchange line profiling
(IELP) on dense 20PDC and 20GDC pellets in 200 mbar O, from 500 °C to 650 °C.
The extracted tracer diffusion coefficients D* for 20GDC and 20PDC are given in
figure 24. The tracer oxygen surface exchange rates k* are given in section 4.2.3.3

where they are compared to other exchange rates determined by different methods.
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Figure 24: Tracer di ffusion coefficients D* for a) GDC and b) PDC. Literature values were extracted from
refs.[95-971 for GDC, and from ref s.[15. 98] for PDC.

As can be seen from figure 24a, D* for the present 20GDC sample matches very
well to lite rature data for 31GDC, 20GDC, and 10GDC measured also by IELP [95-97]
demonstrating the reliability of the prese nt measurement method . The oxygen
diffusion shows an apparent activation energy ofaround1  eV.

In figure 24b, D* for the present 20PDC is plotted together with data extracted
from ionic conductivities (oxygen) and mobilities  (oxygen vacancy) [15 %81, No IELP

measurements have previously been performed on Pr -doped ceria samples. lonic
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conductivity and mobility data was c onverted to D* by using eq.46 and eq. 47
where Dy denotes the oxygen vacancy diffusion coefficient, uy is the mobility of
oxygen vacancies, Fy is the tracer correlation factor (for simple cubic structure with

very low defect concentration  Fy = 0.65199), o;,, IS the 0 xygen ionic conductivity, z

and F are the charge and the Faraday constant , respectively.
1) 6 uyRT
=g svhv= 5 T a
RTUion
D'=—— .
[05]22F2 eq. 47

The present 20PDC sample shows  higher tracer diffusion coefficients compared
to 20GDC , and a significantly decreased activation energy with a value of 0.5 ev.
On the other hand, for D*, calculated from literature oxygen vacancy mobilities
(blue line, figure 24b), the activation energy amounts 1 eV, which is identical to
GDC. The reason for this  might be that u, was determined at T and p(0,) where all
Pr is trivalent and no Pr 3*/Pr 4 redox-couple is available. Therefore, it is not too
surprising that this data matches better to GDC (since in GDC only Gd 3 s
present). In contrast, D* from oxygen ion conductivities (green data in figure 24b, at
T and p(0,) where still an perceptible amount of Pr 3+/Pr 4+ is present) are in very
good agreement to D* of the present 20PDC , indicating that the Pr redox -couple
facilitates the oxygen ion diffusion. A tentative explanation for this behavior could
be the formation of a percolati ng oxygen path with decreased migration barriers
along Pr 3+/4+
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4.2  Oxygen Exchange Kinetics

This section deals with the results regarding the oxygen exchange kinetics . Parts
of thi s chapter already have been published by the author as part of this
dissertation ( cf. ref.[100]), First, general sample characteristics are presented followed
by a detailed discussion and interpretation of the results

4.2.1 Sample characteristics

For probing the oxygen exchange kinetics on doped ceria systems, double -
annealed particles were used , which showed a BET surface of 0.014 m2g-1. The
double annealing at 1400 °C yields well defined and almost por e free surface s of the
particles as depicted by the SEM images in figure 25.

6 ]
e

X

’ 4 % :_ ‘ A'V—:(‘\‘. L(:—“im
6P6NDC. | *

N .

Figure 25: SEM images of the surface s of the double —annealed (1400 °C) particles of doped ceria

investigate d by pulsed oxygen isotope exchange.
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Figure 26: a) Grain size of doped ceria samples as a function of total dopant content. b) Lattice

parameter of PDC and GDC a s a function of dopant content.

The mean grain size ranges from 1 -4 pm and tends to decrease moderately
with increasing doping content ( figure 26a). This trend was also found, for example
in ref. (2011, where the mean grain size of GDC pellets decreases from 7.2 pm (1 mol%
Gd)to 1 pum (20 mol% Gd). XRD measurements (figure 27 to figure 29) confirmed a
phase pure, cubic fluorite type crystal lattice . Only 11P11IND C shows a small
impurity of a second phase.

The lattice parameters for Gd —doped ceria follow Vegard’s lawll02 (figure 26b)
indicating a solid solution, corresponding to the larger ion radius of Gds3+ (Ce#
0.97 A, Gds3+ 1.053 Awuo3l), The lattice constants of the Pr -doped ceria system
decrease slightly . This indicates that the mean valance of Pr shifts to 4+ rather
than 3+ ( Pr&+ 0.96 A, Pr3+ 1.126 A), which is in accordance with the defect model
calculations 14 and TG data ( figure 2 and figure 3). A summary of the lattice

parameter for the investigated doped ceria samples is listed in table 14.

Table 14: Lattice parameter of undoped ceria, PDC , GDC, Pr/Gd co -doped ceria, 2NDC , Pr/Nb, Gd/Nb,

and Pr/Gd co -doped ceria.

Sample Lattice Parameter Sample Lattice Parameter
alA alA
CeO: 5.4098 20TDC 5.3910
06GDC 5.4115 2P6GDC 5.4126
2GDC 5.4113 6P2GDC 5.4081
6GDC 5.4129 6P14GDC 5.4179
20GDC 5.4216 14P6GDC 5.4142
06PDC 5.4075 11P11NDC 5.4142
2PDC 5.4077 6P6NDC 5.4092
6PDC 5.4067 2P2NDC 5.4091
20PDC 5.4056 6G6NDC 5.4048

6TDC 5.4066 2NDC 5.4080
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Figure 27: XRD patterns for undoped ceria, GDC, and PDC.
\—1"A T T T T - Ce02
‘ l A Ak ,||—— 6P14GDC
J@L {|—— 14P6GDC
J[ L | L ||—— 6P2GDC
lL —— 2P6GDC
| J L R [ L ||~ 6TDC
4|——20TDC
| l l . | WY I\
| l l A k4 L_
| l l. " A h
‘ 1 l A | Y k.
20 4|0 6IO 8|0
20/°

Figure 28: XRD patterns for undoped ceria
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Figure 30: Dopant content at the surface of the twofold annealed particles determined by XPS.

XPS measurements conducted on 20PDC, 6PDC, 20GDC, 6 GDC and 6P6NDC
(figure 30) revealed a moderate segregation of dopants to the surface of the particles
of up to 30 % relative to bulk values after the second annea ling step at 1400 °C.
The tendency of the dopants to segregate incr  eases according to Gd < Pr < Nb.

By TEM —-EDX elemental analysis on 6PDC  (Figure 3la-b) it was found that the
concentration of Pr across a grain boundary is moderately increased in comparison
to th e bulk. It is important to note that no significant amount of Si was found. Due
to the segregation of dopants around the grain boundary, the grain boundary
growth is now impeded by the lattice diffusion of these dopants (see figure 26a).

This effect is called solute drag and was i nvestigated, e.g., in ref. 104 for doped ceria.
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Figure 31: a) Location and direction of the performed line scan at a grain boundary of 6PDC. b) Atom%

profile of Pr, Ce, Si and O along the line scan.

For all doped ceria samples, the particles probed by PIE measurements are in
the surface controlled regime. The characteristic lengths ([, = k*/D* (D* = oxygen
tracer diffusion coefficient, k* = effective tracer exchange rate constant ) calculated
with literature data [95 105, 106] gre typically 10 - 1000 times larger than the average
particle radii of the  samples. Hence, bulk diffusion of oxygen is fast compared to the
surface reaction, and not affecting the 180 exchange kinetics.
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Oxygen ion blocking effects at grain boundaries in a cceptor doped ceria are
known to be present , but in the temperature regime where oxygen exchange is
conducted, the blocking effect becomes small (107, 108] = |mpedance spectroscopy of
GDC pellets confirmed this observation. In  figure 32 the conductivity of 6GDC and

20GDC is plotted.
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Figure 32: Conductivity of 6GDC and 20GDC pellets as a function of inverse temperature obtained by
electrochemical impedance spectroscopy in 100 % Oo2.

The activation energies for grain boundary and bulk conductions remain close to
each other, as observed in li  terature (see, e.g., ref.(2091), Due to the slightly blocking
character of the grain boundaries, the spe  cific grain boundary conductivity (  ogp
see section 3.2.7) is below the bulk conductivity ( o). However, the total
conductivities of bulk and grain boundaries are very close together indicating

almost non —blocking grain boundaries, especially at hig her temperatures.

4.2.2 Raw Data and Exchange Activity of the Empty Reactor

In figure 33 the ion currents of the oxygen isotopologues 3203, 3402, and 360, at

the exit of the reactor are shown. During pulsing, the mass balance (green line in
figure 33) of the isotopologues deviate s only slightly , confirming the reliability of the

quantitative analysis.
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Figure 33: Raw dat a of a PIE experiment conducted on 20GDC. Depicted are the ion currents for the

three oxygen isotopologues as a function of time. The green line denot es the mass balance of oxygen.

The sum of the peak areas remains almost constant (deviation of + 0.5 %) when

normalized to the reference 15N peak (nhot shown in  figure 33) in a temperature
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series. This also indicates that the ionization probability of the oxygen isotopologues
is similar. The relative uncertainties for the three oxygen isotopologues fractions
range between + 2 -6 % and are higher for 320, and 340,, especially at high
conversions (high temperatures) , and with samples with a profound formation of
340, due to the overlap of incorporation/excorporation.

In figure 34, the fractions of the oxygen isotopologues 320,, 3402, and 360 in the
pulse are plotted as a function of reactor temperature for an empty quartz glass and
Al;O3 reactor ( both are filled with approx. 15 mg SiO . wool, which later serves as
catalyst support ). Both reactors show oxygen exchange activity mainly due to
isotopic scrambling at the reactor surface. The total 180 content hardly changes,

hence the 180 exchange with the reactor and the Si wool is negligible. In case of the

quartz glass reactor , isotopic scrambling commences already between 700 - 800 °C.

g0 Quartz Reactor " A4 4 4 s | [ AlO5Reactor As |

\\

36
60 O, | | |

ES
= 404 g 1t |
2

20 N 1L o® |
o-—I—I—g.‘EzSi— —I—I—I—I-I-._.‘. |

400 600 800 1000 400 600 800 1000
T/°C T/°C
Figure 34: Oxygen isotopologue fractions ( f) measured at the exit of the reactor as a function of reactor
temperature. Shown are the data for an empty quartz and Al 203 reactor with approx. 15 mg SiO2 wool
as catalyst chair and an inner diameter of 2 mmin 10 % Oo.

The negative 320, fractions are due to some unavoidable smearing of the 180
pulse: at the edges of the pulse, residual 320, can scramble at the reactor surface
with 360, yielding 340., as indicated by peak splitting of the 340, MS signal. Al;O3
shows considerabl e oxygen exchange activity o nly at temperatures beyond 850 -

900 °C, which makes this material an appropriate reactor for PIE measurements.

4.2.3 Pulsed Isotope Exchange of Doped Ceria

Figure 35 summarizes the fractions of the oxygen isotopologues in the pulse for

selected doped ceria sampl es. Generally, w ith increasing temperature, 180 starts to
incorporate into the sample indicated by a decrease of 36f Due to the fact that the
oxygen stoichiometry is in ~ chemical equilibrium, the same amount of 160 needs to

be released from the sample in the form of 320, or 340, depending on the underlying

reaction mechanism.
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2NDC and undoped ceria show similar low oxygen exchange activity as the

empty Al O3 reactor. The measured Gd, Pr and Tb single  — and co —doped samples
are all more active for oxygen exchange compared to undoped CeO 2. On 0.6GDC
oxygen incorporation commences at around 750 °C. This onset temperature

decreases with increasing Gd concentration so that for 20GDC oxygen incorporation

starts already at 600 °C. All Gd —doped ceria samples show a moderate formation of
340, which points to a slow incorporation rate relative to the rates of oxygen
adsorption and dissociation. The oxygen exchange activity on Pr —doped ceria
samples increases even more pronounc ed than on GDC. For 0.6PDC, oxygen
incorporation starts in the same low temperature range as for undoped ceria or the

empty reactor (850 — 900 °C).
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Figure 35: Oxygen isotopologue fractions ( f) measured at the exit of the reactor as a function of reactor

temperature in 10 % Oz atmosphere.

With increasing [Pr] the onset temperature for oxygen incorporation shifts
quickly to lower temperatures , reaching a value of already 500 °C for 20PDC. The
absence of 340, for samples with less than 6 mol% Pr or Tb suggests that the
dissociated oxygen species incorporates faster into the bulk when compared to GDC
or Nb single — and co —doped ceria , or that the oxygen diffusivity in bulk PDC/TDC is
faster than in GDC. Accordin g to the defect chemical model24, 10PDC has a
moderately higher V3" mobility than single crystal line 10GDC (measured by 180
isotope exchange and SIMS line scan) 98, which is in agreement with molecular
dynamics simulations [0, The present i sothermal isotope exchange line profiling
(IELP) experiments of 20GDC and 2 OPDC dense pellets (see section 4.1.6) indeed

showed a higher oxygen diffusion coefficient for 20PDC. The activation energy for
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oxygen diffusion of 20PDC  of 0.5 eV is half of the value for 20GDC with 1 ev. A
tentative explanation  for this behav ior could be the formation of a percolation
oxygen path with decreased migration barriers along Pra+a+

Pr/Nb, Gd/Nb, and 2NDC are less active for oxygen incorporation compared to
GDC and PDC or Pr/Gd co -doped samples and the formation of 340, is less
pronounced for PNDC than for GNDC ( figure 34). Since donor —doping with Nb leads
to a suppression of oxygen vacancies (or even leads to the formation of oxygen
interstitials  for 2NDC) , these results show that oxygen vacancies are crucial for the
oxygen incorporation reaction.

In the following, first the 180 gas phase fraction will be analyzed by assuming
the overall oxygen incorporation reaction ( eqg. 18), followed by an analysis of the
320,, 340,, and 360, gas phase fractions in terms of the reaction mechanisms M1
and M2 ( eq. 25 and eq. 26) mentioned in section 2.3.2.

4.2.3.1 Analysis of the 180 gas phase fraction
The calculated equilibrium exchange rates R, of the overall oxygen incorporation
reaction ( r. 6, and eq. 18) are plotted in figure 36, the temperature dependence of

all doped ceria samples follows Arrhenius  behavior.
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Figure 36: Arrhenius diagram of the equilibrium exchange rate R, for doped ceria sample measured in

10 % oxygen atmosphere.

R, from subsequent pulses varied by a factor of 0.3 — 1.7 relative to the mean
value at low oxygen conversions, but with increasing conversion this deviation
increases. Thus, the relative errors are small relative to the variation of Ry with T or
dopant concentration.  The repetition of a T-series for 20PDC did no t show any
indications of sample degradation. Figure 37 shows the extracted activation
energies ( E,) ranging between 1.4 - 2.3 eV as a function of the total dopant con tent.

The relative error for  E, was found to be +5 %.
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Figure 37: Extracted activation energies  of R, in 10 % O2 for doped ceria samples.

Two distinct groups can be seen in figure 37: Pr, Tb, and Gd single - and co -

doped ceria samples showed E, values ranging from 1.4 -2.3 eV, while Nb doping

led to higher activation energies between 2.5 — 2.8 eV. With increasing total dop ant
content the values tend to decrease slightly. The interpretation of the obtained E,
values are not straight forward since they represent a combination of the actual

reaction barrier of the  rds and the reaction/adsorption enthalpies of fast preceding
steps. However, the higher E, values for Nb doped ceria might arise from higher
reaction barriers due to the absence of oxygen vacanc ies, or from higher effective
temperature dependence of the tiny oxygen vacancy concentration compared to
PDC, TDC and GDC.

To relate the trends of the oxygen exchange rate s with the dopant concentration :
R, was inter/extrapolated to a common temperature of 700 °C. Therefore, the
values of the slopes in  figure 38 may carry some uncertaint y. Nevertheless , due to
the large change of dopant content by 1.5 order of magnitude, the observed trends
are reliable. Since undoped ceria and 2NDC show low oxygen ex change activity in
the range of the empty Al ,Os3 reactor, only an upper limit of R, is given for them.

For GDC, figure 38a shows that R, is proportional to the Gd  bulk concentration.
Relative to undoped ceria, R, increases by two orders of magnitude. Since the
condition [Gd] = 2[Vy'] holds, R, is proportional to the bulk [Vo'] according to
Ry o« [VG']E. On has to keep in mind that the absolute surface concentration of
oxygen vacancies differ from the bulk values, but still an approximate
proportionality to the bulk Gd concentration is expected ( cf. section s 2.1.3 and
2.2.2). In contrast, for Pr doped ceria samples, R, increases more strongly
accordingto R, < [Vy']3° (see figure 38b). Overall, for 20PDC the R, value increases

by almost five orders of magnitude (by a factor of 100000) relative to undoped ceria.
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Figure 38: R, as a function of bulk (a) Gd and (b) Pr content. The red shaded area indicates the activity

range of undoped ceria and 2NDC. Values for 06GDC, 20GDC, 06PDC, 2PDC, 6PDC and 20PDC are

mean values calculate d from at least two measurement series (separately filled reactor beds)

Such a strong increase suggests that the intrinsic redox activity of Pr itself also
affects the oxygen exchange activity. In the present study, TDC shows similar
strong correlation of R, with [Tb], and agrees well with results from Balaguer et
al.1, where a relationship of  [Tb] o ®%* was found (10, 20 and 50 mol% Tb doped
ceria). This indicates that redox -active dopants tend to facilitate the oxygen
incorporation , which is in line with several observations that mixed conducti ng
fluorites or perovskites activate the oxygen incorporation more strongly than purely
electronic or ionic conductors ~ [85 111 -116]

Gd and Pr co —doped ceria behave simila r to PDC. Mainly the [Pr] seems to
determine the oxygen exchange activity: while additional Gd  co—-doping ( figure 38b)
shows al most no effect o n the equilibrium exchange rate, additional Pr co —doping
clearly increases R, (figure 38a). As soon as an equimolar concentration of Nb is
present in Nb/Pr, Nb/Gd co —doped ceria the R, values drop down to the region of
undoped ceria , which strongly supports the assumption that the increase of the
reaction rate with increasing Gd concentration is related to the concentration of
oxygen vacancies and not to some specific effect of the Gd cations.

Important information about the underlying reaction mechanism can be
obtained when the o xygen partial pressure dependence of R, is considered ( figure
39). For the present samples, the oxygen partial pressure exponent n is always
above 0.5 and range s between 0.6 — 0.8. As discussed in section 2.3.2 , this means
that molecular oxygen is involved in the rds of oxygen incorporation. The fact that n
is smaller than 1 indica tes that other point defects also play a role in the reaction

mechanism.
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Figure 39: Oxygen partial pressure exponents n as a function of dopant content. The relative error is
smaller than the symbol si ze. Temperatures w here n was determined: 2GDC 810 °C, 6GDC 785 °C,
20GDC 625° C, 2PDC 800 °C, 6PDC 650 °C, 20PDC 560 °C, 2P6GDC 775 °C, 6P2GDC, 6P14GDC 600 °C,
14P6GDC 575 °C, 2P2NDC 850 °C.

Assuming a fast pre —equilibrium of oxygen adsorption where just o ne hole is
involved (r. 11, eq. 48), followed by the vacancy -assisted dissociative —incorporation

of the adsorbed oxygen molecule  0; asthe rds (r. 12, eq. 49) yields:

=1
[N

0z][h*
0, = 0;+n r. 11 K, = 10:1Ir'] eq. 48
- p(03)
ke
ks
0; +Vy = O034+0% +2h° r. 12 Ro = k,K1p(0)[Vy'][h°] 2 eq. 49
2

Substitution of  [h*] in eq. 49 with the relationship  [h*] « p(0,)"* for bulk GDC
yields R, « p(0,)3/*, which fits very well to the observed oxygen partial pressure
exponents ranging between 0.6 - 0.8. It follows that additional to one Vg5 at least
one hole is produced or one electron is consumed before or inthe rds.

Regarding the observed R, « [V)] for GDC, there is some discrepancy since
according to eg. 1, the hole concentrations depends according to [A°] [V(')']l/2

which overall results in %R, o« [V5]2. A tentative consideration to resolve this

discrepancy is the following: [h*] « [V3']"? enters the rate expression as a
consequence of the chemisorption equilibrium in eq. 48. If the system behaved
ideally, K; would be independent of [Gd] and [V{'], but [07] would decrease with
increasing [Gd] and [V3']. However, the decreased effective cation charge with
increasing Gd content might make the 0, chemisorption increasingly favorable
(deviation from ideal behavior) such that overall the [07] becomes approximately

independent of [V3']. Alternative mechanisms with two V5" involved before or in the
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rds (leading to stronger [Vg3'] dependencies of 9R,) are considered less probable as
they require the encounter of adsorbed oxygen with two Vo'

To derive an appropriate reaction mechanism which is in accordance with the
experimental observations, a short summary of the results regarding PIE
measurements is given:

() The equilibrium exchange rate on GDC shows a proportionality of

Ry « [Gd]* « [V3']'. For PDC the relationship Ry « [Pr]>>  (with
[Pr] « [V3']) was observed. This indicates that in both cases, oxygen
vacancies are involved in  or before the rds.

(i) The oxygen patrtial pressure dependence of the equilibrium exchange rate

was found to be R, x p(0,)™>'/2 in all cases.

(iii) Since the exponent of the overall  p(0,) dependence is between 0.5and 1

this indicates that at least one electron is consumed or one hole is

produced in or before the rds.

For GDC, the reaction mechanism depicted in figure 40 is consistent with these
findings.
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Figure 40: Proposed reaction mechanism for GDC consistent with the measured data. The cha rges of the
oxygen intermediates are tentatively assigned since the y cannot be directly concluded form PIE
measurements. The rate -determining step is expected to be within steps 2 -4, and are marked with red.

The adsorption of gaseous oxygen  at the surfac e (step 1) is expected to be fast.
Such chemisorption processes occur on oxides already at room temperature or even
below as found in literature 157 117, 118] |t js most likely that oxygen adsorbs as a
superoxide species ( 03). Although peroxide as well as superoxide ( 037) species were
found on reduced ceria 1171 and redox —active perovskites like  (La,Sr)MnO 3.41191, the
latter is less probable under oxidizing conditions since GDC is a large bandgap

material.
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The dissociation of oxygen without the involvement of an oxygen vacancy can be
ruled out for GDC as well as for PDC since it was foun d that in addition to
molecular oxygen also one V3 is involved in or before the rds. Hence, it is
reasonable to assign that the incorporation proceeds by the encounter of a surface
03 with a surface V{3 (step 2). At this stage no unambiguous statement can be made
whether 03 or Vg diffuses at the surface. However, on perovskites such as
BaosSrosCoosFeo203.5 or (La,Sr)MnO 3,562 1121 there is evidence that an oxygen
vacancy approaches the adsorbed oxygen species. The next step 3 is the
incorporation of the superoxide into an oxygen vacancy and the subsequent
dissociative  incorporation (step 4). From DFT calculations for ceria  [1200 and
perovskites 621 it was deduced that the dissociation of molecular oxygen is facil itat ed
when it is first incorporated into an V3. Based on the present experimental
observations, one of the steps 2 — 4 concluded to be rate —limiting.

In step 5, the remaining oxygen atom encounters an oxygen vacancy and finally
incorporates (step 6). DFT calculations of the  diffusivity of adsorbed oxide ion s on
the ceria (111) surface plane showed that on perfect ceria the O ion diffusion is
unlikely to happen due to the large barrier of 1.58 eV. In contrast , in the oxygen
vacancy -rich ceria structure, the oxygen ion can easily be inserted into a close -by
oxygen vacancy. [120]

The charge of the adsorbed oxygen atom is assigned here only tentatively since
from PIE measurements no  dire ct conclusions about the charge can be drawn.
Based on the observation that molecular oxygen is involved in the rds, the steps
after the dissociative —incorporation ( 5 and 6) cannot be rate limiting. This implies
that the concentration of 0~ is larger compared to 0; (also observed for
(La,Sr)MnO 3.5621), leading to a shorter diffusion length to an oxygen vacancy
Alternatively 0O~ as the mobile surface species would need to have a higher surface
mobility compared to  0;. The assignment that the incorporation of 0~ into V{§ in
step 6 is not rate -limiting may also impl y that the similar step 3 is also not limiting.

Regarding PDC, the over —proportional increase with Ry « [Pr]3° is remarkable.
A part of this strong correlation originates most likely due to the involvement of one
oxygen vacancy in or before the rds as found for GDC , which vyields
Ry « [Pr]! o« [V§]E. It is highly plausible that the remaining dependence of 2.5
originates from the intrinsic low temperature redox —activity of Pr in comparison to
Ce. A reasonable hypothesis is that oxygen prefers to adsorb close to Pr 3+/a+
(Pree/Pr&,) sites according to  r. 13 and r. 14, which enter the oxygen incorporation

reactions as a fast procee ding equilibrium:
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0, + Prge = 05 + Pr§, r. 13

03 + Prie = 037 + Pr§, r. 14

From this , one can deduce that [03;] and [0%7] scale with [Prg./ Pri.] and
[Preo/ Pri.]2, respectively , which would then increase the subsequent dissociation
rate and yield %R, « [Pr]® (together with the involvement of one V5' in the rds).
Another aspect of Pr is the formation of an impurity band where the band width
increases with increasing  [Pr]27 (see section 2.1.2 and 4.1.2). This may facilitate the
charge transfer from the surface to the adsorbed oxygen species [07] and [037]
(more negative adsorption energies) and further increase the dependence of R, on
[Pr], yielding altogether R, « [Pr]®>3. At present, a final conclusion about the

detailed atomistic origin of the strong dependency of R, to [Pr] cannot be drawn

4.2.3.2 Analysis of the Oxygen Isotopologue Fractions

In this section the analysis in terms of mechanisms M1, M2 as outlined in
section 2.3.2 is applied. This analysis does not only consider the overall isotope
fraction in the gas phase ( '°fy; and '°f,.) but also the distribution of the
isotopo logues 360,, 340,, 320,. As indicated in the  appendix , this analysis yields
meaningful results only when a perceptible amount of 340, is formed. When
R; > Rga, only few 340, are form ed and the analysis yields 2 19’1’da ~ Ry (M1) or
2 Zﬁida ~ Ry (M2), but the much higher  R; comes with very large error bars that
make s it unreliable.

Deconvolution of the different rates of the elementary steps proposed according
to mechanisms M1 and M2 was carried out via eq. 25 to eq. 28. Figure 41 shows
the results for 2PDC, 2GDC, 6GDC. Similar as for SrTi 1.xFexOs.5in ref. 551, this
analysis does not allow an unambiguous decision between M1 and M2 (however,
the dopant and p(0,) dependence discussed in section  4.2.2 strongly favors M2).
Also, similar to the analysis in ref. 851, M2 yields lower R; values (b ut similar p(0,)
dependence) compared to M1.

For all data presented in  figure 41, R4, < R; holds. The difference is greater at
low p(0,). Within the error bars, R; has no pronounced p(0,) dependence, which is
in line with the (largely)  p(0,)-independent oxygen vacancy concentration. Ro = 2NR4a
has a p(0,) dependence with an exponent in the range of 0.6 - 0.7, which is in line
with molecular oxygen species in or before the rds plus contributions from defects

with a negative p(0,) dependence.
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Figure 41: Calculated exchange rates of adsorption/dissociation R.qa and incorporation  R; by assuming

mechanisms M1 or M2 (section  2.3.2) as a function of p(0,).

Overall , one can conclude that the analysis in terms of M2 is in agreement with
the conclusions of section 4.2.2, and furthermore - for those samples with
sufficiently high 340, formation that allows for a reli able analysis - yields R4, and %;

values with a consistent p(0,) dependence.

4.2.3.3 Comparison of Oxygen Exchange Rates

To check whe ther the results obtained by PIE are comparable with other
methods, isothermal mass relaxation after p(0,) change and isothermal isotope
exchange experiments on 20PDC and 20TDC particles (in the same reactor as for
PIE) were conducted and results from isothermal exchange line profiling (section
4.1.6) and literature were extracted.

The temperature dependence of the chemi cal oxygen surface exchange
coefficient k% determined by TG is plotted for 20PDC and 20TDC for different oxygen
partial pressures in figure 42a, and they all follow Arrhenius behavior. The
apparent activation energies are ranging between 0.8 eV for 20TDC and 1.0 eV for
20PDC, and are half as large as  E, obtained by PIE (» 2 eV). The p(0,) dependence
of k% is in line with the observed  p(0,) dependence of %, with an exponent of about
0.6 (figure 42b), which substantiates the involvement of mo lecular oxygen in/before

the rate —determining step of oxygen incorporation.
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Figure 42: Results obtained by mass relaxation experiments by TGA. a) Temperature dependence of ké

and b) p(0,) dependence of k¢ values for 20PDC/20TDC double annealed particles.

For PDC, t he coefficient k% was transformed to the tracer oxygen surface
exchange rate k* by multiplying with the thermodynamic factor w in order to
compare with literature and present PIE data (eqg. 50). A mean thermodynamic
factor of about 218 was extracted from TG measurements for 20PDC (500 °C to
800 °C, cf. section 4.1.5, within the error range , w only varies slightly  with

temperature ).
k® = k*w eq. 50

For GDC and PDC the k* values from this study are given in figure 43 and figure
44 as open symbols , and literature data  are denoted by solid symbols. Overa I, the

data scatter by almost six orders of magnitude.
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Figure 43: Exchange rates k* obtained in this study and extracted from literature for GDC.

For GDC ( figure 43), the data from Yoo 54 agree well with the present PIE study
and both data sets connect reasonab  ly well to IELP results at lower temperature (971,

The present IELP data of 20GDC particles are two orders of magnitude smaller than
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the PIE data but agree very well to other exchange rates determined by IELP [95, 96]
and isotope exchange gas phase analysis (IEGA) [21] and s how similar slopes at
temperatures above 500 °C.

The present k* values for 20PDC obtained by PIE and isothermal isotope
exchange (IIE) are in good agreement.  For PDC ( figure 44), the k* values obtained by
mass relaxation on 20PDC particles and isothermal exchange line profiling (IELP :
section 4.1.6) on 20PDC dense pellets ar e comparable. The k* values from mass
relaxation experiments  are three orders of magnitude smaller than the present PIE
data for 20PDC and |IE of the same particles

The latter two experiments deliver k* values of comparable magnitude. They are
also similar to the 20PDC data of Yoo  [54, to the exchange rate for 10PDC measured
by mass relaxation [122 (thin film, deposited on a GaPO 4 microbalance crystal) and to
values for Pr 011 from IELP 1231, Values from impedance spectroscopy of 10PDC
films on a YSZ substrate ( k9 = k™) are two orders of magnitude lower compared to
20PDC PIE data , but show a similar slope. They are comparable with the k* values
from present IELP and mass relaxation experiments. The smallest exchange rates
were found by Ma et al. [124.125] by in situ strain measurements on 10PDC thin films

on YSZ substrates and by Kim et al. (1261 by in situ optical absorption relaxation.
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Figure 44: Exchange rates k* obtained in this study and extracted from literature for PDC.

This comparison demonstrates the extreme sensitivity of the surface exchange
rates to experimental details. Since in this study, the samples were never exposed
to any precious metal (Au, Pt, et c.) which are known to catalyze the oxygen
exchange reaction, such an effect is not the origin of the high exchange rates
obtained by the present PIE study. Especially if the ga s phase in the experimental
setup is not absolute ly dry, quartz glass can acta s a SiO ; source , which can form a

thin glassy or silicate layer on mixed —conduction perovskites decreasing the



69 4 Results and Discussion

exchange rate 11271, Zhao et al.[1281 found on 10PDC films an even stronger
degradation of the exchange rate by more than 1.5 orders of magnitude. This might
be related to the fact that ceria does not form silicate crystallites , but instead silica

probably homogeneously cove rs large parts of the surface.

4.2.4 Pulsed Isotope Exchange of Doped Zirconia and Strontium Titanate

PIE measurements of Pr —doped zirconia (PD Z) and Fe —doped strontium titanate
(STF) were conducted with approximately 20 mg calcined powders (SEM, XRD data
and BE T in section 4.3.1). SEM images of the analyzed calcined powders (  figure 48
and figure 49) are less well-defined compared to the annealed particles investigated
in section 4.2.2. Due to the smaller particle sizes , the pressure drop across the
packed bed could not be kept lower than 10 9%. Therefore, the absolute values of
reaction rates here should not be directly comp ared to the results of annealed
doped ceria particles in section 4.2.3.

2 mol% 6 mol%

20 (15) mol%
1-0 U T T T T

4 ‘&3602 L
o_o_ﬂ:ﬁgﬁﬁ .
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Figure 45: Fractions of the oxygen isotopologues measured at the exit of the reactor as function of

reactor temp erature for 2, 6 and 20 mol% Fe-doped strontium titanate  (STF) and 2, 6, and 15 mol%
Pr-doped zirconia (PDZ) calcined powders, measured in 10 % Oo.

The fractions of the oxygen isotopologues measured at the exi t of the reactor are
plotted in figure 45. The decrease of the onset temperature for oxygen incorporation
with increasing dopant concentration is more pronounced for PDZ compared to
STF. For STF , it shifts from 400 °C (2STF) to about 450 °C (20STF). In contrast , for
2PDZ, oxygen incorporation starts at 650 °C and the onset temperature lowers to
450 °C for 15PDZ . STF as well as PDZ show moderate 340, formation for all dopant

concentrations . This indicates that in contrast to Pr —doped ceria, a high Pr
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concentration in doped zirconia seems not to sufficiently increase the rate of oxygen
incorporation relative to adsorption/dissociation to prevent 340, formation.

The temperature dependence of the equilibrium exchange rate follows Arrhenius
behavior for STF and PDZ ( figure 46a). The activation energy was calculated to be
1.8 eV for STF and 1.3 eV for PDZ (for comparison, E, of PDC was around
1.7 - 2.4 eV).

Fe—doped strontium titanate is more active for oxygen inc orporation than PDZ.
STF shows a dependence of R, o« [Fe]! (figure 46b). However, Yoo et al. 5 found a
higher proportionality of R, « [Fe]*! in a series of SrTi 1.<Fex0Os.s with x = 0.01, 0.05,
0.35, 0.5. Nevertheless, i f just the first two samples are considered (x = 0.01, and
0.05) the same dependence of R, on Fe content could be o btained as in the present
study.

The equilibrium exchange rate of Pr  —doped zirconia depend s more strongly on
the dopant concentration according to R, « [Pr]*¢. PDZ is less active for oxygen
incorporation when compared to calcined PDC powders. R, values for PDC calcined
powder samples are proportional to [Pr] by R, o [Pr]*®, which is lower compared to
the results obtained in section 4.2.3.1 on annealed PDC particles with R, o [Pr]3®.
The reason for this discrepancy may originate from the different maximum
temperature which the samples have seen (800 °C for the calcined powders and
1400 °C for annealed particles) , but also the different temperatures  to which R, has

been extra polated to.
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Figure 46: a) Arrhenius diagram for STF and PDZ. b) Dopant dependence of the equilibrium exchange
rate extra/interpolated at 450 °C for STF, 600°C for PDZ and 500 °C for PDC calcined powders.
Measurements have been performed in 10 % Oa.

Nevertheless, similar to PDC the exponent of the dopant concentration

dependence > 1 indicates that oxygen might preferably adsorb near Pr 3+4+ sites,
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and that charge transfer is facilitated due to the broadening of the Pr impuri ty band

with increasing [Pr] as discussed in section 4.2.3.2 .

4.2.5 Conclusion

For an extended set of single and double doped ceria with Gd, Pr, Nb , Tb, and of
a series of Fe—-doped strontium titanate and Pr —doped zirconia , the equilibrium
oxygen exchange rate was determined by pulsed isotopic exchange. This data set
was expanded by measuring the oxygen exchange rate coefficient S via mass
relaxation, isothermal isotope exchang e and isothermal isotope exchange line
profiling for 20GDC, 20PDC and 20TDC.

The highest reaction rates were found when oxygen vacancies and redox -active
centers are available. The equilibrium exchange rate clearly correlates with the
dopant concentration. Together with oxygen partial pressure dependence a
mechanism of oxygen incorporation was derived , which matches the experimental
observations. Additional doping of PDC/GDC with Nb led to a dec rease of the
equilibrium exchange rate, supporting the interpretation that the effect of doping is
to a significant part due to the role of oxygen vacancies.

For GDC, molecular oxygen is involved in the rds and oxygen vacancies appear
in or before the rds. For PDC, the strongest increase of the equilibrium exchange
rate with increasing Pr concentration was observed compared to other samples in
the present study. At 700  °C, 20PDC accelerates R, by five orders of magnitude
compared to undoped ceria . This ste ep increase is assigned to the involvement of an
oxygen vacancy in or before the rds and to facilitated electron transfer to adsorbed
oxygen due to the formation of a Pr impurity band , Which increases the adsorbate
coverage. Tb —doped ceria behave similar ly due to closely related defect chemical
behavior compared to PDC and probably follow s the same mechanism. Fe-doped
strontium titanate and Pr  —doped zirconia show smaller dependence s of the
equilibrium exchange rate s on the dopant concentration  than PDC. Thi s might be
related to different sample thermal history/morphology. Nevertheless, a clear
correlation of R, with Fe and Pr concentration emphasizes the importance of doping
with redox -active cations for high oxygen exchange activity.

The absence of 340, formation in case of PDC and TDC indicates higher oxygen
ion diffusivit ies compared to GDC , which was confirmed by isothermal isotope
exchange line profiling.  Compared to 20GDC, the diffusivity of 20PDC is higher at
T <800 °C and shows an activation ener gy of 0.5 eV (1 eV for 20GDC). This
increas ed diffusivity might be related to a lower migration barrier along Pr  3+/P 4+

redox —couples.
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Furthermore, it was show n that the surface reaction rate is very sensitive to
experimental details like surface poisoning or catalytically impurities than bulk
properties emphasizing the importance to investigate a systematically doped set by

the same method.

4.3 Carbon Monoxide and Methane Oxidation

In this chapter the CO and CH . oxidation (with the focus on doped ceria) are
presented. The scope of this part is to elucidate whether the  type and amount of
dopant in ceria influence s the reaction rate to a comparable magnitude as for
oxygen exchange (section 4.2). The reactions are conducted under continuous flow
conditions in a packed bed reactor and the reactions are in a steady -state.

Methane and carbon mo noxide oxidation reactions follow the so-—called Mars -
van-Krevelen mechanism 129 in which CO or CH. are oxidized to CO by reacting
with lattice oxygen as depicted in figure 47. The catalyst gets reduced (formation of
oxygen vacancies) and is recovered by re -oxidation with gas phase O . (refilling of

lattice oxygen ). One of those two processes can be rate  -limiting.
0 COI/CH,
2

; RCO/CH, CO,

Figure 47: Schematic of CO/CH 4 oxidation on a solid metal oxide catalyst.

The re -oxidation branch describes the oxygen exchange reaction. If this reaction
is rate -limiting, similar  dependencies of the CO/CH 4 oxidation reaction rate on
oxygen partial pressure, dopant type and concentration are expected as found for
oxygen exchange in section 4.2.3.In case of a rate -limiting behavior of the  methane
or carbon monoxide oxidation (catalyst reduction) , this is not necessarily the case.
Since CO oxidation is a rather simple reaction a reasonable reaction mechanism
can be deduced from the present experimental data. For the more complex CH 4
oxidation the fo cus was mainly to elucidate which defect species are involved in the

rate —determining step
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4.3.1 Sample Characteristics

Methane and carbon monoxide oxidation were performed in an Al ;O3 reactor

with SiO >, wool as catalyst support . Since for the double -annealed p articles

significant conversion of reactants was observed only at temperatures above 800 °C,
calcined powders with higher surface area are investigated here. The sample mass
in the packed bed reactor was 15 - 25 mg with a bed height be tween4 — 8 mm.

Table 15: BET areas of doped ceria , zirconia, and strontium titanate  powders investigated through CO

and CH 4 oxidation.

Sample BET/m 2gt Sample BET/m 2gt
20PDC 20.8 15PDZ 35.8
6PDC 24.6 6PDZ 10.3
2PDC 23.8 2PDZ 4.4
0.6PDC 21.0 20STF 2.0
20GDC 20.6 6STF 3.6
2GDC 17.5 2STF 3.4
2NDC 17.6 0.6STF 2.8
YSZ 13.5
The corresponding BET areas of the samples are listed in table 15. The surface
areas are comparable among each system, only for Pr —doped zirconia the BET area
decreases strongly with decreasing Pr content. All Pr —, Gd—, and Nb —doped ceria

powders are similar in their morphologies ( figure 48a-b). They form flakes with a
size of several hundred nanometers , which agglomerate to porous particles with a
size of upto 100 pm.

’| - 4 ~‘,.; &‘o ‘»

Figure 48: SEM images of a) 20PDC powder , b) 20PDC powder agglomerates , and c) 15PDZ powder .

The morphology of Pr —doped zirconia powder is less  well defined, the particle
size varies strongly ( figure 48c). Fe—doped strontium titanate powders appear more
uniformly in the form of small agglomerated crystallites with a size of approximately

1 — 2 pum, which is typical for perovskite pow ders pre pared by solid oxide synthesis.
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Figure 49: SEM images 20STFpowders .

Lattice parameters for the samples are listed in table 16. XRD measurements on
Pr/Gd and Nb —doped ceria calcined powers showed phase pure fluorite type crystal
structure (figure 50a). For 15 mol% Pr—doped zirconia , the XRD pattern showed a
phase pure cubic structure , while for lower Pr concentration the diffraction pattern
matched to a tetragonal crystal structure. Fe—doped strontium titanate was phase
pure with a cubic crystal  structure; only in 20STF small amounts of a tetragonal
phase appeared ( figure 50Db).

Table 16: Extracted lattice parameter for Pr, Gd, and Nb doped ceria, YSZ, Pr —doped zirconia (2PDZ and
6PDZ are tetragonal) and Fe —doped strontium titanate.
Sample alA Sample (a, b), c/A
20PDC 5.4120 YSZ 5.1409
6PDC 5.4118 15PDZ 5.1559
2PDC 5.4103 6PDZ 3.5970, 5.1683
0.6PDC 5.4118 2PDZ 3.5980, 5.1866
20GDC 5.4196 20STF 3.9025
2GDC 5.4079 6STF 3.9059
2NDC 5.4147 2STF 3.9066
0.6STF 3.9060
a b
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Figure 50: XRD pattern of calcined powders. a) PDC; GDC and 2NDC. b) STF and PDzZ.



75 4 Results and Discussion

4.3.2 Raw Data

The mass balance of carbon, hydrogen and oxygen was always checked. The
deviation from the mass balance for carbon and ox ygen is in the range of *2 -5 %
for both, CO and CH 4 oxidation ( figure 51a, b). In case of hydrogen, the deviation is

upto +10 % as can be seen for CH 4 oxidation from figure 51b.
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Figure 51: Measured reactant and product gas phase fractions for a) CO and b) CHa oxidation for

20GDC in 1 %02 with 1 %CO or 0.25 % CHas with a flow rate of 10 mL min-1. The right scale displays the

deviation from the mass balance.

The probed catalysts reached a steady state (constant reactant conversion)
already after a few minutes. The data presented in figure 51a and b is for 20GDC,

but a re representative for all samples.

4.3.3 Carbon Monoxide Oxidation

4.3.3.1 Results and Discussion

The conversion of carbon monoxide is plotted in figure 52a as a function of
reactor temperature in an atmosphere of 1 % O; and 1 % CO (oxidizing conditions
even for complete CO conversion ) for PDC, GDC, 2NDC and YSZ. All  samples follow
temperature dependence s of Arrhenius type ( figure 52Db). The activation energ ies for
2NDC, PDC, and GDC were in the range of 0.8 — 0.9 eV. YSZ showed a higher E, of
1.5 eV.
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Figure 52: a) CO conversion and b) Arrhenius plot for Pr —=, Gd-, and Nb —doped ceria and 14 mol% Y
stabilized zirconia (YSZ, TOSOH TZ-8).
The Pr doped ceria samples (black/gray symbols, figure 52a) exhibit identical

CO conversions. The reaction starts at around 300
at 450 °C. 2GDC and 20GDC (red symbols) behave similar

onset temperature for CO conversion shifts to higher temperatures and full

conversion is attained at 550

the CO conversion starts only at 600

°C and reaches full conversion

ly. For 2NDC (blue), the

°C. For YSZ, which has no intrinsic redox behavior,

°C and reaches full conversion above 80

0 °C.

The CO conversion for Pr doped zirconia and Fe doped strontium titanate are
plotted in figure 53a. From figure 53b, the Arrhenius type temperature dependence
of the conversion can be seen, the activation energy is higher compared to doped

ceria with values between 1.0 -1.6 eV. For PDZ, the on set temperature for CO

conversion shifts to higher temperature with decreasing Pr concentration. Similarly,
the onset temperature increases for STF with decreasing Fe concentration.
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Figure 53: a) CO conversion and b) Arrhenius plot for Pr

titanate (STF).

-doped zirco nia (PDZ) and iron doped strontium
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The activation energy for all samples are summarized in figure 54a. Whereas for

PDC and GDC, the activation en ergy is almost constant with increasing dopant

concentration, STF and PDZ show different behavior. For STF, E, tend to increases
from around 1 eV at small Fe concentration to around 1.3 eV at high [Fe]. PDZ
follows an opposite trend: with increasing Pr concentration, E, decreases from 1.6
to 1.0 eV.

The results in  figure 52 and figure 53 do not consider the specific surface area
For a quantitative comparison, the apparent reaction rates Rco (see eq. 9 ) were
calculated at low conversion (<20 %) by normalizing to the surface area of the

samples in figure 54b. The apparent reaction rates we re inter/extrapolated to a
common temperature: 350  °C for the doped ceria system and 500 °C for Fe —doped

strontiumt itanate and Pr/'Y —doped zirconia.
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Figure 54: a) Dopant dependence of the activation energy of CO oxidation. b) Dopant dependence of
the apparent reaction rate Rgo.

Within the experimental error, no dopant dependence of Rco was found for Pr
and Gd —doped ceria (figure 54b). This indicates that the intrinsic redox -activity of
ceria itself is suffic ed to reach a good CO oxidation  performance . Similarly , Wilkes
and coworkers 1301 found that the CO oxidation reaction rate differ s only slightly for
20PDC (0.031 mol h-im-2) and 20GDC (0.019 mol h-'m-2) at 560 °C. The absence of

the dependence of Rcg on [Gd] and hence [V3'], indicates that an  increased amount

of V§' do not significantly accelerates the reaction . The depletion of the reaction rate
for 2NDC might be related to the absence of any oxygen vacancy at the surfac e
and/or to the less easy reducibility due to its n -type character.

At 500 °C, YSZ shows a R¢p value, which is 1.5 orders of magnitude smaller
compared to GDC/PDC. Extrapolated to 300 °C, Rco for YSZ vyields about
1x10 -3 mol m-2s-1 (not shown in figure 54b). The large difference of Rco by six
orders of magnitude to Pr/GD/Nb -doped ceria strongly indicates that redox -activity

of the underlying catalyst mat  erial is essential for good CO oxidation performance.
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In Pr—doped zirconia, only Pr shows redox -activity. Therefore , it is not surprising
that the reaction rate of CO oxidation depend s on the Pr concentration with
Rco « [Pr]*3. The apparent reaction rate for Fe—doped strontium titanate shows
strong dopant dependence between 0.6 STF and 2STF with a slope of 2.3 . The
dependence reaches a plateau at high Fe concentrations with a very weak slope of
0.2, which is comparable to the independence of R on [Pr] in dope d ceria.

Carbon monoxide and oxygen partial pressure dependence of the apparent
reaction rates Rco was measured only for the doped ceria systems PDC, GDC, and

2NDC. The results are givenin ~ figure 55a and figure 55b.
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Figure 55: Dependence of the CO oxidation reaction rate Rco to a) CO partial pressure, and b) oxygen

partial pressure.

On GDC and PDC, Rcq is proportional to  Rco « p(€C0)%¢, and 2NDC yields and
exponent of 0.7 . No p(0,) dependence was found for th ose samples. These finding s
indicate that the reduction of the catalyst by CO is rate determini ng rather than the
re-oxidation. Experimental studies on Zr doped ceria (1311 and undoped ceria [130, 132]
also observed an apparent reaction order for CO between 0.6 and 0.8 , and a zero
reaction order for oxygen. Temperature programmed desorption of oxygen from
ceria indicated that the interaction between the underlying catalyst and O 2
molecules do es not significantly influence the CO oxidation activity , and that rather
the extraction of lattice  oxygen (the reduction of the catalyst) is the rate -determining
step .[133]

The data in figure 56 show that the condition Rco > Ry holds for 20PDC at
temperatures below 400°C, and for 6, and 2PDC below 550 and 750°C, respectively.

All PDC and GDC reaction rates from figure 52b fall into this regime of  Rco > Ry
This suggests two possibilities for the low temperature range: (i) The oxidation of the

catalyst might be rate -determining. (ii) The catalyst develops a decreased lattice
oxygen concentration, since within the same time -interval more lattice oxygen

reacts with CO to CO ; than is replenished by O  ».
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Figure 56: Plot of the apparent reaction rate
equilibrium exchange rate R, of oxygen incorporation for 2, 6, and 20PDC powder samples.

and GDC behave similar, the red colored data is also representative for GDC

Assumption (i) can be ruled out, since the p(0,) dependence of Rco at 350 °C

(e.g., when Rcq > R,) was measured to be zero and hence, the oxygen incorporation

is not the rds. To test assumption (i), in situ CO oxidation was performed in the

thermogravimetry  setup. Reversibility is given b ecause the mass loss during heating

and cooling agree hence , the date in figure 57 represents a true steady -state.
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Figure 57: Change of oxygen non-stoichiometry

¢) 2PDC. The blue curve was obtained in 1

Figure 57 compares the oxygen

for PDC samples measured in 1 % O (blue) and with additional 1

decreasing Pr concentration and at lower

present relative to the measurement

approximately those temperatures of the intersection points in

as a function of temperature for

% O2 and the red curve was measured in 1

a) 20PDC, b) 6PDC, and

non -stoichiometry as a function of temperature

% O2 plus 1 % CO.

% CO (red). With

T, the oxygen deficit increases when CO is

s in oxygen. At temperatures matching
figure 56 (Rco = Ro),
% O, i.e. oxygen

the lattice oxygen concentration approaches the values in 1

extraction by CO oxidation and oxygen replenishment

point.

In other words, in the regime where the oxygen incorporation reaction is

by O, are balanced at this

slower compared to the  CO reaction, the catalyst indeed shows a strong relative

oxygen deficit , and the Pr doped ceria particles experience a kinetically determined
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decreased effective oxygen activity p(0,).s. With decreasing Pr concentration the
relative magnitude of the  deficit increases . The p(0,).s Values can be estimated by
extrapolating p(0,) to the observed 6 (using (2 -6) values will produce a large error)
from TGA data obtained at different p(0,). A decreased effective oxygen partial

pressure was also observed on Sr  (FeosTios)Os-s during CO oxidation at T <550 °C

by Vracar.l5l
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Figure 58: a) Ratio of equilibrium exchange rate of oxygen incorporation R and CO oxidation Rcg as a
function of temperature. The intersection with the horizontal line represents the situation wher € R¢o = Ro-
b) Kinetically determined effective oxygen parti al pressure p(0,).s Within the PDC catalyst particles as a

function of temperature.

For 6PDC and 2PDC where the deviation of (2 -8) in CO/O ;, atmosphere is large,
p(0,)esr reaches very low values, e.g., a p(0;)er Of around 1x10-6 at 450 °C (figure
58b), which corresponds to strongly reducing conditions.

In the observed steady -state, t he oxygen incorporation is not the rds because

more oxygen vacancie s and electronic defects are created at the surface by CO
oxidation , which accelerates the oxygen incorporation. Additionally, the  reduced
lattice oxygen concentration decelerates the CO oxidation rate until Rco and R, are

balanced and the steady -state is reached. The slower oxygen exchange kinetics for
PDC samples with small  [Pr] results into decreased p(0,).s With decreasing [Pr]. At
the beginning of the reaction, CO oxidation proceeds by consuming the present
stock of lattice oxygen. Only when an appropriate  amount of oxygen vacancies and
electronic defects are created in the further approach of the reaction , the oxygen
incorporation  accelerates . At this point the PDC exhibits a steady -state oxygen
deficit , since enough oxygen is replenished due to the faster oxygen exchange
kinetics. With increasing temperature R, increases more steeply than  Rqq (figure
56), the oxygen deficit decreases and  p(0,).¢ incre ases, until at some point  p(0,) =
P(O2)efs-

Also 2NDC ceria shows this kind of behavior as one can see from figure 59a
where the mass chan ge of 2NDC is given as a f unction of temperature in oxygen

and in additional CO atmosphere. The relative large r mass gain in 1 % O; at lower
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temperature is due to the formation  of oxygen interstitials 231, which is absent when
the pressure of CO leads to a decreased  p(03)¢fs-

The mass change for 20GDC and 2GDC in 1% COand 1 % O in figure 59b is
very low, approximately one order of magnitude lower for 20GDC and two orders of
magnitude lower for 2GDC when compared to 2PDC, which makes these TGA

measure ments on GDC quantitatively not reliable.
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Figure 59: Change of oxygen non-stoichiometry as a function of temperature for a) 2NDC, b) 20GDC,
and c) 2GDC. The blue curve was obtained in 1 % Oz and the red curve was measured in 1~ % Oz plus
1% CO

Therefore, CO oxidation was also investigated by in situ by imp edance
spectroscopy on porous 2GDC and 2 0GDC pellets. The porosity allows fast
equilibration of oxygen stoichiometry even at low temperature. The Nyquist plot for

2GDCat350 °Cin inl % Oz2and1l % O2/1 % CO is shownin figure 60.
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Figure 60: Nyquist p lot for 2GDC at 350°Cin 1 % Oz and additional 1 % CO.

The low frequency arc in  figure 60 is attributed to bulk processes with a capacity
of about 10 -12 F, whereas the low frequency arc represents processes at the Au
electrode with a capacity of about 10 -6 F. No clear separation of a grain boundary
arc was observed. The extracted bulk resistance Ry of the first semicircle is plotted
in figure 6la and b for 2GDC and 20GDC, respectively . In the presence of CO and
O, the resistance increases , and decreases again when no CO is present (which is
not fully reversible ). In case of 2GDC the change of Rg is about 10 %, and is

significantly higher compared to 20GDC ( figure 62a). The increase of the bulk
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resistance in the presence of CO can be explaine

mixed ionic and

small, but not completely negligible p
% at 750 °C and 0.3 % at 600 °Cin 10 % O accordin g

[36] yields even higher values.

figure 62Db). It amounts to 3
to refs. [35.36] ; the data from ref

d by considering that GDC is a

p -type electronic conductor under oxidizing conditions with a
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Figure 61: Extracted bulk resistance for a) 2GDC and

1 % Oz and additional 1 % CO.
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Figure 62: a) Relative difference of the bulk resistance of 2 and 20GDC. The reference point is the

resistance measured

in1
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denotes the oxygen activity. The inset displays the electronic transference number calculated from the

ionic and electronic conductivity from ref.

Since the oxidation of CO to CO

holes), the conductivity in the p

increases). Therefore, the data
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type conductivity. Therefore,
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in figure 61 indicates that also the GDC particles

, this relative
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However, impedance

% O, did not

(see figure 63), which would indicate p -

it should be mentioned here that the above
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explanation is based 0 n a comparison to literature value s of samples with different

history and should be taken with caution
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Figure 63: Impedance spectra of 20GDC  porous pellet measured in 100% O 2 (red) and 0.1% O 2 (black).

The inset shows the magni fication of the first arc.

4.3.3.2 Mechanism of CO Oxidation on Ceria

At this point, a short summary of the results of the present study is given:

(i)

(ii)

(iif)

(iv)

(v)

(vi)

The CO oxidation rate s are similar for PDC and GDC, hence the intrinsic
redox -activity of ceria is sufficient for a good CO oxidation performance.

Rco depends on [Pr] in PDZ and on [Fe] in STF and the lowest R¢o was
found on the redox -inactive YSZ, emphasizing the importance of redox
properties/electronic de fects of the catalyst.

The CO oxidation rate does not depend on [Pr] or [Gd]. Therefore , the
increasing [V3'] over the intrinsic surface [V5'] of undoped ceria (in
particular for decreased  p(0,).fr) does not influence  R¢o.

The observation of a zero reaction orde r of Rcg on p(0,) and a reaction
order between 0.6 and 0.9 on p(CO) indicates that the reduction of the
catalyst by CO isthe rds, notthe re -oxidation.

Rco of GDC/PDC and 2NDC is higher compared to Ry. This induces a
kinetically determined decreased effective p(0,), which the catalyst
experience s until both rates - Rco and R, — are equal ( figure 58). With
increasing T, R, increases more strongly than Rco until Reo =R, and
p(02) = p(Oz)efr

The decreased p(0,).fr accelerates the re —oxidation until a steady -state is
reached. This self -balanced process is the reason why O > incorporation is

not the rds under steady state conditions, at least in doped ceria.

It is accepted that CO oxidation proceeds on ceria by the Mars -van-Krevelen

mechanism [1291 (MVKM) where CO forms CO; by extracting lattice  oxygen and not by

reacting with adsorbed oxygen species. Breysse et al.[132] first showed that CO

oxida tion proceeds on ceria by the MvK M. This is also confirmed in the present

study by performing pulsed CO oxidation experiments in a CO/ 180 atmosphere ,
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where no formation of C 180160 could be observed on 20GDC, 20PDC, 2PDC, 2NDC,
2PDZ, 0.6STF, and YSZ (result s are exemplar ily shown for 20PDC and 20GDC in
figure 64 ).
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Figure 64: Pulsed CO / 180 oxidation experiments performed on a) 20PDC and b) 20GDC. No formation

of C180160 was observed.

The obtained peak area s could not b e internally calibrated , hence no absolute
concentrations could be extracted. The results clearly show the absence of C180160,
i.e. the added O in the formed CO , comes from the lattice of the catalyst particles.

CO oxidation has been investigated in the literature for various oxides. XPS
studies of CO oxidation on nanostructured Zr —doped ceria revealed the presence of
a carbonate -like intermediate. [134 By in situ / operando spectroscopy on Mn -doped
cerialt3s] and operando DRIFT S measurements on undoped ceria 11361 as well with IR
spectroscopy on nanostructured Zr  -doped ceria 1371, formate, carboxylate,
monodentate carbonate, bidentate carbonates and polydentate carbonate were
found . Furthermore, Piumetti el al.i1371 concluded that the carbonate -like
intermediate  formation facilitates the CO oxidation . ter Maar and coworker sl138]
concluded from CO oxidation and temperature controlled reduction measurements
and former ESR and IR studies  for ThO, and UO , that CO oxidation on oxides with
the fluorite or pyrochlore  structure proceeds via an carbonate mediated MvKM. DFT
calculations on Co-doped ceria haven been used to investigate a carbonate
mediated MvKM . It was concluded that a carbonate —mediated MvKM is preferred on
a (110) surface , whereas the CO oxidation on (1 11) and (100) surfaces follows the
conventional MvK M.1391 Chen et al. showed by DFT calculation that on ceria (110)
surfaces carbonate poisoning is most likely whereas the carbonate formation is not
expected to occur on ¢ eria (111). The results showed that the weak adsorption of
CO to the surface ( -0.2 eV) is followed by the reaction of CO with surface oxygen
(which donates one electron to Ce) forming a bent CO 2.4 Species and an oxygen
vacancy , which represents the rds. No obvious barrier was observed when

desorbing as CO2 molecule. [140]
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Additionally, the reducibility of the cat alyst (which also correlates to the oxygen
vacancy formation energy) is an important parameter . The presence of redox -active
cations in the catalyst is crucial for the CO oxidation mechanism. For pristine Al ,0s3,
the CO oxidation is endothermic and oxygen vacanc ies are formed in the rds of CO
oxidation. On the other hand, on Ni-0-Al,Oz the overall reaction is exothermic and
the oxygen vacancy f ormation proceeds after the rds4l. This is in line with the
observed absence of any V3" dependence of R¢q in the present study . Therefore, it is
reasonable to assume that in case for ceria the formation of V5" occurs after the
rate -determining step. The correlation of the low reaction rate for the present YSZ
sample with the absence of reducible cations also emphasizes the importance of the
catalyst to be an electron acceptor.

From the present experimental results and considering th e literature , the
mechanism suggested in figure 65 seems to be plausible:

- A\ 7\
o=0 m E\ Co,
Q= Q=@ rds se@msea O 0

Cetis Ca* > Cels Ca” > Cedie Ca" > Celts Ca”

1) chemisorption 2) formation of bent 3) desorption
adsorbed CO,

Figure 65: Reaction mechanism for CO oxidation for doped ceria , which is in a ccordance to the present
experimental data and the literature findings mentioned in the main text.

The reaction step 1, where CO chemis orbs at the surface by donating e’ to the
catalyst (reducing Ce 4+ to Ce3+) represents a fast preceding equilibrium. Since the
replenishment of lattice oxygen by O  ; is not rate -determining and no dependence of
Rco on [V3'] was observed , and in line with the literature observations that the
extraction of § is involved in the rate -determining step 133, elementary -step 2
represents an appropriate candidate as  rds. Here, the adsorbed CO+* species reacts
with OF to for m the transition sate {CO%4—0%} where the oxygen is largely pulled out
from the surface [142, In step 3, CO, desorbs from the surfac e by forming an oxygen
vacancy and reduction of the second Ce. The expression for the rate —determining

step yields:
Regs = ko [COT][0%] eq. 51
For the adsorption pre -equilibriumin step 1 one can formulate eq. 52:

_ [co*][e’]
17 p(co)

Inserting eq. 52 into eq. 51 yields for the rds the following relationship

eq. 52



4 Results and Discussion 86

Rpqs = k,p(CO)[0%][e'] ! eq. 53

Since the reduction of the catalyst by CO causes the formation of e’, the electron
concentration should increases with  p(CO). Hence, o ne can assign that [e'] « p(CO)™
with  m > 0. This also explains the observed p(CO) with Rco « p(C0)~%¢> and the
p(0,) independence of Rcq. With this, eq. 53 turns into:

Reo ~ Regs = kop(CO)™ [03] eq. 54

4.3.3.3 Conclusion

In conclusion, investigation of the CO oxidation kinetics on systematically Pr,
Gd, Nb-doped ceria, Pr —doped zirconia, Fe —doped strontium titanate and YSZ
revealed that the redox -activity (reducibility) is crucial for good CO oxidation
performance. The absence of additional oxygen vacanc ies did not strongly
decelerate the kinetics. Doping of an already red ox-active metal oxide with a metal
cation showing lower reduction enthalpies do es not accelerate the CO oxidation, at
least in ceria. A kinetically determined  decreased effective oxygen partial pressure
prevails inside the catalyst particles; the catalyst develops an increased steady -
state oxygen non -stoichiometry (it is more reduced). This effect is stronger with
decreasing dopant concentration . The induced increased oxygen non -stoichiometry
accelerates the oxygen incorporation reaction until the CO oxidatio n and O
incorporation reactions are balanced. From partial pressure and dopant
concentration dependent measurements of the reaction rate, it is concluded that
the rate —determining step of the CO oxidation involves the reaction of adsorbed CO +
with surface lattice oxygen followed by a fast CO , desorption and oxygen vacancy

formation.

4.3.4 Methane Oxidation

4.3.4.1 Results and Discussion

The conversion of methane is plotted in figure 66a as a function of reactor
temperature in an atmosphere of 1 % O, and 0.25 % CH4 (oxidizing conditions  even
for complete conversion ) for PDC, GDC, 2NDC and YSZ.
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Figure 66: a) CH4 conversion and b) Arrhenius plot for Pr —, Gd-, and Nb —doped ceria and 14 mol% Y

stabilized zirconia (YSZ) powder samples .

No formation of CO was observed. All samples follow a temperature dependence
of Arrhenius type ( figure 66b). The apparent activation energy was found to be in
the range of 1.05 -1.16 eV. Methane oxidation proceeds in all cases at higher
temperatures compared to CO oxidation. The onset temperature for CH 4 conversion
of the series of P r doped ceria (black symbols) shifts slightly to higher temperatures
with decreasing Pr concentration. The reaction starts at around 450 °C and reaches
full conversion at around 700 °C.

The samples of Gd —doped ceria (red symbols) behave similar ly, but tend to be
slightly less active compared to PDC. On 2NDC (blue), the on -set temperature for
CH. conversion is shifted to higher temperatures, the reaction commenced at
around 600 °C and full conversion is attained probably beyond 900 °C. For YSZ,
which has no intrinsic redox behavior, the CH 4 conversion starts at 550 °C and
reaches full conversion probably beyond 800 °C.

The activation energy for the samples are summarized in figure 67a, they are in
a comparable range of 1.1 eV +0.06 eV. The apparent reaction rates  Rcy, (see eq. 9)
at low conversion (< 20 %) were calculated by normalizing to the surface area of the
samples, and the apparent reaction rates were inter/extrapolated to a common

temperature of 475 °Cin figure 67b to compare the reactivity
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Figure 67: a) Dopant dependence of the activation energy of CH 4 oxidation. b) Dopant dependence of

the apparent reaction rate  Rcy,. €) Conversion of CH 4 for PDC at 550 °C. Filled symbols : present study;

open symbols : Literature data taken from Li et al.[*43],

The reactivit ies of CH4 oxidation are very similar for PDC and GDC . This is in
line with data from Wiles et al .93, they measured similar CH 4 oxidation rates for
20PDC and 20GDC. Only a small dopant dependence of Rcy, was observed. For
PDC, the rate Rcy, is proportional to [Pr]®3, and for GDC a slightly lower
dependence was measured with  Rcy, [Gd]%2. The measured conversions of PDC
are also in line with experimental results from Li et al. 1431, the conversion shows a
similar dependence to the Pr concentration at high [Pr] (see figure 67c).

It seems that Pr and Gd affect the CH 4 oxidation reaction similarly and that the
better redox -performance of PDC hardly influences the reaction . The reaction rate
for 2NDC is one order of magnitude smaller ~ which might be related to the absence
of any oxygen vacancy at the surface and/or to the less easy reducibility due to the
n-type character of 2NDC. Ramirez -Cabrera and coworkers [1441 found for Gd - and
Nb—doped ceria, that Nb doping decreases the reaction rate for CH 4 oxidation. They
attributed this deceleration to Nb segregation to the surfac e.

The redox -inactive YSZ shows a moderately higher reaction rate than 2NDC, but
it is still one order of magnitude smaller compared to 20PDC emphasizing the
importance of redox properties/electronic defects of the catalyst.

Methane and oxygen partial pres sure dependence s of the apparent reaction
rates Rcy, were measured only for 2 and 20PDC/GDC, cf. figure 68. Rcy, is
proportional to  p(CH,) as Rcp, « p(CH,)~%7>. Only a weak p(0,) dependence was
found with Rcy, x p(0,)~%2. Similar reaction orders have been found by Wilkes etal.
for La doped ceria where  Rcy, « p(0,)~%% and Rcy, « p(CH,)~%7 but the origin of
these dependence s remains unexplained in ref.  [93],

Figure 69a shows that the rate for CH 4 oxidation R¢y, for 2PDC is two orders of

magnitude slower compared with the rate of CO oxidation Rco, and about one order
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of magnitude smaller compared with the oxygen exchange rate Ry. Hence, in
contrast to CO oxidation no change of the oxygen non -stoichiometry is expected.
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Figure 68: Dependence of the CH 4 oxidation reaction rate  Rcy, on a) CH4 partial pressure, and b)
oxygen partial pressure.

This was confirmed by thermogravimetric in situ CH,4 oxidation ( cf. figure 69b).
No mass deviation was found for 2PDC when comparing the behavior in O 2 and
CH4/O », the sample particles do  not show a decreased oxygen stoichiometry while
exposed to CH 4/O ;. Since this holds already for the relative weak doped 2PDC
sample, it is reasonable to assume here that also inside the other doped ceria

samples no kinetically determined  effective p(0,).s IS present.
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Figure 69: a) Plot of the apparent react ion rates Rco/ Rcy, of CO/CH 4 oxidation of PDC powder samples

and the equilibrium exchange rate R, of oxygen incorporation.  (since PDC and GDC behave similar,

the red colored data is also representative for GDC). b) Temperature dependent oxygen non -
stoichiometry of 2PDC powder samples exposedto 1 % Oz (blue) and 1 % Oz plus 0.25 % CHa (red) .
Similar to CO, CH 4 oxidation is suggested to proceed via the Mars -van-Krevelen
mechanism (MvKM) [145. 146] where ceria is reduced by methane (formation of surface
oxygen vacancies) and re -oxidized by oxygen.
CH, interacts only weakly with the surface (1451, The C-H bonds in methane are

very stable (band energy 440 kJ/mol ) and hence , the rate -determining step is the
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abstraction of the first hydrogen atom by lattice oxygen [145. 1471 | The fact that this
C-H bond breaking is rather difficult also explains the general trend of lower
reaction rates for CH 4 oxidation compared to CO. On stoichiometric ceria , DFT
calculations indicate that the subsequent release of a methyl radi cal after the first
H bond cleavage shows a moderate energy barrier of 1.44 eV and decreases with
increasing dehydrogenation [1451. The adsorption of CH x close to surface oxygen
vacancies is less favorable than at  lattice oxygen and Ce cations 1481, The importance
of oxygen vacancies in the CH 4 oxidation only come s into play when the bulk
oxygen non -stoichiometry is very large with 6 > 0.15 12491 which is not the case in the
present study. Hence, oxygen vacancies seem not to be involved in the rate -
determining step. Using DFT, Salcedo etal. found thatthe en ergy barrier of the first
cleavage of the hydrogen bond is reduced by 0.45 eV in case of 3.7 mol% Pr —doped
ceria (111) surfaces compared to undoped ceria. Since Pr(4f) states are located at
lower energies than Ce(4f), the electron transfer to Pr from the h ydrogen that bonds
to lattice oxygen is facilitated. 11471 Identical partial pressure and dopant dependence

for both materials indicate that the availability of Pr(4f) states do not strongly
accelerates CH , oxidation. The reason why identical rates for PDC and GDC were
obtained in the present study (and in literature) may originate from non -ideal
behavior at higher Gd concentrations.

In the following, the measured dependence of Rcy, to Oz and CH 4 partial
pressure and dopant concentration are interpreted semi-quantitatively by a ssuming
a fast surface adsorption of CH . as pre-equilibrium , followed by the rate -
determining step:

k

CHyaq+ OS5 +h° — “CHs + OHj ed. 55

Here, t he first hydrogen is abstracted by lattice oxygen and consumption  of
electron holes. The methyl radical ‘CH; is released to the gas phase and is not
absorbed. The formation of the gas phase °CH; is energetically favorable as found
by DFT calculations 1451, Considering fast adsorption, one can write for the rate of
the limiting reaction step (E* contains the rate of the rds and the adsorption

equilibrium)
Ren, ~ Rras = k*p(CH,)[05][R’] eq. 56

The hole concentration is a function of p(0,) and dopant type and concentration.
For the overall oxygen incorporation reaction the relationship [R*] < p(0,)%25

[V5'193 holds. Inserting  the p(0,) dependence of h*into eq. 56 yields Rcy, « p(0,)°%*,
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which is in good agreement to the measured dependence of Rch, & p(0,)~%2, On the
other hand, doping with Gd and Pr increases the amount of oxygen vacancies. The

condition [h°*] o [V5']%° than converts into  [h*] « [Gd]®>, or to a good approximation
for Printo [h'] x [Pr]totO'S. According to eq. 56, the dependence of the reaction rate

on the dopant concentration yields Rcy, « [Gd]*® and Rcy, « [Prlioc ", Which is close

0.3

to the observed dependence of  Rcy,  [Gd]®? o [Prio From eq.56, Rcy, is

proportional to  p(CH,)?!, which is also close to the measured dependence of Rcy, %

p(CH,)~%75. Since no p(0,)es Was found for 2PDC and is not assumed to be present

in the doped ceria samples, the lower exponent of 0.75 cannot be explained by h*
annihilation as it was the case for CO oxidation. A reasonable hypothesis for this

could be that due to the formation of H 20, a higher concentration of surface
hydroxides at higher methane concentration partially block s the adsorption sites for
CH..

4.3.4.2 Conclusion

Doped ceria is less active for methane oxidation compared to CO oxidation and
oxygen incorporation. For GDC and PDC t he CH4 oxidation kinetic s depends
moderately on the dopant concentration and no significant difference between Gd = —
and Pr —doping was found. This indicates that the easy reducibility of Pr does not
further promote CH 4 oxidation . Instead, electron holes prod uced by Gd and Pr
doping (in case of Pr, electron holes are in equilibrium with the redox reaction)
appear in or before the rate —determining step , which is the cleavage of the first C -H
bond. In contrast to CO oxidation, inside the catalyst particles no decreased
effective oxygen partial pressure  develops, which is attributed to the lower methane

oxidation rate compared to the rate of oxygen incorporation.
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4.4  Propan -2-ol dehydration/dehydrogenation

According to the reaction scheme in r. 15, propan —2-ol can react to propene or
propanone. The dehydration of propan -2-ol to propene occurs i f the surface of the
sample shows either acid sites or both acid and base sites. On the other hand, the
formation of propanone proceeds if the surface shows base or redox —active
properties. [150. 1511 The formation of diisopropyl ether is not considered here, since it
was not observed during the reactions. So far, no study on systematically doped
ceria is available , which investigates the dehydration/dehydrogenat ion of propan -2-

ol on the surface.

(o) base-site or acid site or

redox-active materials OH acid-base pair site
H2+/u\l )\ /% +H20 i

dehydrogenation dehydration

For the dehydr ation of propan —2-ol to propene the reaction mechanism follows
an elimination reaction according to an E1, E2, or E1cB mechanism , Where the
rupture of the C —H bound is most likely part of the rate —determining step (152,153 , On
a series of metal oxides with different types of active centers, it was observed that in
case of a predominant Lewis acidity the strength of the present basic centers
determines the rate of propene formation. (154]

For dehydrogenation, the rate —determining step is also assumed to be the
cleavage of the C —H bond (which, however, there is part of a redox reaction) .[155] |n

ref.[156] it was deduced from in situ IR measurements that the rate of

dehydrogenation to propanone is controlled by the electronic mobility at the surface
of ceria.
The selectivity of these reactions is often used to characterize the acid —base and

redox —properties of a catalyst . But unambigu ous interpretations are challenging
since the dehydrogenation and dehydration can proceed over various active sites

and different parallel reactions can occur. Furthermore, the reaction is not only
influenced by the concentrations of the active sites but a Iso on the strength and
type (e.g. Lewis vs. Brgnsted acid). [154]

In figure 70a and b, the conversion of propan —2-ol and the Arrhenius diagram
for undoped ceria, 20GDC, 20PDC and 2NDC are plotted as a function of reactor
temperature. The used catalyst masses (1.00 g), BET areas (0.014 m2 g) and bed
heights ( = 5 mm) of the samples are identical. SEM images of the particles’ surface
are given in figure 25

At T > 350 °C, the conversion differs between the samples. At 4 00 °C, undoped

ceria shows the lowest conversion of approximately 5 % and Pr —, and Gd —doped
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ceria exhibit values of 10 - 12 %, and Nb —doped ceria shows the highest conversion
of 22 %. The activation energy is small with 0.3 eV for undoped ceria and increas es
according to 20GDC < 20PDC < 2NDC.

a
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(53]
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Figure 70: a) Propan -2-ol conversion, b) Arrhenius diagram calculated from propan -2-ol conversion .
Note that the activation energy for 20PDC was extracted from only two data points.

Only on 20GDC, carbon deposition was observed. The amount of carbon was
determined by TG in O > leading to CO » formation, which was monitored by MS.
(using CO  formation from CaCO 3 as a reference ). It was found that 0.31  mg carbon
haven been deposited within 16 h of measurement on 20GDC particles, which is
approx. a 15 fold monolayer of C (estimated adsorption cross —section =~ 5 A2).

The relative fractions of propane and propanone exiting the reacto r for Pr —, Gd -
doped ceria as well undoped ceria are plotted in figure 71. The formation of propene
on GDC and PDC is significantly lower in comparison to Nb —doped ceria. Regarding

the selectivity of propanone formation, the opposite trend was observed for NDC.

a) Propene b) Propanone
1073 f f f virs e o &
S 1074 3 1
£
= [ ]
-2 | 4 4
10 B CeO,
@® 20GDC
A 20rDC
10° V¥ 2NDC
250 300 350 400 250 300 350 400

T/°C T/°C
Figure 71: Relative fraction of a) propene and b) propanone as a function of reactor temperature for
undoped ceria, 20GDC, 20PDC and 2NDC.
In ref. 1571 it was suggested that acid -base properties (Bregnsted or Lewis type)

can be investigated when the reaction proceeds in an inert gas atmosphere and
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redox —properties when oxygen is present. Since the experiment in the present work
was conducted i n N, atmosphere , it is considered that just acid and base centers

are involved in the decomposition of propan —2-o0l, but no distinction can be made
about the nature of the active sites (Brgnsted or Lewis).

The results in  figure 70 and figure 71 suggest that undoped, Pr —, and Gd —doped
ceria have predominantly basic surface properties since the reaction is selective for
propanone formation . From defect chemical consideration, it is expected that those
samples show a high concentration of surface oxygen vacancies , which represent
acid centers. Therefore, it could be that prop an—-2-ol does not adsorb into an oxygen
vacancy, but rather on a Ce cation and surface oxide ions that act as basic sites
abstracting protons . On the other hand, 2NDC ceria seems to show predominantly
surface acidity or acid -base properties. Under reducing conditions  electronic
compensation is expected [Nbg.] = [e'](Cece). Thus, the basicity should be increased :
which apparently contradicts the results. The authors in ref. (156] stated that the rate
of dehydrogenation to propanone decreased with decreasing electronic mobility at
the surface of ceria. Therefore , on the present NDC sample other influences seem to
cause the higher selective towards propene formation.

A profound explanation of the observed results in this work with respect to
defect chemistry is not possible so far. Additional investigations such as in situ IR
measurements , which could probe the pr  eferred adsorption site of propan  —-2-ol on

samples with different defect —chemical regimes might be necessary.
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5 SuUuMMARY AND MAIN CONCLUSIONS

The scope of this work was to elucidate the influences of ionic and electronic
point defects on the catalytic activit y of oxides. The first reaction investigated is the
oxygen exchange kinetics on an extended set of about 20 systematically doped ceria
samples. This was subsequently complemented by more complex test reactions
such as carbon monoxide and methane oxidation

For oxygen exchange kinetics, a setup for pulsed 160/ 180 isotope exchange was
established and optimized. This setup allows for a comparably fast screening and
thus systematic investigation of the dependence of oxygen exchange kinetics on
point defects, w hich are modified by doping. Carbon monoxide and methane
oxidation were studied in fixed bed reactors in the same experimental setup . Since
the catalytic activity of an oxide is extremely sensitive to the exact surface
conditions (not only surface point de fects, but also potentially contaminating or
accelerating unintended impurities) it was important to establish a consistent data
set from samples prepared and measured under the same experimental conditions

as the basis for further conclusions.

Bulk point defect concentrations can be tuned by homogeneous chemical
doping. The concentrations of surface defects that are decisive for the catalytic
activity are closely coupled to the bulk concentrations. Doping of ceria with Gd 3+
leads to oxygen vacancy formati on, Pr doping creates oxygen vacancies Vg3 and
additional capability of valance change ( Pr3+4+) influencing the redox -activity , and
substitution of Ce 4+ by Nb5+ causes the formation of conduction electrons and/or
oxygen interstitials. Surface sensitive H>0 and CO ; sorption experiments show that
the amount of adsorbed molecules correlates similarly with surface oxygen vacancy
concentration in both GDC and PDC. In contrast, CO 2 and H >0 adsorption is not
favorable on NDC. Regarding electronic defects (redox -active centers), UV -Vis
spectroscopy indicates the formation of a Pr impurity band in Pr —doped ceria and

zirconia at high Pr concentration.

From the dependence of the equilibrium oxygen exchange rate Ry, on oxygen
partial pressure  p(0,) and dopant type and concentration, important conclusions
on the rate -determining step ( rds) could be derived. The p(0,) dependence was
found to be R, x p(0,)>%° in all cases. The fact that  the exponent of the overall
p(0,) dependence is between 0.5 and 1 indicates that molecular oxygen species are
involved in the rds, and at least one electron is consumed ore one hole is produced
before or in the rds. The equilibrium oxygen exchange rate R, on GDC shows a

proportionality  of Ry « [Gd]* o [VS']'. For PDC, where approximately also
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[V5'] o« [Pr] holds, an even stronger increase of R, « [Pr]3>° was found. This
indicates that in  Gd/Pr single and double doped ceria oxygen vacancies are involved
in or before the rds. Together with the p(0,) dependence the conclusion is that on
GDC and most likely on PDC either the encounter of adsorbed 03 and Vg, the
subsequent incorporation of 07 into V{', or the vacancy assisted dissociation of
molecular oxygen species is rate  -limiting.

The highest oxygen exchange reaction rates were found when oxygen vacancies
as well as redox -active centers are available. The presence of redox -active cations
such as Pr or Th drastically increases the rate of oxygen incorporation significantly
compared t o pure donor or acceptor dopants. At 700 °C, 20PDC increases R, by
almost five orders of magnitude relative to undoped ceria. This steep increase of Ro
for PDC was related to the formation of an impurity band facilitating charge transfer
to adsorbed oxygen species. Interestingly, oxygen bulk diffusivity is also facilitated
in Pr—doped ceria, which is tentatively attributed to a decreased oxygen migration

barrier along Pr 3+/Pr 4+ sites.

CO and methane oxidation using doped ceria samples and related materials as
catalyst follow a Mars -van-Krevelen mechanism, in which CO or CH 4 is oxidized
using lattice oxygen of the catalyst, and the reduced catalyst is subsequently re -
oxidized by O ». If the latter is the  rds of the overall reaction, similar trends as for
oxygen exchange are expected. The Mars -van-Krevelen mechanism is confirmed by
the observation that no C 180160 was observed during CO oxidation in 180 enriched
gas atmosphere.

The CO oxidation rate  R¢q is similar for undoped ceria, PDC, and GDC (also for
different Gd and Pr concentrations), but decreased for NDC. The fact that the
reaction order for CO is between 0.6 and 0.9 , but almost independent of p(0,),
indicates that the reduction of the catalyst by CO is the rds, not the re -oxidation.
The depletion of the reaction rate for NDC might be related to the suppression of
surface oxygen vacancies, and/or to the less easy reducibility due to its n -type
character. The importance of redox properties and electronic defects of the catalyst
shows up for r elated mate rials which exhibit  more pronounced dependence s on the
reducibility of the material ( R¢o  [Pr]'3 in Pr -doped zirconia, and R  [Fe]%2t° 23 in
SrTi1-xFexOs.s). From the present experimental observations it was concluded that
the rate —determining step of CO  oxidation involves the reaction of adsorbed CO *
with surface lattice oxygen forming a transition state of {cot4—0%3, where 0F is
partially pulled out of the lattice. This is followed by fast CO » desorption (oxygen

vacancy formation) and also fastre  -oxidation.
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The CO oxidation rate  Rco of GDC, PDC and NDC is higher compared to the

equilibrium oxygen exchange rate Ry. The surface oxygen depletion together with

fast bulk diffusion induces a kinetically determined decreased effective P(02)eff
within the cat alyst's interior, which accelerates R, until both rates — Rco and R, —
are equal in the steady state. With increasing T, R, increases more steeply until

Rco = Ry and p(0,)er = p(0,). This self -balanced process is the reason why O >

incorporation is notthe  rds under steady state conditions, at least in doped ceria.

The reaction rate of methane oxidation Rcy, for PDC and GDC is about three
orders of magnitude smaller compared to Rco. The dependence on Gd, Pr , and Nb
dopant concentration is similar to CO oxidation. Also the partial pressure

dependencies are similar, with  Rcy, < p(CH,)™*”> and Rcy, « p(0,)~%? for PDC and
GDC. These dependencies were explained by assuming that the rate -determining
step is the cleavage of the first C -H bond such that the hy  drogen is abstracted by
lattice oxygen and electron holes are consumed. Since in the investigated
temperature range, Rcy, is always smaller than %R, no appearance of a decreased
kinetically determined effective p(0,)esr is expected, which was confirmed

the rmogravimetrically for 2PDC.

Overall, it can be concluded that doping strongly affects the catalytic activity
and that ionic and electronic point defects affect the gas -solid reaction kinetics in
doped —ceria differently .

The reaction rates of O , exchange can be modified by orders of magnitude upon
doping. The combination of ionic defects ( V3") and electronic defects achieved by
doping with , e.g., a mixed -valent cation such as Pr 3+4+ had the strongest effect
Oxygen exchange was increased by  almost a factor 100000 compared with undoped
ceria.

CO and CH 4 are less sensitive to dopant concentrations in ceria because within
the Mars -van-Krevelen mechanism rather the CO and CH 4 oxidation th an the O
incorporation into the formed oxygen vacancy is | imiting. However, the kinetically
determined decreased p(0,).s for CO oxidation on PDC depends strongly on the

oxygen exchange rate and thus the Pr dopant concentration.
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Appendix XVIII

APPENDIX

Appendix 1: Derivation of M1 and M2
The treatment here largely follows the procedure in refs.  [64 55 1581 (however,
please note that h ere 1E}{da is given in units of  oxygen molecules per unit time and

surface area, not atoms) . The following reaction mechanism at equilibrium with

p(0,) is assumed:

Kda > 2 =
0, = 203 + 2h° k., = Faa _ [0ad] M1 eq. 57
Eda k4a [0,]
ks PR
k; o31[h°
a t Ve o= 05 + h Ki:;:L_&]# eq. 58
k. ki [Oad] [Vo']
1
Square brackets indicate concentrations and ~ denotes values in equilibrium.

Since in equilibrium the forward and back reaction rates are equal the equilibrium
exchange rates for dissociative -adsorption ( 1iRda) and incorporation ( 15Ri) can be

defined:

- - — 2
'R, = kaal02] = kqa[054] (2712 eq. 59
'R, = ki[054] V5 = ki[O3 1[~"] eq. 60
During the reaction, mass is conserved and for oxygen isotopo logues eq. 61 —
eq. 63 hold.

[0,] = [*0,] + [**02] + [**0;] eq. 61

[*°0g] = 2[*°0,] + [**0,] eq. 62

[1°0aa] = [**Ocor] — [**0g] — [*°0F] eq. 63

The consumption of  3°0,, 320, and 0¥ (in molecules/atoms per unit time ( t)

and surface area ( S)) can be directly formulated by considering eq. 57 and eq. 58.
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1d[3¢0 - - -

1d[**0,] _ —Faa[?00,] + kda[lso;d]z[h-]z eq. 64
S dt

1d[*0,] _

S dt 2 kda[320 ]+ kda[160ad] eq 65
1d[*0g] _ =

S0 = K[ 00,4 Vg ] - K[ 03] eq. 66

Inserting eg. 57 and eq. 58 into the corresponding rate laws of eq. 64 —eq. 66
and considering the definition of the equilibrium exchange rates in eg. 59 and
eg. 60 yields eq. 67 —eq. 69.

_ 12
a[P0,] o, ([0, [P0n]

= — — eq. 67
S “\ 0 (o]’
_ 12
170,y ([P0 [0 o0 68
S dt 2\ T0,] [O/QZ]
1d[*08] _ 1, ([°0aa] _ [*08]
Ri| = = eq. 69
S odt [0z] [0
Introducing the oxygen isotope fractions Bfiar Pfaa, *fz and 3°f,, eq. 67 —eq. 69.
can be simplified (for the sake of simplicity the indicator for equilibrium values ( A)
will be o mitted from now on):
36
ddtfg ERdas (36fg 18fad) eq 70
d32fg IERdaS 36 18
= — 2 eq. 71
dt [02] ( fg fad) q
d18fl 19:{5
dt == 3 fad — 18flat) eq. 72

The rate law for **f, is obtained by considering  eq. 61 and '°f,4 =1 —"%f,4:

d34f d36f d32f 1&}{ S
g=_ g g= da 34 _ 18 __ 18 eq. 73

The isotope conservation in the gas phase ( eq. 62) can be rewritten as
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18 36 34
d fgzd fg+1d If eq. 74
dt dt 2 dt

Substitution of eq. 70 and eq. 73 into eq. 74 yields the 180 consumption in the

gas phase:
dlgfad — [0)6] dlgfiat _ 2[02] d18fg eq 75
dt [Oaa] dt [0aq] dt
dlsfad l‘RiS 18 18 1§‘RdaS

— _ 218 _ 218 e . 76

dt [Oad] ( fad flat) + [Oad] ( fg fad) q

Assuming that [*®0,4] is at steady -state, eq. 76 turnsinto eq. 77:
1 18 1 18

18f g = SRi frar +2 ERda fg eq. 77

a :

1 1
R A+2 'R,

Substitution of eq. 77 into eq.74 and assuming that  8f,, ~ 0 yields an

expression for 18fg in terms of the effective overall equilibrium exchange rate 1£R0:
18 1 1 18 1
d fg — _ ERda's 218f -2 2 s‘Rda fg — _S S]:{0 18f eq 78
dt 2[0,] £ o2 'Ry, 2[0,] 77 '
20N
Ro=— eq. 79
0 TR, + 2%, d

The equation in  eq. 78 can be solved by integration from t=0to t =1, where 1,

defines the residence time of the pulse, yielding eq. 80:

1 18
H ST n .
18fg,e = 18fg,i exp <_ nO 1") e Ry ° 1n< fgll) €q. 80
(0]

St, 18fg'e

In order to calculate 19%da and 19’1’i from measured isotope fractions, one has to
find an expression for 36fg(t), which can be obtained by substitution of eq. 77 and
eq. 80 into eq. 70 and subsequent integration, assuming again that 18g  ~0. eq. 81

can then be solved numer ically to obtain 19?1.
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—27.5 '® 7.5 'R R
36 r 0 36 0 i
=Bexp| ——— |+ : — B)ex
fae p( o > ( fei ) p <( 19%0 _ 19%)“0

. 81
(18f g )2 eq
_ gi ‘o
1mi(2 15Ro - 19{1)

For the mechanism M2, t he following reaction mechanism at equilibrium is

assumed:
'I:da 7 RERIG Ik
0, + V¥ = 034 + 0§ + 3n° Ky, = & = [Oag]_[\& eq. 82
- ko [01[V5]
da
Ei A TOXT[7°
k o¥1[h
k: k [Oad] [VO ]
1
The equilibrium exchange rates for dissociative -adsorption  ( 2S}{da) and
incorporation ( 2i)%i) can be defined as:
*R g, = kaal02][V5'] = kaa 05| [OFIA" eq. 84
2R, = ki[054] V5] = ks [OF1[R°] eq. 85
Applying the same approach as above, the following key equations are obtained:
d3°f, *R. S
dt g = [Oj?l‘ (36fg _ 18fad lsfiat) eq 86
d*%f, R, S
= o= e ) eq. 87
d%fie R "Ry,
dt at (18fad - 18flat) t =1 (lsfg 1Sflat) €q. 88
a**f. RS
g _ d 34 18 18
dt - [Oza ( fg fad flat) €q. 89
d18fg ZiRdaS 18 18 18
= _ — — eqg. 90
d18fad 28{15 18 18 ZiRdaS 18 18
=_ — — eq. 91
dt [Oad]( fad flat) + [O ] ( fg fad) q
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2 18 2 18
ERi St + iRda fg

18
fad = 5 5 eq. 92
R+ Ry,
d® RS
fe —__"0 18fg eq. 93
dt 2[0,]
2
R.
R o= R (1+—1> eq. 94
0 d 2 2 '
a R+ "Ry,
Since '8f,, ~ 0, the approach to find a solution for eg. 86 is simple and yields:
2 36
RSt [0,] fei
36 36 da“ "l 2 2 g1
- . __~da” ¥ = 1 :
Tee Tgiexp ( [02] > < Haa STy " (36fg,e> o4 95
This equation shows clearly that when no 340, is formed, because 2911 is much

faster than  *R,_, ie. 3°f, and '8f,; are identical, *%, becomes identical to R,

da’

(eg. 18 main text) . Assuming that ZiRda in eq. 94 becomes significantly lower than

1

ZiRi the equilibrium exchange ra te yields iﬁozzziﬁ’da, and the values of 2%,

determined from this equation acquire huge error bars.
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