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Abstract

The focus of this thesis is the experimental investigation of ceria-based redox materials,
which are associated to two-step solar thermochemical splitting of carbon dioxide. Important
detailed questions regarding the reaction kinetics, the exact influence of doping elements and
the macroscopic and microscopic structure of the redox material as well as the cyclic stability
have to be answered in order to achieve a scaling of the redox process to the technical scale.
Surface exchange reactions and bulk transport of oxygen in ceria are of high relevance.
Therefore, this work focusses on the surface reaction with carbon dioxide reduction and
oxygen exchange, oxygen diffusion in bulk ceria samples, the phenomenological description
(Ko, Do), the interpretation of the calculated rate constants, the influence of the doping

elements and the influence of the oxygen partial pressure of the gas atmosphere.

The most direct method of measuring oxygen diffusivities and surface exchange coefficients
in oxides is oxygen isotope exchange followed by Secondary lon Mass Spectrometry (SIMS).
By utilizing oxygen isotope enriched 20, and C*0, gas atmospheres as well as CeO».s and
Ce0.9Mo.102.5 (with M =Y, Sm, Zr) samples under various experimental conditions this well-

established approach represents the core of the experimental work of this thesis.

The experimental results are promising in terms of CO> splitting with trivalent-doped ceria,
especially Sm-doped ceria, at lower temperatures than the proposed conditions for this
reaction step. The majorities of isotope exchange experiments show enhanced values of Do
and Ko for Sm-doped cerium dioxide, in comparison to Y-doped and Zr-doped ceria, as well
as nominally undoped ceria. For the determinable apparent activation energies, the values for
Sm-doped ceria are lowest. Sm-doped and Y-doped ceria samples tend to reach the surface
exchange controlled kinetic regime at T>700 °C. This is attributed to the fact that the
trivalent dopant increases the concentration of oxygen vacancies, and hence the diffusivity of
oxygen in comparison to the Zr-doped ceria and nominally undoped ceria samples.

Considering the investigations, a temperature of T =500°C is feasible for solar

thermochemical cycling due to the weak temperature dependency of the parameters Ko and

I50. Higher reduction extents ¢ are therefore necessary, given constant reaction conditions.

An investigation of the optimal oxygen vacancy concentration of the redox material with

systematic variation of the oxygen non-stoichiometry in the reduction step is suggested.






Kurzzusammenfassung

Der thematische Schwerpunkt dieser Arbeit liegt auf experimentellen Untersuchungen von
Cerdioxid-basierten Redoxmaterialien, die zur zweistufigen solarthermochemischen Spaltung
von Kohlendioxid eingesetzt werden. Wesentliche Detailfragen, vor allem zur
Reaktionskinetik, zum genauen Einfluss von Dotierungselementen und zur makroskopischen
und mikroskopischen Struktur des Redoxmaterials, sowie zur Zyklierstabilitdt missen noch
beantwortet werden, um eine Skalierung des Redoxprozesses in den groRtechnischen Mafstab
zu ermoglichen. Oberflachenaustauschreaktionen und die Diffusion von Sauerstoff in
Cerdioxid sind hierbei von hoher Relevanz. Daher konzentriert sich diese Arbeit auf die
Oberflachenreaktion mit Kohlendioxidreduktion und Sauerstoffaustausch, Sauerstoffdiffusion
in Ceroxid-Proben, die phanomenologische Beschreibung (Ko, Do), die Interpretation der
berechneten Geschwindigkeitskonstanten, den Einfluss der Dotierelemente und den Einfluss

des Sauerstoffpartialdrucks der Gasatmosphare.

Der direkteste Ansatz zur Bestimmung von Sauerstoff-Diffusionskoeffizienten sowie von
Oberflachenaustauschkoeffizienten in Oxiden ist der Sauerstoffisotopenaustausch in
Kombination mit Sekundarionen-Massenspektrometrie (SIMS). Mit der Verwendung von mit
Sauerstoffisotopen angereicherten 80, - und C'0, -Gasatmosphiren sowie CeOzs und
CeooMo102.5s (mit M =Y, Sm, Zr) Probenmaterial unter verschiedenen experimentellen

Bedingungen stellt dieser Ansatz den Schwerpunkt dieser Arbeit dar.

Die experimentellen Ergebnisse sind vielversprechend hinsichtlich der Kohlendioxidpaltung
mit dreiwertig dotiertem Cerdioxid, insbesondere Sm-dotiertem Cerdioxid, bei niedrigeren
Temperaturen, als bisher fiir diesen Reaktionsschritt vorgeschlagen wurden. Die Mehrzahl
der Isotopenaustauschexperimente zeigte erhohte Werte fir Do und Ko bei Sm-dotiertem
Cerdioxid, im Vergleich zu Y-dotiertem und Zr-dotiertem Ceroxid, sowie nominell
undotiertem Cerdioxid. Die berechneten Aktivierungsenergien sind fir Sm-dotiertes
Cerdioxid am niedrigsten. Sm-dotierte und Y-dotierte Cerdioxidproben tendieren dazu, das
durch den Oberflachenaustausch kontrollierte kinetische Regime bei T > 700 °C zu erreichen.
Dies ist auf die Tatsache zurtickzufiihren, dass dreiwertige Dotierelemente die Konzentration
an Sauerstoffleerstellen und damit die Diffusivitat des Sauerstoffs im Vergleich zu den Zr-

dotierten und nominell undotierten Cerdioxidproben erhdéhen. In  Anbetracht der

Untersuchungen ist aufgrund der schwachen Temperaturabhangigkeit der Parameter Ko und

D, eine Temperatur von T =500 °C flr solarthermochemische Kreisprozesse realisierbar.

\Y



Bei konstanten Reaktionsbedingungen sind hierfir héhere Reduktionsgrade o erforderlich.
Eine Untersuchung der optimalen Sauerstoffleerstellenkonzentration des Redoxmaterials mit
systematischer Variation der Sauerstoff-Substochiometrie im Reduktionsschritt wird

vorgeschlagen.
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Nomenclature

Symbols

o diffusion length

T characteristic time constant
AH enthalpy

a activity

C concentration

D diffusion coefficient

F force

G free enthalpy

h sample thickness

I intensity

ks BOLTZMANN constant

k reaction rate

K surface exchange coefficient
Kred/ox equilibrium constant

L dimensionless parameter defining the kinetic regime
p pressure

q charge

T temperature

t time

X depth or length

a ionization probability

0 suboxide parameter defining the non-stoichiometry of a metal oxide
K conductivity



sputter yield

detection efficiency of a SIMS machine
correlation factor

flux

chemical potential
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jump frequency

universal gas constant
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1 Introduction

The future energy supply is certainly one of the major challenges humankind is confronted
with, along with the associated global warming, challenging social, economic and political
stability and national security [Smit10, Murrl2, Hook13]. The majority of the fuels consumed
worldwide are based on petroleum or natural gas [Harr06], and as the utilization of fossil fuels
is directly linked to the release of carbon dioxide, the portion of molecules per million in the
atmosphere climbs about two every year [Soco05]. Beside the well-established scientific
concepts regarding the global greenhouse effect, undoubtedly no one knows the exact
consequences of neither this upsurge nor the effects that lie ahead as the atmosphere”s carbon
dioxide concentration rises. Taking into account both the increasing global energy demand
and the urgent need to at least stabilize the atmosphere’s carbon dioxide concentration, if not
reducing it, various scenarios describe different paths towards an carbon-neutral technology-

based energy supply system in the near future .

With solar energy being the most abundant renewable energy source available, the chemical
storage of solar energy in form of chemical bounds is a promising candidate for the extensive
use on a global scale. In particular the solar-driven selectively production of basic chemicals
(Hz2, CO) for synthetic fuels, applying thermochemical cycles with concentrated solar energy
as heat source, represents a straightforward solution with the highest thermodynamical
efficiencies [Aban06, Sieg13]. Solar fuels open up the possibility to store solar energy and act

as future energy carrier for the transport sector and the chemical industry.

A redox material which allows water or carbon dioxide splitting at feasible conditions is
essential for such thermochemical processes. As early as 1977 metal oxide based redox
materials were suggested for thermochemical solar fuel production [Naka77]. Due to its redox
thermodynamics and fast redox kinetics, not displaying complex behavior of oxygen non-
stoichiometry as a function of temperature and oxygen activity, cerium dioxide is a very
attractive redox reactive material and was first applied in 2006 for the production of

hydrogen, carbon monoxide and the mixture of both, being referred to as syngas [Aban06].

The basic proof of function considering the splitting of water and carbon dioxide by means of
the thermochemical cycle utilizing ceria could be obtained since then in several laboratory
studies [Chue09, ChuelO, Furll2]. It is now one of the most widely studied fluorite-based
oxides. Besides thermodynamic and Kinetic reasons, the ceria redox system is attractive from

a technical point of view for two reasons.



First, in contrast to other oxides with fluorite structure AO2 (A = Hf, Pu, Th, U, Zr), CeOz is
in cubic structure from room temperature to its melting point under normal ambient pressure
without the need to stabilize it with a lower-valent cationic dopant. Second, since reduced
ceria is structurally closely related to cerium dioxide, the redox reaction is a gradual oxygen
exsolution/incorporation process rather than true phase transformation. Additionally, doping
ceria with tri - and tetravalent dopants is the most promising method to improve its properties
[Moge00, Trov02]. However, important detailed questions, in particular regarding the
reaction Kinetics, the exact influence of doping elements, the macroscopic structural
parameters (powders, granules, foams, honeycomb structures etc.), the microstructure and
porosity of the redox material as well as the cyclic stability still have to be answered in order

to achieve a scaling of the redox process in the technical scale.

In general, redox kinetics of oxides is either controlled by surface exchange reactions or by
bulk transport of oxygen. The most important prerequisite for the targeted further
development of the redox material is the exact knowledge of fundamental parameters such as
surface exchange coefficients, Ko, and diffusion coefficients, Do, of oxygen [Knobl5,
Knob17].

In the case of carbon dioxide splitting the available data is still very fragmented. In addition to
computer simulations on the reaction between CO; and CeO: on the basis of density
functional theory (DFT) (see i.e. [Hahnl13] and [Chenl3]) there are only a few recent
experimental studies on this question. Recent work on the system CeOz.s and Ce1.xMxO2-5
(M =tri - and tetravalent dopants), which were carried out in the context of thermochemical
cycle processes, aim primarily at the thermodynamic characterization of the redox system
[Takal5, Bulfl6, Davel6], on the design of the solar-heated reactor [Furl12, Ackel4b], and
the influence of dopants [LeGal3, Kuhnl3, Calll5], and pursue a primarily technically

oriented objective.

The present thesis focuses on experimental investigations of ceria in order to minimize the
existing data gap (Ko, Do), with carbon dioxide reduction in focus, being one of the two
essential steps towards the solar thermochemical production of syngas, and in many cases
advantageous compared to water splitting regarding the efficiency [Langl5]. The most direct
method of measuring oxygen diffusivities and surface exchange coefficients in oxides is
oxygen isotope exchange followed by Secondary lon Mass Spectrometry (SIMS) depth
profiling (IEDP) or cross section line scan (IELS).



By utilizing oxygen isotope enriched !0, and C!20, gas atmospheres and various
experimental conditions, this well established approach represents the core of the
experimental work of this thesis. From the current state of research, critical problem
complexes such as surface reaction with carbon dioxide reduction in comparison to the
oxygen exchange reaction, phenomenological description (Ko, Do) and interpretation of the
rate constants, diffusion in chemical non-equilibrium, influence of the doping elements,
influence of the respective kinetic regime and influence of oxygen vacancy concentration and

possible defect complex formation can be identified and targeted.






2 Motivation and background

2.1 Solar thermochemical redox reaction

In order to overcome the global challenge induced by fossil fuel depletion and the fact that
our mobility relies on unsustainable raw materials, great research effort is put into the
production of hydrogen and synthetic hydrocarbons [ChuelO, Schel2, Call13, Ackel4a,
Call15, Ackel5, Marx15, Langl6, Takal7, Bhos19]. The solar thermochemical splitting of
carbon dioxide and water via two-step redox reactions (solar thermochemical cycling, STCC),
utilizing concentrated solar energy and a metal oxide (MO) as redox material, is generally
referred to as a favorable path for producing syngas [Lang15]. It operates at high temperatures
and utilizes the entire solar spectrum via concentration of direct solar radiation with optical

point focusing systems [Rome07, Marx15].

In principle the two-step redox cycle consists of two thermochemical reactions, as illustrated
in Figure 1, a high-temperature endothermic reduction step,

MO, MO, , +0,(q). &)
and a low-temperature exothermic re-oxidation step going along with the splitting of water

and/or carbon dioxide,

MO, , +6H,0(g) — MO, +5H,(9), (2a)
MO, _, +5CO,(g) = MO, +5CO(g), (2b)

where the non-stoichiometry ¢ denotes the reduction extent [ChuelO, Call13, Calll5,
Langl5].

Reduction of the metal oxide occurs at elevated temperatures and low oxygen partial pressure
by the formation of oxygen vacancies Vo in the crystal lattice. The characteristic parameter 6

defining the non-stoichiometry is determined by the applied T- p, conditions in Equation (1)

and is material specific. Subsequent re-oxidation of the reduced metal oxide in the presence of
water vapour or carbon dioxide according to Equations (2a) and (2b) causes the splitting
reaction. Commonly, the temperature and gas atmosphere are cycled between the high-
temperature reduction step (1) (Trqis about 1200 - 1600 °C) and the low-temperature
splitting/re-oxidation step (2a-b) (Tox is about 800 - 1000 °C) [Marx15, Lang15].
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Figure 1. Schematic diagram of the solar-driven two-step thermochemical splitting of either carbon
dioxide or water. MO denotes a metal oxide utilized as redox material that is either reduced (MOy.s) or
re-oxidized (MOy). Adapted from [Call13, Call15].

According to the respective literature [Chuel0O, Schel2, Ackelda, Langl5, Marx15, Ackel5,

Takal7], the material specific T-p, conditions, determining the parameters = f (T, p, )in

Equation (1), are the most important quantities considering the fundamental relations of solar-

driven thermochemical fuel production.

A decrease of the temperature for both the reduction and the re-oxidation step results i.e. in
the decrease of radiation losses of the optical solar concentration system as well as in a
reduction of the thermal load of the redox material, which is critical with regard to the
materials stability during long-term cycling [Langl5]. An increase of the ceria non-
stoichiometry enhances significantly the CO2/H20 splitting performance and therefore the

overall process efficiency for given constant reaction conditions [Chuel0, Ackel5].

It is consensus that an efficient redox material and that optimizing the materials properties are
essential to feasible solar fuel production and overall process efficiency enhancement
[Schel2, Call13, Ackelda, Calll5, Langl5, Marx15, Ackel5, Takal7]. As it is not the aim of
this work to focus on the thermodynamic characterization of the redox system, or on other
technically oriented objectives, the reader is referred to the respective literature cited for a

more thorough discussion.



2.2 Cerium dioxide as a redox material

Cerium dioxide (and solid solutions based on it) causes interest for several decades and it is
one of the most widely studied fluorite-based oxides [Blum71, Tull77, Wang80, Hohn81,
Fabe89, Eguc92, Moge00, Tian02]. In contrast to other oxides with the fluorite structure AO:
(A = Hf, Pu, Th, U, Zr), pure stoichiometric CeO> maintains its cubic structure (f.c.c.) from
room temperature to its melting point of 2750 K under normal ambient pressure without the
need to stabilize it with a lower-valent cationic dopant [Sriv74, Scot75], and it does not show
a complex behavior of oxygen non-stoichiometry as a function of temperature and oxygen
activity [Bell69, Matz69, Ando83, Matz83, Bayo84, Matz87]. As depicted in Figure 2 the
structure of CeO consists of a cubic closed packed array of cerium atoms and a cubic

primitive arrangement of oxygen atoms [Trov02].

Figure 2. Unit cell of CeO, with cubic fluorite structure. It contains four formula units CeO,. Ce**
cations (gray) span a cubic face-centered lattice. The tetrahedral gaps are occupied by the O? anions

(blue), which thus form a cubic primitive sublattice. Adapted from [Trov02].

Its general ability to conduct oxygen anions through oxygen vacancies in the crystal lattice
and the ability to generate ceria-based solid solutions are the best among ionic conductors
[Trov02]. At high temperatures ceria is prone to sintering (most probably due to the relative
immobile cations) and is therefore mainly used as a catalyst or catalyst support. Catalysts
based on cerium dioxide are well established (i.e. in automotive catalytic converters and as
fluid-cracking catalysts in refineries). Ceria is essential to many applications in
electrochemistry, in particular as an electrolyte in solid oxide fuel cells (SOFC).
7



The remarkable enhancement of catalytic activity by ceria is attributed to its ability to display
large oxygen non-stoichiometry without relevant changes in its crystal structure. This so-
called “oxygen storage capacity” is the ability to donate oxygen to or accept oxygen from its
surrounding atmosphere. In general this can be understood by considering cerium dioxide as a

redox system where oxygen is released by reduction of Ce* to Ce* and reabsorbed by

reoxidation of Ce®" to Ce**. During the reduction oxygen vacancies V; are formed in order to

obtain charge balance of the ionic crystal, which is of central importance [Trov02]. Using the

KROGER-VINK notation [Kroe56], the following equation shows how the changing

concentrations of Ce*" ions ([CeX.])and Ce** ions ([Cet,]) (concentrations denoted by

square brackets) are related to the oxygen vacancy concentration [vg] :
2Ce%, + 07 > 2Cel, +\V: +%02(g) . @)

Several metal oxides have been suggested for the redox cycle (Equations (1) and (2a-b)),
including ZnO [Stei02, Koepl6], mixed metal ferrites MFe;Os (M =Fe, Co, Ni)[Naka77,
Alle08, Lichl2], perovskites (ABO3)[McDal3] and ceria (CeO.). Due to its redox
thermodynamics, fast redox kinetics and long-term stability cerium dioxide is a very attractive
redox reactive material and was first applied in 2006 for the production of hydrogen, carbon
monoxide and syngas [Aban06]. Currently most of the research is dealing with ceria as a
potential candidate for solar fuel generation via two-step thermochemical splitting of water
and carbon dioxide [ChuelO, Schel2, Calll3, Ackel4, Calll5, Ackel5, Marx15, Langl6,
Takal7, Bhos19]. Applying (non-stoichiometric) ceria in STCC modifies the general
Equations (2a) and (2b) as follows. In the first step of a ceria-based thermochemical cycle,

CeO: is partially reduced to CeO»-5, releasing oxygen from the crystal lattice:
o
CeO, <> CeO, , + EOZ(g) : 4)

In the second step Ce** reoxidizes to Ce** in the presence of H,O/COz to produce H2/CO, as

discussed previously:

CeO,_, +0H,0(g) — CeO, +5H,(g), (5a)
CeO, , +5CO,(g) — CeO, +5CO(g). (5b)

The thermodynamic properties and the redox kinetics of cerium dioxide can be influenced by

doping with additional cationic elements.



Here the term “doping” should not be confused with the notion of doping commonly used in
semiconductor physics, as it has the meaning of adding a cationic element MY* into the
cationic sublattice of ceria via a suitable metal oxide, resulting in a solid solution having the

structure of Ce1.xMxO2.s. Ceria is actually rather substituted than doped.

Today’s research has shown comprehensive attempts to modify ceria with di -, tri -, tetra - and
pentavalent dopants to improve the redox performance of ceria. Di -, tri - and pentavalent
dopants include Ca2+, Mgz+, Cu2+, Sr2+, AI3+, SC3+, Mn4+’3+’2+, Fe3+’2+, Ni2+, Y3+, La3+, Pr4+’3+,
Sm*, Gd*, Nb>*, V°" and Ta>* [Kane07, Kane08, Chue09, Aban10, Mengll, Mengl2,
LeGal2, LeGal3, Schel3, Ramol4, Jian14, Muhil7].

Di - and trivalent dopants cause defects in the crystal structure of ceria that influence the
transport properties of oxygen ions as well as the surface reactivity (see i.e. [Yangl4]).
Tetravalent dopants as Zr** and Hf**, however, have been shown to improve the redox
capacity of ceria [Mengl1, LeGall, Haol4, Scarl5].

A pivotal criterion to select promising dopants is their solubility in ceria. As long as the
dopant cations feature radii close to that of Ce*', the fluorite structure is very tolerant to
dissolution of up to 40 % of foreign oxides. In the case of oxides with cations much smaller or
bigger than Ce*" the solubility is very limited. Isovalent dopants, such as Zr**, feature
excellent solubilities in ceria [Kim89, Moge00]. Within the catalysis community, doping of
cerium dioxide with zirconium dioxide (CZO) has become standard [Pijo95, Forn96, Janv98,
Kasp99, Vida0l, Yang06, Delg13].

To enhance the catalytic properties of ceria the use of trivalent dopants caused attraction,
which feature similar chemical properties, but induce extrinsic oxygen vacancies and
therefore enhance the oxygen diffusion. The utilization of divalent dopants such as Ca®*
would induce even more oxygen vacancies, one per dopant ion, but due to the larger radius
mismatch of divalent compared to trivalent dopants they exhibit significantly lower solubility
[Ni08].

A more thorough discussion of the effects of doping ceria by adding a cationic element in
terms of the redox properties, induced defects and their influence on the oxygen diffusion as

well as the surface reactivity can be found in chapter 4.



2.3 The relevancy of understanding surface exchange reaction and

oxygen bulk diffusion

Ceria-based redox materials are an integral part of investigations associated to solar
thermochemical cycling. Nevertheless, important detailed questions, in particular regarding
the reaction kinetics, the exact influence of cation doping elements, the macroscopic structural
parameters, the microstructure and porosity of the redox material as well as the cyclic stability

still have to be improved in order to meet industrial requirements.

As the redox kinetics of ceria-based materials is in general either controlled by surface
exchange reactions or by bulk transport of oxygen, one legitimate approach to simplify the
characterization of the carbon dioxide (or water) splitting process is as shown in Figure 3.

surface reaction diffusion

Figure 3. Simplification of the carbon dioxide splitting process with the surface reaction at the gas
solid interface and (chemical) diffusion of oxygen in the solid where oxygen ions and bulk oxygen
vacancies are involved. Both processes can be described by means of phenomenological quantities that
are experimentally accessible. Further complication in the physical description is achieved by coupling

both process steps.

First, there is the surface reaction at the gas/solid interface with the splitting of carbon dioxide
to carbon monoxide, involving several reaction steps, including charge transfer and the
exchange step of oxygen, involving surface oxygen vacancies. Second, (chemical) diffusion
of oxygen occurs in the solid where oxygen ions and bulk oxygen vacancies are involved.
Both processes can be described by means of phenomenological quantities that are
experimentally accessible. Further complication in the physical description is achieved by
coupling both process steps. The mathematical modelling based on this approach is discussed

in detail in appendix E.
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The characteristic parameter o defining the non-stoichiometry of the ceria sample is

experimentally determined by applied T- p, conditions of the surrounding gas atmosphere

(see Equation (4)) and material specific. In consequence, the most important prerequisite for
the targeted further development of the ceria redox material is the exact knowledge of the
fundamental phenomenological parameters, here the surface exchange coefficient, Ko, (with
respect to the surface reaction) and the diffusion coefficient, Do, of oxygen.

Transport properties of oxides are relevant in processes where the availability of an oxidant
from the gas phase is not constant, and are determined by the presence, concentration and
mobility of defects in the crystal lattice [Trov02]. If the oxygen diffusion is fast, a continuous
supply of oxygen ions from the bulk to the surface and vice versa guarantees a constant

surface concentration of oxygen or oxygen vacancies.

The global reaction for CO: splitting on reduced CeOa-s surfaces is summarized in KROGER-
VINK notation [Kroe56] as follows:

CO,(g)+2Ce,, + V5 — 2Ce,, +O; +CO(0) . (6)

Depending on the experimental conditions, different reaction routes are possible, where the
overall reaction path may be divided into different reaction steps. In relation to this, the
reactive material and its macroscopic and microscopic structure play a decisive role. In
general, reactive ceramic bodies in the macroscopic form of beads, foams or honeycomb
structures, as exemplified in Figure 4, can be applied [Haus12]. The microscopic structure is

that of a sintered solid sample, displaying pores, grain boundaries and a specific grain size.

Literature data indicate that, even in bulk ceria samples, surface processes dominate the
Ce**/Ce** redox reaction in the first place, due to fast chemical diffusion of oxygen [Knob15].
Recent investigations showed a high surface concentration and a high stability of reactive

surface Ce®" ions over a wide range of temperature and of oxygen partial pressure on ceria

[Chuel2b, Zhaol6]. Currently, Ce®* ions and oxygen vacancies V are believed to be the

active sites on ceria surfaces. NAMAI et al. [Nama03] reported hexagonally arranged surface
oxygen ions, oxygen point defects and multiple oxygen defects at CeO, (111) surfaces
visualized by non-contact atomic force microscopy as well as hopping of surface oxygen ions
at room temperature (RT), at which also the complete re-oxidation of slightly reduced CeO>

(111) surfaces occurred.

11



CosTA-NUNES et al. [Cost05] investigated thin ceria films supported on yttria-stabilized
zirconia (YSZ) with atomic force microscopy. In the films the ions are highly mobile at
moderate temperatures, and the morphology of the films depends on the respective conditions

of the gas environment which they have been exposed to.

For T- p,, conditions, which are relevant for the solar thermal redox reactions, however, the

available data is still very fragmentary, especially regarding the surface oxygen exchange
kinetics in the re-oxidation by CO (or H20). Beside computer simulations on the reaction
between CO, and CeO2.s based on DFT calculations (see i.e. [Hahn13] and [Chen13]), there

are only a few recent experimental studies on this question.

30 mm

0% (4th layer) O
0% (3rd layer) @
0% (top layer) O

Ce*3+ (2nd layer) ©

Figure 4. Schematic representation of the decisive role of the macroscopic and microscopic structure
of the ceria redox material applied in solar-thermochemical splitting of water and/or carbon dioxide.
The atomic structure of the respective ceria surface at the gas/solid interface has a crucial role in terms
of the surface reaction. Scetch of the defective ceria surface adapted from [Nama03].

In principle, the in-operando analysis of the surface offers the possibility to follow the state of
the surface as a function of the temperature, the oxygen activity and the enrichment/depletion
of doping components or impurities during a reaction. Representing this type of experimental
methodology, some recent work by the groups of CHUEH and EICHHORN are exemplary
[Zzhanl12, Fengl4]. These in-operando/in-situ work, together with (older) ex-situ
investigations with surface-sensitive methods such as XPS, UPS, HREELS [Pfau94] or LEIS
[Kiln11] deliver experimental results, which contrast a considerable increase in the number of
theoretical papers. For purely practical reasons it is not possible to give an exhaustive list

here.
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While these computer calculations are not well suited for a direct quantitative comparison
with experimental data, they provide an excellent source for the selection of potentially rate-

limiting steps in the reactions treated [Paiel3].

Recent work on the system CeO:-s and Ce1xMxO2-s (M = tri - and tetravalent dopants), which
were carried out in the context of thermochemical cycling processes, aim primarily at the
thermodynamic characterization of the redox system [Takal5, Bulf16, Davel6], at the design
of the solar-heated reactor [Furl12, Ackel4b], at the influence of cation dopants [LeGal3,
Kuhn13, Call15], and pursue a primarily technically oriented objective. These works also
reveal the gaps in the understanding of the observed phenomena.

The experimentally determined activation energies are treated only as process parameters in
the process-oriented studies (see i.e. [Ackel5]). The correlations with the kinetics and the
thermodynamics of the responsible defects are only partially discussed. A more detailed
discussion of classical models regarding the role of oxygen vacancies and electronic defects
in the (exchange) reaction between O2/CO, and CeO2-s can be found in section 4.3.
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3  Research objective and outline

The present thesis focuses on experimental investigations of ceria, with carbon dioxide
reduction and oxygen exchange being most important. As the redox kinetics of ceria-based
materials is in general either controlled by surface exchange reactions or by bulk transport of
oxygen, this work aims to provide the quantitative basis for improving the CO yield in CO>
splitting using CeO»-based redox systems by investigating oxygen exchange and transport.

From the current state of research, the following critical problem complexes can be identified:

1. Surface reaction with carbon dioxide reduction, comparison to the oxygen exchange
reaction, phenomenological description (Ko, Do), interpretation of the rate constants,
influence of the doping elements, influence of the oxygen partial pressure of the gas

atmosphere, influence of the respective kinetic regime.

2. Tracer diffusion of oxygen in ceria, influence of targeted doping and doping through

impurities, diffusion mechanism.

3. Diffusion in chemical non-equilibrium (chemical potential gradient at the gas/solid
interface) from room temperature to T =800 °C, possible influence of cation doping
elements with respect to trapping, influence of oxygen vacancy concentration and
possible defect complex formation.

The most direct method of measuring oxygen diffusivities and surface exchange coefficients
in oxides is oxygen isotope exchange followed by Secondary lon Mass Spectrometry (SIMS)
depth profiling (IEDP) or cross section line scan (IELS). By utilizing oxygen isotope-enriched
80, and C'®0, gas atmospheres and various experimental conditions this well established
approach represents the core of the experimental work of this thesis.

After introducing in general the materials and methods employed in this work in chapter 2,
the chapters 4 to 6 pursue the main research objectives. Chapter 4 discusses the current theory
regarding defect structure and non-stoichiometry of cerium dioxide, oxygen diffusion in ceria

and oxygen surface exchange from Oz and CO> gas atmospheres.

In chapter 5 sample preparations, the experimental setup for isotope exchange utilizing 20,
and C'0,, the experimental realization of chemical equilibrium and non-equilibrium
conditions and the applied secondary ion mass spectrometry and analysis are described in
detail.
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Chapter 6 is fully committed to the experimental findings and their thorough discussion,
including subsequent calculations of relevant kinetic parameters and their interpretation. In
the summary and conclusion part the most important findings of this work and their

perspectives for upcoming studies are highlighted.
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4  Theory and state of the art

4.1 Defect structure and non-stoichiometry of cerium dioxide

The perfect crystal structure of an ionic solid is defined by an error-free, periodically
repeating spatial arrangement of the ions. This arrangement and the smallest repetitive
structural motif are called grids and unit cells. Fully oxidized ceria crystallizes cubic face
centered (f.c.c.) and has a fluorite structure. Ce** ions are located on the edges and in the
center of the cubic unit cell. The oxygen ions lie on a cubic primitive sublattice of half the
lattice constant. If one considers the arrangement of the Ce** ions as cubic close-packed, the

positions of the oxygen ions correspond to the tetrahedral gaps [Trov02].

A deviation from the perfect crystal structure is accordingly an error in the grid and is referred
to as a defect [Maie04]. In general defects in ionic crystals such as cerium dioxide can be
classified as intrinsic or extrinsic. Intrinsic refers to defects related to thermal disorder or
defects created by reaction between the solid and the surrounding gas atmosphere (i.e. redox
processes). Extrinsic defects are formed by impurities or by the introduction of cation dopants

due to charge compensation.

Furthermore, defects can be categorized into point defects (zero-dimensional) and spatially
extended (multi-dimensional) defects. By the formation of point defects, each crystalline solid
reaches a thermodynamically desirable state of lower free enthalpy G for temperatures
T>0K. Point defects are thus unavoidable and their concentration is linked to the

thermodynamic equilibrium [Maie04].

The three basic point defects found in oxides are vacant lattice sites (vacancies), interstitial
ions, and - intentional or unintentional - introduced foreign ions (impurities or dopants). Point
defects are not neutral to the regular lattice and must be compensated by an appropriate
number of other point defects of opposite charge, maintaining the electro-neutrality,
stoichiometry and mass of the system. Therefore, these point defects in ionic compounds
always occur in oppositely charged, interlinked combinations and their concentrations are
determined by disordering equilibria [Maie04]. Point defects in solids can be accurately

described by the KROGER-VINK notation [Kroe56].

Regarding intrinsic type defects in cerium dioxide, three possible thermally generated
intrinsic disorder reactions (SCHOTTKY -, FRENKEL - and anti-FRENKEL-type in Equations (7)

to (9)), that do not involve exchange with the gas phase, can be deduced in KROGER-VINK
17



notation [Kroe56] as follows, with AH:s being the respective defect formation enthalpy
[Trov02]:

Ceg, +20; <> V*2V; +CeO, AH;=353¢eV, (7
Ce,, < Ce™+VY' AH, =11.11eV, 8)
O; < 0O/+V; AH,=32¢eV. (9)

The predominant defect category is the anti-FRENKEL-type (Eq. (9)), which leads to the
formation of pairs of oxygen vacancies and interstitial oxygen ions. The concentration of
these defects is in general low and they do not produce any deviation from the stoichiometric

composition.

Another way to influence the defect concentrations of ceria, however, is to simply change the
ambient oxygen activity by exposure to reducing gas atmospheres. According to Equation (3),
oxides can be in equilibrium with their surrounding gas atmosphere by increasingly degrading

oxygen from its lattice with increasing temperature and decreasing oxygen activity. The

concentration of oxygen vacanciesV; in the crystal lattice is compensated by polarons

localized on cerium cations Cer, .

The corresponding law of mass action combines the defect concentrations with a temperature-

dependent equilibrium constantK =exp(— AISTfedjand can be written for Equation (3) as

follows:

1

2 2
ac, -a,.-a
Ce V, O,
red — 2 ‘Oa (10)
Cege 0%

As it is shown in the appendix section D.1, there is proportionality between the oxygen
vacancy concentration V5 and the oxygen partial pressure p,, . The oxygen non-stoichiometry

1
d is thus proportional to Py :

1

0~ P (11)

2
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However, this only applies to the model of isolated point defects with statistically distributed
oxygen vacancies in the crystal lattice. In principle, the fluorite structure remains during
partial reduction up to 2-¢ = 1.651. But even when the deviation from oxygen stoichiometry is
small, there is evidence in the literature that the defect structure of non-stoichiometric phases

IS more complex.

First measurements of the oxygen non-stoichiometry of ceria as a function of oxygen partial
pressure where conducted by BEVAN and KoRDIS as well as PANLENER et al. [Beva64,
Panl75]. As early as 1975 PANLENER and co-workers discussed the formation of defect

complexes in reduced CeO2.s because the observed proportionality between the oxygen non-

stoichiometry and the oxygen partial pressure changed to a more general form of o ~ p{,:,

even for small values of ¢ [Panl75].

Over the past decade, the group of WACHSMAN has been working intensively on the subject of
bulk defect equilibria of cerium dioxide, investigating the oxygen non-stoichiometry as a
function of oxygen partial pressure as well as the chemical expansion of ceria upon reduction
(see i.e. [Dunc06, Bish09a, Bish09b]).

Isolated defects on the oxygen sublattice can interact to form defect complexes that are
themselves new defects, which is related to an increasing concentration of oxygen vacancies.
The defect complex is assumed to have a smaller volume then the isolated defects, which
leads to less strain upon its formation. Furthermore, the defect complexes can neutralize local
electrostatic charges by locating oppositely charged defects. BisHoP et al. discussed various

defect complexes that can potentially form and found isolated defects and trimers composed

of reduced cations and oxygen vacancies (Ce’Cch';Ce'Ce ) to be the most significant ones
[Bish09b]. Other discussed defect complexes include dimers (V(;'Ce’Ce)' and hexamers

(4Ce’Ce 2V, ) [Bish09a]. The trimer consists of an oxygen vacancy and two reduced cerium

cations. The formation and the corresponding mass action constant are given by:

2Ce;, + 0} <> (Cel,VgCey, ) + %oz ). (12)
1
a .-aj
Kred = % ’ (13)
cer, " Zop



As it is shown in the appendix section D.2, there is proportionality between the trimer

concentration and the oxygen partial pressure, and the concentration of trimers

1

[(Ce’CeV(;Ce’Ce)X} is proportional to P,? :

1

(O Vacer,) |~ por- (14)

This slope is distinguishable from the slope for isolated oxygen vacancies in a

dlog [(Ce'Cengege )X}/dlog Po, Plot, leaving the possibility to effectively model the measured

oxygen non-stoichiometry as a function of oxygen partial pressure. In principle, the often
cited experimental work on the oxygen non-stoichiometry of ceria from BEvAN and KORDIS
and PANLENER et al. [Beva64, Panl75] as shown in Figure 5 matches very well and defines
the standard until today. Later experimental work [Wang98, Kim06, Bish09a] is usually only

compared with it.
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Figure 5. Isothermal plot of the measured oxygen non-stoichiometry ¢ of ceria in the temperature
range T =638 to T = 1500 °C, adapted from [Beva64] (black symbols) and [Panl75] (red symbols).
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By intentionally introducing foreign cations into the crystal lattice (doping), point defect
concentrations can be extrinsically influenced. Isovalent dopants (tetravalent dopants such as
Zr* and Hf*") that have a neutral effective charge will not affect other point defect
concentrations as long as they are ideally diluted, since no oppositely charged point defects

are needed for compensation, i.e. for Zr-doping:
Zro, —=%2 5 71 +20}. (15)

The introduction of non-isovalent dopants results in compensating point defects that
determine the properties of the doped material. Dopants with negative effective charge are
called acceptors. Upon introduction of a lower-valent cation dopant such as di- and trivalent
dopants, including i.e. Ca?*, Mg?*, Cu?*, Sr¥*, AP*, Sc3*, Ni?*, Y3, La%*, Sm®* and Gd**, by
its corresponding oxide in ceria, the negative excess charge of the acceptor is compensated by

oxygen vacancies V; , i.e. for Ca- and Y-doping:

Ca0—=%2Cal, +V; +0y, (16)
Y,0, —S 5 2Y!, + V3 +30,. (17)

The resulting oxygen vacancies strongly influence the ionic transport properties. Doping is
thus a powerful method to extrinsically adjust the defect concentrations and the resulting

material properties according to the present needs.

The experimental work done on trivalent-doped ceria focuses on non-stoichiometry, chemical
expansion, transport properties and defect structure, and includes Y-doped ceria, Gd-doped
ceria and Sm-doped ceria [Cale84, Wang97, Wang98, ZhouO7b, Bish09a, Bish09b]. In
principle di - and trivalent dopants do not promote the oxidative splitting step in STCC, as
two electrons must be promoted into the high energy Ce f-band during reduction if the oxygen
vacancies are to store sufficient energy to drive the splitting step [Muhil7a]. Nevertheless, the
more acceptors introduced into cerium dioxide up to a critical concentration, the higher is the
ionic conductivity based on the migration of oxygen vacancies, which will be discussed in
section 4.2. The oxygen deficiency caused by doping is correspondingly represented in the
thermogravimetric measurements, as shown for example in Figure 6 for Gd-doped ceria.
BisHor et al. [Bish09a] discussed, based on their thermogravimetric measurements, the
formation of mixed trimers from isolated defects in Ce1-xGdxO2-05x-5 (X = 0.1, 0.2), according

to
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Gy, +Cej, + 0 < (G, VCel, ) +%Oz(g) | (18)

and found that the mixed trimer concentration cannot be separated from the isolated oxygen
vacancy concentration using thermogravimetric derived non-stoichiometry data and mass

action-based models.

' | ' | ' | T T T T T T T
2.00 _
[ CeD QGdCI 101 95-4 1
195 B m-oﬁ%:%gjég%%wﬁl:énp"":?F'll-/.:__.--—'i'f" -
- £ T « / i & ]
@ £ Vil AL F Ve | # Ce, Gd.O, .
& g P rE PP p -~ 082% 2106
1.90 | & £ / f: !FJ.-;/ T LT = & = e
S Sl i Y 7 /" ]
o 6"’3 i l}l S O D’F - c?./. o J - s e ]
g - fé} d di P / e i/ /
Ko} dN PP A W 2 .
“w 1.85 |- ,\@ é;” uﬁ/_, b OF # :'. P —
! d §ebr . I
o - ¢ FESSET A l
A GGD ad;, nnpﬂ .,f /
1.80 | & o ¥ SN i
€ ST LS
B & & ] i
A
| s S _
1.75 S
I '\'\QQ -
1.70 | ]
1 .65 L | L | i | i | i 1 i | i
-30 -25 -20 -15 -10 -5 0

log (p, /atm)

Figure 6. Isothermal plot of the measured oxygen non-stoichiometry 6 of Ce1.xGdxO2-05xs (X = 0.1,
0.2) in the temperature range T =600 to T =1100 °C adapted from [Wang97, Wang98, Bish09a,
Bish09b].

Recently the group of MARTIN has been doing theoretical work on the subject of defect
distribution and interaction in lower-valent-doped non-stoichiometric ceria, namely Y - and
Gd-doped ceria (see i.e. [Grield], [Griel6] and [Griel7]). In principle they were able to

model the 5 — p,_relations including the variation of the slopes and the flattening of the curves

at low oxygen partial pressures based on different pair interactions, which are discussed in

general in section 4.2.
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Doping with ZrO. as given in Equation (15) is promising with regard to the oxygen
dissolution during the reduction, which increases. The solubility of zirconium in the cubic

cerium dioxide is given until 20 mol-%.

The numerous experimental and theoretical work focus primarily on structural changes in the
ceria-zirconia crystal structure, the improved reduction ability, defect chemistry and
thermodynamic characterization [Forn96, Bald97, Kim06, ZhouO7a, Kuhnl3, Haol4,
Bulf16].

Thermodynamic characterization studies were done, for example, by KuHN et al., ZHou et al.
and Hao et al. [Zhou07a, Kuhn13, Haol4]. Measurements of the oxygen non-stoichiometry
of Ce1xZrxO2-5 as a function of oxygen partial pressure as done for example by HAO et al. and
KUHN et al. (shown in Figures 7 and 8) show a higher degree of reduction compared to the
undoped cerium dioxide. The zirconium ions incorporated into the ceria structure improve the
reduction properties, increasing the release of oxygen, and studies showed that the degree of

reduction increases with increasing zirconium concentration.
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Figure 7. Isothermal plot of the measured oxygen non-stoichiometry ¢ of Ce1.xZrxOz.; (x = 0.1, 0.2) in
the temperature range T = 600 to T = 1490 °C adapted from [Hao14].
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Figure 8. Comparison of the isothermal plot of the measured oxygen non-stoichiometry ¢ of undoped
ceria and Ceo95Zr0.0502-5 in the temperature range T =600 to T = 1169 °C adapted from [Kuhn13] and
[Bevab4].

The improvement is attributed to the smaller ionic radius of Zr** which compensates for
stresses due to volume changes in the lattice caused by the larger Ce®** ions. In addition, the
smaller Zr** ion should prefer a 7-fold coordination with oxygen in contrast to the 8-fold
coordination as in the CaF,-structure, which promotes the formation of oxygen vacancies (see
I.e. [Bald97] and [Kuhn13]).

In summary, all studies initially show that the standard enthalpies of formation and the
standard entropy of redox reactions of ceria-zirconia solid solutions are lower than those of
the redox reaction of undoped cerium dioxide. Furthermore, experimental studies on the
STCC performance of ceria-zirconia solid solutions could show an initial increase and
subsequent decrease in the splitting performance with increasing zirconium content [Schel3,
Takal5]. Theoretical calculations by MuHIcH et al. [Muhil7a] explained the increased
oxygen exchange capacity with stored energy in tensiley strained Zr-O bonds which is
released upon oxygen vacancy formation and depends on the number of oxygen anions

coordinated to zirconium dopants (and therefore on the dopant concentration).
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4.2 Transport properties and oxygen diffusion in cerium dioxide

Electrical conduction and ionic transport are mainly determined by the presence,
concentration and mobility of defects in the crystal lattice, as previously discussed in section
4.1. In general, ceria can be classified as a mixed conductor (MIEC) showing both electronic
and ionic conduction [Trov02]. At high temperatures and/or low oxygen partial pressures,

ceria behaves as an n-type semiconductor and electrons are the primary charge carriers (since
[Cege]z[vg}»[h']). According to Equation (3) the equivalent to the presence of Ce,is

the electronic defect e’ which is accompanied by the formation of an ionic defect, the oxygen
vacancy V3, with 2[Cege]:2[e’]:[vg ] both representing the majority charge carriers. In

cerium dioxide, electronic conduction is not described by a band model as known from
semiconductor physics, but occurs instead through the formation of small polarons, where the
electron is self-trapped at a given lattice site (Ce**), forming Ce** ions, and can move only by

an activated hopping process similar to that known from ionic diffusion [Paiel3].

lonic conductivity in pure ceria results from intrinsic disorder generated by three possible
defect mechanisms described in Equations (7) - (9) and is negligible as the experimentally
observed values strongly depends on the level of impurities, as described in section 4.1. By
intentionally introducing foreign ions into the ionic crystal (doping), defect concentrations can

be extrinsically influenced.

lonic conductivity is in general linked to the diffusion coefficient D; of ionic carriers via the
NERNST-EINSTEIN relation:
Kk, T

D, = (':_qB_z | (19)

where «;is the ionic conductivity, ks is the BOLTZMANN constant, T the temperature, ¢; the

concentration of the ionic carriers i and g; their charge [Maie04].

Two basic concepts can be used to describe the diffusion of a species in the bulk of an ionic
crystal. A macroscopic definition of diffusion is usually done by Fick's laws, which serve for
the experimental determination of diffusion coefficients. The consideration of the mechanistic
motion of single atoms on the basis of the Random-Walk theory allows the description of the
diffusion in bulk at the microscopic level [Mann68, Mehr07].
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The first Fick's law describes the particle current density ji of a species i in one dimension
through a defined area per unit time t:

D oc,

e (20)

ji =
Here, ci denotes the concentration of the species i and x the location coordinate. The
proportionality constant between the particle current density and the concentration gradient is
the diffusion coefficient Di. If the number of diffusing species i remains constant during the
diffusion process, it can be determined using the continuity Equation, which is defined for

diffusion in one dimension:

ox ot
The second Fick's law is formed by combining Equations (20) and (21):
o 0 OoC.
—=—| D, —|. 22
ot éx( OX J 22)

If the diffusion coefficient is concentration-independent and thus independent of location, the
following relation applies:

oc, . oc

FRRra (@)
This Equation is a partial differential Equation of the second order. It describes the location
and time-dependent concentration of the species i. In general analytical solutions are possible

through relevant initial boundary conditions.

The temperature dependence of the diffusion coefficient D; is described by an ARRHENIUS

Equation of the form:

AH
D =Dexp| ——=2 |, 24
. =D p[ kBTj (24)

where D’ is the pre-exponential factor, which contains terms related to the concentration of

ionic carriers. AH, is the overall activation enthalpy of diffusion, which includes terms related

to the migration, defect formation and defect association.
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The actual driving force of diffusion is not the concentration gradient % (see Equation (20)),
X

but a gradient in the chemical potential » of the species i within the solid. The chemical

potential of species i is defined as the partial derivative of the free enthalpy G by the amount

n; of species i:

- [Z—SJ - @5)

As a result, all mobile species diffuse, changing the local chemical composition of the solid
until the gradient is balanced and the thermodynamic equilibrium is reached. If tracers are
used to determine the self-diffusion, which are chemically identical isotopes to the elements
of the observed solid, the driving force of the diffusion is purely entropic nature.

In order to understand diffusion processes at the atomic level, the following mechanistic
processes of the diffusion of ions in the solid state have to be considered. In any crystal, there
is a regular array of lattice sites which are energetically favored positions for atoms. The
ordered crystal lattice restricts the possible atom motions and allows a simple description of
each specific atom displacement. The basics assumption made to explain diffusion is that each
diffusing atom makes a series of jumps between the various equilibrium lattice sites, which

are in random directions [Mann68, Mehr07]. The mean square displacement <Xi2>of the

diffusing species i in one dimension is given by the product of the one-dimensional diffusion

coefficient Dj and the time interval t:
(x)=2Dt. (26)

The diffusion in isotropic three-dimensional cubic crystal systems can be described by the

mean total displacement of the diffuser in isotropic media<Ri2>:

<Ri2> =6Dt. (27)

According to the random walk theory, the mean total displacement of a diffuser that

overcomes N uncorrelated jumps over a distance X is given by:
(R?) =N, (28)
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With the introduction of the jump rate I'; of a particle to one of its W neighboring sites in a

cubic ion crystal TW = % we obtain with Equations (27) and (28):

X
D, =—WI;. (29)

The jump rate can be described by the ARRHENIUS Equation with the activation enthalpy AHa:

T, =vexp(il__|raj, (30)

B

with v being the attempt frequency of all oxygen vacancies or oxygen ions to jump to one
nearest neighbor site. Combining Equations (29) and (30) yields for the pre-exponential factor
D’ as given in Equation (24):

2

D =Wy (31)

The conductivity of an oxygen ion conductor as described by Equation (19) can be defined for
both oxygen ions and vacancies. The absolute value of the oxygen ion charge is then equal to
the KROGER-VINK charge of the oxygen vacancies. Therefore the diffusion coefficients of the

ionic carriers - here being oxygen ions D_, and vacancies D,,.- are related in the following
(0]

way [Koetl17]:

o Lelp (32)

with[Oz‘]and[vg]being the concentrations of oxygen ions and oxygen vacancies.

Determination of the defect diffusion coefficient (here: Dvc';) requires thus knowledge of the

defect concentration. In the case of the introduction of a lower-valent dopant (confer

Equations (16) and (17)) the defect concentration can be estimated with reference to the

electroneutrality condition z[vg;] = [Mege] in the following way [Kami00]:
D, ~[Me,]D,.. (33)
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The diffusion coefficients discussed above are not directly accessible experimentally to
measurement and are referred to as microscopic diffusion coefficients. Due to the requirement
of electroneutrality the charge carriers cannot simply be moved through the solid, instead, the
electroneutrality problem leads to the measurement of three respective macroscopic diffusion

coefficients that can be differentiated according to MAIER [Maie04] in the following way.

In a stationary conductivity experiment a flux of ions within the oxide solid is maintained
when an equivalent electron flux passes through an external circuit and the measured
conductivity is the sum of electronic and ionic conductivities. According to Equation (19) it is

then possible to convert the measured oxygen ion conductivity into a diffusion coefficient,

being the ionic self-diffusion coefficient Dgz, .

A second approach consists of exchanging the ambient oxygen surrounding an oxide (being
primarily 80) with gas enriched with oxygen isotopes (either 'O, or 80;) which behave
chemically identical, but make up a tracer gradient between the solid and the gas atmosphere.
The chemical composition is not altered, where it is important to avoid stoichiometric
gradients. The consequence is a tracer exchange driven by tracer diffusion which can be

characterized as counterdiffusion of the oxygen isotopes, being purely of entropic nature. The

determined parameter is the tracer diffusion coefficient DZ;Z, which reflects the self-diffusion

coefficient of the oxygen ions.

The third approach highlights the diffusion kinetics of composition changes of oxide
compounds with a chemical potential gradient, the chemical diffusion coefficient Ijo , Which,
for ionic compounds, formally characterizes a charge-neutral ambipolar diffusion process of
at least two chemically different charged particles. Here the diffusion of oxygen takes place as
a result of coupled transport of O% and 2e" in opposite directions. As a consequence, f)o IS
going to be of the order of magnitude of the defect diffusion coefficients and represents a

combination of ionic and electronic defect diffusivities. A further discussion on the

interrelation of the three macroscopic diffusion coefficients can be found in appendix E.1.

Further complication arises from the possibility of defect interaction, as described in section
4.1, which interferes with matter transport, ordering of oxygen vacancies and formation of
defect clusters, or a modified jump probability of the oxygen vacancies. In the simplest case
of defect association oxygen vacancies are not free and randomly distributed, but linked to

dopant cations instead.
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Therefore the most studied defect clusters have been those formed by acceptor dopant cations
and oxygen vacancies [Moge00, Trov02, Mehr07]. This association (as given in Equation
(18)) is mainly due to the coulombic attraction of the defects caused by their effective charges
in the lattice. The oxygen vacancies are trapped or immobilized by the almost immobile
dopants and thereby the concentration of free vacancies is reduced. This may be taken into
account by modifying the activation enthalpy of Equation (24) by another enthalpy
contribution of formation of associated defects (association enthalpy), where there are
dependencies on the dopant fraction and type of dopant. When the binding energy is strong,

full association can persist to very high temperatures.

Experimentally derived electrical conductivity data of ceria and ceria-based materials have
been reported for example by EcucHI et al. for CeO2, CeogSmp2019, CeosYo02019 and
Ceo08Gdo201.9 [Eguc92] and by HUANG et al. for CeO,, Ceo83Smo.1701.915 and Cep.91Ca0.09001.91
[Huan97]. Oxygen ion conductivity depends on the concentration, charge and mobility of the
carriers. High values of conductivity were correlated with minimum binding energy of the
oxygen vacancy with dopant cations. A minimum in the binding energy is predicted when the
dopant and the host radii are the same [Trov02]. High ionic conductivities are observed for
trivalent dopants such as Gd, Eu and Sm and divalent dopants such as Ca. The behavior of
ionic conduction with dopant concentration depends on several factors. In general it increases
with the number of oxygen vacancies (as can be deduced by combining Equations (19) and
(32)) as a consequence of a low value for the migration enthalpy AHm. The latter depends on
the oxygen binding energy in the lattice and the free volume through which the oxide ions
migrate. However, experimental findings imply that the conductivity is not simply
proportional to the concentration of oxygen vacancies, but that it goes through a maximum
[Wang81, Fabe89, Huan97, Dikm98]. The most recent and comprehensive discussion of this
phenomenon is given by KOETTGEN and co-workers [Koetl8], which aims to explain the
relationship between defect interactions at the microscopic level and the macroscopic oxygen

ion conductivity in doped ceria.

Experimental data of oxygen diffusion (tracer diffusion or chemical diffusion) in (bulk) ceria
and ceria-related materials are relatively rare. They have been reported for example by
KamiyA et al. for oxygen tracer diffusion in CeO> [Kami98, Kami00], by FLOYD et al. for
oxygen tracer diffusion in CeO2, CeooY0.10195 CeosY02019 and CeosY04015 [Floy73], by
MANNING et al. for oxygen tracer diffusion in Ceo9Gdo.1O1.95 [Mann97], by Ruiz-TREJO et al.
for oxygen tracer diffusion in Ceo9Gdo3101.85 [Ruiz98] and by MILLOT et al. for chemical
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diffusion of oxygen in CeOi19s37, CeO1965, CeO1.919, CeO1ge81, CeO1g135 and CeO1.7504
[Mill84]. In principle, oxygen tracer diffusion can be distinguished in extrinsic and intrinsic
diffusion. In the extrinsic regime, which is also referred to as a “low temperature” regime, the
measured oxygen diffusion coefficient is controlled by aliovalent dopants or impurities which
introduce extrinsic oxygen vacancies as given in Equations (16) and (17), so that the
magnitude of the measured diffusion coefficient depends on the defect concentration as given
by Equation (32). At higher temperatures (T > 1000 °C) the region of true intrinsic diffusive
behavior of undoped ceria can be found, where the measured oxygen diffusion coefficient is
controlled by thermally generated oxygen vacancies [Kami98, Kami00]. In the case of
chemical diffusion as studied by MiLLoT and DE MIERRY [Mill84] a dependency of the

measured chemical diffusion coefficient of oxygen on the non-stoichiometry ¢ of CeO,.; at
constant temperature was found, with a maximum value of II~)O being given for CeOy.135 at

T=971°C.

As computer modeling techniques are now well-established in the field of solid state
chemistry, they have been applied to studies of structures, energetics and dynamics of a
variety of materials on the atomic level. As early as 1982 KILNER and WATERS [Kiln82]
calculated the effect of association of dopant cations and oxygen vacancies on the free
vacancy concentration in ceria. BUTLER and others [Butl83] carried out computer simulations
of dopant-vacancy clusters, in which the binding energy was calculated for divalent and
trivalent dopants (Sc®*, Y3, Gd**, Ce®*, La®*, Mg?*, Ca?") in doped ceria and the energy
change for association of oxygen vacancies and dopant cations at nearest-neighbor positions

was evaluated.

In recent years further work concentrated on other possible pair interactions such as vacancy-
vacancy-interaction, polaron-vacancy-interaction, polaron-polaron-interaction,  dopant-
dopant-interactions and dopant-polaron-interactions. It focuses mainly on computer
simulation based calculations such as kinetic Monte Carlo simulations (KMC), molecular
dynamics simulations (MD) and density functional theory based calculations (DFT) [Adle93a,
Adle93b, Pryd95, Bald97, Meye97, Inab99, Bald00, Haya00, Mart06, Naka09, Gropl2,
Griesl4, Yuanlb, Griesl6, Griesl7a, Griesl7b, Griesl8, Koetl7, Koet18]. In principle these
work aims to understand the experimentally found dependencies of the transport properties
such as conductivity and diffusivity on the dopant fraction and type of dopant in
stoichiometric and non-stoichiometric ceria (with the contribution of additional oxygen
vacancies in the crystal lattice due to reduction for the latter case).
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The general interpretation of the observed conductivity data is confirmed due to these
calculations and the results show also that the ionic size has a large effect on ionic
conductivity. Further it is widely accepted now that the migration of oxygen in ceria and
ceria-related materials takes places via oxygen vacancy hopping and that the presence of
dopants as well as other defects in the crystal lattice changes the migration barrier, which is
then referred to as trapping and blocking [Gries18, Koet18]. The activation energy for oxygen
migration can be estimated using atomistic calculations, where it is assumed that an oxide ion
migrates to a nearest-neighbor vacant site along a linear path. An energy profile can be
determined by simulating the oxide ion at a number of intermediate positions along this
migration path. The activation energy is finally obtained as the difference between the
maximum energy and the energy of the starting configuration. A comprehensive summary of
experimentally derived activation enthalpies (extracted from conductivity measurements) as
well as calculated activation energies is given by KOETTGEN et al. in [Koet18], sections 2.3
and 4.4.

4.3  Oxygen surface exchange from O and CO> gas atmospheres

The respective CeO2.s surface at the gas/solid interface has a crucial role in terms of the
surface reaction for CO splitting (Equation (6)), as previously discussed in section 2.3. The
exchange and incorporation of oxygen is hereby considered as fundamental reaction, which is
extensively discussed in the respective literature [Mann97, Maie00, Leon02, DeSo06,
Merk08, Chuel2, Schal9]. The surface reaction of oxygen incorporation, in particular, is
made up of several complex individual steps [Maie04]. First the oxygen has to be transported
within the gas phase, which is generally a rapid process. Then it must be adsorbed,
dissociated, ionized and enter the solid. Consideration of the various oxygen species that have
been proposed to exist on oxide surfaces indicates that one possible pathway for the forward

reaction is [DeSo05]:

0,(9)+S,; = 0O,(ad), (34)
0, (ad) +€' —> O} (ad), (35)
O, (ad) +€'+S,, —20'(ad) , (36)
O'(ad)+e'— 0" (ad), (37)
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O"(ad)+V; > 05 +S,,. (38)

The reaction thus involves the adsorption and dissociation of oxygen molecules on the surface

(Sad), the reaction with an oxygen vacancy V; and the transfer of oxygen ions through the

surface, in addition to several charge transfer steps. These are required to take place before
dissociation because the dissociation energy is about 5 eV for Oz, but very much lower for Oy
and O2%. It is also discussed that steps (37) and (38) have to be in one step since O%(ad) is not
stable at the surface [DeSo005, Paiel3, Schal9].

As a consequence of this proposed pathway the most likely rate determining step (rds) is
charge transfer leading to dissociation. According to BODENSTEIN’s principle one step in the
pathway is assumed to be rate determining and all pre - and succeeding reaction steps are
treated as being at quasi-equilibrium. The rate of the overall process is thus given by the rate

of the rate determining step [Maie98, DeSo06].

In principle it is then possible to represent the whole reaction scheme (34) - (38) in the form
of a network of elementary steps in parallel and series [Maie04]. The network concentrates on
the rate determining step, if the rate constants differ sufficiently. Limiting cases here are
situations close to and far from equilibrium. The incorporation reaction of oxygen (Equations
(34) - (38)) can thus be considered as a serial coupling of surface reaction (incorporation into
the first layer of the solid at x = 0) and a transport step:

A< B(x=0)«<B(x>0). (39)

If the surface reaction is sufficiently fast the surface concentration [B] at x=0 is in

equilibrium with the preceding steps. If the diffusion is much more rapid than the surface

reaction, [B] at x = 0 is in equilibrium with [B] at x > 0, meaning homogenous concentration

profiles within the solid oxide. Both limiting cases are defining the possible kinetic regimes of
oxygen exchange from a gas phase to an oxide solid. In reality, the rate determining step is
located within the reaction A <> B(x =0) [Maie04].

In contrast to the diffusion case, where the proportionality constant between the particle
current density and the concentration gradient is the diffusion coefficient D; as represented by
Equation (20), the respective kinetic parameter of the surface reaction, the surface exchange
coefficient K; of the species i, is understood to be the ratio of the flux to the concentration
difference Ac; at the first layer of the bulk at x = 0 [Maie00, Maie04, DeSo06, Fiel16]:
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Ji(x=0)=—-K.Ac,(x=0). (40)

In comparison with diffusion the surface exchange reaction as outlined in the whole reaction
scheme (34) - (38) is not well understood at the atomistic level and as a result no atomistic
expression equivalent to Equations (29) - (31) for the diffusion case exists [DeSo06]. The
phenomenological Equation (40) defines K; without recurring to any microscopic mechanism
[Fiel16].

Depending on the experimental conditions three respective macroscopic surface exchange
coefficients ng,,K(’;z,,Kocan be differentiated in analogy to the different macroscopic
diffusion coefficients according to MAIER [Maie04]. Equation (40) is only valid for surface

reactions at x =0, meaning that the surface exchange coefficient Ko depends on the defect

chemistry of the surface only.

MAIER proposed a relation between the surface exchange coefficient Kjand the (equilibrium)
exchange rate 9R; (being a measure of the dynamics at equilibrium, quantifying defect

chemical reactions at the interface, and which can be interpreted as an exchange current
density) of the rate determining step in the consecutive reaction sequence at the gas/solid
interface [Maie98, Maie00, Maie04]:

K, Ry

A—)'(=Ci(x—':0)Wi(X=0), (41)

where ci(x =0) is the concentration of the species i (here oxygen) near the surface and

W, (X = 0) :M% is the thermodynamic factor near the surface. The elementary
' RT oc
I Ix=0
. . . Jo(x=0) .
distance Ax appears here, since Ko was defined as —m in Equation (40). The
o(x=

quantitative measure AX of having been left undefined, Equation (41) essentially means that

Ko is proportional to SR [Fiel16].

A first approach to develop an empirical, atomistic expression to describe the exchange

kinetics of gaseous oxygen with oxides was given by DE SouzA in 2006 [DeSo06], which

showed that the exchange rate R obeys:

34



% ~ (105 1[N )2 2 @2)
VT

Because electron and hole concentrations typically exhibit opposite dependences on the
oxygen partial pressure, they do not contribute a net dependence to the exchange rate. In
appendix E.2 it is shown how the equilibrium exchange rate can be defined depending on the

actual rate determining step (rds) of the assumed reaction scheme.

In terms of the surface concentration of oxygen vacancies Vit is often assumed that bulk

behavior corresponds to the surface behavior, implying that the surface concentration can be
replaced by the bulk concentration experimentally derived, in order to correlate it with the
oxygen partial pressure of the gas atmosphere. Here DE SouzA [DeSo06] noted that the
validity of analyzing surface reaction constants in terms of bulk defect thermodynamics is

questionable.

Recent experimental findings showed that surface and bulk oxygen non-stoichiometry must
be differentiated [Bish09b] and that the dependences of surface and bulk defect concentration
on temperature and oxygen partial pressure are different [Chuel2b], especially under

experimental conditions involving splitting reactions [Zhao16].

Furthermore, if surface defects such as Ce.,and V. are indeed the active sites, displaying

very high concentrations, site saturation effects can lead to very weak oxygen partial pressure
and temperature dependences. This then limits the extent to which such dependences can be
used to further distinguish between reaction pathways as proposed and discussed in the
respective literature [Chuel2a].

In principle it is assumed until to date [Kilnll, Blail5, Ananl6] that Ko and Do are
independent parameters, each of which reflects an independent microscopic mechanism,
There is empirical evidence that this is not the case as KILNER et al. [Kiln96b] showed that
there is, for a large number of different oxide materials, a quite obvious correlation Ko ~ Do”
between the oxygen surface exchange coefficient and the oxygen diffusion coefficient.

Furthermore, experimental findings by ARMSTRONG et al. [Armsll, Armsl3] and
KNOBLAUCH et al. [Knob15] suggest that the measured oxygen surface exchange coefficient

Ko, if measured in the mixed regime or in the diffusion controlled kinetic regime, depends not

only on the equilibrium oxygen exchange rate ER(O)at the gas/solid interface but also on the
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oxygen diffusion coefficient Do in the bulk, which contradicts the postulated dependency of

Ko on ER% in Equation (41) in all kinetic regimes.

As FIELITZ and BORCHARDT [Fiel16] discussed, differences in the reported range of activation
enthalpies of the surface exchange can therefore be explained by the differences in the
experimental conditions. They were able to extend the approach of MAIER in consistent
manner by deriving different expressions for the surface exchange coefficient (confer
appendix E.3), depending whether it was determined in the surface exchange regime:

o
K™ = DWO (x=0) _ Mo , (43)
2 Co(x=0)
or in the mixed regime or diffusion controlled regime:
Ry 2
K& = =0)Dy ——2>— | . 44
° (WO(X ) OCO(XZO)] ( )

which then allows to rationalise the correlation Ko~ Do%, assumingRJto be virtually

constant. The expected different temperature dependencies then comprise the range of

apparent activation enthalpies reported.

In recent years several experimental and theoretical studies on the actual characteristics of the
carbon dioxide reduction on reduced ceria as given in Equation (6) have so far not given a
consistent picture. As was shown by BUENO-LOPEZ et al. [Buen08], the oxygen exchange
mechanism between C!80, and ceria samples in equilibrium consists of the exchange of
oxygen atoms in two consecutive steps, yielding C!*0%®0 and C®0,. As the underlying
chemistry is poorly understood at the molecular level, at the time of this work no model was
proposed for the actual oxygen exchange mechanism between CO; and CeO2.s in the
literature. On the basis of the reaction model in Equations (34) - (38) the reaction steps must
involve adsorption and bond breaking of the CO2> molecules at the respective surface of the

reduced ceria.

Early experimental work focused on the interaction of the reduced ceria surface with CO»-
molecules in terms of adsorption and dissociation. APPEL et al. [Appe98] reported carbonate
(COs*) formation on ceria powder and pressed ceria pellets at room temperature after
exposure to CO», which was stable up to T =400 °C and decreased the reactivity regarding

oxygen exchange, but decomposed at T > 400 °C.
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BINET et al. [Bine99] reported the formation of carbonate, hydrogen carbonate and
carboxylate (CO27) species on ceria bulk samples after exposure to CO,, with the
decomposition at 400 °C < T <600 °C.

LYKHACH et al. [Lykh10] reported the formation of carbonate and carboxylate species on
Ce0> (111) thin films at room temperature after exposure to CO, and the decomposition of
those species at T > 400 °C. STAUDT and co-workers [Staul0] continued experimental work
on model systems of CeO (111) thin films and could show that partial re-oxidation of CeO2.s
by CO2 occurs with high reaction probabilities even at temperatures as low as room
temperature (as it was also discussed in section 2.3 in relation to re-oxidation of reduced ceria
by pure oxygen at room temperature), without any noble metal co-catalysts, and in the
absence of surface hydroxyl groups or water, pointing out the high activity of reduced pure
metal-free ceria surfaces. Their findings also suggest that carboxylates are an intermediate

step of re-oxidation [Staull].

In principle, the in-operando analyzes of the surface offers the possibility to follow the
surface characteristics as a function of temperature, oxygen activity and the
enrichment/depletion of doping components or impurities during a reaction. Representing this
type of experimental methodology, some recent experimental work by the groups CHUEH and
EICHHORN [Zhanl2, Fengl4, Yuld, Fengl5] are exemplary. They could show that surface
oxygen transfer mediated by oxygen vacancies is fast, that electron transfer is rate
determining and that carbonate species (COs%) are formed as reaction intermediates under

certain experimental conditions, which are coupled to the surface Ce®" concentration.

Recent theoretical work [Hahn13, Chen13, Kumal6] is applying density functional theory on
CO; adsorption and dissociation on ceria surfaces. CHENG et al. [Chen13] found that CO;
adsorption on reduced ceria surfaces is thermodynamically favored over adsorption on
stoichiometric ceria and that the oxygen vacancy configuration at the surface plays a crucial
role with regards to the reaction pathway. KumARI et al. [Kumal6] concluded that the
activation energies of CO> dissociation are energetically favored on oxygen divacancies
compared to single vacancies at the surface and that coadsorption of hydrogen assists CO>

dissociation by forming carboxyl intermediates.
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5 Materials and methods

5.1 Sample preparation

CeO- and doped Ceo.9Mo.102 (with M =Y, Sm, Zr) powders were synthesized in the context
of the Virtual Institute SolarSynGas by Dr. Nicole Knoblauch (DLR, Institut fur
Werkstoffforschung), as published [Knob15, Knob17], using the PECHINI method [Pech67], a
citric acid assisted combustion method. Therefore, Ce(NOz)s - 6H.O (Alfa Aesar, 99.99 %)
and salts of doping Elements Zr, Sm and Y (ZrO(Cl).-8H20, Sm(NO3)s- 6H20,
Y(NOgz)3- 6H20, 99.9 %, Alfa Aesar) were dissolved in demineralized water in the
corresponding concentrations and citric acid (VWR chemicals) and ethylene glycol (VWR

chemicals) were added in a molar ratio of 1:2:3 (cations:citric acid:ethylene glycol).

The obtained mixture was stirred at T=100°C for t=1h. A stepwise increase of the
temperature up to T =200 °C resulted in a concentrated solution due to water evaporation.
Finally, a viscous yellow gel was formed by polyesterification. This gel was heated to
T =450 °C for the pyrolysis of any organic species. The product was calcined in an electrical
furnace at T=750 °C in ambient air for t=2h to remove any remaining carbonaceous

species.

The obtained oxide powder was analyzed by X-ray diffractometry (XRD) (D-5000, Siemens)
using Ni-filtered Cu-Ka radiation. The CaF»-type CeO: phase was identified. Inductively
coupled plasma optical emission spectrometry (ICP-OES) was done to reveal the impurity
concentration. While the concentration of lanthanum (about 0.2 at-%) has to be taken into
account as trivalent dopant, the other impurities were mutually compensating and in total
below about 0.09 at-%.

In order to prepare disc-shaped pellets the powder was milled using a laboratory ball mill
(planetary micromill pulverisette 7, Fritzsch, t=3 - 10 min, 500 rpm, mass ratio of 1:10:60
powder:isopropyl alcohol:ZrO, balls) and uniaxially cold-pressed at p = 283 MPa. After
sintering at T = 1650 °C for t =2 h the pellets had a relative density of about 95 % and an

average grain size of about 20 pm.

The samples were embedded by Sebastian Fischer (TU Clausthal, Institut fur Metallurgie) in
cold-curing embedding agent (Technovit 5071, Kulzer) and then placed on a polishing
machine and counter-rotating (i.e. counter plate runs clockwise and sample holder

counterclockwise) on a polishing medium (F=30N, Allegro, Struers) with 15 um
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polycrystalline diamond polishing suspension (Struers) polished. The second step (t = 30 min,
F =30 N) was polishing with 6 um polycrystalline diamond suspension on the polishing pad
until the eruptions and scratches of the previous stage are removed. The third step involved
polishing with polishing wheels (single-stage grinding, t =45 - 60 min, 25 N, Largo, Struers,
and STEP-PLUS, Microdiamant) with 6 um and 3 um polycrystalline diamond suspension to
refine the scratch image. For the final polishing step the samples were processed with a cloth
(t=60 min, F =20 N, NAP, Struers) with 1 um polycrystalline diamond suspension. Then the
embedding agent was dissolved in acetone. The samples were cleaned with isopropanol and
annealed. In order to prepare the samples for SIMS IELS measurements they were newly
embedded (Technovit 5071, Kulzer), cut and dissolved again with acetone. Thereafter, the

samples were collapsed, cold-embedded (EPO-FIX, Struers) and prepared as described above.

5.2 Experimental setup for isotope exchange utilizing 0, and C*#0,

furnace with
samples

max. 900 °C

furnace with
carbon

furnace with samples
max. 900 °C

CO, (nat.)

1

Figure 9. Scheme of the self-constructed experimental setup with an IR radiation heated furnace
which allows fast heating rates up to 100 K/s in the temperature range between T =300 °C and
T =900 °C. Further can be seen the purification unit where the argon gas flow is reduced by a titanium

sponge at T =500 °C, which enables oxygen partial pressures for the reduction step of Po, < 10 bar.
These were measured for all experiments in situ with a lambda probe (further details are given in the

text).

The cut, polished and cleaned (ultrasonic cleaning in acetone followed by isopropanol) CeO>
and Ceo9Mo.1O2 samples were annealed in a self-constructed experimental setup with an IR
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radiation heated furnace (Quad Elliptical, Rl Controls/Research Incorporated), which allows
fast heating rates up to 100 K/s in the temperature range 300 °C <T <900 °C. As shown in
Figure 9 the samples were placed on a platinum mesh (avoiding contact of the platinum with

the polished sample surface) in a quartz holder in well-defined atmosphere conditions

(vacuum down to 107 bar, purified argon gas flow with p, <10 bar, oxygen isotope

enriched gas mixture or other gas atmospheres being used).

5.3 Experimental realization of chemical equilibrium and non-

equilibrium conditions

The experimental work in oxygen atmosphere in so-called equilibrium conditions started with
an equilibration of the samples in 0.2 bar %0, (natural oxygen gas) for at least 10 times the
annealing time of the subsequent isotope exchange (teg = 10 - tex) in 302 enriched oxygen gas
(96 % enrichment) at the same temperature (Teq = Tex). TO avoid a change in oxygen partial
pressure during the first experimental step the pre-treatment was conducted in steps with
renewing gas, and one of the samples was taken as a reference for measuring the actual
oxygen isotope background concentration (about 0.2 %). For the second experimental step,
which is the actual oxygen isotope exchange step, the samples were quenched to room
temperature, the gas atmosphere was changed from natural oxygen to 80, (96 % enrichment)

and the oxygen isotope exchange was then conducted at tex and Tex.

The oxygen partial pressure during experiments using a carbon dioxide gas atmosphere was
much lower in comparison to established experimental work using pure oxygen. It is
determined mainly by the CO:CO: ratio of the given gas mixture by the respective
temperature T and/or additional oxygen sources. Because of the considerable cost of C*20,
(835 ppm CO, <250 ppm O, Campro Scientific) a gas mixture of purified argon with
“labelled” carbon dioxide with an Ar:C'80; ratio of 10:1 in a closed volume (V =11) was

used for the experimental work. As given in Figure 10, the calculateda, of the CO2

containing gas mixture was less than 10™*° at T = 700 °C.

The utilization of a carbon dioxide gas atmosphere promoted the challenge of preconditioning
the samples to reach real chemical equilibrium. The pre-treatment of the samples was done in
a first so-called equilibration step utilizing an Ar/C"™Q, gas mixture, realizing equivalent
oxygen activities as given in the isotope exchange experiment with C**0; (for examplea,_is

about 10" at T =700 °C) and plotted in Figure 10. As can be seen, the purchased C"*O, and
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the C'®0, have different content of CO and O, impurities, which necessitated to shift the
CO:CO: ratio in natural carbon dioxide gas through the reduction of CO, via a self-
constructed furnace with pure carbon (confer Figure 9) at T =650 °C, which is shown in
Figure 11. In the general case of measurements with a chemical potential gradient (difference

in the chemical potential of oxygen) at the gas/solid interface the experimental work started

with a reduction step of the sample utilizing purified argon gas with p, < 107" bar, where

the respective oxygen non-stoichiometry ¢ of the sample depends on the temperature of the

reduction step and the ceria sample type, as described in section 4.1.
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Figure 10. Comparison of oxygen activities of different gas atmospheres and sample types as used in
this work. The solid blue line represents ambient oxygen atmosphere. The solid black line represents
the calculated oxygen activity of the purchased natural carbon dioxide, C™QO, 5.3 (Linde), calculated
for 1 mol CO2, 5- 107 mol CO, 2-10%mol O, The dotted grey line represents C*0, (Campro
Scientific), calculated for 1 mol CO, 8.35 - 10 mol CO, and a maximum value of 2.5 - 10 mol O,.
The solid grey line represents the calculation without any oxygen. The green and red solid and dotted
lines are the measured oxygen activities of CeOz.; and Ceo.9Zr010.-5, taken from references [Kuhn13],
[Beva64] and [Panl75]. All calculations were done with FactSage Equilib-Web (which can be found

via https://www.factsage.com and http://www.crct.polymtl.ca/equiweb.php).
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Figure 11. Measured oxygen partial pressure of the purchased natural carbon dioxide, C™O, 5.3
(Linde), where the CO:CO; ratio is shifted through the reduction of CO; via a carbon furnace. The
temperature of the carbon furnace is shown at the x axis. Solid points represent measurements from
lower to higher temperatures (3", 4" and 5" forward measurement), solid lines represent
measurements from higher temperatures to lower temperatures (4" and 5" backward measurement). At
T =650 °C the oxygen partial pressure is equal to the oxygen partial pressure of the C*0, (Campro

Scientific) and can therefore be used for the equilibration step of the samples.

Comparable to the low temperature step of the two-step thermochemical cycle for splitting
COo, the equilibrium oxygen activity of the samples has to be lower than the oxygen activity
of the Ar/C*®0, gas mixture (as shown in Figure 10) in which the samples are annealed at a

given temperature: sg™° <45, During the experiment the **0 will be incorporated from

C*0; into the sample bulk (neglecting isotope exchange).

Because of the closed volume (continuous gas flow was not used due to the limited amount of
C!80,) the gradient of the chemical potential of oxygen will change during the experiment for
two reasons. First, the oxygen activity in the sample will increase, especially at the sample
surface and in the near-surface region of the bulk, due to oxygen incorporation. Second, the

oxygen uptake of the samples will decrease the oxygen partial pressure in the gas phase.
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This is shown in Figure 12 for the reaction of reduced un-doped ceria with an Ar/C*0;, gas
mixture at T = 700 °C.
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Figure 12. lllustration of the change of the chemical potential of oxygen during an exchange
experiment, where the 80 is incorporated from the C*®0; into the sample bulk. The initial oxygen
non-stoichiometry depends on the temperature and oxygen partial pressure during the reduction step.
Because of the closed volume the gradient of the chemical potential of oxygen will change during the
experiment. The oxygen partial pressure of the Ar/C®0, gas mixture was measured for all
experiments in situ with a lambda probe, which enabled to estimate the oxygen activity of the sample
at the end of the exchange experiment. The analytical solution given in Equation (B2) requires
constant parameters D and K for the boundary conditions given in Equation (E9). It can therefore only
be applied if the change in the chemical potential gradient is small and the boundary condition of a
constant oxygen concentration at the gas/solid interface is sufficiently fulfilled through carefully
choosing the initial oxygen non-stoichiometry of the sample, i.e. the initial non-stoichiometry in the
flat range of the Po, = F(9) plot.
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All experimental conditions for the reduction step, equilibration step and isotope exchange
step with the respective parameters as used in this work are summarized in Table 1.

Table 1. Summary of the experimental parameters related to the different steps of the respective

experimental conditions as used in this work.

Step 1 2 3
Type Reduction step Equilibration step Isotope exchange
O, equilibrium - natQ, 180, (96 %)
T=Te T =Tex
Piora = 0.2 bar Poota = 0.2 bar
Po, = 0.2 bar Po, = 0.2 bar
COg, equilibrium - Ar/C"Q;, (10:1) Ar/C!80, (10:1)
T=Te T =Tex
Protar = 1 bar Py = 1 bar

10" <p,, <10™ bar | 10" <p, <10 bar

O, chemical Ar - 180, (96 %)
potential gradient at T>T, T=Te
gas/solid interface

ptotal = 1 bar ptotal = 02 bar

10%° < p,, <10 bar Po, = 0.2 bar
CO, chemical Ar - Ar/C80; (10:1)
potential gradient at T>T, T=Te
gas/solid interface

Prota = 1 bar Prow = 1 bar

10 < p,, <107 bar Po, <107 bar
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5.4 Applied secondary ion mass spectrometry and analysis

A general description of secondary ion mass spectrometry is given in appendix A, sections
A.l and A.2. A detailed overview about the applied SIMS methods and techniques as used in
this work can be found in section A.3 of the appendix. In the context of this work, SIMS
measurements were conducted with four different SIMS machines, as will be described in the

following section.

SIMS IELS measurements were done a) together with Dr. Michal Schulz (TU Clausthal,
Forschungszentrum Energiespeichertechnologien), using a SIMS Workstation (Hiden
Analytical Ltd) with positive 10 keV argon ions as primary beam with 100 nA ion current and
a spot size of about 50 - 110 pum; the raster-scanned area was 500 - 500 um? in imaging mode;
negative secondary ions were used for the analysis of the samples, sample charging was
prevented by an electron flood gun; b) by Dr. Stefan Beschnitt (RWTH Aachen, Institut fur
Physikalische Chemie) using a TOF-SIMS IV (ION-TOF GmbH); after cleaning with a
positive cesium ion beam (2 keV, 143 nA) the sample was analyzed with positive gallium
ions (25 keV, 1.43 nA, beam size 1 um), sample charging was prevented by an electron flood
gun; c) by Prof. Christos Argirusis (TU Clausthal, Institut fur Energieforschung und
Physikalische Technologien) and Francois Jomard (Université de Versailles-Saint-Quentin,
GEMaC) using a IMS 7f N (CAMECA) with positive 15 keV cesium ion primary beam with

10 - 15 nAion current and a raster of 50 - 500 um in imagining mode.

SIMS IEDP measurements were done using a IMS 3f/4f (CAMECA) with negative 15 keV
oxygen ions as primary beam with 100 nA ion current. The raster-scanned area was
250 - 250 um? and the area of the analyzed zone was 60 - 60 pm?. Positive secondary ions
were used for the analysis of the samples. Sample charging was prevented by sputtering a thin
gold layer (about20 nm) on top of the sample surface. Depth calibration was done by
measuring the SIMS crater depth using a surface profiler (Alpha Step 500, Tencor).

The analysis of the measured SIMS depth profiles (*%0 fraction depth profiles) was done as
explained in appendix B, sections B.1 and B.2. The validation and correction of the measured
oxygen isotope fraction distributions was done considering the conditions and requirements

described in appendix C.
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6 Results and discussion

6.1 Reaction model for CO: splitting on reduced CeO>.5 surfaces

As CO> splitting on reduced CeO».s surfaces involves the exchange and incorporation of
oxygen it is expedient to consider the oxygen incorporation as fundamental reaction, as
explained in section 4.3, and recently discussed by SCHAUBE and co-authors [Scha20]. In
accordance with the discussed established ideas on surface exchange from pure oxygen

atmospheres the following reaction scheme can be deduced:

CO,(9)+S,; > CO,(ad), (45)
CO,(ad)+€"— CO,(ad), (46)
CO, (ad) +€'+S,; — CO(ad)+0O"(ad), 47)
CO(ad)+0"(ad) + Vi, — CO(g) + O} +2S,,. (48)

Again, it is also reasonable that steps (47) and (48) have to be in one step since O%(ad) is not
stable at the surface, as discussed in section 4.3. This reaction path represents the most
simplified possibility as reaction intermediates like carbonate species (COs*) [Zhanl2,
Fengl4, Yuld, Fengl5] are not considered here. With appropriate adjustment of the
thermodynamic parameters, i.e . electrochemical support or a kinetic inhibition in step (49), as
recently discussed by WANG and co-authors [Wang19], the reaction could lead in principle to

the dissociation of CO according to the reaction scheme (49) - (51):

CO(ad)+e'+0"(ad) + V; — CO'(ad) + O, +S,,. (49)
CO'(ad)+e'+S,, — C(ad) + 0’ (ad). (50)
C(ad) + O’ (ad) + V., — C(ad)+Oj; +2S,, . (51)

As a consequence of this proposed pathway the most likely rate determining step (rds) again

is charge transfer leading to dissociation.

In appendix E.2 it is shown how the equilibrium exchange rate R9 for CO- splitting on a

reduced CeO.s surface can be defined depending on the actual rate determining step (rds) of

the assumed reaction scheme (45) - (48):
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R = [ Kras k“:zKad Kiss j [COZ](l[OO ]1) . (52)
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The obvious differences of the p, - dependency of ERgconsidering oxygen exchange from

pure oxygen atmospheres and during carbon dioxide reduction (compare Equation (42) or
(E8) and (52)) are discussed in section 6.7.

6.2 Oxygen exchange from 0, atmospheres at 700 °C < T <900 °C
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Figure 13. SIMS line scan depth profile for the 0 distribution of a nominally un-doped ceria sample
which was pre-annealed for teg = 5 h in 0.2 bar %0, at Teq = 900 °C and subsequently annealed for tex =
1800 s in 0.2 bar 180, at Tex = 900 °C. The isotope fraction is shown in comparison with the fit by

Equation (B2), together with the simultaneously determined tracer values of Do and Ko.

Figure 13 shows a typical SIMS depth profile for the ‘80 distribution of a nominally un-doped
ceria sample which was pre-annealed for teq = 5 h in 0.2 bar %0, at Teq = 900 °C and

subsequently annealed for tex = 1800 s in 0.2 bar 80, at Tex = 900 °C.
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The corresponding SIMS line scan depth profile is given in Figure A5 and the measurement
related issues are discussed in the appendix A in section A.3. The simultaneous determination
of the tracer values of Do and Ko was done by fitting the data with Equation (B2), as
discussed in the appendix B in sections B.1 and B.2. The determined oxygen tracer diffusion
coefficients and oxygen tracer surface exchange coefficients in ceria containing 10 at-%
dopants (Y, Sm, Zr) and of nominally un-doped ceria samples in the temperature range from

700 °C <T <900 °C are shown in Figures 14 and 15, together with calculated activation

enthalpies.
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Figure 14. Determined oxygen tracer diffusion coefficients D; in ceria containing 10 at-% of dopants

(Y, Sm, Zr) and in nominally un-doped ceria samples in the temperature range from T =700 °C to

T =900 °C, together with calculated activation enthalpies.
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Figure 15. Determined oxygen tracer surface exchange coefficients K in ceria containing 10 at-% of

dopants (Y, Sm, Zr) and in nominally un-doped ceria samples in the temperature range from
T=700°CtoT =900 °C, together with calculated activation enthalpies.

In the case that only at two temperatures Dg and K data could be determined, as not all

measurements could be validated and/or corrected according to the conditions and

requirements described in appendix C, no activation enthalpies were calculated. In Figures 16
and 17 the determined D and K data is compared to literature data taken from KAMIYA et

al. [Kami00], FLoYD [Floy73] and MANNING et al. [Mann97].
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Figure 16. Comparison of the determined Dg data of this work to literature data taken from KAMIYA

et al. [KamiOO] (open symbols), which includes data from FLOYD [Floy73] (blue line) and MANNING
et al. [Mann97] (green line).

During the isotope exchange step in non-equilibrium conditions the 20 will be incorporated
from the 80, gas atmosphere into the sample bulk (neglecting isotope exchange), following
the discussed reaction pathway in Equations (34) - (38), re-oxidizing the sample. In contrast
to the pale-yellow colour of the oxidized ceria samples, the non-stoichiometric form has a
blue to black colour, which can be seen in Figure 18. Here, the change in oxygen

stoichiometry can be observed at the half-cut sample after re-oxidation.
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Figure 17. Comparison of the determined Kg data of this work to literature data taken from KAmMIYA

et al. [Kami00] (open squares) and MANNING et al. [Mann97] (open triangles).

Further it becomes obvious that with the utilization of sintered, disc-shaped pellets, which are
relevant to the application in terms of the macroscopic structure of the ceria redox material,
certain disadvantages occur. This refers mainly to the inhomogeneity of the sample bulk due
to grain boundaries and cracks that occurred occasionally. In the case of the Ceo.9Zro.10:

sample, the inhomogeneity were too pronounced to evaluate reliably 150 and KO data.

The determined chemical (non-equilibrium) oxygen diffusion coefficients and oxygen surface
exchange coefficients in ceria containing 10 at-% of dopants (Y, Sm) and in nominally un-

doped ceria samples for T = 700 °C are summarized in Table 2.
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Figure 18. Visible colour change of Zr-doped and Sm-doped ceria samples. In contrast to the pale
yellow colour of the oxidized ceria samples in (b), the non-stoichiometric form has a blue to black
color (a). The change in oxygen stoichiometry during the isotope exchange experiment can be

observed at the half-cut sample (Ceg.9Zr0.102) in (c). The samples were reduced at T = 800 °C with Po,
=102 bar for tes=16.5h and re-oxidized at T =700 °C with Po,=0.2 bar for tex=3.2h in 0,

(96 %).

Table 2. Determined chemical oxygen diffusion coefficients Ijo and oxygen surface exchange

coefficients Koin ceria containing 10 at-% of dopants (Y, Sm) and in nominally un-doped ceria

samples for oxygen isotope exchange from 20, (96 %) at T = 700 °C.

Sample type D, /m?st K, /m-=s?

CeOz (9.2+0.2) - 1083 (1.5 + 0.56) - 10
Ce0.9Smo.101.95 (1.2+0.26) - 1012 (1.7 +0.63) - 10°
Ce0sY 01015 (15+0.33) - 102 (2.4+0.88) - 10°?
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6.3 Oxygen exchange from C*¥0O, atmospheres at 300 °C < T <800 °C

As discussed in section 5.3, the oxygen partial pressure during experiments using a carbon
dioxide gas atmosphere is much lower in comparison to pure oxygen. The utilization of a
carbon dioxide atmosphere promotes the challenge to reach equilibrium conditions. The pre-
treatment of the samples was done in a first equilibration step utilizing an Ar/C"™Q, gas

mixture, realizing equivalent oxygen activities as given in the isotope exchange experiment

with C'0; (i.e. a,_ is about 10™ at T =700 °C).

During the annealing step, 20 will be incorporated from C80; into the sample bulk, with the
exchange of 10 from the sample to the C'®0(ad), being the backward reaction of the reaction
pathway in Equations (45) - (48). As was shown by BUENO-LOPEZ et al. [Buen08], the oxygen
exchange mechanism between C*0, and ceria samples in chemical equilibrium consists of

the exchange of oxygen atoms in two consecutive steps, yielding C**0*0 and C*0,.
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Figure 19. SIMS line scan depth profile for the 80 distribution of a 10 at-% Y-doped ceria sample
after an oxygen isotope exchange from C320, (Ar/C*®0, gas mixture) in equilibrium conditions at
Tex =700 °C. The oxygen isotope fraction is shown in comparison with the fit by Equation (B2),

together with the simultaneous determined equilibrium values of Do and Ko.
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Figure 19 shows a typical SIMS line scan profile for the 80 distribution of a 10 % yttria
doped ceria sample after an oxygen isotope exchange from C*®0, (Ar/C*®0, gas mixture) in
equilibrium conditions at T = 700 °C. The corresponding SIMS ion image is given in Figure
A4. The oxygen isotope fraction profiles of Figures 13 and 19 are in principle comparable
and show no significant differences between the isotope sources 0 and C!20,. The
determined oxygen tracer diffusion coefficients and oxygen tracer surface exchange
coefficients in ceria containing 10 at-% of dopants (Y, Sm, Zr) and in nominally un-doped

ceria samples for T =700 °C and T = 800 °C are summarized in Table 3 and Table 4.

Table 3. Determined oxygen tracer diffusion coefficients D; and oxygen tracer surface exchange

coefficients Kg in ceria containing 10 at-% of dopants (Y, Sm, Zr) and in nominally un-doped ceria

samples for oxygen isotope exchange from in C'#0, (Ar/C*®0, gas mixture) at T = 700 °C.

Sample type D, /m2s! Kg/m-s™
Ceo.0Zr0.102 (2.7 £ 0.59) - 10'%5 (2.6 £ 0.96) - 100
CeO; (2.4 053) - 1022 (2.4 % 0.89) - 10°
Ce0.9Smo.101.95 (2.7+0.59) - 1012 (4.0+0.15) - 10°
CeosY010105 (2.4 0.53) - 1022 (3.5 0.13) - 10°

Table 4. Determined oxygen tracer diffusion coefficients D and oxygen tracer surface exchange

coefficients K in ceria containing 10 at-% of dopants (Y, Sm, Zr) and in nominally un-doped ceria

samples for oxygen isotope exchange from in C*20, (Ar/C*80, gas mixture) at T = 800 °C.

Sample type D, /m?s Kg/m-s?
Ceo9Zr0102 (8.4+0.18) - 104 (1.6 +0.59) - 108
Ce0; (4.0 £ 0.88) - 102 (1.9+0.7) - 10
CeosY0101.05 (2.2 £0.48) - 103 (35+1.3)- 107
Ce0.9Smo.101.95 (8.0+1.8) 1072 (2.6 +0.96) - 10”7
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In the case of oxygen isotope exchange experiments utilizing C*80, and a chemical potential
gradient at the gas/solid interface (non-equilibrium conditions), the experimental work starts,

as discussed, with a reduction step with purified argon gas (102 < Po, < 10724 bar), where the

respective oxygen non-stoichiometry ¢ of the sample depends on the temperature and the
sample type, as described in section 4.1. Comparable to the low temperature step of the two-
step thermochemical cycle for splitting CO3, the equilibrium oxygen activity of the samples

has to be lower than the oxygen activity of the Ar/C'®0, gas mixture (as shown in Figures 10

and 12) in which the samples are annealed at a given temperature: ygazmp'e < ug, . During the

experiment the 0 will be incorporated from C*0, into the sample bulk (neglecting isotope

exchange), probably following the proposed reaction pathway in Equations (45) - (48).

TI°C
900 800 700 600 500 400 300
10-9 El T 1 T T T T T T T T T T
-10 F
10 E .
10™
F AH=0.87+0.13 eV
10-12
3
» 10"
£ .
o 10 AH=1.7£0.08 eV .
{Q
AH=0.56+0.03 eV
107
m CeO,,
10-16 ¢ CeO.er0.102-8
10_17 A CeO.9Y0.1O1.95-8
CeO.98m0.1o1.95-8
10'18 i | i | i | i | i |
8 10 12 14 16 18

10°T' /K
Figure 20. Determined chemical oxygen diffusion coefficients [30 in ceria containing 10 at-% of

dopants (Y, Sm, Zr) and in nominally un-doped ceria samples in the temperature range from
T=2300°CtoT =800 °C, together with calculated activation enthalpies.
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Figure 21. Determined chemical oxygen exchange coefficients Koin ceria containing 10 at-% of

dopants (Y, Sm, Zr) and in nominally un-doped ceria samples in the temperature range from
T=300°Cto T =800 °C, together with calculated activation enthalpies.

The determined chemical oxygen diffusion coefficients I5O and oxygen surface exchange

coefficients KO in ceria containing 10 at-% of dopants (Y, Sm, Zr) and in nominally un-doped

ceria samples in the temperature range from 300 °C < T <800 °C are shown in Figures 20 and

21, together with calculated activation enthalpies.
6.4 Oxygen exchange from 80, atmospheres at room temperature

Re-oxidation phenomena of reduced ceria samples of various constitutions through interaction
with O. and CO. at room temperature are discussed in the respective literature [Ban72,
Laac91, Perr94, Nama03, Staul0]. Major issues such as the propagated transport of oxygen in

the solid at room temperature as well as the degree of re-oxidation of the bulk remain unclear.
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In order to determine the range of the room temperature re-oxidation phenomenon (surface vs.
bulk related) as well as the influence of the different dopants on the postulated oxygen
diffusion, non-equilibrium oxygen exchange experiments utilizing 80, as described in
section 6.2 were done in the context of this work. Within the initial reduction step two
different non-stoichiometries were realized for all sample types, and the reduced samples
were held in 80, at T =20 °C and tex = 37 h or rather 43 h. In Figure 22 it is shown how the
maximum 20/O relation, which is linked to the oxygen vacancy concentration, can be

estimated as a function of ceria non-stoichiometry according to Equation (B4).
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Figure 22. Calculated maximum 80/O relation, which is linked to the oxygen vacancy concentration,
and can be estimated as a function of ceria non-stoichiometry ¢ according to Equation (B4), for

undoped and trivalent doped ceria.

In Figures 23 and 24 the oxygen isotope fraction profiles determined via SIMS depth profiling
are displayed for the initial non-stoichiometries of ¢ = 0.05 and ¢ = 0.15 for all samples. As
can be seen, oxygen isotope exchange on doped and nominally undoped ceria can be observed
at room temperature and results suggest a dependence of the amount of incorporated oxygen
on the initial non-stoichiometry ¢, and hence on the concentration of oxygen vacancies, which

is in good agreement with the findings of PERRICHON et al. [Perr94] and STAUDT et al.
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[Staul0]. As FiscHER and HERTZ [Fisc12] give a lower limit for the measurable concentration
of 180 via SIMS methods of twice the background concentration cpg (= 0.4 %) the measured

isotope fraction profiles are considered statistically significant.

Although differences considering the degree of re-oxidation are evident, results suggest that
the re-oxidation is related only to the sample surface and near-surface bulk region and that
bulk transport is fairly limited at T = 20 °C. These results are coherent with the surface related
re-oxidation phenomena of CeO> [Laal991, Per1994, Nam2003, Sta2010] as well as of ZrO>
and MoOz [Stil21] at room temperature, but cannot confirm the bulk re-oxidation of ceria
samples at 20 <T <42 °C based on a so-called rapid mass transport reported by BAN and
Nowick [Ban1972].
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Figure 23. Oxygen isotope fraction profiles in ceria containing 10 at-% of dopants (Y, Sm, Zr) and in
nominally un-doped ceria samples determined via SIMS depth profiling for the initial non-
stoichiometry of 6 = 0.05. The reduced samples were held in 20, (96 %) at T = 20 °C and tex = 37 h.
The reason for the enhanced background concentration of 80 in the Sm-doped ceria sample could not

be conclusively clarified, but might be related to observed sample cracking.
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Figure 24. Oxygen isotope fraction profiles in ceria containing 10 at-% of dopants (Y, Sm, Zr) and in
nominally un-doped ceria samples determined via SIMS depth profiling for the initial non-
stoichiometry of ¢ = 0.15. The reduced samples were held in 80, (96 %) at T = 20 °C and tex = 43 h.

Table 5. Determined chemical oxygen diffusion coefficients Ijo in ceria containing 10 at-% dopants

(Y, Sm, Zr) and of nominally un-doped ceria samples for oxygen isotope exchange at T = 20 °C with
an initial n