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1 SUMMARY

Perovskites and perovskite related materials are materials that are candidates
for applications such as oxygen permeable membranes, cathodes for SOFC
and high-temperature oxygen sensors. This arises from the potential high
ionic conductivity and the chemical stability even at low partial pressures of
oxygen. From an application point of view, it is important to have
knowledge about the oxygen transport properties in these materials. Oxygen
transport in mixed conducting oxides involves two inherently different
processes; oxygen exchange between bulk gas and surface and solid state
diffusion. The objective of this work has been to obtain fundamental
understanding of these transport properties in mixed ionic and electronic
conductors. For that purpose two materials systems with significant
differences in electronic conductivty and oxygen vacancy concentration
were chosen as objectives for the investigation, viz.: Sr-substituted LaCoOs
and Al-substituted SrTiOs.

All transport properties (diffusion and surface exchange) have been assessed
by electrical conductivity relaxation, and the work also evaluate the pros and
cons using this specific method to obtain transport data for the materials in
question.

In the first two papers (Paper 1 and Paper 2) transport properties are derived
for La; 4xSryCoOs5 (x=0 (LC), 0.2 (LSC-02) and 0.5 (LSC-05)). In Paper 1
“chemical transport coefficients”, Dcpem and Kchem, are reported. More
fundamental transport coefficients, such as oxygen component diffusion
coefficient (Do) and vacancy diffusion coefficients (Dy), are also deduced
and discussed. Activation energies for Do and Dy, were determined. The
activation energies for Do varies from 279 kJ/mol for LC to 174-222 kJ/mol
for LSC-02 and 90-105 kJ/mol for LSC-05, decreasing with increasing Sr-
content. The activation energies for the vacancy diffusion coefficient, Dy,
are smaller than for the component diffusion coefficients and typical values
are 77 kJ/mol for LC, 85 kJ/mol for LSC-02 and 75 kJ/mol for LSC-05, that
is, almost independent of Sr-content. The enthalpies of vacancy formation
decreases with increasing Sr content. The values are 206 kJ/mol for LC, 75
kJ/mol for LSC-02 and 15 kJ/mol for LSC-05, which agrees well with
values reported in the literature. However, the vacancy diffusion coefficient
showed an unexpected increase at high concentrations of oxygen vacancies,
corresponding to 6=0.27-0.30. The phenomena with a Po, dependent Dy is
discussed.



In Paper 2, the oxygen surface exchange coefficient, ko, is derived from
“chemical values” reported in Paper 1, and used as a basis to deduce
probable reaction mechanisms associated with surface exchange. The
temperature dependency plots showed that for the composition with x = 0.5,
the ko made a shift in activation energy from ~120 kJ/mol to ~15 kJ/mol
above 950 °C. It is suggested that this significant shift in activation energy
might be due to an oxygen adsorption/desorption mechanism on the surface
becoming rate controlling at high temperatures. The composition with x=0.2
did not show this shift in activation energy. Relations between possible rate
controlling reactions and reaction rates (ko) were established, and formed
the basis for discussions on probable rate controlling processes. There are
reasons to assume that for oxidation prosesses a rate controlling reaction
involving a direct “installation” of an oxygen molecule into two vacancies is
dominating, while a dissociation of an oxygen molecule generally gives a
better description for a reduction process.

In Paper 3 the oxygen transport properties in SrTi;<AlyO3 (x=0 (ST), 0.02
(STA-02) and 0.05 (STA-05)) were determined in O,/N, mixtures. In this
contribution the electrical conductivity is also presented in a large Po,-
interval (O,/N>- and CO/CO;-mixtures). Electrical conductivity for pure
SrTiO; (ST) in terms of Po, applied well with defect chemistry reported in
the literature. For the two Al-substituted compositions the -electrical
conductivity followed predicted behaviour at high and low Po,’s. However,
in the medium P, range we were not able to describe the conductivity
behaviour in terms of classical defect chemistry. Reasons for the
discrepancy is discussed.

Dchem for ST and STA-02 are reported and are, along with their
corresponding activation energies, 187 and 104-180 kJ/mol, respectively, in
good accordance with values from literature. Furthermore, values for the
component diffusion coefficient, Do, and the vacancy diffusion coefficient,
Dy, are reported for ST at 950 °C, the only composition where oxygen
vacancy concentrations are available in the literature. Values for kepem in
STA-02 and STA-05 are also reported, and show pronounced Po;
dependencies. For STA-05 the activation energy for Kehem i1s found to vary
between 90 and 105 kJ/mol. Due to a high uncertainty, activation energies
are not reported for STA-02.

Reported Dchem and kenem values for related materials in literature indicate
increasing numeric values with decreasing concentration of oxygen
vacancies. It is reasoned that this is due to an ever increasing termodynamic



factor with decreasing population of vacancies. The implications for the
component diffusion coefficient is discussed.

In Paper 4 the oxygen transport properties in SrTiO; pure and with Al were
investigated in mixtures of CO/CO,. D¢pem are reported for ST and STA-02
while kehem are reported for ST, STA-02 and STA-05. The Dchem showed a
Pos-dependency, which can be explained by the variation in the
thermodynamic factor. The introduction of Al in the sample increases the
value of D¢pem, probably due to the introduction of more oxygen vacancies.
STA-02 showed a discrete increase in Dgper in the CO-rich atmospheres,
this may be due to phase transition or phase separation at Po; ~10"" atm.
The Kepem showed a maximum at Pco/Pcor = 1 for STA-02 and STA-05.
This behaviour corresponds well with a rate controlling reaction involving a
charged and adsorbed CO, molecule. The same maximum is also reported in
the literature for BaTiO; wihtout and with 1.8 % Al and for Lag ¢Sry FeOs.

This work has examined chemical diffusion and surface exchange
coefficients with electrical conductivity relaxation in two material systems
with distinct differences in electrical conductivity and oxygen vacancy
concentrations. The main focus has been to elucidate properties of the
transport coefficients based on own measurements, but also include
transport coefficients from other material systems from literature as
references. The vacancy diffusion coefficients have been examined,
showing that they increase with increasing concentration of oxygen
vacancies in materials where the concentration of vacancies is high. No
obvious reason for this behaviour has been found, however, it may be
related to a change in activation energy. It is rather well established in the
literature that for materials where the concentration of vacancies may be
characterized as dilute, we should expect a Dy independent of the
population of vacancies. Finally, based on own results and data reported in
the literature it appears that with respect to the oxygen surface flux the
oxygen vacancy concentration seems to be the property of most importance.
That is, for oxidation processes the oxygen exchange flux will increase with
vacancy population.



2 INTRODUCTION

2.1 Background

The large natural gas reserves in Norway and other oil-producing countries
combined with the increasing demand of electrical energy and the generally
decreasing oil reserves worldwide have lead to an extensive research into
new and alternative methods for power generation as well as methods for
upgrading natural gas to value-added products. Some of the technologies
corresponding to these methods are technologies utilising Solid Oxide Fuel
Cells (SOFC) and Oxygen Permeable Membranes (OPM).

2.1.1 Reformation of natural gas

Although natural gas reserves already exceed the oil reserves, only a small
fraction of natural gas is being used as feed stock in the petro-chemical
industry. During the last years a lot of research has been performed in order
to convert the most abundant component in natural gas, methane, to value-
added products. In the conventional route for converting methane to
methanol, syngas (CO + Hj) is produced in the first stage by partial
oxidation of methane, and processes with methane conversion efficiencies
higher than 99% [1] has been reported. Also, large amounts of purified
oxygen are needed and a significant cost is associated with the production of
pure oxygen. A possible low cost route for production of oxygen is via an
OPM-system.

2.1.2 Solid Oxide Fuel cells

SOFCs are devices that can convert chemical energy from natural gas
directly to DC electricity and with the large resources of natural gas there is
a potential of exploitation of this technology. The theoretical advantages of
this technology are low emissions of NOy and SOy, high efficiency and fuel
adaptability [2]. There are however practical issues to solve [3].

SOFCs consist of a dense oxygen-ion-conducting electrolyte with two
porous electrodes made of mixed ionic-electronic conductor (MIEC) on
each side. The SOFC operation principle is presented in Fig.1.
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Fig. 1. The principle of a Solid Oxide Fuel Cell. Reduction of oxygen
occurs at the cathode (air side), while oxidation of H, (or a natural gas)
occurs at the anode (fuel side). The electrons flow in an external circuit.
Figure from Warnhus [54].

In a SOFC molecular oxygen is reduced at the cathode (air electrode) by
electrons supplied from an external circuit, and form oxygen ions (O%)
through a surface reaction. The oxygen ions diffuse through the solid
electrolyte to the anode (fuel electrode) and oxidise the fuel liberating
electrons.

A number of different design approaches have been put forward during the
years including planar-, monolithic-, segment-cell-series- and tubular
geometries [4, 5, 6]. A number of material requests must be fulfilled for the
cell components (anode, interconnecting material, electrolyte and cathode)
comprising chemical, phase, morphological and dimensional stability in
oxidising and/or reducing environments. They also need to be chemically
compatible with the other components in order to avoid growth of secondary
phases at the interfaces. In addition the materials should have similar
coefficient of thermal expansion to avoid separation and cracking during
fabrication and operation.

The main functional property for the dense electrolyte is high ionic
conductivity. Traditionally the most used material is stabilised zirconia
(Zr0O,), especially yttria-stabilized zirconia (YSZ), because of its level of
ionic conductivity at around 1000°C and the stability in both oxidising and
reducing environments. During the last decade lanthanum gallate (LaGaOs)
substituted with Mg and Sr has shown higher ionic conductivity than the
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YSZ and is therefore also an electrolyte candidate material [7]. The
properties of stabilised zirconia have been extensively studied [8,9,10].
Because of the high operating temperature only noble metals or
electronically conducting oxides can be used as a cathode material in
combination with YSZ. However, noble metals such as platinum, palladium
and silver are unsuitable because of prohibitive cost. Several substituted
oxides and mixed oxides have been proposed and investigated [11,12]. The
disadvantages for most of these materials are thermal expansion mismatch,
incompatibility with the electrolyte and poor conductivity. The electrodes
need to have high electronic conductivity and sufficient porosity to promote
transport of reactants and products in and out of from the interface between
the electrode and the electrolyte, where the incorporation of oxygen is
believed to take place on the triple-phase boundary. As a cathode material
lanthanum manganites substituted with Sr and/or Ca are most commonly
used [12], due to their high electronic conductivity, stability in both
oxidising and reducing environments and relatively good compatibility with
YSZ. Because of the reducing conditions of the fuel gas, metals may be
used as SOFC anode materials. Nickel is most used because of its low cost.
To maintain the porous structure and to provide a thermal expansion
coefficient acceptably close to those of the other cell components, nickel
metal is often dispersed on the surface of an YSZ support (nickel/YSZ
cermet). Due to the strict requirements for the interconnect material in the
SOFC (i.e. chemical, mechanical and functional stability) only a few oxide
systems are relevant. Lanthanum chromites (LaCrOs), with Sr and Ca, are
particularly suitable with respect to the requirement of a high electronic
conductivity in both reducing and oxidising atmosphere. The compound
also possesses an excellent stability and is compatible with other cell
components. Currently LaCrO; is the most common material for
interconnect in SOFC’s. However by lowering the operational temperature,
metals may become candidate materials as interconnect [14].

2.1.3 Oxygen permeable membranes (OPM)

Several perovskites exhibit mixed electronic and oxygen ionic conductivity
(MIEC). These materials are receiving considerable attention due to their
possible applications in oxygen separation and partial oxidation of natural
gas [15,16,17,18,19]. The advantage of a MIEC compared to a pure ionic
conductor such as YSZ, is that no external electrodes is required for
operation. If the partial pressure gradient of oxygen across the membrane is
sufficient (driving potential of transport), oxygen is spontaneously
transferred from the high Po, side to the low Po, side. Several different
designs have been proposed for the OPM: hollow-tubes, honeycomb or disk
reactors. Regardless of the design, a gas-tight seal between the membrane



and the surrounding material(s) is essential. The sealing material should be
chemically inert to the other materials and have good sealing properties in a
wide temperature range.

The transport of oxygen through an OPM involves similar processes as for a
SOFC. The oxygen transport consists of two inherently different processes;
oxygen exchange between bulk gas and surface and solid state diffusion.
The surface reaction may involve a number of steps, which from an
oxidation point of view may comprise adsorption, charge transfer,
dissociation and finally “installation” in a vacancy.

Perovskite-related oxides are one material group that has attracted a lot of
attention due to their suitable transport properties and stability under
different atmospheres [18,19,20,21,22,23]. By substitution of the cations on
the A site and/or the B site, the materials can be tailored for the desired
functional properties (e.g. electronic and ionic conductivity). The material
system La-M-Fe-Co-O (M= Sr, Ba, Ca) with various compositions at the A-
and B-site in the perovskite exhibits high oxygen permeation fluxes and
appreciable electronic conductivity at 800 °C [24,25,26,27,28]. These
materials are thus candidate materials for dense oxygen permeable
membranes.

2.1.4 Other applications for oxygen conducting materials

Perovskite materials such as La;,Sr,FeO; are candidate materials for
conductometric oxygen sensors, since their electrical conductivity depends
on oxygen partial pressure and temperature. The material is also stable in a
wide range of oxygen partial pressure [29,30]. Oxygen sensors most
commonly used, such as stabilized ZrO, [31], requires a reference partial
pressure of oxygen which is not necessary for the application of mixed
conducting perovskites.

MIEC-perovskites are also candidate materials as oxidation catalysts
[32,33].

2.2 Aim of the present work

Oxygen transport in oxides with mixed conductivity (ionic and electronic)
involves two inherently different processes; oxygen exchange between bulk
gas and surface and solid state diffusion. To some extent solid state oxygen
diffusion is explained for materials with moderate concentration of oxygen
vacancies, whereas the kinetics associated with the exchange of oxygen



between the ambient gas and oxide surface is less well comprehended. A
large number of properties may in principle affect both bulk diffusion and
surface exchange processes. In this work we have chosen to focus on the
possible importance of electronic conductivity (n and p) and oxygen
vacancies. Thus, we have chosen to examine two different material systems
exhibiting high concentration of both vacancies and electronic species and
low concentrations of the same species, respectively: The material systems
are La;4SryCoO;3 (x = 0, 0.2 and 0.5) which shows metallic conduction
corresponding to ~1000 S/cm at 1000 °C and also possess a high oxygen
vacancy concentration increasing with Sr content. The “opposite end” of the
defect concentrations is represented by the semi conducting material
SrTi; <AL Os (x=0, 0.02, 0.05), showing an electrical conductivity of ~ 0.01
S/cm at 1000 °C and a corresponding low oxygen vacancy concentration
increasing with the substitution level of Al. It is worth to notice that the
variation in electrical conductivity is five orders of magnitude between the
cobaltites and the titanates.

All transport properties (diffusion and surface exchange) have been assessed
by electrical conductivity relaxation, and the work also evaluate the pros and
cons using this specific method to obtain transport data for the materials in
question.

In Paper I the chemical diffusion coefficient, D¢pem, and the chemical
surface exchange coefficient, kepem, are derived from conductivity relaxation
in the material system La; 4SrxCoO; (x = 0, 0.2 and 0.5). The main concern
has been to establish the behaviour of solid state diffusion at conditions
where the concentration of oxygen vacancies are high. In Paper II more
fundamental surface kinetic coefficients (ko) are deduced based on the
chemical values from Paper I, aiming at giving a description of the probable
rate controlling reactions taking place at the oxide surface

In Paper III Al-substituted SrTiO; has been investigated in O,/N,-
atmospheres with main focus on the importance of electrical conductivity
and oxygen vacancies with respect to oxygen exchange and transport. In
Paper IV we are aiming at giving a description of bulk diffusion and surface
exchange at very low partial pressures of oxygen, that is, in mixtures of

CO/CO:s.



2.3 The perovskites

Perovskites are a rather large group of compounds with closely related
crystal structures, which has taken name from the natural mineral CaTiOs.
The general formula of the perovskites is ABXj3, in which A and B is
cations, and X is oxygen or fluorine [34]. The oxide perovskites (from now
on called the perovskites, omitting the fluorides) have widely varying
electrical and magnetic properties, which make them interesting for several
applications. Areas of applications where the perovskites are of interest are
reformers of natural gas, solid oxide fuel cells (SOFC), oxygen permeable
membranes (OPM), oxidation catalysts, oxygen sensors and others.

Many ternary oxides crystallise in the perovskite structure. In the general
formula for a perovskite ABOs, A is a large cation usually an alkali metal,
an alkaline earth metal or a rare earth metal while B is a smaller cation,
often a transition metal. Several different combinations of oxidation states
of the cations are possible, such as AIBV03, AHBIVOg and AIHBHIO3. The
ideal perovskite structure can be described as consisting of corner-sharing
BOg octahedra with the large A cation occupying the body centred, 12 —co-
ordinated position. The cubic perovskite structure is illustrated in Fig. 2.

SA e8 O

Fig. 2. Schematic drawing of the ideal cubic perovskite structure. Figure
from Rao et al. [34]
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Rotation or tilting of the BOg octahedra, or displacement of the cations, will
give a lower symmetry corresponding to e.g. tetragonal, orthorhombic or
rhombohedral structures. The unit cell volume will also increase [35]. The
possibility for a ternary oxide to crystallise in the perovskite structure can be
predicted using the Goldschmidt tolerance factor [36].
it
\/E(V 3T 10)
where 1; denotes the ionic radius of the given ion. Perovskite structures are

formed for 0.75 <t < 1.06. The ideal cubic perovskite structure has t=1,
comprising only a few oxides.

t (1)

Another important parameter for the crystal symmetry is the
nonstoichiometry arising from cation deficiency or oxygen deficiency. The
sum of valences of the cations will determine the oxygen stoichiometry, and
then again the crystal structure. Vacancies on the anion site are more
common than on the cation site, thus, oxygen deficiency in perovskites is
more common than vacancies on the cation sublattice. However, metal
deficient materials like LaMnOj ;6 are also known [37]. For perovskites and
oxides in general the concentration of vacant oxygen sites can vary several
orders of magnitude due to material composition, temperature and oxygen
partial pressure, giving rise to many interesting applications of the materials.
When B is a transition metal, its valence state will depend on the oxygen
partial pressure and temperature. A change in the valence state of the B
cation will be compensated by a change in the oxygen stoichiometry. If the
oxygen vacancies order so-called superstructures may appear, leading to
larger unit cells. The most common in the case of perovskites is the
Brownmillerite-structure with the general formula ABO,s (or A;B,0s),
where every third oxygen is replaced by a vacancy [38].

2.3.1 Structural properties of Lanthanum coboltite

The lanthanum coboltites (LaCoOs) are materials with a perovskite-related
structure. The pure LaCoO;; has a rhombohedral displacement at room
temperature [39-43]. With substitution of lanthanum for strontium, the
transition from rhombohedral to cubic will be a function of temperature and
degree of substitution. When aliovalent cations are introduced, or the
temperature is increased, more oxygen vacancies will be formed in the
structure, favouring a cubic structure. This transition is given by Petrov et
al. [40] and shown in Fig 3.

Mineshige et al. [44] and van Doorn et al. [45] showed that for strontium
substituted lanthanum coboltite La;xSryCoOs5.5, the transition from



11

rhombohedral to cubic is at x = 0.5, while Kharton et al. [46] showed a
transition for x = 0.6. The SrCoOs, (x=1), has been reported to adopt a
cubic perovskite structure when 0<0.5 [38], however that requires treatment
at very high oxygen partial pressures (Po, > 50 bars). Others have reported
coexistence of perovskite and brownmillerite structures, i.e. phase
separation above 800 °C [47].

B-GEI R’\l T T
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Fig. 3. Transition temperature from rhombohedral to cubic in
La; «SrcCo0Os_5 as a function of Sr-content. Figure from Petrov et al. [40]

Sdppanen et al. have examined stability [48] and the oxygen
nonstoichiometry [49] as a function of oxygen partial pressure in pure
LaCoOs, concluding that pure LaCoOjs is stable at Po,> 10 atm at 1000 °C.

2.3.2 Structural properties of Strontium titanate

The SrTiO; adopts the cubic perovskite structure above 105 K [50], and is
stable in a wide Po, window, ranging from reducing H,/H,O mixtures to air-
like compositions at 1000 °C. SrTiOs may also be substituted at both A and
B-site to form solid solutions with specific material properties. Lanthanum
and barium can be substituted on the A-site, while iron, zirconium and
aluminium can be substituted on the B-site [50]. In some cases the
substituted solid solutions will deviate from cubic symmetry, at least when
the level of substitution exceeds a certain value. Steinsvik et al. [51]
investigated the phase compositions in SrTi;Fe Os.y (x=0-0.8), finding the
material to be cubic in the whole range. The structure of aluminium
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substituted SrTiOs is believed to be cubic in almost the same range as for
iron substituted since the ionic radiuses of 6 co-ordinated AI’" and Fe** are
similar [52].

2.4 Relation between electron structure and oxygen
nonstoichiometry

The defect chemistry of a material can be described in different ways. In a
point defect model, the species such as electrons, electron holes, anion and
cation vacancies and aliovalent substituted ions, are located at specific
lattice sites and thus categorized as localized. In a band model approach, the
electrons are donated to a conduction band, and thus no longer localized. It
is also possible to describe the defect chemistry as a mixture between the
two mentioned models.

2.4.1 Localised electrons and the concept of polarons

In a material with localized electrons, the electronic transport is assumed to
consist of charge transfer between localized sites in the structure. This
transport is referred to as polaron jumping. In this case, it is possible to
describe the defect chemistry by a point defect model. The defect chemistry
for the system La;SriFeOss is well described by a point defect model as
outlined by Mizusaki et al. [53] and later reviewed and extended by
Wernhus et al [54]. The interaction between oxygen in the atmosphere and
in the material can be described by

O} +2Fe;, =V +2Fe,, + % 0,(2) (2)

In Eq.(2) Kroger-Vink notation is used [55].
In Eq.(2), it can be seen that the iron changes its valence from 3+ to 2+, thus
the extra electrons released are located on iron-sites. Thus, the electrons are

located and consequently contribute to the configurational entropy.

In the LaFeO; system, the electronic defects are located on iron-sites. This
can be described by a disproportionation reaction

2Fe;, = Fe;, + Fe,, 3)
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, describing how two initially three-valent iron cations can exchange an
electron giving a two valent and a four valent cation. Introducing the site
balance

[Laj,1+[Sr,]1=1
[Fer1+[Fep]+[Fe;,]=1 4
[O51+[V5]1=3

, and the charge balance (condition for electroneutrality).
[Sr,, 1+ [Feg]1=[Fe;, 1+2[V;'] )

, Where [Srp,’] is the concentration of strontium on the lanthanum site.

By utilizing the reactions and relations given in Eqgs (2) to (5) with
corresponding equilibrium constants from Eq. (2) and (3), a mathematical
basis consistent with a localized model can be derived describing the defect
chemistry for the system La; (SrxFeOs.s.

The defect chemistry for SrTiO; has been studied by a number of authors
[56,57,58,59,60,61,62, 63]. For the case of SrTiO; the situation is somewhat
different than for the LaFeO; system. The main difference being that the
charge disproportionation reaction given in Eq. (3) can not be applied to
four valent Ti on the B- site. Thus, applying the charge neutrality condition,
the conservation of mass on each site in the structure and the equilibrium
constants from each of the reactions, a model may be derived describing the
defect chemistry in SrTiOs.

2.4.2 Delocalised electrons and the concept of the band model

For the compound La;,SryCoOs3;5, a localized electron model can not
describe the defect chemistry, as opposed to the La;SryFeO;;s system.
Experimental data for oxygen nonstoichiometry and Seebeck coefficient
applied on a charge disproportionation model for the cobalt, Eq. (3), led to
inconsistent results [64]. The oxygen nonstoichiometry has been examined
by Mizusaki et al. [41] and Petrov et al. [65] with thermogravimetric
measurements and coulometric titration, respectively. By utilising the data
from Mizusaki et al. [41] and Petrov et al. [65], and data from coulometric
titration, Lankhorst et al. [64,66-69] put forward a model for the
nonstoichiometry based on itinerant electrons, i.e. not localised electrons,
with a rigid electron band. The high electronic conductivities and low
Seebeck coefficients [70,71] support this itinerant electron model. The main
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difference between the itinerant and localized electron model for
nonstoichiometry is that the coboltites do not have any configurational
entropy in the Co- sublattice, since the electrons can not be localised on the

cobalt cations as for the iron cations cf. Eq. (3)

The substitution of Sr into LaCoOj; can be described by

285rO—2 5287, +205+V, (6)

Thus more oxygen vacancies are introduced.

The reversible oxidation reaction can be written as
0,(g)+2V," +4e” =220, (7)
In Eq. (7), the electrons are delocalised.

By introducing the chemical potential p; for each specie i, the equilibrium
condition for reaction (7) is

,u02+2(,uV5.—,uOé)+4ye, =0 (8)

The oxygen vacancies are assumed to be randomly distributed among
equivalent sites and do not interact, while the conduction electrons are
delocalised occupying energy levels in a partially filled, rigid electron band.
With this assumption we may write the chemical potential for the structure
elements, 1, viz [68]:

=’ +RTIn([x]) )

, where x; is the mole fraction of specie i, and uiO is the standard chemical
potential for specie i.

The middle term in Eq. (8) includes the chemical potentials for the oxygen
structure elements. This can be written as

‘uV(;' _'uO;, :,UV =,u3+RTln DU (10)
3-[7s]
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, where py is an abbreviation for the chemical potentials for oxygen ions
and vacancies and 4, = ,ugé. - ,ugé is the standard chemical potential.

Taking the electron band to be rigid, it is possible to relate the chemical
potential of the electron specie with the electron occupancy (concentration)
[¢’] and density of states at the Fermi level, g(eg) [67].

(e (o1 7) LT <n>

g(gF)

[']’ is defined as the electron occupancy at zero vacancy concentration and
zero Sr substitution, thus, this is the standard condition. The entropy part for

the electrons in Eq. (11) is neglected by assuming that the electron band is
broad.

Inserting Eqs (10) and (11) into Eq. (8) and combining with the charge
neutrality condition for the system

e[ =2/ 1-] Sn, | =207 1-x (12)

where x is the degree of Sr- substitution, one gets the rigid band model as
put forward by Lankhorst et al. [66]

. . | 42 V5 |- vy
e — ez e, - 2L 7Y E ” F]) D15, ~2RTIn —i [OV(];.] = s’

(13)

where Eq, Sox are the standard free energy and entropy for oxidation. The
values for the parameters Eoy, Sox and g(er) are given in Tab. 1, and po®™ is
described in App. 2.
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Table. 1. Parameters used to calculate the oxygen nonstoichiometry in LSC-
02 and LSC-05 taken from Ref [66]. The values for x = 0.5 are obtained by
interpolation between x = 0.4 and 0.7.

Parameter x=0.2 x =0.4 x=0.5 x=0.7
Interpolated
between
x=0.4 and
0.7
Eox -334.1 -301.4 -299 -294.5
(kJ/mol)
Sox 69.5 69.6 70 70.5
(J/mol K)
g(er) 0.0159 0.0159 0.0155 0.0152
[(kJ/mol)"]

The oxygen nonstoichiometry can be calculated by using Eq. (13) and the
associated parameters.

The model in Eq.(13) fits well with experimental data for the oxygen
nonstoichiometry [66], and thus the simplification can be justified.

2.5 Calculations of the transport parameters Do, and Kepem
from electrical conductivity relaxation experiments.

The experimental setup for the conductivity relaxation experiments are
described in Paper I of this thesis [72].

The full mathematical treatment is given in Appendix 1. Only a brief
summary will be given here. The parameters Dcpeny and kenem are calculated
from the solution of Ficks second law

2
dC(x,1) -D, 0°C(x,1) (14)
ot ox’
where C is the concentration of oxygen in the sample, D¢per 1S the chemical
diffusion coefficient, x is the dimension and t is the time. The subscript for
concentration is omitted, but refers to oxygen species. The boundary
conditions give the mathematical definition of the k¢per, parameter, viz.:
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AC(x=21,1) _

JO ('x = il)c) = $l)chem ax

Ko (C(x =21 ,1)-C.) (15)

, Where Jo denotes the oxygen flux (mono atomic) at the surface and C,, is
the oxygen concentration at t=o, i.e. at equilibrium. This is also derived by
ten Elshof et al [73] and van der Haar et al. [74].

Suppose the change in oxygen activity/partial pressure is not a discrete step,
but follows a continuous change as described in Eq.(16) .

t
Foy = Fosysumgy HAP(1=e 7) (16)

where the 1 parameter is called the reactor flushtime. This approach to the
oxygen step has been described by den Otter et al [75]. Using the change in
oxygen partial pressure described in Eq. (16), the solution of Eq. (14) with
the given boundary conditions is

M(t) _ M(x,y,2,0)= M, _ 1 Z 2L e B re"
)

Moo Moo M() Jj=x,y,z n= 1 (FZ +L2+L 1_ﬁn,jT
(17)
, Where
Fflchhem
B, _1—2 (18)
J
[, tanl, =L, (19)
k
L :l . chem 20

chem

In Eq. (17) the solution with regards to concentration is already integrated
with the sample dimension (ly, 1y, 1,) as limits, to yield the mass change of
oxygen in the sample, where M(t) is the mass change after time t, and M, is
the total mass change in an experiment. The solution given in Eq (17) is
described in Crank [76] and in Appendix 1.

The criteria to use electrical conductivity relaxation data for the calculation
of D¢hem and kehem 1S that the electrical conductivity changes linearly with the
oxygen content of the sample viz. [77]:
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o(t)=0, _ M() o

o,—0, M

[o¢]

Eq. (21) relates electrical conductivity with Depem and kehem given in Eqgs.
(17)-(20).

2.6 Solid State Diffusion

The self-diffusion coefficient or the component diffusion coefficient for
oxygen, Do, is represented by random-walk diffusion, i.e. no chemical
potential gradients are present. The oxygen transport can also be described
by the counter diffusion of oxygen vacancies, hence introducing a (oxygen)
vacancy diffusion coefficient, Dy.

A mechanistic approach to the component diffusion coefficient is given by
Kingery et al. [78].

E{l
D, = yA*ve *7 (22)

y is a geometric factor including the number of closest neighbours of
equivalent sites, 8 for the nearest oxygen sites in perovskites, and the
probability of the atom to jump back into its original position. A is the
jumping distance, v is the frequency of lattice vibrations, or attempted ion
jumps and E, is the activation energy for the jump to occur. The mechanistic
approach given in Eq. (22) requires a random distribution of the oxygen
vacancies. When considering atom movement consisting of atoms jumping
into an adjacent vacant site, a term that tells whether the adjacent site is
vacant or not must be included. In Eq (22) this is not considered. However,
the concentration of oxygen ions and oxygen vacancies, Co and Cy
respectively, can be linked to the average jump frequencies for successful
jumps for oxygen ions and vacancies, Vion and vy, respectively, and the
following expression can be derived [79].

Yvae _ Yion (23)

By inserting the relation in Eq. (23) into Eq. (22) one obtains
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_Eq e
DO = 72’21)1‘(”16 K= 7ﬂ’zvvace R C_V
c ¢ (24)
=D, 7
CO

The diffusion coefficient for oxygen vacancies can be identified in Eq. (24)
to be equal to

E,

D, = v e M (25)

The activation energy for the vacancy jump given in Eq (25) is called the
enthalpy of migration AH, [80].

At low vacancy concentrations, Co is almost constant and Eq. (24) can be

simplified :
%:%oﬁmg (26)

o
where ny is the fraction of oxygen vacancies in the structure.

The “activation energy* for the fraction of vacancies n, is equal to the
enthalpy of formation of vacancies, AHy. This means that the activation
energy for oxygen ion migration is equal to AH;,, +AH¢ [80].

Eq. (26) says that D¢ is proportional to the fraction of oxygen vacancies
present. This is based on the assumption that a vacancy can jump to all
nearest neighbour sites occupied by an atom. From Eq. (26) the oxygen
vacancy diffusion coefficient can be regarded as constant, which is stated in
Kingery et al. [78] and Kofstad [80] with the same mechanistic approach as
given above. However an atom/ion needs a vacant nearest neighbour to
jump and thus it is correlated with the vacancy concentration [80]. This
means that Dy can be regarded as constant when the concentration of
vacancies is so small that vacancy interactions do not occur. When the
vacancy concentration becomes sufficiently large, Dy will certainly be
influenced. However, the theory on transport in highly defective structures
is still not developed. The subject has been discussed [81], however the
need for further studies in these fields was emphasised.

The tracer diffusion coefficient D" denotes diffusion coefficients measured
with a tracer technique. (Sometimes D' is denoted D™ [82]). These
measurements can be performed with exchanging the ambient oxygen
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surrounding an oxide, primarily made up of '°O, with a gas composition
enriched with '’O or '®O [82]. The tracer diffusion coefficient D' can then
be found by measuring the '®O-concentration profile with Secondary Ion
Mass spectroscopy (SIMS).

It is also possible to describe the ionic motion with an ionic conductivity,
Oion- This conductivity can be derived from dc ionic conductivity
measurements [83], and is the origin for a diffusion coefficient which refers
to ionic conductivity, D°, which again corresponds to the component
diffusion Do. The ionic conductivity c;o, and D° are related via the Nernst-
Einstein relationship [80] given in Eq. (27)

JRT
D° = gw;ze 27)
0<i

The conductivity diffusion coefficient D° and the tracer diffusion coefficient
D' are in general not equal, and the correlation between them is referred to
as the Haven ratio, Hg [82].

DT
D, 28)

Hr contains corrections, such as the possibility that different mechanisms
contribute to the two different experiments [82,83].

If a gradient in chemical potential or concentration is present, a chemical
diffusion coefficient, D¢pem, 1 introduced. This is shown by Ficks law,
which relates the oxygen flux with the gradient in oxygen concentration.

JO = Dchem dCO (29)
dy
D" and Depem are linked together [83], as shown in Eq.(30).
T 1/20
D Ho, (30)

D, =
<" H.RT 9InC,

In the case of oxygen transport in perovskites it is only one mobile species.
On this basis, Weppner and Huggins derived the following relation between
the oxygen component diffusion coefficient, Do, and the chemical diffusion
coefficient Dchem [84].
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:t_e a;l*lo ~L all'lO _Dchem (31)
0 — 2 -~ =
RT dlnC, RTJdlnC, D,

te is the transport number for the electronic species. This will mostly be
equal to unity, since the electronic part of the electrical transport will be
dominating for most perovskite materials. po is the chemical potential of
atomic oxygen given in Eq. (32).

Ho =ty +RTIn [P, (32)
Thus
olnP,
A (33)
2dInC,

Wo is referred to as the thermodynamic factor for oxygen ions.

The vacancy diffusion coefficient Dy is related to the component diffusion
coefficient given in Eq.(24). Thus

C
=WyDo =Wy 2D,

o

D

chem

29InC, C,
_10InF, 9InC, C,

20mlnC, olnC, C, "
— 1 alnPOz a(jV CO CV D

" 29InC, 9C, C, C, "

(34)

_lalnPOZ oC,
29InC, oC,
19lnPp,

=—= D, =W,D
20lmc, " "7

The relation 0Cy /0Co is found by differentiating the mass balance at the
oxygen site, Eq. (4), and is equal to —1. Thus,
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Dchem:WV.DV:[__.—J'DV (35)

The expression inside the parentheses is the thermodynamic factor for
vacancies.

The Dcpem parameter will in general be different from the component
diffusion coefficient, Do, since they appear in different chemical potential
gradients. For a more thorough discussion of diffusion coefficients it is
referred to Maier [82].

The thermodynamic factors Wo and Wy will depend on oxygen partial
pressure, temperature and composition. By letting the Po, (and composition)
be constant it is possible to assign activation energies to the thermodynamic
factors. By introducing the activation energies in Eq. (34) and rearranging
one obtains.

E"chhem
D chem = ieme RT
=W,D, =W'e & D’e & (36)
Eamw, Eany

_ _ w9, RT N0, RT
=W,D, =W,e Dye

0 o

Eq (36) it can be seen that

Where D° ,D;,D;, W, and W, all are pre-exponential coefficients. From

Ea,DL.,,?m = Ea,WU + Ea,Du = Ea,WU + Aflm + Af[V

(37)
= Ea,W,, + Ea,DV = Ea,WV + A[_[m
This means that
AH,=E, , —E,
V Wy W, (38)

= Ea,Da - Ea,DV

Thus, the apparent vacancy formation enthalpy can be calculated directly
from the thermodynamic factors.
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2.6.1 Solid State Diffusion of oxygen in perovskites

In Fig. 4 the vacancy diffusion coefficient for oxygen vacancies are given
for materials in the series La;SrsCoOs;5, La;,SrkFeOss together with
(La,Ca)AlO; and BaBiOs [85].

ity
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Fig. 4. Oxygen vacancy diffusion coefficients for perovskite oxides plotted

against temperature. Included in figure is also the source for the calculated
Dy’s. Figure from Mizusaki [85].

In the figure it can be seen that the Dy coefficients are all within the same
order of magnitude. The values for the coboltites and ferrites in Fig. 4
originate basically from Ishigaki et al. [86,87] at oxygen partial pressures
around ~5 kPa (0.05 bar). Fig 4 shows that Dy for the ferrites is stacked in
an unexpected order; with the 10 % Sr substituted ferrite having a smaller
Dy than the pure LaFeOs, again smaller than the 25 % Sr substituted one.
This is also seen among the coboltites; 10 % Sr substituted is smaller than
the pure LaCoOs. The reason for this unexpected order is not known, but
probably it is due to experimental uncertainty. Wang et al. [88] have
investigated the vacancy diffusion coefficient in La; SryCoO;3_5 from many
authors and found that Dy increases with increasing Sr-content.
Measurements with AC impedance spectroscopy show the same trend [89].
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Carter et al. [17] studied the oxygen component diffusion, Do, in
(La,Sr)(Mn,Co)Os_s solid solutions by tracer experiments, giving values for
the oxygen tracer diffusion coefficient, D*. They found that for increasing
amounts of cobalt, the values for the diffusion coefficient increased, while
the corresponding activation energy decreased. This was due to the higher
nonstoichiometry of oxygen in the samples, consistent with Eq. (26). Ramos
and Atkinson [91] have studied the oxygen tracer diffusion in
(La,Sr)(Fe,Cr)Os5 in wet and dry atmospheres. The values for the D'-
coefficient were of the same order of magnitude as for the values obtained
by Carter et al. [17], and an increase of Do with the introduction of more
oxygen vacancies was seen.

The flux of oxygen in the system La;.,Sr,Co.,Fe,O3_ has been reported by
many authors [90,92,93,93,94,95,96,97,98]. These are performed at
different oxygen partial pressure gradients, temperatures and compositions,
thus a comparison of the oxygen fluxes with respect to the composition in
the different works is difficult. Lein et al. [95] reports an increasing flux of
oxygen with increasing amount of cobalt in the specimen when oxygen
potential gradient and temperature (1147 °C) are kept at the same level. That
is, pointing out the importance of oxygen vacancies which will increase
with increasing cobalt content [90]. Also flux data can be used to calculate
the chemical diffusion coefficient of oxygen in the specimens, and from
them more fundamental transport coefficients such as component or
vacancy diffusion coefficients, but unfortunately only a few authors have
done this. This makes the comparison between the different materials more
complicated if possible at all.

Many works reports the chemical diffusion coefficient, Dcherm Obtained by
different experimental techniques. For instance the D¢y, have been obtained
by electrical conductivity relaxation [73,74,88], oxygen coulometric titration
[64] and permeation/ electrochemical cell [99]. ten Elshof et al. [73] have
investigated La;SriFeOs finding a Dgpen value in x= 0.1 to be only
dependent on the temperature. Weaernhus [54] have later re-examined this
composition finding a small Po, dependency with increasing Dgpem With
decreasing P, and thus increasing oxygen nonstoichiometry. This is not the
case for LagsSrosCoOs;s where a decreasing Dchem 1S reported with
decreasing Po, obtained from reduction experiments (Pozend <Po2start)
[74,88]. van der Haar et al. [74] explains this decreasing Dchem With the
possible ordering of oxygen vacancies. However, van der Haar et al. [74]
have only presented values for D¢hem from reduction runs. Wang et al. [88],
on the other hand, reports increasing D¢y With decreasing Po, for oxidation
runs. This is further discussed in Paper 2 in this thesis [72].
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In general for the system (La,Sr)(Fe,Co)O;s the component diffusion
coefficients, Do, increase with increasing amount of Sr and Co, which can
be explained with the increasing population of oxygen vacancies.

For the material system SrTiO; with substitution both on A-site and B-site,
Ishigaki et al. [87] have compiled a collection of Dy calculated from Dchem
and thermodynamic factors for both SrTiO; and related material systems.
The results are given in Fig 5.

It can be seen that Dy for pure SrTiO; deviates by several orders of
magnitude, as well as a significant variation in activation energies. In the
figure the line marked with SrTiOs (2) originates from Paladino et al. [100]
while SrTiOs; (3) originates from Walters and Grace [101]. The main
difference between these is that Paladino [100] have performed mass
relaxations in O,/N, mixtures, while Walters and Grace [101] have
measured in far more reducing atmospheres of H,/H,O mixtures using
electrical conductivity relaxation. In principle both methods should give

X"

]
4n
T

log{Dv/emisg)
Y
=
=

5 6 7 8 8 16 11

Fig. 5. Data for Dy in SrTiO; and structural related systems. From Ishigaki
[87].

similar values, independent of method. A possible explanation for this
difference is not offered by Ishigaki [87], but it could be due to experimental
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difficulties. Later, Schwarz and Anderson [102] (SrTiO; (1)) derived values
for Dy based on a capacitance manometric method, reporting values in good
agreement with Paladino [100].

Another interesting aspect seen from Fig 5 is that the introduction of Al on
the Ti-site causes a decrease in the Dy parameter for both CaTiOs; and
SrTi0;. This is surprising since with a small change in the oxygen vacancy
concentration the Dy should be unaffected.

Claus et al. [103] have studied the tracer diffusion of oxygen in StrTiO; with
SIMS, finding values for the chemical diffusion coefficients which are
comparable to the ones obtained from electrical conductivity relaxation
[104]. The calculated values for Dy [103] is in good agreement with Refs
[100,101]. Claus et al. also found that the tracer diffusion coefficients
increased with increasing level of iron impurities, corresponding to the
increased level of oxygen vacancies in the sample.

The chemical diffusion coefficient in SrTiO; at various levels of iron
impurities have been investigated in the temperature interval 450-1000 K
with a variety of techniques; optical adsorption [105,106,107], chemical
polarization experiments [62], conductivity experiments [108] and
permeation experiments [109], all giving similar D¢hem values.

2.7 Surface exchange

The exchange of oxygen between the atmosphere and a material can be
described by the equilibrium reaction in Eq. (39).

0,(g)+2V,)" =20, +4n (39)
The charge transfer is here represented with electron holes.

Reaction (39) can be shifted to the right (oxidation) and left (reduction)
depending on the ambient chemical potential. In both cases it can be divided
into several elementary reactions. These elementary reactions involve
adsorption, dissociation/association of the oxygen molecule, charge
transfer(s), incorporation/excorporation of oxygen ions in/out of the
vacancies. Some examples of different elementary reactions are given by
Merkle and Maier [110] for the material system Fe-doped SrTiO; and ten
Elshof et al. [73] and Warnhus [54] for the material system La; «SrxFeOs.
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2.7.1 Irreversible thermodynamics

The oxidation and reduction reaction can be described as a flux of oxygen in
or out of the material. If a material is in equilibrium with the oxygen
pressure in the surroundings at any given temperature, these fluxes are
equal. If the oxygen activity in the ambient is changed by a small amount,
oxygen will flow in or out of the sample as described in Eq. (40) [111].

0 AIUOZ

o= — .‘ — 40
-]02 Jux J;ea’ Jex RT ( )

The step in chemical potential can be described by the change in free energy
for the oxidation reaction (or reduction reaction). In Eq. (40) the transport is
based on the flux of molecular oxygen, O,. The relationship between flux of
atomic and molecular oxygen is jo = 2-jo>. The parameter i’ describes the
surface exchange rate (flux) of molecular oxygen at equilibrium, meaning
that the amount of molecular oxygen entering the sample (jox) equals the
amount leaving (jreq). This means

jox:jred:ja?x (41)
The statement given in Eq. (41) is visualised 1 Fig 6 a).

Equilibrium AP4,>0 (Ap,>0)

jox=j red=j oex

jred jox jred jox

a) b)

Fig. 6. Schematic presentation of the oxidation and reduction fluxes in the
situations of a) equilibrium jox= jred =joex and b) after a small increase in Po,
is applied APp>>0 (Ap o2 >0).
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In Fig 6 b) a small perturbation in the oxygen chemical potential is applied,
and in this case it represents an oxidation. The oxidation flux jox will
increase and the reduction flux j;.q will decrease.

The expression given in Eq (40) can be derived by considering irreversible

thermodynamics. The affinity A of any chemical reaction at temperature T
is given by [112].

A= —z vl (T) (42)

, Where v; is the stoichiometric coefficient and y; is the chemical potential
for specie i, which can be written as

4#,(T) = 4’ (T)+RTna, (43)

, Where a; is the activity of specie i. For a chemical reaction in equilibrium
the affinity A is equal to zero. Inserting Eq.(43) into Eq. (42) gives

A=0=Yvu'+> RTv,Ing,
=Y vu’+RTY Ina’ (44)
=Y vu'+RTnK(T)

In Eq. (44) the equilibrium constant K(T) is introduced. By substituting Eq.
(44) in to Eq. (42) the affinity becomes

A==Yvu (T)-RTY v,Ina,
K(T) (45)

II Vi
ai
i

=RTIn

By considering the simple oxidation reaction of a metal M
M +0, = MO, (46)

The usual kinetic expression for Eq. (46) is given as
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F=r,— rred = koxaMP02 - kredaMOz

=k a,P 1__kred mo, (47)
ox "M* O,
kox aMPOZ

kox and kg are the rate constants for the oxidation and reduction process
respectively. It is well known that the ratio kox/krq 1S equal to the
equilibrium constant K(T). Using this fact and the relationship given in Eq.
(45), Eq. (47) can be written

a
r=k a,P, 1_kr_edL02
’ ’ kox aMPOZ

_ rox[l—ﬂ] 48)

ayF, 0, aﬁo
=r | 1—ex —i
ox p RT
When small perturbations to the equilibrium is applied i.e.

A
<1 49

Eq. (48) will be reduced to

A
r=r_ — 50
OXRT ( )

The rox is equal to the equilibrium rate of reaction (46).

It is possible to “translate” the reaction rate given in Eq. (50) to a flux of
oxygen as the one given in Eq. (40). By taking into consideration that the
reaction rate of a redox reaction as the one given in Eq. (46), involves only
one gaseous specie to enter and leave the structure. This means that the
reaction rate, r, and the oxygen flux jo, are proportional with an area factor
as the only difference between them, thus Eq. (50) can be written

A
o 51
.]02 .]ox RT ( )
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The affinity will be equal to zero for reaction (39) when it is in equilibrium,
and this situation is described in Fig 6a).

A=p, +2,uV5, —2;105 —4u,.=0 (52)

The situation a short time after the change in oxygen activity (partial
pressure) is applied is described in Fig 6b). The chemical potential of
gaseous oxygen will change with the oxygen partial pressure. However, a
gradient in the chemical potential will be set up. By assigning a virtual
oxygen chemical potential to the defect chemical potentials, the affinity can
be written

A — surface + 2 in surface _ 2 in surface _ 4 in surface
I . 2 u“
| (53)
in surface — A/u

at surface _ /,l
] ] (]

Thus Eq. (51) can be written

. | .0 A,UO
= —_—= ] 2 54
Jo, = Ju RT Je RT (54

Eq. (54) is equal to Eq. (40)

2.7.2 Relation between various surface exchange coefficients

In Eq. (40) it is the difference in chemical potential of molecular oxygen
that is the driving force for the reaction. However, it is possible to express
the driving force in several different ways, either by the difference in the
chemical potential of atomic oxygen through the surface, or the difference in
the concentration of atomic oxygen. The latter gives ACo = Cacual — Crew eqs
i.e. the difference between the actual and the new equilibrium concentration.

The difference in the chemical potentials for atomic and molecular oxygen,
Apo and Apo; respectively, are related and the evaluation of this is given in
Fig. 7
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2Ap,
20' 20"
Ap=0 Ap=0
02| 02”
A,

Fig. 7. Diagram showing the relation between Apo, and Apo.

The difference in oxygen chemical potential can be described by the
following reaction (55)

0§t surface ﬁ 0;" surface , Aﬂ = AIUOZ (55)

Each of these species is in equilibrium with monatomic oxygen by reaction
(56)(superscripts let out).

0,=20 , Au =0 (56)
And thus the reaction

Oat surface (ﬁ Oi" surface , Aﬂ = AluO (57)

From the diagram in Fig 2 and Eq. (55)-(57) the relation Apo, = 2Apo can
be deduced.

Using the relations 2jo; =jo , and Apo,= 2Apo , the flux given in Eq.(54)
can be derived from difference in chemical potential as driving force to
difference in concentration.
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A
o= 24, =20 =4 %, Do

RT T RT
_gp Do 1
RT AlnC,
—4/°W,AInC, (58)
.0
=—4JgW0 AC,

o

The A is in this context the difference in chemical potential or concentration
for the involved species across the surface. The thermodynamic factor Wo is
recognised from Eq.(31).

In Eq. (58) the flux is related to the oxygen concentration with a
proportionality factor. This factor is called the chemical surface exchange
coefficient Kehem, since it relates the flux with a concentration difference.
This can be compared with the definition of the Dy parameter given in
Eq. (29). By equating terms it can be seen that

-0

o g, (59)
o
The relation between surface exchange flux, concentration and Kkchem 18
described in more detail in Fig 8. Given a sample with thickness L at
equilibrium with ambient Pg,. The difference in oxygen concentration
across the surface is zero and thus there is no net transport of oxygen
through the surface. This is described in Fig 8a). At a given time t=0 a
change of oxygen partial pressure in the ambient is applied. The oxygen
concentration at the surface will change corresponding with the new oxygen
partial pressure, but the oxygen concentration in the surface will remain
with the same value as before the change in oxygen partial pressure was
applied. Thus a flux of oxygen into the sample will occur, and the flux will
have its maximum value at the starting time t=0. This is described in Fig.
8b. At a time t>0 there will be a net flux of oxygen into the sample, and a
concentration profile is established. This is described in Fig. 8c. When the
oxygen concentration at and in the surface is equal, the net flux of oxygen
will be zero again. This is described in Fig 8d.
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Fig. 8. The oxygen concentration across the surface and through the sample
is described as a function of position and at different times. a) Before a
change in the oxygen partial pressure, t<0. b) At the time the change is
applied, t=0. ¢) After a given time t. d) When the new equilibrium is
established, t=o0.

In Eq. (58) the thermodynamic factor is recognised from Eq. (31). By
equating terms it can be seen that

_4jo, — k7, (60)

chem ~—
o

Thus kehem and ko is related equally as Do and Dehen cf. Eq. (31).

ko 1s the surface exchange coefficient when no gradient in oxygen chemical
potential is applied, and can be determined from experiments performed in
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thermodynamic equilibrium e.g. "*0/'°O isotopic exchange [73]. The ko is
sometimes referred to as a tracer surface exchange coefficient k [113,114].
Thus, the relation between the different rate coefficients may be summarised
by:

o 1 _1G,

T =—C,k, —=k,,, 61
Jex o 4w, che (61)

4

With Eq. (60) and (61) the different surface exchange parameters are related
to each other, using the thermodynamic factor Wo and the concentration of
the oxygen species.

2.7.3 Surface exchange of oxygen in perovskites

Maier have employed a phenomenological approach to the surface exchange
coefficient [113,114] deriving equations relating surface exchange
coefficients obtained from inherently different experimental techniques.
This approach is useful when comparing data for oxygen surface exchange.

In the literature the oxygen surface exchange has been examined by a
variety of techniques, most of them result in data both for bulk diffusion and
surface exchange. In the following surface exchange for a number of
relevant compounds obtained by different techniques will be presented and
discussed.

Electrical conductivity relaxation have been performed on La;SryCo0Os.5
[74,88], La;xSrxFeO; [73] and on the mixed system La;Sry(Fe,Co)Os;
[115] at temperatures between 600 and 950 °C. All of these works report a
proportionality with Po," for the Kenem values where n varies between 0.65
and 0.85 for the ferrites [73], and between 0.30 and 0.44 for some of the
coboltites [74,88], with the mixed system more close to the ferrite system
[115]. The variation in Pp, dependencies with increasing Sr-content has
been reported by van der Haar et al [74] where the coboltite changes its
dependency from ~0.80 with Sr-content corresponding to x =0.7 to ~0.70
for x=0.2. The uncertainties in these Po, dependencies are rather high, so the
effect of the Sr-content with respect to the Po, dependency is not
unambiguous. For the ferrites the Po, dependency is rather constant with
increasing Sr-content [73]. A typical value for the surface exchange
parameter Kchem from Refs [73,74,88,115] is in the interval 102°-1072 at Poz
corresponding to air, and at ~800 °C and independent of the material.
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kehem activation energies for the ferrites are reported by ten Elshof et al. [73]
to be about 125 kJ/mol, while in the mixed system of cobaltites and ferrites
the activation energy is between 60 and 70 kJ/mol [115]. For the coboltites
it varies between 216 kJ/mol for the composition where x=0.2 to about 110
kJ/mol where x=0.7 [74], thus decreasing activation energy with increasing
Sr-content. However, generally the activation energies vary with oxygen
partial pressure, with a slight tendency to increase with decreasing oxygen
partial pressure.

The study by Wang et al. [88] also shows an interesting behaviour with
respect to the effect of Pop-variation. In their conductivity relaxation
experiments on LagsSrysCo0s;5, they systematically changed the start
partial pressure of oxygen and the end partial pressure, with variable step
sizes. They found that kchem Were more or less constant when keeping Poo end
constant at 1 atm, while when varying the Poy eng the kehem Was found to have
a proportionality with the Poj eng. This shows that kepem 1S dependent on the
oxygen partial pressure. The same experimental trend as Wang et al. [88]
has later been reproduced by Chen et al. [116], studying epitaxial thin films
of the same material. From these two works, it can be seen that kenem 18
influenced by the partial pressure surrounding the sample.

The chemical surface exchange coefficients have also been studied by
Diethelm and van Herle [99] with an electrochemical cell (Belzner cell) for
the material Lag¢Sro4Fe)3C002035. They found values significantly lower
than values obtained from tracer experiments, explaining the difference that
the state of the surface (i.e. grain size, orientation or the possible presence of
impurities) will have great influence on the surface exchange process, and
not just the material itself. An example of the effect of surface treatment is
reported by ten Elshof et al. [115], they showed an increase in kchem by half
an order of magnitude by treating the surface by etching with nitric acid.
The main effect of the etching was probably an enhanced effective surface
area.

Eq. (60) relates three important quantities related to surface exchange
kinetics. ko is usually associated with the so-called tracer surface exchange
coefficient, k*, and is related to conditions at equilibrium. From Eq. (60) we
can derive ko from kepen if the thermodynamic factor, Wo, is known and
enable us to compare surface exchange data obtained from tracer- and
relaxation experiments, respectively.

The ko for (La,Sr)FeOs have been given by ten Elshof et al. [73] and values
for the Po, dependency and activation energies were almost as for Kchem
from the same work. The absolute value for kg is on the other hand several



36

orders of magnitude lower than kepe due to a rather large thermodynamic
factor.

Ishigaki et al. [86,87,117] studied the tracer diffusion coefficient for
LaCo0Os;, LaFeO; and also for some Sr-substituted coboltites and ferrites.
They provided also data for k', however only at two specific partial
pressures, one for each B-site cation. For the Sr-substituted ferrites the k'
increased with increasing amount of Sr-content [87]. For the coboltites they
were not able to obtain k* values since the coefficients did not converge in
the iterations for the least square fitting procedure between model and
experimental.

De Souza and Kilner [118] have studied the (La,Sr)(Mn,Co)O;; system
with tracer diffusion demonstrating a strong correlation between D" and k~
corresponding to an almost constant ratio (D* / k*). They reasoned that the
behaviour was due to the major role the oxygen vacancies were playing in
the surface reaction in these materials.

In general there are a lot of works dealing with the surface exchange of
oxygen in perovskites like (La,Sr)(Co,Fe,Mn)Os; in addition to those
mentioned earlier in this literature review
[17,89,91,92,93,97,98,99,119,120,121,122]. In  all  these  works
measurements are in general performed in different ranges with respect to
temperature, oxygen partial pressure and composition, thus, often unabling
us to compare data in a direct manner and be more conclusive. However, for
the system (La,Sr)(Fe,Co)Oss; the following general marks can be put
forward: The surface exchange coefficients (both kenem and ko) increase with
the increase of oxygen vacancies (by i.e. substitution of Sr and/or Co into
the structure), which is illustrated in Fig 9. At constant temperatures the
coefficients all show a Po, dependency described by ko Poy", where n>0.

In Fig 9 ko and k" for the La;«SryCo0O;3.5 and La;SryFeOs_s from literature
references are plotted vs. temperature. The oxygen partial pressures for the
values in the figures are not at the same level, but vary between 0.05-0.20
atm. The P, dependency at each temperature is thus not taken into
consideration.
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Fig. 9. Values for ko and k  taken from literature plotted vs. temperature.
Po; in the different plots is 0.05-0.20 atm. Lines serve as guides to the eye.

In Fig 9 the materials La;«SryCoOs has a typical electrical conductivity of
~1000 S/cm [70], while the materials La;  SryFeO; has ~0.01 S/cm [30],
that is a difference of 4-5 orders of magnitude. This difference in electrical
conductivity is not reflected by Fig 9, and indicates that the surface
exchange rate is not controlled by the electronic conductivity.

For the compositions given in Fig 9 the oxygen vacancy concentration
increases with the Sr content and is also generally higher for the coboltites
than the ferrites. The P, in each of the measurements in Fig 9 is between
0.05-0.20 atm, which for simplicity can be regarded as the same. As
outlined by Merkle and Maier [110] the rate-determining step must contain
the oxygen partial pressure and the concentration of oxygen vacancies and
electrons, viz.:

rate = const - P}, -[Vo"]n -[ev]p (62)

, where m, n and p are coefficients. The rate can be related to j’ given in
Eq. (61), and thus to the ko parameter. Fig. 9 thus emphasise the importance
of vacancies on the kj coefficient.

In Fig 10 Eq. (61) has been used to calculate the equilibrium flux j’, for
Lao_gSr0,2C003_5 and La0.58r0_5C003_5 [123] and for La()_gsr().lFeO3 [54]
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Fig. 10. Calculated equilibrium flux i’ for LaggSr»CoOs.5 and
LagsSr9sCo0s.5 [123] and for Lag oSt FeOs [54]. Lines are guide to the
eye.

From Fig 10 it can be seen that materials with the highest oxygen vacancy
concentration show the highest equilibrium flux j’. Thus, the highest flux
of oxygen is expected in materials with the largest amounts of oxygen
vacancies.

For the case of SrTiO; the amount of work on the surface exchange is more
limited. However, SrTiOs has been used as a model material to explore the
transport of oxygen in oxides [50].

Leonhardt et al. [124] have examined the surface exchange reaction in Fe
doped SrTiO; by performing relaxation experiments monitored with a
modified optical technique [125], and tracer experiments analysed by SIMS.
They report an increasing surface exchange coefficient from tracer
experiments, k', with increasing content of iron impurities, as well as an
increasing surface exchange coefficient from relaxation experiments, Kchem,
with increasing oxygen partial pressure. The effect of adding thin metal or
metal oxide films on the surface of the SrTiO; materials were also studied,
in order to find the effect on the surface exchange. This caused a lowering
of the activation energy for kehem and an increase in the coefficient itself,
thus, evidently speeding up the surface kinetics and approaching
equilibrium conditions at the surface due to the metal coatings.
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Schliiter et al [108] have studied the chemical surface exchange coefficient
with permeation, and concluded that the values from the work fall well into
trends of values obtained by other methods, e.g. Bieger et al [106], which
studied the surface exchange with an optical method.

Although a great amount of work has been done to explore the surface
exchange kinetics, there are only a few works which have approached the
phenomena from a reaction mechanism point of view, suggesting various
possible reaction pathways for the exchange of oxygen. As mentioned
earlier, the surface exchange reaction (Eq.(39)) can be divided into several
elementary reactions. These elementary reactions involve adsorption,
dissociation/association of the oxygen molecule, charge transfer(s),
incorporation/excorporation of oxygen ions in/out of the vacancies. In the
search for a reaction mechanism that describes the surface exchange
reaction, many different reaction pathways have been proposed
[54,73,126,127] on the actual material systems. However, the identification
of possible rate-determining steps relies on firm experimental data. There is
also a possibility that there exist more than one reaction pathway at the same
time with different elementary reactions, meaning that the total rate is a
result of more than one rate determining step. The most detailed
considerations have been given by Merkle and Maier [110] elucidating
different possible reaction pathways. The Po, dependency of the rate was
predicted from the defect chemistry. Two major conclusions were made in
this work; the rate-determining step (RDS) contains an O™ (n=0, 1 or 2)
molecular oxygen specie, and that an electron participates before or in the
RDS.
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OXYGEN DIFFUSION AND SURFACE
EXCHANGE IN La,,Sr,Co0O;; (x=0, 0.2 and 0.5)
ASSESSED BY ELECTRICAL CONDUCTIVITY
RELAXATION. Part I: Bulk Diffusion and K ep-
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ABSTRACT

Oxygen transport in LaCoO; (LC), LaggSry,Co0s5 (LSC-02) and
Lag 5Sry5Co035 (LSC-05) have been measured with electrical conductivity
relaxation in the temperature interval 850 to 1000 °C, and for oxygen partial
pressures between 0.2 and 0.002 atm.

Activation energies for the oxygen component diffusion coefficient, Do, and
the oxygen vacancy diffusion coefficient, Dy, were determined. The
activation energies for Do varies from 279 kJ/mol for LC to 174-222 kJ/mol
for LSC-02 and 90-105 kJ/mol for LSC-05, decreasing with increasing Sr-
content. The activation energies for the vacancy diffusion coefficient, Dy,
are lower than for the component diffusion coefficients and typical values
are 77 kJ/mol for LC, 85 kJ/mol for LSC-02 and 75 kJ/mol for LSC-05, that
is, almost independent of Sr-content.

The enthalpies of vacancy formation decreases with increasing Sr content.
The values are 206 kJ/mol for LC, 75 kJ/mol for LSC-02 and 15 kJ/mol for
LSC-05 which agrees well with values reported in the literature.

For low vacancy concentrations in LC and LSC-02, Dy is virtually constant.
However, at some high vacancy concentration, corresponding with every
eleventh or tenth oxygen site being vacant, there appears to be a pronounced
increase in Dy with increasing nonstoichiometry. The behaviour is not
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easily explained, but may be related to a decreasing activation energy for
vacancy diffusion with increasing nonstoichiometry.

The component diffusion coefficient, Do, shows a linear increase with
increasing oxygen vacancy concentration regardless of which composition
studied. At high vacancy concentrations, an increase in the slope is observed
consistent with the correlation between Do and Dy.

Keywords:

La;«SryCo0s5, Electrical conductivity relaxation, Chemical surface
exchange coefficient, Chemical diffusion coefficient, Activation energies,
Component diffusion coefficient, Vacancy Diffusion coefficient, Enthalpy
of vacancy formation.
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INTRODUCTION

Lanthanum coboltites, pure and substituted with strontium, are characterised
by their ability to accept relatively high concentrations of oxygen vacancies
at elevated temperatures. This fact combined with the relative high mobility
of the vacancies causes this material to exhibit a high oxygen ionic
conductivity. In combination with a high metallic like -electronic
conductivity [1], these materials are truly mixed conductors and attractive
candidates for oxygen separation membranes [2], oxidation catalysts [3,4]
and electrodes in solid oxide fuel cells and oxygen sensors [5].

The different material properties for pure and strontium doped lanthanum
coboltites have been investigated extensively. Sédppanen et al. have
examined stability [6] and the oxygen nonstoichiometry [7] in pure LaCoOs.
They concluded that pure LaCoOs is stable at oxygen partial pressures
above approx. 10” atm at 1000 °C. When Sr is substituted into the matrix,
more oxygen vacancies are introduced. This causes an increase in the lower
oxygen partial pressure stability limit of the compound; thus the interval of
stability will be narrower.

The oxygen transport in oxide based mixed conductors may be divided in
two inherently different processes comprising surface exchange processes
and solid-state oxygen ion diffusion in the bulk phase.

The transport properties of La;,SryCoO;_; have been investigated by many
authors [8,10,11,12]. van der Haar et al. [8] have studied the oxygen
diffusion and oxygen surface exchange in La;SryCoOs;5 (x=0.2, 0.5 and
0.7) in the temperature range 600-850 °C with electrical conductivity
relaxation. It was found that the chemical diffusion coefficient, D¢pem, and
the chemical surface exchange coefficient, kchem, both decreased with
decreasing Po, for all compositions. They concluded that the somewhat
counter-intuitive behaviour of D¢pem might be due to ordering of the oxygen
vacancies taking place at low Ppy’s. However, according to Nowotny and
Rekas [9] the defect chemistry in undoped and Sr doped LaCoOs_;s is best
described by a random model, i.e. no oxygen vacancy ordering.

Ishigaki et al. studied the oxygen diffusion in single crystal LaCoOs [10] by
means of tracer diffusion in the temperature interval 700-1000 °C. The
activation energy for migration of oxygen vacancies (Dy) were estimated to
18 kcal/mol (75 kJ/mol) and for oxygen ions (Do ) to 75 kcal/mol (315
kJ/mol). For the composition LayoSry;Co0Os5 the value for vacancy
diffusion (Dy) was 79 kJ/mol and for oxygen ions (Do) 270 kJ/mol [11].



54

Lankhorst et al. [12] have studied chemical diffusion in LaggSro,CoO;5 at
temperatures between 700 and 1000 °C, by the method of oxygen
coulometric titration. They reported an activation energy for D¢pem to be 135
kJ/mol. The reported Dchem values showed only a weak Pp, dependency,
changing from an increasing dependency at low temperatures to a
decreasing at higher temperatures. No explanation for the observed Po»
dependency is offered.

In this work we investigate the processes of oxygen bulk diffusion and
oxygen surface exchange by means of electrical conductivity relaxation
measurements. Numerical values for D¢pem and kepem are presented as well as
derived coefficients such as oxygen component diffusion- (Do) and oxygen
vacancy diffusion coefficients (Dy). Diffusion behaviour is discussed in
relation to temperature, Po, and composition (x). In Part II of this paper the
surface exchange processes will be further investigated based on reported
kehem Values. Possible surface exchange mechanisms, both for oxidation and
reduction, will be put forward and discussed.

THEORY

Delocalised electrons and the significance of oxygen nonstoichiometry

In contrast to the La;SryFeO;s-system [14,15] we are unable to describe
the defect chemistry for the La; SryCoOss-system by a localised electron
model. Experimental data for oxygen nonstoichiometry and Seebeck
coefficient fitted to a charge disproportionation model for the cobalt ion led
to inconsistent results [12]. The oxygen nonstoichiometry have been
examined by Mizusaki et al. [16] and Petrov et al. [17] by means of
thermogravimetry and coulometric titration, respectively. Based on these
data Lankhorst et al. [12,18,19,20,21] have put forward a model for the
nonstoichiometry based on itinerant electrons, i.e. delocalised electrons. The
model is supported by the high electronic conductivities and low Seebeck
coefficients [1,22].

In Kroger -Vink notation [23] the reversible oxidation reaction can be
written, viz.

0,(g)+2V." +4e” =2 20; (1)

In Eq. (1), the electrons are assumed to be delocalised.
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Applying chemical potentials for the different defect species, a relation
between oxygen nonstoichiometry and oxygen chemical potential can be
formulated. The rigid band model, as employed by Lankhorst et al. [18],
assume that the conduction band energies do not change while changing the
number of electrons in the band. The relation is given by Eq. (2).

g(&r) 3-[75] :

oxide __ oxide oxide __
Mo, =&, —Tsp " =E

ox

2)

where E, Sox are the standard free energy and entropy of oxidation of the
oxide, while the x denotes the fraction of Sr substitution. Numeric values
are given in Tab. 1, and po,®* is described in App. 1.

Table 1. Parameters used to calculate the oxygen nonstoichiometry in LSC-
02 and LSC-05 taken from Ref [18]. The values for x = 0.5 are obtained by
interpolation between x = 0.4 and 0.7.

Parameter x=0.2 x=0.4 x=0.5 x=0.7
Interpolated
between
x=0.4 and
0.7
Eox -334.1 -301.4 -299 -294.5
(kJ/mol)
Sox 69.5 69.6 70 70.5
(J/mol K)
g(er) 0.0159 0.0159 0.0155 0.0152

[(kJ/mol)]

The variation in oxygen nonstoichiometry with composition (x), Po, and
temperature is adequately described by Eq. (2). A significant distinction
between a localised and a delocalised model is the absence of
configurational entropy on the B-sublattice in the delocalised case,
consequently Co is not assigned any configurational entropy in LaCoO:s.
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Solid State Diffusion

The self-diffusion coefficient or the component diffusion coefficient for
oxygen, Do, is described by random-walk diffusion, i.e. no chemical
potential gradients are present. The oxygen transport can also be described
as counter diffusion of oxygen vacancies, thus introducing a vacancy
diffusion coefficient, Dy. A mechanistic approach to the component
diffusion and vacancy diffusion coefficients is given by Kingery et al. [24]
and Kofstad [25].

The Do and Dy coefficients are related through [26]
C,D,=C,D, 3)

, where Cp and Cy are the concentration of oxygen ions and vacancies,
respectively. At sufficiently low concentrations of oxygen vacancies each
vacant oxygen site is surrounded by occupied oxygen sites only, and the
corresponding oxygen vacancy diffusion coefficient, Dy, is independent of

. . . C
the population of oxygen vacancies [25]. In the same reglmeC—V ~ n, , thus
o

Eq. (3) may be rewritten accordingly:

C
D, = C—VDV ~n,D, “4)

o
where ny is the fraction of vacancies.

Given the presence of a gradient in chemical potential or concentration, the
transport is adequately described by “Fickian” diffusion (Fick's 1%. law),
which relates the oxygen flux to a chemical diffusion coefficient, D¢pem, and
the gradient in oxygen concentration.

JO = _Dchem dCO (5)
dy
where y is the direction of diffusion. In the case of oxygen transport in
perovskites oxygen ions are the only mobile species. On this basis, Weppner
and Huggins derived the following relation between the oxygen component
diffusion coefficient, Do, and the chemical diffusion coefficient Depem [27]:
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1 o D,
5 - ILlO — chem (6)
RT dlnC, D,

where o is the chemical potential of atomic oxygen given in Eq. (7).

U, =, +RTIn /POZ (7
Thus
10lnP
0= ®)
20dInC,

where Wo (in honour of Wagner) is referred to as a thermodynamic factor
(or enhancement factor) related to oxygen ions.

The vacancy diffusion coefficient Dy is related to the component diffusion
coefficient, Do, given in Eq.(3), hence, a thermodynamic factor for
vacancies can also be introduced.

Dchem = WVDV :(__—]DV (9)

Transport coefficients as well as thermodynamic factors will all be
temperature dependent, thus allowing us to associate activation energies,
apparent or real, to all the variables. Kofstad [25] states that the activation
energy for the vacancy diffusion is equal to the enthalpy of oxygen ion
migration, AH,,, since the vacancy can move to any occupied neighbour
oxygen site in the structure. Since the oxygen component diffusion
coefficient, Do, is the product between the concentration of oxygen
vacancies, ny, and vacancy diffusion coefficient, Dy, (Eq. 4), the
corresponding activation energy for oxygen diffusion should be equal to the
sum between the enthalpy of oxygen vacancy formation, AHy, and oxygen
migration, AH,, viz.

E,, =AH, +AH, (10)

The thermodynamic factors, Wo and Wy, will also depend on oxygen partial
pressure and composition. However, at constant partial pressures and
composition apparent activation energies, £~ and E ~, may also be

Wy

assigned to the thermodynamic factors. By letting the Po, (and composition)



58

be constant it is possible to assign activation energies to the thermodynamic
factors. By introducing the activation energies in Eq. (6) and (9) and
rearranging one obtains

_ E" »Dehem

D,,,=D"e *

chem chem

_Ea,Wo _Ea,DU

_ — w9, RT NO RT
=W,D, =W" * D’e (11)

Ea,WV Ea,DV

_ _ w9, RT N0, RT
=W,D, =W,e Dye

where DOI ,D),D),W° and W, are pre-exponential coefficients.

o

Combining Eq. (10) and Eq (11) gives:

E =E, +E,, =E,, +AH, +AH,

a,D,

chem o (12)
=E,y +E,, =E,; + AH

This means that

AHV = Ea,m,, _Ea,W

13
= Ea,D,, - Ea,D,, ( )

Thus, the apparent vacancy formation enthalpy can either be derived from
the thermodynamic factors, or from the activation energies for oxygen ion
and vacancy diffusion coefficients.

For a more thorough discussion of phenomenological diffusion coefficients
it is referred to Maier [28].

The chemical surface exchange coefficient

In analogy with chemical diffusion coefficients we may also define a
chemical surface exchange coefficient, kehem, Where the oxygen exchange
flux, J,, is proportional with the “distance” from equilibrium expressed in
terms of concentration [8,29], viz.

JO = kchem <Ct - Coo) (14)
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where C, is the actual concentration of oxygen at the surface at any given
time t and C__ is the equilibrium concentration of oxygen at the surface. The

assessment of D¢hem and Kenem are described and discussed in a later section.
A more thorough discussion of kgperm 1S given in [13].

EXPERIMENTAL

Synthesis

Polycrystalline samples with composition LaCoO;_5 (LC), LagsSrg2C00;5.5
(LSC-02) and Lag5SrysCo0;.5 (LSC-05) were synthesised by spray drying.
Aqueous solutions of stoichiometric amount of cation nitrates (Merck or
Fluka, p.a.) were made, and glycine (Merck, p.a.) was added as a
complexing agent in a glycine/nitrate mole ratio of 5/9. In order to obtain a
high  compositional  accuracy all reagents were  calibrated
thermogravimetrically with three parallels for each metal nitrate. Based on
data from the calibration procedure the resulting uncertainty with respect to
cation stoichiometry was found to be approx. + 0.2 %, hence implicating the
following compositional uncertainties: La.00040.002C01.000:0.00203-5,
La0.800:0.0016510.200:0.0004C01.000:0.00203-5 and
Lag 500+0.001510.500:0.001C01.000+0.00203-5.. The total concentration of cations in
the solution was approximately 0.8 M and the solutions were dried in a
Biichi Mini Spray Dryer B-191 with hot air (150 °C) as the drying medium.
The resulting solid precursors were ignited for decomposition to oxide by
allowing it to fall through a vertical alumina tube preheated to 800-900 °C.
The resulting oxide powders were ball milled (Si3Ns-balls) overnight in
100% ethanol or isopropanol. The milled powders were further calcined at
900 — 1000 °C for 24 hours in air. The powders were then ball milled
(Si3Ng-balls) for 24 hours and heat-treated at 600 °C for 24 hours. The
calcined powders were analysed by X-ray powder diffraction (XRD) (Cu
Ko, Phillips PW1730/10) and it was shown that all samples were single
phase (with a rhombohedral perovskite structure). The powders were
uniaxially pressed to bars with approximate dimensions 50 x 10x 3.5 mm
and subsequently isostatically pressed at 200 MPa and 20 °C. The bars
were sintered at 1200 °C for 6 h (LC), 1150 °C for 2 h (LSC-02) based on
Ref. [30] and 1150 °C for 12 h (LSC-05) based on Ref. [31]. The heating
rate for all samples was 200 °C/h, while the cooling rate was 200 °C/h for
LC and LSC-02, and 50 °C/h down to 750 °C and then 6 °C/h down to
450 °C for LSC-05. Bulk densities of the sintered bars were measured by
the Archimedean method using isopropanol, and all samples were sintered
to densities higher than 97 % of crystallographic densities ([30,31]).
Densities of the samples studied are given in Tab 2.
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Table 2. Measured densities, crystallographic densities and percentage
densities of the samples in this study. Values taken from [30,31].

Sample Crystallographic ~ Measured Percentage
density [g/cm’] densi density
[g/cm’]
LaCoOs 7.26 [30] 7.06 97.2 %
La §Srp2C00; 6.91 [30] 6.83 98.8 %
Lag 519 sCo03 6.42 [31] 6.38 99.3 %

XRD analysis of the sintered samples showed single-phase material. Prior to
the measurements the samples were cut and polished with polycrystalline
diamonds with 3 pm particle size. Typical sample dimensions for
conductivity relaxation experiments were 3 mm x 3 mm x 23 mm.

Microstructure

In Fig 1 the microstructure in all the samples both before and after the
experiments are given.
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Fig. 1. a) Fracture of LC b.e., b) Fracture of LC a.e., ¢) Surface of LC b.c.,
d) Surface of LC a.e., e) Fracture of LSC-02 b.e., f) Fracture of LSC-02 a.e.,
g) Surface of LSC-02 b.e., h) Surface of LSC-02 a.e., i) Fracture of LSC-05
b.e., j) Fracture of LSC-05 a.e., k) Surface of LSC-05 b.e., 1) Surface of
LSC-05 a.e. (b.e.= before experiments, a.e. =after experiments)

In Fig 1 a) —d) the bulk- and surface microstructure for LC are given, both
prior to and after the experiment. From Fig 1 ¢) and d) it can be seen that,
apart from thermally etched grain boundaries, no significant grain growth at
the surface has taken place during the experiment. The conservation of bulk
microstructure during the experiment is also evident from Fig. 1 a) and b).
Total time at elevated temperatures is between 3 and 4 weeks.

In Fig 1 e) — h) the microstructure for LSC-02 is given. It is interesting to
notice that the mode of fracture change from intra granular before the
experiment (Fig. 1 e)) to inter granular after prolonged heating at elevated
temperatures (Fig. 1 f)). Due to the change in fracture mode, it is not
possible to conclude whether the bulk microstructure is preserved during the
experiment. However, since the surface microstructure seems to be
unaltered (Fig. 1 g) and h)) and in accordance with the bulk microstructure
given in Fig. 1 h), it is likely to assume that the microstructure of LSC-02
also is preserved during the experiment.

For LSC-05 a minute grain growth seems to have taken place at the surface
(Fig. 1 k) and 1)) while a change in bulk microstructure is not evident. It can
be concluded that a change in microstructure, if any, is very small even for
LSC-05.
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Conductivity relaxation

Oxygen surface exchange and diffusion were measured by the electrical
conductivity relaxation technique. This technique involves measuring the
time variation of the electrical conductivity after a well-defined step in the
oxygen activity in the ambient atmosphere. The experimental set-up is the
same as the one given by Warnhus et al. [14] and is given in Fig 2.

The measurements were performed in the temperature interval between 850-
1000 °C (900-1000°C for LC), and an oxygen partial pressure ranging from
0.2 to 0.002 atm in oxygen/nitrogen gas mixtures. The samples have been
held at experimental temperatures for time periods of about four to six
weeks. The change in oxygen partial pressure has been one (LC) or half an
order (LSC-02 and LSC-05) of magnitude (JAlog Poy| = 1.0 or 0.5),
respectively. The different oxygen partial pressures were produced by
adjusting the flow ratios between oxygen and nitrogen in the total gas flow.
The total flow in all experiments was either 250 or 500 ml/min at 25 °C.
The oxygen partial pressure was changed in a stepwise manner by switching
a four-way valve (Fig 2b). The time constant, t, for the change in oxygen
partial pressure in the vicinity of the sample depends on the total gas flow
rate and vary typically between 0.9 and 0.4 seconds. A more thorough
presentation of t is given in the next section.

The electrical conductivity was measured with a standard four-point
method. The positions of the voltage and current probes are given in Fig 2c.
According to Hansen et al. [32] the distance between the voltage probe and
the current probe should be greater than 3 times the smallest dimension.
Fulfilling this requirement will result in a uniform electrical field between
the voltage probes. This requirement was met in all experiments
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Sample Chamber
Quartz tube

Clamp, \ 4-way valve

Pt electrodes =L EF
Thermocouple r Gas inlet

Outlet

Sample

Mixing Towers

Mass Flowmeters

_50 ml/min
500 ml/min
500 ml/min

Fig. 2. a) The experimental set-up for the high temperature conductivity
measurements, b) Schematic drawing of the equipment for gas mixing,

c¢) The orientation of the sample and a visual guide to where the electrodes
are attached. Figures taken from Waernhus et al. [14]

Calculation of the transport parameters Dcyem and Kepem.

The time dependent oxygen transport (non steady state) can be described by
Fick’s second law

dC(x,1) 9°C(x,1)
——F=D, —— 15
af chem axz ( )

, where C is the concentration of oxygen in the sample, Dgpem 1s the
chemical diffusion coefficient, x is the distance and t is the time. By
introducing initial and boundary conditions as outlined by ten Elshof et al
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[29] and van der Haar et al. [8], the mathematical definition of the Kepem
parameter is given by:

IC(x=41,1)

JO (‘x = ilx) = 1Dchem ax - kchem (C(‘x = ilv s Z‘) - Coc ) (1 6)

, where Jo denotes the oxygen flux (mono atomic) at the surface and C,, is
the oxygen concentration at t=co, i.e. equilibrium is established.

Suppose the change in oxygen activity/partial pressure is not stepwise, but
follows a continuos change as described in Eq.(17) .

Py, = Ppy (1 =0)+AP(1—e_£) (17)

where the t parameter is defined as the reactor flushtime. This approach to
the oxygen step has been described by den Otter et al [33]. Introducing the
change in oxygen partial pressure as described in Eq. (17), the solution to
Eq. (15) becomes:

M) _ M(x,y.2,0)-M, _ T Z 2 {e_ﬂ"*”— ﬂn’jre‘”’]

M, M_-M, myea (T +L+L)| 18,7
(18)
, Where
r‘i DL em
B, =" (19)
[;
[, tanl’ =L (20)
k
L :l _“chem _ 21
X X D ( )

chem

and sample dimensions, I, and 1y, are defined in in Fig. 2, whereas M is the
mass of oxygen in the sample. Eq. (19) is the so called “trancendental
equation” and the accuracy of the calculations partly depends on the
magnitude of n. For all calculations in this work the number has been fixed
and set to n=15, giving a high accuracy fit between the modelled and
measured relaxations. Eq (18) is described in Crank [34].
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The total gas flow used in the experiments was either 250 or 500 ml/min,
depending on the requested partial pressure of oxygen, giving reactor flush
times of 0.88 s and 0.44 s (1) at 1000 °C, respectively. Flush time
corrections are based on experimental data, replacing the sample with a thin
film mixed conductor, and is described in more detail by Warnhus et
al.[14].

In order to apply conductivity relaxation as a method for the assessment of
transport coefficients in mixed conductors, the conductivity, o, must be
linear proportional with the oxygen stoichiometry, (= 3-6). The relation
between electrical conductivity, o, and total mass of oxygen (or oxygen
stoichiometry) in a sample, M is derived by Yasuda and Hikita [35] and
given in Eq. (22).

o(0)=0, _ M(1) )

o, —0, M

Eq. (22) relates electrical conductivity with Depem and kepem given in Egs.

(18)-(21).

In Fig 3 the conductivity from the experiments with LC, LSC-02 and LSC-
05 is plotted versus the oxygen stoichiometry, whereas the oxygen
stoichiometry vs. oxygen partial pressure is given in Fig. 10.

1.8
® 1000°C 7
16+ & 975°C 20% St §¥ 4
o 950°C ,V.gfi
14 H v 900°C v % .
. v 850°C v §
E 127 & ¢ ]
() s
2 40l eI
e n 0% Sr
© 08¢ o ?SO%Sr |
o6 9 '
0.4 R
2.65 2.70 2.75 2.80 2.85 2.90 2.95 3.00

3-3
Fig. 3. Conductivity versus oxygen stoichiometry for all compositions.
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It can be seen from Fig 3 that the linearity requirement is reasonably well
fulfilled for small changes in oxygen stoichiometry for all compositions.
Another interesting aspect of Fig 3, is how the conductivity changes with
nonstoichiometry. For the unsubstituted LaCoO; there is a less pronounced
conductivity dependency with (3-0) compared with the two Sr-substituted
compositions. This reflects the difference in changing the cobalt valence
from 2-valent to 3-valent (LaCoO3) and from 3-valent to 4-valent (LSC-02
and LSC-05), respectively. It is also obvious that whereas the Sr-content has
a pronounced effect on the conductivity, the temperature only have a small
effect showing a decreasing tendency with temperature (metallic behaviour)
as reported by Mizusaki et al. [1].

Due to the high conductivities in the lanthanum coboltite samples, the
current density used in all the experiments was 1/6 A/mm?, corresponding to
a total current of about 2 A through the sample. These high current densities
were necessary to minimise the noise to signal ratio and obtain sufficient
accuracy.

Calculations of Dcpem and kehem from the experimental runs have been
performed with MATLAB [36]. A least square fitting procedure has been
used to obtain the best fit between model (calculated) and experimental
data.

Treatment of the data obtained from conductivity relaxation

A schematic presentation of a typical step in oxygen partial pressure and the
resulting time dependent conductivity is given in Fig. 4a. For LC the step in
oxygen partial pressure was one order of magnitude while for LSC-02 and
LSC-05 the step was always 0.5 order of magnitude, log Po," — log Poy' =
-(log Po,' — log Poy™)=0.5.

Normally, the calculation of kepem and Depem is based on the whole
relaxation, that is from one equilibrium state to another. However, given
that the relaxation behaviour is both determined by surface exchange and
bulk diffusion, it is reasonable to assume that the initial part of the
relaxation is dominated by surface exchange (Kchem) While the remaining
part is dominated by bulk diffusion (Dchem). Based on these arguments the
kenem coefficient was calculated on different fractions of the total relaxation,
e.g. 30 %, 50 % and 70 % of the total conductivity change. For the present
system it was found that kgen calculations based on 50% of the total
relaxation, gave the best fit between model (Eq. (17)) and experimental
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data. D¢hem Were calculated based on the total relaxation, and gave a close fit
between model and experimental data.

" Py I T
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a) b)
Fig. 4. a) Schematic representation of the time variation of the electrical
conductivity, with both an oxidation and a reduction drawn. b) Schematic
representation of how the different D¢pery and keper are related to the actual
partial pressure of oxygen. For both figures log Po,"-logPo,' = 0.5

The variation in Dgpen and kepen may be described as a function of oxygen
partial pressure. The question is, however, which partial pressure should be
assigned to which coefficient. The choice is described in Fig. 4b: Oxygen
diffusion coefficients normally depend on the population of oxygen
vacancies and accordingly also depend on Pg,. In that respect, we have
chosen the logarithmic mean of the Po,’s, as the representative oxygen
partial pressure for the D¢pem in question (Cf. Fig. 4b). For kehem the situation
is different; it is reasonable to assume that the surface will “see” the “new”
Po» shortly after a change in gas composition. Thus, the final Po; is taken as
the representative pressure for the kehem in question (again, cf. Fig. 4b).
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RESULTS AND DISCUSSION

Chemical transport- and exchange coefficients, Dcpem and Kenem

LaCo0Os

The chemical diffusion coefficient D¢pery and the chemical surface exchange
coefficient, kephem, for LC at temperatures between 950 and 1000 °C are
given in Fig. 5. The coefficients are based on one order of magnitude
change in Po;, that is, between 2.0 - 102 and 2.0 - 107 atm.

1,5 . . -4,0
Po, =210 atm
_2’0 ..... A ...................... A A 4.2
Po;=2:10° atm 4 ’ —
250 g A R
2 v D R .. 44 Ng
S _3’0 v IOg Dred é
= v logk,, 46 (a]
835 a 10gD, || B
E_=73 kJ/mol A logk,

4,0 ¢ m [#°
4,5 — -5,0
0,78 0,80 0,82
1000/T (/K™

Fig. 5. D¢hem and Kepem for LaCoOs; in the temperature range between 950
and 1000 °C. Oxygen partial pressures are between 2:107 and 2:10” atm,
i.e. one order of magnitude.

It can be seen that the plot of log Dcpem versus 1000/T is linear,
corresponding to an apparent activation energy of 73 £+ 35 kJ/mol. Whereas
Kehem 18 virtually temperature independent both for oxidation and reduction.
Apparently, the kenem associated with reduction is 0.5 orders of magnitude
lower compared to the exchange coefficient associated with oxidation.
However, due to small changes in conductivity, even with a one order of
magnitude change in Po,, the noise to signal ratio was high resulting in a
high experimental uncertainty. In conclusion, only a few data with a high
inaccuracy could be obtained, pointing out the inadequacy of conductivity
relaxation as a method for measuring transport- and exchange coefficients in
undoped lanthanum cobaltite (LC).
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La; «SryO3 (x=0.2 and 0.5)

The diffusion coefficient, Dcpem , and surface exchange coefficient, Kepem ,
resulting from both oxidation and reduction, are plotted versus Po, for LSC-
02 and LSC-05 at 1000 °C in Figs. 6 and 7, respectively.
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Fig. 6. D¢hem and kepem for LSC —02 at 1000 °C and between oxygen partial
pressures 2-10"" and 2:107 atm, each step half an order of magnitude. The
dotted lines are guide to the eye.
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Fig. 7. D¢hem and kepem for LSC —05 at 1000 °C and between oxygen partial
pressures 2-10"" and 2:107 atm, each step half an order of magnitude. The
dotted lines are guide to the eye.
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The transport- and exchange coefficients given in Figs. 6 and 7 are
calculated as previously described. Both keper, and Depern sShow a pronounced
Po, dependency. However, whereas Dgpem associated with reduction and
oxidation virtually coincide at high oxygen partial pressures, the values
separate at low Pp, with an apparent decrease in Dcherm Obtained from
reduction runs and a corresponding increase in oxidation values. In
principle, the obtained D¢pem values should be independent of whether an
oxidation or reduction process takes place. Furthermore, at moderate
concentrations of oxygen vacancies, the vacancy diffusion coefficient, Dy,
should be independent of the vacancies. Thus, with reference to Eq. (9), we
should expect the chemical diffusion coefficient to increase with decreasing
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Fig. 8. Dchem and kepem for LSC-02 at a) 1000 °C , b) 950 °C, ¢) 900 °C, d)
850 °C and between oxygen partial pressures 2-10" and 2-107 atm, after
described treatment.
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Po, since the Wy increase with decreasing Po, for both Sr substituted
cobaltites (Cf. Fig. 13 d) and 13 f)). From Fig. 6 and 7, apparently only the
Duem Obtained from oxidation behaves consistent and is thus taken as the
representative bulk diffusion coefficient. Since Dchem obtained from
reduction don not behave consistent, these values are discarded and Kchem for
reduction experiments are recalculated using the Dcherm from the oxidation
experiments, and the results are given in Figs. 8 and 9. It is reasoned that
this procedure should increase the credibility of the surface exchange
coefficients, Kcpem, Obtained from reduction experiments. However, this
procedure will inevitably give more reliable oxidation data than reduction
data.
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Fig. 9. Dchem and kehem for LSC —05 at a) 1000 °C , b) 950 °C, ¢) 900 °C, d)
850 °C and between oxygen partial pressures 2-10" and 2-107 atm, after
described treatment.

The question remains, why the Dchem Values from reduction seemingly show
an inconsistent behaviour, that is a declining value with decreasing Poy,.
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A possibility is that during reduction experiments, the surface supplied
oxygen from the sample is not transported effectively away. This will result
in a lower oxygen flux and a correspondingly low chemical diffusion
coefficient. However, the experiments are performed at high temperatures
and at quite high total gas flows (500 ml/min), thus gas diffusion as a rate
controlling step is highly unlikely.

Van der Haar [8] reported values for the oxygen transport parameters
originating only from reduction experiments, showing decreasing values for
Dchem With decreasing Poy in La;«SryCoO35 (x = 0.2, 0.5 and 0.7) in the
temperature interval 600 — 850 °C. The authors stated that a probable
explanation for this behaviour was ordering of oxygen vacancies. In the
present work oxygen transport properties at temperatures between 850 —
1000 °C have been investigated. The decreasing Dchem Values only appear in
the reduction runs and if ordering of vacancies takes place at low Po, this
should also affect the D¢pem resulting from oxidation relaxations. Thus, for
the experimental conditions in the present investigation we believe that
ordering of vacancies is not the reason for the observed declining Dchem
from reduction relaxations.

Finally, the discrepancy between oxidation and reduction experiments may
originate from the numerical procedure calculating values for Dgpen and
Kehem from the experiments. E.g. den Otter et al. [37] showed that reliable
results for D¢pem and kenem could be obtained when

kcheml‘
0.03 < —ems < 3() (23)

chem

, where 1; is the length in the x-, y- or z- direction. This requirement is
fulfilled for all values reported in Figs 8 and 9, supporting the validity of the
calculations. Still, based on the present investigation we cannot rule out the
“mathematical procedure” as a potential reason for the observed behaviour.
This would require a more thorough analysis of the equations describing
Dchem and Kepem. The diverging results with respect to oxidation and
reduction relaxations at low Po;,’s are still basically left unexplained.

While the remaining part of this paper will focus on oxygen diffusion
coefficients in the given material system, the surface exchange properties
will be more thoroughly discussed in a succeeding paper [13].
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Possible restrictions due to insufficient oxygen supply

In order to assess fundamental transport coefficients by conductivity
relaxation, it is of vital importance that the rate of oxygen supply from the
gas flow is well in excess of the amount actually consumed by the sample. If
not, the resulting transport coefficients will only be due to the rate of
oxygen supply in the gas flow rather than reflecting the transport properties
of the sample. Van der Haar et al. [8] and ten Elshof et al. [29] discarded
transport data obtained by oxidation relaxations claiming insufficient supply
of oxygen in their experiments.

Whether this is an issue in the present work will be discussed in the
following. The oxygen nonstoichiometry for all three compositions are
given in Fig 10. Data for LC are taken from [7,16], while for LSC-02 and
LSC-05 the nonstoichiometry are calculated using Eq. (2) with parameters
given in Tab. 1. In Fig 10 d) the nonstoichiometry at 1000 °C for all three
compounds are compared.
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Fig. 10. Oxygen nonstoichiometry in the compositions a) LC, b) LSC-02
and c) LSC-05 at various Po, and temperatures. In d) all three compositions
are plotted at 1000 °C. Data for LC are taken from [7,15], The others are
calculated using Eq. (2) and values given in Tab. (1).

The worst case will be considered. From Fig. 10 c) it is seen that for a given
change in Po, LSC-05 will exchange the largest amount of oxygen. Thus,
consider an oxidation relaxation at 1000°C corresponding to a 0.5 order of
magnitude change in oxygen partial pressure from 2-10” to 6:107 atm,
given in Fig. 11a.
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Fig. 11. Plot of a conductivity relaxation in LSC-05 at 1000 °C,
corresponding to a step in oxygen partial pressure of 2:10~ - 6:10 atm.
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With reference to the oxidation relaxation given in Fig 11, the oxygen
content in LSC-05 will increase with an amount of oxygen corresponding to
the change in oxygen stoichiometry from 8=0.316 to 6=0.296, calculated
from Eq. (2) and visualised in Fig. 10 ¢) and d). Since a linear relation is
present, according to Eq. (22), a change in 10 % in conductivity correspond
to 10 % change in the total mass of oxygen in the sample. Accordingly, the

total amount of oxygen corresponding to a 10% change in conductivity can
be calculated, and is given in Eq. (24)

mols of O, needed = %mols of O needed = % -total # of cells @

0.3-0.3-2.3 (cnt®)
2-(3.91755-10%) (cnr’) - 6.022-10% mol”

_(0.3158-0.3138) = 5.76-10™° mol O,

(24)

The cell parameter for LSC-05 is 3.91755 A in a cubic primitive unit cell
[31], and the calculation is for a sample with dimensions 3x3x23 mm’.

According to Fig 11, the time needed for a 10 % change is around 20 s,
equivalent to an oxygen flux of approx. 2.88 - 10”7 mol O,/s. The oxygen
supply as a function of gas flow and oxygen partial pressure in this
particular apparatus is given in Fig 12.
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Fig. 12. Available oxygen supply from the apparatus used in the
experiments. Values in mol/s as a function of oxygen partial pressure. The

line of required flux is calculated from oxygen non-stoichiometric data and
sample dimensions.
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From Fig 12, the oxygen flow directed to the sample at Po,= 6:10~ atm and
a total gas flow of 500 ml/min will correspond to 3:10°° mol O,/ s. That is,
the total supply of oxygen in the first 20 seconds will be approximately 10
times higher than the consumed amount of oxygen, i.e. the sample will
consume about 10 % of the total oxygen flow. Thus, mass flow limitations
should not be present in any of the experiments.

Derived transport coefficients for bulk diffusion; Do and Dy.

By introducing the thermodynamic factors, Wo and Wy, one can derive the
oxygen component diffusion coefficient, Do, and vacancy diffusion
coefficient, Dy, from the relations established in Eq. (6) and (9).

The thermodynamic factors for oxygen ions, Wo, and oxygen vacancies,
Wy, are calculated for all compositions based on the oxygen
nonstoichiometry data from Fig. 10 and given in Fig 13.
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Fig. 13. Thermodynamic factors vs. Po, for oxygen (Wo) and vacancies
(W,) for LC: a) Wo , b) W, ; LSC-02: ¢) Wo , d) W, ; LSC-05: ) Wo , 1)
W, . In Figs ¢g), h) and 1) the Thermodynamic factors Wo and W, are
plotted versus inverse temperature for LC, LSC-02 and LSC-05
respectively.

The influence of temperature and Po; on D¢pem, Do and Dy.

LaCo0Os

In Fig 5, where D¢hem and Kepem for LC were given, the activation energy for
chemical diffusion is calculated to 73 = 35 kJ/mol as an average between the
oxidation and reduction values. The uncertainty is rather large due to a
narrow temperature range in the measurements. Taking into consideration
that the thermodynamic factor for vacancies in LC is equal to unity at all
temperatures and partial pressures (see Fig 13b), one can conclude that
Dchem €quals Dy, via Eq.(9). Utilising a tracer diffusion technique on single
crystal LaCoQO3, Ishigaki et al. [10] reported the activation energy for
vacancy diffusion to be 77 £+ 25 kJ/mol, quite close to own values.

It may be deduced from Fig 13 g) that the thermodynamic factor for oxygen
in LC gives a contribution to the chemical diffusion coefficient Depem of —
206 + 15 kJ/mol. This means that the activation energy for the component
diffusion coefficient, Do, in LC is equal to 279 + 35 kJ/mol according to Eq
(12). Ishigaki et al. [10] reported the activation energy for the tracer
diffusion coefficient for oxygen vacancies Do* in LaCoOs_5 to be 315 + 21
kJ/mol, which is only slightly higher than those obtained in this study.

By using the approach from Eq. (13) one obtains the apparent enthalpy of
vacancy formation to be equal to 206 + 15 kJ/mol. The value from Ishigaki
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et al [10] is 215 kJ/mol, corresponding well with values obtained in this
study.

Ishigaki et al. [10] measured the oxygen diffusion in a single crystal
LaCoOs with SIMS, while the samples in this work was polycrystalline and
measured with electrical conductivity relaxation. The difference in
crystallinity may affect the activation energies. Kharton et al. [38] studied
the effect of preparation methods on oxygen transport in LaCoOj3_; finding
that the ionic conductivity was influenced by the grain size.

According to Eq. (13) the apparent enthalpy of vacancy formation in LC
calculated from contribution from the thermodynamic factor is equal to 206
kJ/mol. Based on the measurements of activation energies for Do and Dy in
Ishigaki et al [10], the AHy was calculated to 235 kJ/mol, again in good
agreement with the calculated value from this work, taking the uncertainties
into account.

LagsSr92C003
The average of the coefficients Do and Dy are plotted for LSC-02 against
1000/T in Fig 14 at different partial pressures of oxygen (a and b) and
against P, at different temperatures (c and d). In Fig 14 e) values for D¢hem
in LSC-02 are plotted versus 1000/T. Variation with Po; for D¢pen are given
in Fig 8
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Fig. 14. a) Dy versus 1000/T, b) Dy versus 1000/T c¢) Dy versus P, d) Dy
versus Pop, €) Denem versus 1000/T for LSC-02. Legend in the temperature
plots describes the oxygen partial pressure calculated from log Ppniq = (log
Pstart + 10g Peng)/ 2, where Py and Pepg 1s start and end partial pressure of
each relaxation experiment respectively. Dotted lines serve as guide to the
eye.

It is seen from Fig. 14 a) and b) that both Do and Dy show a linear
dependency with 1/T at temperatures below 1000 °C at all partial pressures,
while a linear dependency is fulfilled at all temperatures for the two highest
partial pressures. Only taking into account the linear regions, the activation
energies for Do are in the interval from 174 to 222 + 20 kJ/mol, with an
increasing activation energy with decreasing Po,. For the Dy the activation
energies are in the interval 85 — 153 + 20 kJ/mol, also increasing with
decreasing Poy,.

Van der Haar et al. [8] measured the activation energy for Depem in the
temperature interval 600-850 °C to be in the interval 108 —154 kJ/mol, with
increasing activation energy with decreasing Po,. By using the treatment
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given in Eq (12) it is possible to calculate the activation energy for Do based
on D¢hem given in [8]. In Fig 13 h) the thermodynamic factors for oxygen,
Wo, and oxygen vacancies, Wy, for LSC-02, are plotted against reciprocal
temperature. From this figure it is possible to extract a contribution to the
activation energy of — 43 £ 15 kJ/mol from Wo and 32 £ 4 kJ/mol from Wy.
According to Eq (12), the activation energies for Do from van der Haar et al.
[8] are in the interval 151-197 kJ/mol, in satisfactory agreement with values
reported in the present work, taking into consideration that the values are
obtained at different temperatures.

Lankhorst et al. [12] reported the activation energy for D¢pem, in LSC-02 to
be 135 kJ/mol and almost independent of Pq,. The latter value was obtained
with coulometric titration. This means, according to Eq (12), that the
activation energy for Do from this work is 178 kJ/mol, again in good
agreement with values obtained from this study.

Ishigaki et al [11] found the activation energy for Do* in LagoSrp 1Co05.5 to
be 270 + 38 kJ/mol measured with tracer diffusion measurements, at Po»
equal to 0.045 atm. Assuming a linear development in activation energies
with Sr content (x), Ishigaki’s values [10,11] may be extrapolated from x =
0 (310 kJ/mol) and x = 0.1 (270 kJ/mol) to x = 0.2. This gives an activation
energy of 230 kJ/mol at Pp,= 0.05 atm, again within the same range as
reported in this work.

However, Carter et al. [39] found an activation energy for the oxygen self-
diffusion coefficient Do~ in LSC-02 corresponding to 60 + 20 kJ/mol,
measured with a tracer technique at Pp,=0.75 atm. This value is
significantly lower than values reported in the present study. The reason for
the discrepancy is not known.

The activation energies for Dgpem reported by van der Haar et al. [8] and
Lankhorst et al. [12] can be used to calculate the activation energies for Dy
by means of Eq (12) (activation energy for Wy). Activation energies for Dy
ranging from 76-122 kJ/mol and 103 kJ/mol, respectively, were found. All
values agrees well with the values from this study.

Extrapolating the activation energies for Dy given by Ishigaki et al. [10,11]
(x=0 (77 £21 kJ/mol) and x=0.1 (79 £25 kJ/mol)) one obtains for x=0.2 an
activation energy equal to 81 + 25 kJ/mol at Pp,=0.05, which agrees well
with values from this work.

According to Eq (13) the difference in activation energies for Do and Dy
should in principle give an apparent enthalpy of vacancy formation. Based
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on values obtained in this work calculation give values in the range from 75
to 90 + 20 kJ/mol, increasing with Poy.

Ishigaki et al [10,11] gives values for the apparent enthalpy of vacancy
formation equal to 215 kJ/mol for LaCoO; and 184 kJ/mol for
LagoSrpCo0s. With an extrapolation one obtains for the LSC-02
composition 153 kJ/mol, which differs with approximately a factor of 2
from the values reported in this study.

Petrov et al. [17] have used thermogravimetric analysis to give values for
the apparent vacancy formation enthalpies for the compositions
Lag 9Srp1Co055 and Lag7Sry3Co0;5 at a constant oxygen partial pressure
and constant oxygen nonstoichiometries. From Fig 10b) it is seen that the
oxygen nonstoichiometry in LSC-02 varies from 6 = 0.02, at 850 °C and P,
=0.2atmto 6 =0.11, at 1000 °C and Pp,; = 0.002 atm, which corresponds to
the temperature and partial pressure “window” in which this work is
performed. For x=0.3 Petrov et al. [17] give values for AHy between 36 and
68 kJ/mol depending on Py, while x = 0.1 gives values for AHy ranging
between 54 and 95 kJ/mol. Extrapolating to composition x=0.2 give values
in a similar range as obtained in the present work.

In Fig 14 ¢) and d) the coefficients Do and Dy for LSC-02 are plotted versus
oxygen partial pressure. It can be seen that Do increases with decreasing
Py, consistent with Eq. (4) since the vacancy concentration increases with
decreasing Po,. However, some deviation is seen at low Poy’s at 1000°C.
The behaviour of Dy in terms of Pp, and temperature is given in Fig. 14 d).
For dilute solutions the diffusion coefficient of the vacancies, Dy, should
not depend on the concentration of vacancies (Kingery et al. [24] and
Kofstad [25]). That is, Dy should be virtually independent of Po, and for a
given compound a function of temperature only. From Fig. 14 d) it is seen
that the Poy (or vacancy concentration) independence is reasonably well
fulfilled at all temperatures at high Pp,’s. However, at high temperatures
and low Pp;’s a tendency of increasing Dy with decreasing Pos is seen. No
such behaviour has previously been reported in the literature. On the
contrary, a decreasing Dy has been reported for LagSro4CogsFeo205.5 at
oxygen partial pressures below 0.01 atm. [40]. The authors suggest that the
decrease is due to an association of the defects at high concentrations of
oxygen vacancies.

The reason for the observed increase in the Dy coefficient is unclear, but it
seems that Dy is virtually constant until a threshold value of oxygen
vacancies is reached. Beyond the threshold value Dy apparently starts to
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increase. This will be further discussed in the next section related to data
obtained for Lag sSry5C005.

Lag 5819 5Co03

The Do and Dy coefficients are plotted for LSC-05 against 1000/T in Fig 15
at different partial pressures of oxygen (a,b), and against Po, at different
temperatures in (c,d), respectively. In Fig 15 e) values for D¢pern in LSC-05
are plotted versus 1000/T. Variation with Po; for Depem are given in Fig 9.

-5.2 -4.2
54l v oosomm e S tosoum
& 00035 am 4.4 <D> gjg;;:t:
568 - g
< < 46
58 o 4 o
§ % : ? L2438 % . g. -
00-6.0 ‘- g > D> g - . o
862 IR oy 8o g o
o 2 D
v 5.2 g
6.4 5 .
_66 L L L L L _5. L \ \ \ \
078 0.80 082 0.84 0.86 0.88 0.90 078 0.80 082 084 086 088 0.90
1000/T (/K™") 1000/T (/K™")
a) b)
5.2 42
° ® 1000°C [] ® 1000°C
-5.4 O 950°C 441 ) O 950°C
v 900°C ' v 900°C
- F 850 °C —_ [} 850 °C
~ 56 ¢ v 46 N
Nm O Nw a
58F £
§ ° ¢ g 48 .
6.0 . =1 Q o
=3 D50
S 62} Y v S ¥ ,
v s F ® e, ¥
-6.4 3 -5.2 g
-6.6 L L L L -54 L L L L
30 25 20 -15 10 -05 30 25 20 -15 10 -05
log Py, (/atm) log P, (fatm)

C) d)



85

-3.2

0.1120 atm

0.0350 atm ||
0.0112 atm
0.0035 atm ||

34 +v

44080

-36 |

-3.8

40}

-4.2 ¢

log D, (lcm’s™)

44t

4.6 : : ‘ ‘ ‘
078 0.80 0.82 084 0.86 0.88 0.90

1000/T (/K™")
e)

Fig. 15. a) D versus 1000/T, b) Dy versus 1000/T, c) Dy versus Poy, d) Dy
versus Poy, €) Dehem versus 1000/T for LSC-05. Legend in the temperature
plots describes the oxygen partial pressure calculated from log Pniq = (log
Pstart T 10g Peng)/ 2, where Py, and Py is start and end partial pressure of
each relaxation experiment respectively. Dotted lines serve as guide to the
eye.

It can be seen from Fig. 15 a) and b) that a rather strict linear relationship
exists for both Dp and Dy in terms of 1/T at the two highest Po,’s. Deviation
from linearity is observed at high temperatures and low Pgy’s. Disregarding
the two lowest Ppy’s at 1000°C the activation energy for Do is between 90
and 102 + 22 kJ/mol, while the activation energy for Dy is between 75 and
88 £ 18 kJ/mol. The activation energy increases with decreasing P, as seen
for the LSC-02 composition. This is also observed by van der Haar et al.
[8], who reported an increase in the activation energies for Dgpem, in the
La;«SryCoOs5 system, with decreasing oxygen partial pressure, at
temperatures in the interval 600 — 800 °C, i.e. below the temperatures
employed in this work.

The values for activation energies for Dchem from van der Haar et al. [8] are
in the interval 106 — 136 kJ/mol. From Fig 13 1) it can be deduced that the
contribution to the activation energy from Wo in LSC-05 is equal to -13 + 5
kJ/mol, whilst for Wy it is equal to 8-12 + 5 kJ/mol. From Eq. (12) this
means that activation energies for Do from [8] are in the interval 119 — 149
kJ/mol, somewhat higher than values originating from the present study.

The difference in the activation energies for Do and Dy is equal to the
apparent energy of vacancy formation AHy in LSC-05, and is calculated to
be 15 £14 kJ/mol. Petrov et al. [17] reported an enthalpy of vacancy
formation for La4SrosCo00;5.5 to be in the interval between 10 and 20
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kJ/mol, at almost the same oxygen stoichiometries and Ppy’s as in the
present work. This is in excellent agreement to the results from this work.

The Do coefficients for LSC-05 given in Fig 15 c¢) show a linear increase
with decreasing Poy. This is consistent with Eq.(4), given that the oxygen
vacancy concentration increases with decreasing Po,. However, the vacancy
diffusion coefficients, Dy, given in Fig 15 d), are seen to increase steadily
with decreasing Po; at all oxygen partial pressures. A seemingly pronounced
dependency between Dy and the population of vacancies is apparent. This
will be discussed in more detail in a later section

Apparent activation energies and the effect of the dopant level of Sr.

The average activation energies and enthalpies for all compositions, LC,
LSC-02 and LSC-05, are given in Fig. 16.

s D
== D,

—— AH,

| |

1 1 1 1

0.0 0.2 0.4 0.6
xinlLa, Sr,CoO,

Fig. 16. Diagram showing the development in activation energies with
increasing degree of strontium substitution in La; SryCoOs_s for the oxygen
component diffusion coefficient, Do, the oxygen vacancy diffusion
coefficient, Dy and the apparent enthalpy of vacancy formation AHy.
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For the vacancy diffusion coefficient, the absolute values for the activation
energies are in the range 77 kJ/mol for LC, 85-154 kJ/mol for LSC-02 and
75-88 kJ/mol for LSC-05, that is, fairly independent of the level of Sr
substitution. This observation do suggest that the migration path as well as
path properties for vacancy jumps (oxygen jumps) are fairly independent of
Sr level in the given compositional interval. However, as previously pointed
out, observed activation energies at high temperatures and low pressures are
even higher than reported in Fig. 16 and could point towards a change in
migration mechanism/path.

The calculated values for the apparent enthalpies of vacancy formation
decreases with increasing Sr substitution: 206 kJ/mol for LC, 75-90 kJ/mol
for LSC-02 and 15 kJ/mol for LSC-05. The same behaviour with increasing
strontium substitution is also reported in the literature [11], and do suggest
that the strength of the oxygen bonds decrease with increasing Sr level, thus
facilitating the formation of vacancies.

Finally, the activation energies for Do are by far highest for the LC
composition (279 kJ/mol) and decreases when strontium is introduced.
(174-222 kJ/mol for LSC-02 and 90 - 102 kJ/mol for LSC-05). The
observed trend in activation energy with Sr content is consistent with Eq.
(4): Given a virtually constant activation energy for Dy the variation in
activation energy for Do should be given by the variation in the apparent
enthalpy for vacancy formation.

Do, Dv and the significance of oxygen vacancies.

In Fig 17 average logarithmic Do and Dy coefficients are plotted at 850 °C
for all three compositions and 950 °C for LSC-02 and LSC-05 against the
ratio between the oxygen vacancy concentration and the oxygen ion
concentration ( Eq. (3)).
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Fig. 17. a) Do versus 6/(3-3) b) Dy versus 6/(3-9).

The vacancy diffusion coefficient, Dy, show a tendency of being
independent of the vacancy concentration (plateau) at low populations of
oxygen vacancies (Fig. 17 b)), consistent with the behaviour of dilute
solutions as previously pointed out. However, as the population of oxygen
vacancies increase a rather pronounced increase in Dy is observed at both
850 °C and 950 °C. To the authors knowledge, an increasing Dy with
increasing vacancy concentration has not been reported in the literature.
Intuitively, one would expect the vacancy diffusion coefficient to decrease
with increasing population of vacancies, both due to interactions between
vacancies (associations) or tendency to order. The oxygen nonstoichiometry
in the samples where the observed increase takes place corresponds to & =
0.27- 0.30. This corresponds to every eleventh or tenth oxygen site being
vacant. At these high vacancy concentrations possible interactions between
vacancies may occur. To rule out possible error sources inherently
associated with conductivity relaxation methods, the transport coefficients
should also be assessed by other methods, e.g. thermogravimetry and
oxygen isotopic (**0) exchange.

From Fig. 17 a) it can be seen that Do exhibit an almost linear dependency
with the ratio between oxygen vacancies and oxygen ions. The observed
behaviour is consistent with Eq (3), giving a linear dependency between Dg
and the ratio between vacant and occupied oxygen sites, given a vacancy
independent Dy. However, as pointed out above, the non-constant behaviour
of Dy at high defect concentrations will also affect Do and give a more
pronounced dependency as observed in Fig. 17 a).

An analytical expression for the vacancy diffusion coefficient is given by
Kingery et al. [24]
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E

N W (25)

where A is the jumping distance, vy, 1s the frequency of lattice vibrations, E,
is the activation energy for the jump to occur and vy is a so called geometric
factor. An increasing Dy with vacancy concentration should in principle
correspond to a similar change in one or more of the quantities given in Eq.
(25): v includes the number of nearest-neighbor jump sites and the
probability that the atom will jump back into its original position [24]. For
vacancies an occupied site is a possible jump site, and accordingly y should
decrease with increasing vacancy concentration, ruling out 7y as the factor of
importance with respect to the increasing Dy. The minute increase in
jumping distance A with the oxygen vacancy concentration is far to small to
account for the several order of magnitude increase in Do and is accordingly
ruled out. The frequency of the lattice vibrations, v, will be about
10"/seconds for solids [24]. It is reasoned that the frequency might decrease
with increasing vacancy concentration, due to an average decrease in
bonding strength as oxygen is pulled out. If so, Dy should rather decrease
than increase with vacancy concentration. Thus, based on the arguments
given above we are left with the activation energy, E,, as the possible source
affecting the behaviour of Dy. Based on Eq. (25) it is apparent that the
diffusion coefficient is rather sensitive to the activation energy. E.g.
assuming an activation energy around 100 kJ/mol a decrease in E, of less
than 10% is consistent with an increase in Dy corresponding to a factor 2.
Using the activation energy argument E, should decrease with increasing
nonstoichiometry (decreasing Pp;), which is not evident from Fig. 14 and
15. However, taking into account the substantial uncertainty in the E,
values, we cannot rule out the variation in activation energy as being the
main reason for the increasing Dy with increasing nonstoichiometry.

The effect of microstructure on transport properties.

In Fig. 1 the microstructure for all compositions are given. It was concluded
that the microstructure was conserved during the experiments, i.e. grain
growth was not significant. The range of grain sizes among the different
samples are 4-9um for LC, 1-4 pm for LSC-02 and 2-5 pm for LSC-05,
respectively. Differences are due to variation in composition, and sintering
conditions.

In the present work there is an open question whether grain boundary
diffusion play any major role. Normally, one expects that the rate of
diffusion of an atom along a grain boundary, Dg, is higher compared to
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bulk diffusion, Do. However, in order to see the effect of grain boundaries,
experiments on samples with identical composition and a large variation in
microstructure would be necessary. Preferably, the variation in grain size
should be between one and two orders of magnitude. Moreover, the effect of
grain boundaries are far better characterized by other methods, e.g. isotopic
exchange combined with SIMS (secondary ion mass spectroscopy).

In conclusion, the variation in microstructures for all the samples are too
small to give any significant information, and, moreover, electrical
conductivity relaxation as a method is not capable of deconvoluting the
effect of grain boundaries in any straight forward way.

CONCLUSION

The activation energies for the component diffusion coefficient, Do, varies
from 279 kJ/mol for LC to 174-222 kJ/mol for LSC-02 and 90-105 kJ/mol
for LSC-05. The activation energies decrease with increasing Sr-content.
The activation energies for the vacancy diffusion coefficient, Dy, are
smaller than for Do corresponding to 77 kJ/mol for LC, 85 kJ/mol for LSC-
02 and 75 kJ/mol for LSC-05, in effect almost independent of the
Sr-content.

The apparent enthalpies of vacancy formation decreases with increasing Sr
content. The values are 206 kJ/mol for LC, 75 kJ/mol for LSC-02 and 15
kJ/mol for LSC-05, respectively.

The Dy coefficients show a somehow unexpected behaviour for some
compositions. For low vacancy concentrations in LC and LSC-02, Dy is
virtually constant. However, at some high vacancy concentration,
corresponding to every eleventh or tenth oxygen site being vacant, there is a
pronounced increase in Dy with increasing nonstoichiometry. The behaviour
might be related to an ever decreasing activation energy for vacancy
jumping with increasing nonstoichiometry. The component diffusion
coefficient, Do, shows a linear increase with increasing oxygen vacancy
concentration regardless of which composition is studied. At high vacancy
concentrations, an increase in the slope is observed, consistent with the
theoretical correlation between Dg and Dy,.
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APPENDIX

The chemical potential of oxygen in the gas phase is given by [41]

us: = ygfas +RTIn (PO2 )

Ho,

0,gas _ RT(i’ll +n, /T+I’l3 1n(T)+n4 ln[l—er]

(26)

where T is in Kelvin and P, is in atmospheres and

n;=-1.225

ny=-1.045-10° K

n3;=-3.500

ns=1.013

ns=2.242-10°K
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OXYGEN TRANSPORT IN La;,Sr,Co0O;; (x=0, 0.2
and 0.5) ASSESSED WITH ELECTRICAL
CONDUCTIVITY RELAXATION. Part II: The
mechanisms of oxygen surface exchange.

Geir Watterud®, Stein Julsrud® and K. Wiik ™,
"Department of Materials Science and Engineering
Norwegian University of Science and Technology

N-7491 Trondheim, Norway.
°Scanwafer AS, N-3907 Porsgrunn, Norway

ABSTRACT

Chemical surface exchange coefficients, kepem, were derived from electrical
conductivity relaxations. Utilising thermodynamic factors, surface exchange
coefficients, ko, were calculated for the compositions Lag gSrp,Co0Os.5 (LSC-
02) and LagsSrpsC00s3.5 (LSC-05) in the Pp, range 2-10" and 2-10° atm,
however, only at the lowest oxygen partial pressures for LaCoO; (LC) due
to experimental difficulties.

The activation energy for ko for the three compositions are 206 kJ/mol for
LC, 110-130 kJ/mol for LSC-02 and 95-120 kJ/mol for LSC-05, and they
are in good agreement with values reported in literature.

By relating the ko and the equilibrium oxygen exchange flux, je.’, different
reaction pathways are put forward, aiming at modeling the Pp, dependency
of the ko parameter by means of possible rate-determining steps for the
oxygen exchange. A total of four different reaction pathway schemes were
considered. The model which suggested a direct installation of an
(un)charged oxygen molecule in two vacancies as the rate-determining step
gave the best fit for the Po, dependency for ko against measured values for
oxidation in both LSC-02 and LSC-05. For the reduction the best model
suggested an association of oxygen species for LSC-02, while for LSC-05
no model could be fitted to experimental results. The Pp, dependency for kg
became less pronounced with increasing Po, and was dependent on
temperature and composition. This could indicate a change in the rate-
determining step or a change in the surface reaction pathway. However,
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further studies in this partial pressure and temperature interval is required to
verify the reaction mechanism in question.

By examining the values of ky in strontium substituted lanthanum coboltites
from this work and lanthanum ferrites from literature, a distinct trend of an
increasing ko with increasing oxygen vacancy concentration in the materials
has been observed. Thus, oxygen vacancies are believed to play a major role
in the surface exchange of oxygen.

Keywords:

La; «SrxCo0Os.5, Electrical conductivity relaxation, Elementary reactions,
Surface exchange coefficient
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INTRODUCTION

Lanthanum coboltites, pure and substituted with strontium, are characterised
by their ability to permit relatively high concentrations of oxygen vacancies
at elevated temperatures. This fact combined with the relative high mobility
of the wvacancies causes this material to exhibit high oxygen ion
conductivity. Together with the high electronic conductivity [1], which is
metallic-like at high temperatures, these materials are permeable for oxygen
gas. This makes them attractive candidates for oxygen separation
membranes [2], oxidation catalysts [3,4] and electrodes in solid oxide fuel
cells and oxygen sensors [5].

The oxygen transport in oxide based mixed conductors may be divided in
two inherently different processes comprising surface exchange processes
and solid-state oxygen ion diffusion in the bulk phase, respectively.

van der Haar et al. [6] have studied the oxygen diffusion and oxygen surface
exchange in La;SryCoOs5 (x=0.2, 0.5 and 0.7) in the temperature range
600-850 °C with electrical conductivity relaxation. They observed that both
Dchem and Kkepem increase with P, for all compositions. For the composition
with x=0.2 the activation energies for kchem at different oxygen partial
pressures were measured to be in the range 166-216 kJ/mol, whilst for x=0.5
in the range 97-147 kJ/mol.

van Doorn et al. [7] have studied the surface oxygen exchange in
Lag3Sr97C00s3.5 with dynamic SIMS measurements. They reported an
activation energy for the surface exchange parameter ko to be 28 £5 kJ/mol.
It was also observed a Pg, dependency for ki corresponding to ko

Po"#*%%2 This Py, dependency has been explained by a rate-determining
step involving an adsorbed oxygen specie and an oxygen vacancy, viz.

O,+V;—=0,+2h"+S, (D

The oxygen partial pressure dependency for kehem and/or ko is also reported
elsewhere for a number of different compositions: Fe doped SrTiO; [8],
LaGaO; doped with Sr and Mg [9], Warnhus et al. [10 b)] for the
compound LagSryFeOs and ten Elshof et al. [11] for LagoSro;FeO; and
LagSro4FeOs. The reported Pp, dependencies vary. Common for these
studies [8-11] is that the rate of surface exchange is discussed with respect
to possible reaction mechanisms.
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Bouwmeester et al. [12] have discussed the surface exchange kinetics for
different mixed conducting oxides, giving a theoretical approach to decide
to what extent the surface exchange processes control the rate of oxygen
permeation through the oxides in competition with the contribution from the
solid state diffusion. Utilising oxygen nonstoichiometry data from previous
studies [13] on oxygen permeation experiments for LaggSro,C00s;, they
found that the oxygen flux changed its Po, dependency with decreasing
sample thickness. This change was interpreted in terms of surface reactions
becoming rate controlling. The given approach [12] was used to distinguish
between surface exchange and bulk diffusion, respectively, being rate
limiting with respect to the oxygen transport. By introducing a so-called
characteristic thickness, L. (=Do/kg) the regimes for surface- and bulk
control could be defined. The same approach has partly been used in the
present study.

Maier [14,15] approached the surface exchange processes in a
phenomenological manner. The surface exchange coefficients were
categorised according to three different types of experiments: Chemical
experiments, tracer experiments and electrical conductivity experiments.
The effective surface rate constants from these may differ due to different
experimental conditions, but also due to the fact that they may be described
by different mechanisms. Correlation factors between the various exchange
coefficients are introduced verifying that the rate-determining step
determines the effective rate constants.

In this work we investigate the processes of oxygen surface exchange in the
system La;SryCoOs;5 (x=0, 0.2 and 0.5). Based on chemical surface
exchange coefficients, kehem, reported in Part I of this work[16], the surface
kinetics in terms of temperature, Po, and composition will be described.
Possible surface exchange mechanisms, both for oxidation and reduction,
will be put forward and discussed.

THEORY

Surface exchange

The total reaction describing the the surface exchange of oxygen between
ambient atmosphere and solid surface may be written viz. (Kroger-Vink
notation [17]):

0,(g)+2V," +4e =20, 2)
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Reaction (2) is a total reaction and may consist of a number of elementary
reactions, typically involving adsorption, dissociation/association of the
oxygen molecule, charge transfer(s), incorporation/excorporation of oxygen
ions in/out of the vacancies. Some examples of different elementary
reactions are given by Merkle and Maier [8] for Fe-doped SrTiO;, ten
Elshof et al. [11] and Wernhus et al. [10] for various compositions in the
system La; SrxFeOs, and Ishihara et al. [9] in LaGaO; based perovskite-
type oxides.

The oxidation and reduction reaction can be described as a flux of oxygen in
or out of the material surface. If a material is in equilibrium with the
ambient oxygen pressure at any given temperature, these fluxes are equal. A
small change in the ambient oxygen partial pressure (chemical potential)
will subsequently result in a net flow of oxygen in or out of the solid surface
[12].

o oM
]02 =Jox " Jrea = P—= (3)

ex RT

Where Ay, is the difference in chemical potential across the surface. In Eq.

(3) the oxygen flux is described in terms of molecular oxygen, O, and the
relationship between a flux of atomic and molecular oxygen is jo = 2-joa.
The parameter ., describes the surface exchange rate (flux) of molecular
oxygen at equilibrium, meaning that the amount of molecular oxygen
entering the sample (jox) equals the amount leaving (jreq), thus:

jox:jred:jeox (4)

If a small perturbation in the oxygen chemical potential is applied,
corresponding to an oxidation, the oxidation flux j,x will increase and the
reduction flux j..q will decrease, and vice versa for a reduction.

The expression given in Eq (3) can be derived from irreversible
thermodynamics [18]. According to Eq. (3) the driving force for the oxygen
flux is the difference in chemical potential for molecular oxygen. However,
it is possible to express the driving force in several different ways, either by
the difference in the chemical potential of atomic oxygen, or the difference
in the concentration of atomic oxygen. The latter gives

AC,=C C (%)

actual new eq
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, Where C,cqar 18 the true concentration of oxygen at the surface at any time
and Cpew ¢q 1S the equilibrium concentration of oxygen at the surface when
t=c0. From the definition of the chemical surface exchange coefficient, Kepem,
the oxygen flux is given by:

dc,
J o~ chem dx

=k

chem

AC, ©)

surface

Since 2joz =jo and Apo,= 2Apo the following relationship may be derived
based on Eq.(3):

Jo=2n, =2/% 0 =4 1 Bl
=4 ARIL;? AlriCO AlnGo
= 4j£xW0A InC, (7
= 4l AC,

o
Where Wy is the so called thermodynamic factor [16] defined as:
dinP,
W, = S ®)
2{ dInC,
From the definition of kehem (Eq. (6)) combined with Eq. (7) the following
relationship may be derived:

-0
4.]exWO — k (9)

A more descriptive illustration of surface exchange and associated variables
and coefficients is given in Fig. 1: Assume a solid sample with thickness L
at equilibrium with the ambient oxygen partial pressure. At this condition
ACo=0, and there is no net transport of oxygen through the surface (Fig 1a).
At a given time, t=0, a change in ambient oxygen partial pressure is applied.
The oxygen concentration at the surface will change corresponding to the
new oxygen partial pressure, but the oxygen concentration in the surface
will remain at the same value. Now, there is a driving force for transport,
and a net flux of oxygen will be established having its peak value at t=0.
With time the driving force for surface exchange will decrease, Fig. 1¢), and
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eventually a new equilibrium will be established and no net transport of
oxygen across the surface will take place, Fig. 1d).

In Eq. (9) a relationship between kehem and joeX 1s established. Often when
discussing surface exchange kinetics , another surface exchange coefficient,

ko, is introduced:

4w,
kchem - ]ex k W
C
o
Co t<0
o= (C-C))=0
= chemAct<0
c1
In surface
1
-L/2 0 +L/2
a)
C; | < Atsurface
C, In surface
C, —
t>0
j = chem(c ct)
= kchem Act >0
-L/2 0 +L/2
c)

(10)
t=0
\ jo=
At surface =k
In surface
1
-L/2 +L/2
b)
- At surface
~— In surface
t=inf.
jo=
-L/2 +L/2
d)

Fig. 1.The oxygen concentration across the surface and through the sample
is described as a function of position and at different times. a) Before a
change in the oxygen partial pressure, t<0. b) At the time the change is
applied, t=0. c) After a given time t. d) When the new equilibrium is

established, t=o0.
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ko is the surface exchange coefficient in the absence of oxygen chemical
potential gradients, and can be determined from '*0/'°O isotopic exchange
experiments [11]. The ko is sometimes referred to as a tracer surface
exchange coefficient k" [14]. Thus, the relation between the different surface
exchange coefficients may be summarised in Eq. (11)

o 1 1C,
. =—Coky=——k,,,
Jex o' 4w, che

y (11)

EXPERIMENTAL

The experimental parts such as material synthesis and measurements of the
oxygen transport parameters with electrical conductivity relaxation are
thoroughly described in part [ [16].

RESULTS AND DISCUSSION

kenem Vvalues derived from conductivity relaxation experiments for all
compositions are given in part I [16]. Included in part I is also a presentation
of oxygen stoichiometry data vs. composition, Po,, and temperature as well
as derived thermodynamic factors.

The variation of k, with temperature; apparent activation energies.

In Fig 2 the oxygen surface exchange coefficient ko are given for pure LC in
the temperature interval 950 —1000°C. The figure contains values only from
two different oxygen partial pressures, namely 2:102 and 2:10~ atm,
because at higher partial pressures no values for kepem could be obtained.

The activation energy for ky in LC can be calculated to be 206 £ 25 kJ/mol
with no difference between oxidation and reduction values. In part [ [16] the
activation energy for kehem Was calculated to ~0 kJ/mol. According to Eq.
(10) the contribution to the activation energies from ko and Wo must cancel
each other as seen in Eq. (12).

E

a.Kepem a.Wo

+E,; (12)
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Fig. 2. k, for LaCoOs in the temperature range between 950 and 1000 °C.

In part I [16] the relations between the apparent activation energies for the
different diffusion coefficients and the thermodynamic factors were derived.
The contribution to the activation energy from the thermodynamic factor
Wo in LC was found to be -206 kJ/mol, which is in very good agreement
with the measured activation energy for the surface exchange coefficient ky
in LC.

The surface exchange coefficients, log ko, derived from kchem values in Part I
[16], are plotted against inverse temperature in Fig 3 a,b) for LSC-02 and
c,d) for LSC-05, at different partial pressures of oxygen and for both
oxidation and reduction processes.

The activation energies are calculated in two different temperature intervals
(850-1000 °C) for LSC-02 and (850-950 °C) for LSC-05, because of the
observation of a plateau between 950 and 1000 °C in the LSC-05. This
plateau was only observed at the lowest oxygen partial pressure in the
reduction runs for LSC-02. Further work by Rudberg et al. [20] on the LSC-
05 composition confirms the same plateau for ko above 950 °C.
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Fig. 3. Average k, values with standard deviation versus 1000/T for a)
LSC-02 oxidation, b) LSC-02 reduction, ¢) LSC-05 oxidation and d) LSC-
05 reduction. Legend describes the oxygen partial pressure at the end of the
relaxation, and whether an oxidation or reduction has occurred. The dotted
lines serve as guide to the eye.

In Figs 3a) and b) the log ko values for LSC-02 from oxidation and
reduction are given versus reciprocal temperature. In both cases these values
follow a temperature dependency, which corresponds to the activation
energy for the surface exchange coefficient from reduction runs of (95-135)
+ 15 kJ/mol, and (105 — 145) + 15 kJ/mol for the oxidation runs. Values for
log ko for LSC-05 versus reciprocal temperature are given in Fig. 3 c) and
d), for oxidation and reduction respectivelly. At low temperatures a
pronounced temperature dependency at all isobars is evident corresponding
to apparent activation energies between 75 kJ/mol and 140 kJ/mol
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The activation energy for ko in LSC-02 is approx. 132 kJ/mol in air for an
oxidation process. This value is quite close to 127 = 8 kJ/mol, which is the
activation energy reported for the tracer surface exchange coefficient, K, by
De Souza and Kilner [21] for the composition LagsSry>Co0O;s measured at
1 atm O,. The same authors [21] reports the activation energy for the tracer
surface exchange coefficient, k*, for the composition Lag sSrpsC00s.5 to be
78 + 4 kJ/mol at 1 atm O, between 600 —800 °C, nearly half the value
observed at high Po,’s in the present work. This was measured with the
80/'°0 Isotope Exchange Depth Profile experimental technique, and in a
temperature interval between 600 and 800 °C [21] (In this work 850-1000
°C).

Van der Haar et al [6] reported the activation energy for kchem Obtained from
reduction experiments for the compound Laj sSry2Co0;_s measured between
600 and 800 °C with conductivity relaxation to be in the interval 166-216
kJ/mol, while for LasSrosCoOs; activation energies for reduction Kepem
were in the interval 97-147 kJ/mol measured between 750-850 °C. The
activation energies of kchem can be compared to the activation energies for ko
by using the approach of Eq.(12) and the fact that the thermodynamic factor
for oxygen ions contribute to the apparent activation energy with —43 kJ/mol
(for LSC-02) and -13 kJ/mol for LSC-05 [16]. This gives activation energies
for ko from van der Haar et al [6] in the interval 209-259 kJ/mol for LSC-02
and 110 - 160 kJ/mol for LSC-05. Values for LSC-02 is almost twice the
magnitude observed in this work. No apparent reason for the discrepancy
has been found. The values of LSC-05 are fairly close to values obtained in
this work.

In Fig 4 the activation energies for k, are plotted together with the apparent
enthalpy for vacancy formation. In the figure the error bars give a hint of the
variation of the ko for each composition, and the standard deviation in AHy
from [16]. Included in Fig 4 are literature values for k'~ from refs [7] and
[21] and values for k¢ from [6].

From Fig. 4 it is seen that there is a general trend of a decreasing activation
energy with increasing level of Sr. Since the concentration of vacancies will
increase with increasing Sr-level, the oxygen vacancies obviously play an
important role. This will be further discussed in a later section.



108

300
e Kk
250 t v AHyap ]
¢ k*[21]
~200f @ | 5 kol
. h o k7]
g | ~
150 : 1
< f i %
w’ 100 | L 1
50 + 1
E <
0

0.0 0.2 04 0.6 0.8
x in La1-Sr,Co0O,

Fig. 4. Activation energy, E,, for ko and the apparent enthalpy of vacancy
formation, AHy against level of Sr-substitution. Inserted in the figure is
also values for k* from [7,21] measured in air and temperatures 600[21]/700
[7] and 1000°C and ko from [6] measured between 600-850 and 1-10™ bar.
To distinguish between the errors in the different works, different width on
the end of the error bars are used.

The variation of ky with Pg;

In Fig 5 the ko parameter obtained from both oxidation and reduction
experiments are plotted versus Po, at all temperatures for LSC-02 and LSC-
05, respectively. These are the same values as given in Fig 3. For the case of
LC the Po, dependency for ky is not further investigated due to difficulties
with obtaining surface exchange data at more than two oxygen partial
pressures. This is due to the small changes in oxygen vacancy
concentrations and electrical conductivity at the given temperatures, which
results in a high uncertainty in the derived transport coefficients [1,13].
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Fig. 5. Values for ky obtained in reduction: a) LSC-02 and c¢) LSC-05 and
oxidation: b) LSC-02 and d) LSC-05. The lines wit variable slopes are
included to indicate the P, dependency. Lines serve as guides to the eye.

In Fig 5 the ko values deduced from oxidation and reduction experiments are
reported separately for LSC-02 and LSC-05, respectively. Included in Fig.
5 are also lines with slopes between 0.2 and 1, to give an indication of
possible Pp, dependencies. The ko values all increases with increasing Po, at
all temperatures and for both oxidation and reduction. However, a less
pronounced dependency is observed with increasing P, for both
compositions at all temperatures. This might reflect changes in reaction
mechanisms or the rate-determining step.
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Methods for deriving possible reaction mechanisms based on observed
Po: dependencies.

The various transport coefficients which describe the surface exchange of
oxygen ko, Kehems joex, and the relations between them were established in the
introduction. The flux of oxygen through a surface when either oxygen is
incorporated or released from a solid oxide can be described by the overall
reaction given in Eq. (1). The overall reaction may be divided into a number
of elementary reactions, and, given that all reactions are taking place in a
serial manner, one single elementary reaction may in principle control the
overall rate. That is, monitoring the variation in oxygen flux with Pop,
temperature and composition might reveal possible rate controlling
elementary reactions. This subject is treated extensively in a large number
of publications, e.g. Vogler [22].

Assuming j’« to be proportional to the actual oxygen flux (reaction rate) the
following relationship may be derived based on Eq. (11):

reaction rate < j°. = i Cyk, = i(;\f;f Jko (13)
,a

where a is the cubic cell parameter and Ny is the Avogadro constant (6.023 -
10> mol™). Others have reported a small Po, dependency for the unit cell
parameter, a [23], but for all practical purposes this is taken as constant.
However, the oxygen stoichiometry (3-8), vacancy concentration () and
concentration of electronic species (n or p) are all important properties of
significance to the surface exchange kinetics. The Po, dependencies for
these quantities are given in Tab. 1 for both LSC-02 and LSC-05 at all
temperatures. The estimates are based on data presented in Part I. It is
obvious from Fig. 5 that ko is strongly dependent on Pg,, and since the
dependency of (3-8) on Pg; (Cf. Tab. 1: 0.0030<n<0.0064) is
correspondingly weak, Eq. (13) may be simplified:

reaction rate o< j;, Xk, (14)

That is, the surface exchange flux is proportional with ko, and the variation
in ko with Pp, might give significant information with respect to possible
rate controlling elementary reactions. A similar approach has also been
utilised by Merkle and Maier [8].
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Table 1. Tabulated P, dependencies for the material parameters o, and (3-
8) ( Poy"). Values are calculated from oxygen nonstoichiometry data given
in part [ [16].

LSC-02 LSC-05

Temp. & (G-8) [T (3-8 [eT]-[eT’
Poy" Poy" Poy" Po2 Poy" Poy"
1000 °C -0.165 0.0048 -0.0825 -0.065 0.0064 -0.032
950 °C -0.188 0.0043 -0.094 -0.068 0.0061 -0.034
900 °C -0.217 0.0037 -0.108 -0.070 0.0058 -0.035
850 °C -0.255 0.0030 -0.128 -0.074 0.0054 -0.037

=

As outlined earlier, the surface exchange reaction in an oxidation step must
involve adsorption, charge transfer, dissociation, additional charge transfer
and an installation into a vacancy; all steps with respect to oxygen species.
For a reduction the same steps in the opposite direction must be applied.
From these steps a large number of possible reaction pathways can be put
forward. A general equation describing the surface exchange reaction for
both oxidation and reduction is given in Egs. (15)-(16).

rate < k, Ps,n" [VO ]C (15)
For the reduction this can be written as
rate <k ,n* [VO" ]y [Og ]Z (16)

kox and k..q denotes the overall rate constants for oxidation and reduction
respectively, while n is the electron concentration. The exponents a,b,c and
x,y,Zz in Eqs (15) and (16) are the reaction order for the given specie and
depends on the actual mechanism. All of the defect species in Eqs (15) and
(16) will have a Pp, dependency, and the Po, dependency of the modelled
rate determining step (RDS) will be the sum of all defect Po, dependencies.

In Tabs 2 - 3 a total of four different reactions mechanisms, A-D, are
suggested, both for oxidation and reduction. Each reaction mechanism
comprises a unique set of elementary reactions. Also included is a
simplified rate equation for all elementary reaction, as well as the estimated
Po, dependency for ko (j’ ) given that the overall rate is controlled by the
reaction in question.
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The first step in an oxidation run is the adsorption of an oxygen molecule.
This step can most probably be ruled out as the rate-determining step for the
surface exchange, since the number of gas-solid collisions at elevated
temperatures are quite high, and the subsequent number of adsorptions
should be sufficient. A situation where the adsorption of oxygen is the RDS
can occur when the supply of oxygen is very small, i.e. at low Po; or at high
temperatures where the amount of adsorbed oxygen will decrease with
increasing temperature.

Surface diffusion of the different oxygen species may also be a possible
elementary step, and hence a possible RDS (rate determining step).
However, the distance from an active adsorption point to the nearest
vacancy is probably so small that surface diffusion may be ruled out as an
elementary step, and are therefore not included in Tabs 2 and 3. Oxygen
species are treated as adsorbed and Merkle and Maier [8] have given a
summary of which oxygen species that have been observed at the surface
with the various experimental techniques. Both O, and O have been
observed frequently as adsorbed species on different kinds of surfaces,
while the O, specie has been observed even though there are fewer
analytical methods available [8], and thus more difficult to observe.

The differences in the mechanisms A-C given in Tab. 2, are whether a none-
, single- or doubly-charged oxygen molecule directly interacts (collide) with
two vacancies, followed by charge transfer reactions finally giving O” ionic
species installed in the lattice. The mechanism named D consists of a charge
transfer to yield an adsorbed O,”, followed by dissociation and another
charge-transfer before the adsorbed O is installed into a vacancy. This
mechanism was successfully applied to describe the oxygen surface
exchange in LagoSro FeOs; [10], with the dissociation/association reaction
given in Step 3 in Tabs 2 and 3, as the rate-determining reaction in the
surface exchange process for the given material. For the possible reaction
mechanisms for the reduction process given in Tab 3, the elementary
reactions are reversed in relation to those of the oxidation in Tab 2.

Rate controlling reaction for oxidation and reduction

In this section, we will combine the information given in Tabs. 2-3 with the
ko behaviour reported in Fig. 5. Similar Pp,-dependencies should point to
which elementary reactions are probable rate-controlling reactions, given
that the relevant elementary reactions are included in Tabs. 2-3. We will
discuss oxidation and reduction separately.
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Oxidation

With reference to Fig. 5b it is obvious that we should hardly expect one
unambiguous rate controlling reaction describing the surface kinetics at all
temperatures and oxygen partial pressures. Based on the elementary
reactions given in Tab. 2 the surface kinetics is reasonably well described by
reaction A3, that is a direct interaction between a surface adsorbed oxygen
specie and two oxygen vacancies, Viz.:

0, ., t2V5" =20, +S,, (17)
with the corresponding rate law:
kq o< rate =k, P, 5° (18)

where 0 represents the concentration of oxygen vacancies and kyx is an
Arrhenius rate constant.

In this case the rate (ko) should be proportional to Po," where n change from
0.49 to 0.67 as the temperature changes from 850 to 1000°C (Cf. Tab. 2).
Except from the highest oxygen partial pressure at 900 and 950°C there is a
fair fit between model and experimental data, supporting the assumption
that reaction (17) 1is a probable RDS for the oxidation of LagsSry>CoO; at
the conditions given. Now, assuming that reaction (17) also describes the
oxidation surface kinetics for Lag sSry sCoO3 (LSC-05) we should expect the
rate to be proportional to Po," where n should increase from 0.85 to 0.87 as
the temperature increase from 850 to 1000°C. This proportionality is
reasonably well fulfilled except at the highest oxygen partial pressure at 850
and 900°C. Hence, it is suggested that for the oxidation process the rate
controlling surface exchange reaction is best described by reaction (18) both
for 20 and 50% Sr-doped LaCoOs. This statement points out the important
role of vacancies with respect to surface kinetics.

Reduction

Based on the suggested reaction pathways given in Tab. 3, interpretation of
the reduction surface kinetics seems to be more complex. It should also be
recalled that the uncertainty in ko derived from reduction relaxations might
be higher than oxidation ky due to reasons discussed in Part I of this work
[16] where the procedure of obtaining data from the relaxation experiments
were discussed.
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For LaCoOs with 20% Sr (LSC-02) we suggest that reaction (D3) gives the
best description at low oxygen partial pressures (Fig. 5a):

20, = 022,_ad (19)

a

with the following rate equation:

3-5Y 1
ko oc rate = kred [T) ? (20)
With reference to Tab. 3 the “Pp,-exponent”, n, should decrease from 0.77
to 0.51 with increasing temperature from 850 to 1000 °C in fair accordance
with the experimental data reported in Fig. 5a). Wearnhus et al. [10] have
also suggested reaction (D3) to be rate controlling for Sr-doped LaFeO;
(LagoSry ;FeOs3). Furthermore, in particular at 850 and 900 °C and the
highest oxygen partial pressure, there is a less pronounced Po, dependency,
suggesting a possible shift in mechanism, however, data are too sparse to
suggest any probable reaction.

Now, increasing the Sr-content in LaCoOs to 50% (Fig. 5¢) we face an even
more challenging assignment in terms of suggesting a viable reaction
mechanism. Generally, the observed Po,-dependancy (Cf. Fig. 5¢) is more
pronounced than any of the reactions given in Tab. 3 , with exception of the
lowest temperature at the highest Po, where the proportionality approach
n=0.3 and thus pointing towards a desorption reaction being rate controlling,
viz.:

02,aa' = 02(g)+Sad (21)

with the corresponding rate equation:

3-5Y 1
— [T) X (22)
As seen in Figs 3¢) and d) ko in the LSC-05 composition showed very small
thermal activation above 950 °C, corresponding to activation energies
ranging from 5 kJ/mol to 15 kJ/mol. The increase in ko with Po; is also
significant in the whole temperature range (Figs 5¢) and d)).
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The change in activation energy might reflect a shift in the rate controlling
elementary reaction taking place at the surface. The high activation energies
observed at low temperatures are probably associated with rate controlling
reactions involving formation of oxygen vacancies and/or breaking of
chemical bonds, as seen in the previously discussed mechanisms. However,
the major shift to smaller apparent activation energy at higher temperatures
point in the direction of an adsorption type of mechanism becoming rate
controlling, e.g. corresponding to:

0,(g)+S, — OZ,ad (23)

Both a low activation energy as well as a pronounced Po, dependency
should result from a process controlled by reaction (23). If
adsorption/desorption is the rate-controlling mechanism in this case, a
measured Po; dependency of ~1 should be measured at these temperatures,
which is not far away from observations as can be seen in Figs 5¢) and d).

Finally, we should recall that conclusions drawn above are not absolute and
depends on a number of assumptions. First of all it should be emphasised
that firm conclusions with respect to possible rate controlling reactions
depends on reliable oxygen flux data. With reference to the ko values
reported in Fig. 5 there is a high uncertainty in rate data, probably inherently
asociated with the method of deriving fundamental kinetic data from
conductivity relaxation experiments. Secondly, the reaction pathways given
in Tabs. 2-3 may not give the complete picture with respect to all possible
elementary reactions. Still, other reaction pathways including other
elementary reactions may also be possible. At last, the tabulated reaction
mechanisms assumes that all elementary reactions take place in a serial
(consecutive) manner, with one single reaction typically being the RDS and
consequently controlling the total rate. It should be kept in mind that
reactions also may take place in parallell giving a total rate resulting from
two or more reactions. Such a situation is not easilly modelled by the simple
approach described above.

Surface exchange coefficient, ko, and the role of vacancies

In Fig 6 values for log ko obtained for LaCoO; with 20 (LSC-02) and 50%
Sr (LSC-05) are given in terms of reciprocal temperature at 0.20 atm
(oxidation). Included are also values for k'~ for LaCoOs at 0.045 atm [28],
LaFeOs; at 0.065 atm [29], LagoSro FeOs;s at 0.065 atm [30] and
Lay 75Sr925FeOs.5 at 0.065 atm [30].
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Fig. 6. Surface exchange coefficients ko and tracer surface exchange
coefficients k’, plotted against temperature and P, given; LaCoO; at 0.045
atm [28], LaFeOs; at 0.065 atm [29], LagoSroFeOs5 at 0.065 atm [30],
Lag75S1925Fe05.5 at 0.065 atm [30], LagsSro,Co0;5 at 0.20 (ox) atm and
Lay 5SrpsCo0s.5 at 0.20 (ox) atm from this work.

Due to a high inaccuracy in ko values obtained in this work for LaCoOs it
has been chosen to use ko values reported by Ishigaki et al. [28]. The
electronic conductivity for the cobaltites (La;<SrxCoO3) is typically 4-5
orders of magnitude higher compared with the ferrites (La;<SrxFeOs), a
difference which is not reflected in Fig. 6 and thus indicates that the surface
exchange rate is not controlled by the electronic conductivity.

However, there seems to be a trend in Fig. 6: The oxygen vacancy
concentration increases with increasing Sr-content, and the vacancy
concentration is also general higher in the coboltites than in ferrites. The
figure obviously shows that at a given temperature the surface exchange
coefficients, ko (or k*), increases with increasing population of oxygen
vacancies. Even though this is only a semi quantitative approach, Fig. 6
emphasise the importance of vacancies and also comply well with the
oxidation surface exchange kinetics derived in the present work.
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CONCLUSION

The oxygen surface exchange parameter kj, calculated from the
thermodynamic factors and kchem are reported for the partial pressure range
2:10% — 210" atm and in the temperature interval 850 (950 for x= 0) to
1000 °C for the compositions x = 0.2 and 0.5 (in La; «SrsCo0Os5), and only
the lowest oxygen partial pressures for LaCoOs. The activation energy for
ko in the three compositions are 206 kJ/mol for x=0, 110-130 kJ/mol for
x=0.2 and 95-120 kJ/mol for LSC-05, and they are in good agreement with
values reported in literature, for the compositions x=0.2 and 0.5. For the x =
0.5 composition the thermal activation of ko showed a plateau above 950 °C,
maybe owing to a gas adsorption/desorption mechanismtaking place at the
surface and corresponding to an activation energy of ~15 kJ/mol.

The Po, dependency for ko has been investigated with respect to possible
reaction mechanisms and the identification of possible rate determining
steps. A total of four different reaction pathway schemes were proposed and
their theoretical Po, dependencies calculated. The main differences between
these models are in which order the oxygen molecule is dissociated and
ionised.

The model which suggested a direct installation of an (un)charged oxygen
molecule in two vacancies as the rate-determining step gave the best fit for
the Po, dependency for ko against measured values, for both LSC-02 and
LSC-05 in oxidation experiments. In reduction experiments a rate-
determining step involving an association of two charged atomic oxygen is
suggested for LSC-02, while for LSC-05 no Po, dependency for ko against
measured values could be assigned to a specific rate determining step. The
Po> dependency became less pronounced with increasing Po, in both LSC-
02 and LSC-05, possibly indicating a change in the rate-determining step or
a change in the surface reaction pathway. However, further studies in this
partial pressure and temperature interval is required to identify this potential
change.

By examining the values of ko in strontium substituted lanthanum coboltites
from this work and lanthanum ferrites from literature, it can be seen that kg
increases with increasing oxygen vacancy concentration. Thus, oxygen
vacancies are believed to play a major role in the surface exchange of
oxygen.
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OXYGEN TRANSPORT IN PURE AND AI-DOPED
SrTiO; MEASURED WITH ELECTRICAL
CONDUCTIVITY RELAXATION. Part I: In O,/N,
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ABSTRACT

Oxygen transport in SrTiOs (ST), SrTiposAlp02O3 (STA-02) and
StTigosAlposOs (STA-05) have been investigated with electrical

conductivity relaxation in O,/N, mixtures in the temperature interval 850-
1000 °C.

Measurements of the electrical conductivity in both O,/N, and CO/CO,
mixtures were consistent with the defect chemistry derived for pure SrTiOs
while the two Al- substituted compositions showed an unexpected Po,
dependency in CO; rich atmospheres. This might be related to phase
transitions or segregation of Al on the grain boundaries. However, we were
not able to describe the conductivity behaviour in terms of defect chemistry
at these conditions, thus unabling the calculation of thermodynamic factors
and subsequent derivation of more fundamental transport coefficients.
Therefore this work is mainly concerned with the chemical transport
coefficients, Depem and Kehem.

Dehem for ST and STA-02 in O2/N2 mixtures, and Kenem for STA-02 and
STA-05 in O,/N; mixtures are reported. Values for the component diffusion
coefficient, Do, and the vacancy diffusion coefficient, Dy, are reported at
950 °C. The values for the diffusion coefficients and the corresponding
activation energies are in good agreement with literature data.
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Values for D¢hem are reported for ST and STA-02 and are along with their
corresponding activation energies (187 and 104-180 kJ/mol, respectively) in
good agreement with values from literature. Values for kchem in STA-02 and
STA-05 are reported, and show pronounced Po, dependencies. The
activation energy in STA-05 was in the interval 90-105 kJ/mol. The
activation energy for STA-02 could not be calculated due to experimental
uncertainty.

Keywords:
SrTiOs, Al doped, Electrical conductivity relaxation, Kehem, Dchem-
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INTRODUCTION

SrTiOs is a technologically important mixed-conducting electroceramic [1],
and also serve as an excellent model material for studying defect chemistry
and oxygen transport/exchange [2]. Strontium titanate based materials have
been proposed as candidate materials for use as sensors (oxygen),
photoelectrodes and varistors amongst others [3]. Due to its role as a model
material, an enormous amount of research has been performed on this
material and its related compounds [4].

SrTiOs adopts the cubic perovskite structure above 105 K [1]. Studying the
binary phase diagram of SrO and TiO; [5] it can be seen that the material
may have a limited amount of excess SrO and thus form a solid solution at
T<1580 °C. However, the range of solid solution with excess TiO, is very
narrow. Maier et al. reported no secondary phases in a sample with nominal
composition SrTijgsOs [6]. The excess TiO, was assumed to be
compensated by formation of vacancies on the Sr-site. SrTiO3; may also be
substituted at both A- and B-site to form solid solutions with specific
material properties. Common substituents are La and Ba on the A-site,
while Fe, Zr and Al may be substituted on the B-site [1]. In some cases the
substituted solid solutions will deviate from cubic symmetry.

The electronic conductivity in pure, acceptor and donor doped SrTiO; are
measured and described in detail by many authors [7-13]. From these works
a reliable and quantitative defect model has been established. The defect
model will be presented later in this work.

The ionic transport of oxygen in perovskites can in general be divided into
two different processes, the surface exchange of oxygen between the
material surface and the ambient atmosphere and the solid state bulk
diffusion, respectively. The transport coefficients associated with the two
processes, are the diffusion coefficient D, and the surface exchange
coefficient k. These parameters can be obtained by three
phenomenologically  different  methods;  stationary  conductivity
measurements, tracer experiments and chemical diffusion experiments
[14,15,16]. A more thorough discussion on the correlation between the
transport coefficients are given in Ref. [14].

Bulk diffusion

The solid state diffusion of oxygen measured with different techniques is
reported and discussed in a large number of publications, covering a wide



128

range of temperatures and oxygen partial pressures. Miiller and Hardtl [17]
studied the transient change in electrical conductivity with changing oxygen
partial pressure, and applied an ambipolar diffusion model to assess data for
the chemical diffusion coefficient. (This model is almost equal to a
conductivity relaxation model, see e.g. [18]) They reported Dgpem for
oxygen ions to be in the range 2:10” -2:10° cm’s™ at temperatures between
850 and 1000 °C and Pq;, corresponding to air and nearby.

Walters and Grace [19] reported data for the oxygen vacancy diffusion
coefficient Dy obtained in H,/H>O mixtures, using the conductivity
relaxation method. Paladino studied the chemical diffusion by a
thermogravimetrical method [20]. Later Schwarz and Anderson [21] used a
capacitance manometric method to calculate Dy in SrTiOs finding values in
agreement with Paladino[20].

Common for [19,20] is that the level of impurities is unknown and thus not
taken into consideration while discussing the values for the chemical
diffusion coefficient Dgpemn.

Claus et al. [2] have performed tracer experiments and reported diffusion
coefficients for oxygen transport for a specimen with known levels of
acceptor impurities originating from iron. The absolute values for the
chemical diffusion coefficients are in the same range as those obtained by
Miiller and Héardtl [17].

Noll et al. [22] have used an optical technique to measure the chemical
diffusion in the temperature range 177-727 °C (450 - 1000 K) finding
results which corresponds well with values obtained from chemical
polarization experiments [13], optical adsorption [23,24] and conductivity
experiments [25]. Schliiter et al. [26] adds chemical diffusion coefficients
obtained from permeation experiments to the results given in Refs.[13,22-
25], and shows that all these methods give similar results for the chemical
diffusion coefficients. In all the mentioned references, the SrTiO3; materials
examined have well defined levels of (acceptor) impurities originating from
iron.

The values for D¢per in StTiO; from refs [17, 19-23, 25, 26] are compiled
into Fig 1 and it can be seen that the scattering is considerable.
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Fig. 1. Values for D¢pen in StTi0; from references given in the legend of the
figure.

There are no literature data for the chemical diffusion coefficients of oxygen
in Al-substituted SrTiOs;. However, the oxygen ionic conductivity is
measured at 1000 °C for SrTip9Aly 03 at Po,’s ranging from 10" to 1 atm
[27]. The values for the oo, increased from 107 S/cm to ~3-107 S/cm at the
lowest oxygen partial pressure. By introducing the Nernst-Einstein equation
(e.g. Ref. [28]) one obtains an oxygen component diffusion coefficient of
~4-10” cm’s”, which is approximately similar to the component diffusion
coefficient given by Paladino [20] in pure SrTiOs;. However, Widero et al.
[27] reported a density of only 73% of the theoretical value, and adjustments
due to high porosity were not performed.

Song and Yoo [29-32] have examined the chemical diffusivity in BaTiOs_s
(pure and with acceptor doping) with electrical conductivity relaxation at
both sides of and in the mixed regime of the n and p-type conductivity.
Results and trends from this material will be discussed in relation to the
SrTiO; system from this work.

Surface exchange processes

For the surface exchange coefficients Maier [15,16] have given a theoretical
treatment of the coefficients originating from different experimental set-ups;
stationary conductivity, tracer diffusion and chemical diffusion experiments.
The theoretical treatment is given in terms of irreversible thermodynamics
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and relates the surface exchange coefficients originating from tracer
diffusion and chemical diffusion, respectively, with the thermodynamic
factor. This will be treated more thoroughly in the subsequent sections.

The surface exchange processes in SrTiOs are studied and understood to a
certain extent. Merkle and Maier [33] have performed a mechanistic
interpretation of the oxygen incorporation in Fe-doped SrTiOs;, and put
forward a probable reaction pathway for the transport of oxygen from
atmosphere to bulk. The models were compared to experimental values
obtained by using the same optical method as described by Bieger et al.
[24]. Plausible rate-determining steps (RDS) were suggested. Two
conclusions were made; the RDS in an oxidation process contains an O,"
molecular oxygen specie (n = 0, 1 or 2), and tan electron participates before
or in the RDS.

Leonhardt et al. [3] have examined the surface exchange reaction in Fe
doped SrTiOs; by performing relaxation experiments monitored with a
modified optical technique from [34], and tracer experiments analysed by
SIMS. They report an increasing surface exchange coefficient from tracer
experiments, k , with increasing content of iron impurities, as well as an
increasing surface exchange parameter from relaxation experiments, Kchem,
with increasing oxygen partial pressure. The effects of adding thin metal or
metal oxide films on the SrTiO; materials were also studied, showing
enhanced values for k', but no change in the activation energy.

Schliiter et al [26] have studied the chemical surface exchange coefficient
with permeation, and report values in accordance with values obtained by
other methods, e.g. Bieger et al [23]

There are no literature data for the surface exchange coefficient in Al-
substituted SrTiOs;. However, Yoo et al. [34] have studied the chemical
surface exchange coefficient (and diffusion) for BaTiOs substituted with 1.8
mol % Al, showing an increasing kchem With increasing Po, at high oxygen
partial pressures (O2/N, —mixtures). This is also observed in many previous
works in other material systems such as LagoSro;FeO; [36] and
Lag sSro5C0035 [18,37]. In CO/CO;z-mixtures the kepem seemingly increases
with increasing content of CO, a development also reported in [36] at
conditions where Pco< Pcoo.

In a previous work [37,38], the oxygen diffusion and surface exchange
coefficients have been investigated in the system La; SryCoOs5 (x=0, 0.2
and 0.5). This material system exhibits metallic-like conductivity with high
concentrations of electrons and oxygen vacancies. The conductivity in
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SrTiO; is several orders of magnitude lower and also the concentration of
oxygen vacancies in SrTiOs is significantly lower. This work will focus on
the assessment of oxygen diffusion- and surface exchange coefficients in the
electron poor SrTiOsz-material, both nominally pure and substituted with 2
and 5 % aluminium. In Part II [39] oxygen transport coefficients will be
assessed in CO/CO,-mixtures.

THEORY

Defect Chemistry of SrTiO3

Many authors have studied the defect chemistry in SrTiOs [7-13] and from
these works a quantitative defect model for SrTiO; is established. The
defect model is based on a localised electron model. At very low oxygen
partial pressures, the reduction process will dominate and this can be
described by Eq. (1).

O;=%02+V5‘+2e' (1)

using the notation for defect species given by Kroger and Vink [40].

Eq. (1) gives rise to a n-type conductivity regime, since four electrons are
“liberated” for every oxygen molecule “leaving” the oxide. At very high
Poy’s the incorporation of oxygen (oxidation) will dominate, and the
material will show p-type conductivity, viz.:

%02 +V, =0, +2h 2)

If excess TiO, is present this will result in vacancies on the Sr-site, as
reported by Maier et al. [6], and additional oxygen vacancies. This can be
described by

SrTiOy

TiO, Tiy 4205+ Vo, +V5' (3)

With an incorporation of acceptor impurities such as Al,Os, the Al will enter
the Ti —sites in the structure, with subsequent formation of an oxygen
vacancy

ALO, ==2=241, +30, + V" (4)
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Assuming charge neutrality, charge balance gives:
2y |+ p=2[vs |+[ 4, ]+n (5)

where p=[h']Jand n=[¢’]. [Ari'] represent the net acceptor content, occurring
from both added material and contamination. Additionally, equilibrium
between electrons and holes is assumed to be established through:

nill=e +h* (6)

All defect parameters are now introduced in Eq. (1) to (4), and in
combination with charge neutrality, mass conservation and the relevant
equilibria it is possible to describe the variation in population of defect
species with e.g. Po,. This is given in Fig 2.

log [] (arb. unit)

n=2 [V, AT=2[V, ] p=[A] |

log P,
Fig 2. Schematic representation of equilibrium defect model for acceptor
doped SrTiOs. Figure is adapted and redrawn from Chan et al. [8] and Eror
and Balachandran [9].

A more detailed presentation of the defect chemistry is given in [7-13],
while a short derivation of the electrical conductivity behaviour is given
below.

The general formula for the total electrical conductivity is given by

O = D, CZeL, (7)
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C; is the concentration of the specie i, z; is the number of elementary
charges, e is the elementary charge and p; is the mobility of specie i. The
conductivity will in general be a function of the concentration of the
electrons and electron holes, since their mobility is much greater than the
ionic species. However, at the conductivity minimum (“interception”
between n and p, Fig. 1) the ionic contribution to the total conductivity can
often not be neglected. For the case of undoped BaTiO3, Song and Yoo [30]
reported the electronic transference number, t., to be around 0.5 at the
electronic conductivity minimum at 800 °C.

At low partial pressures, electrons and oxygen vacancies will be the major
defects. The charge balance for Eq. (1) can in this case be written as :

275 |=n (8)
By introducing this into the mass-action expression of Eq. (1) one obtains
poe PO ©)

Thus at the lowest oxygen partial pressures, the conductivity will
(theoretically) be proportional to Po,™®.

At medium oxygen partial pressures, the amount of oxygen vacancies will
be defined by the population of acceptor impurities, giving a constant [Vo™']
in this region. This means that the charge neutrality condition can be written
as

2 vy =2 v |+ 4 | =] 4] (10)
It is assumed that the concentration of vacancies on the Sr-site is much
lower than the concentration of oxygen vacancies. The constant oxygen
vacancy concentration in this region can be introduced into the mass action
laws for Eq.(1) and (2), giving
no P and po< Py (11)

This means that the conductivity will change its proportionality with Po;
from (—1/4 ) to (+1/4) with increasing oxygen partial pressure in this region.
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At even higher oxygen partial pressures, the amount of acceptor impurities
will define the population of electronic holes. Thus the charge neutrality
condition will in this case be

[4,]=» (12)

This means that the conductivity will be independent of Pp, at the highest
oxygen partial pressures. By using the charge neutrality condition one
obtains a Po, " dependency for the oxygen vacancy concentration in this
region.

Solid State Diffusion

As pointed out earlier, it is possible to define several different types of
diffusion coefficients, and all are related to each other. A thorough
discussion of the different diffusion coefficients is given in Ref. [14]. A
shorter review of the different diffusion coefficients have been given
elsewhere [37], thus only a brief presentation will be given here.

The component diffusion coefficient of oxygen Do, is related to the vacancy
diffusion coefficient, Dy, by means of their respective concentrations [41].

c,D,=C,D, (13)

The chemical diffusion coefficient, D¢nem, 1S related to the Do and Dy
parameters via the thermodynamic factors for ions and vacancies, viz. [42]:

_(10InF, Do—WD
chem — 2alnC0 o~ ""o~o (14)
10lnP,
=75 = |D, =W, D,
20InC,

where Wp and Wy are the thermodynamic factors for oxygen ions and
vacancies respectively.
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Surface exchange coefficients

The transport coefficients associated with surface exchange of oxygen have
previously been treated elsewhere [38], thus only the most important
equations will be presented here.

The oxidation and reduction reaction can be described as a flux of oxygen in
or out of the material. If a material is in equilibrium with the oxygen
pressure in the surroundings at any given temperature, these fluxes are
equal. If the oxygen activity in the ambient is changed by a small amount,
oxygen will flow in or out of the sample as described in Eq. (15) [43].

Al

. . . .0 O

=; —j =979 15
]02 -]ox -]red -]ex RT ( )
The parameter j’., describes the surface exchange rate (flux) of molecular
oxygen at equilibrium. Thus at equilibrium:

jox:jred:jfgc (16)

The expression given in Eq (15) can be derived by means of irreversible
thermodynamics [15,44].

Similarly, as for the chemical diffusion coefficient, a chemical surface
exchange coefficient, kchem, can be defined, relating the flux with a
concentration difference. Also, a surface exchange coefficient, ko, can be
defined, describing the surface exchange when there are no oxygen
chemical potential gradients present. These two are related to the
equilibrium flux j’, and the thermodynamic factor for oxygen ions and the
relation is given in Eq. (17) [38].

o 1 1C,

]GX:_Ck = cnem (17)
4797 4w,

EXPERIMENTAL

Polycrystalline samples with composition SrTiOs (ST), Srp9sAly2TiO3
(STA-02) and Srp95Alp0sT103 (STA-05) were prepared through a solid state
route. Stoichiometric amounts of SrCO; (BDH Laboratory Supplies,
>98.5%), TiO, (Merck, >99%) and y-Al,O3; (Merck, >99.5%) were mixed in
a boron carbide mortar and pressed to pellets. The pellets were fired at
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1400 °C for a total of 200 h divided into a total of 4 different cycles.
Between each firing the pellets were crushed and mixed in a boron carbide
mortar approx. 20 min. pr. grams of material and then pressed again. The
firing temperature was chosen in accordance with the reported phase
relations in the system SrO —TiO, [5], showing a eutectic melt at 1440°C on
the TiO, excess “side”. Subsequent to heat treatments all three compositions
were subjected to X-ray powder diffraction (XRD) (Cu K,, Phillips
PW1730/10) and showed single-phase composition for all samples. The
single phase powders were uniaxially pressed into slabs at 15 MPa followed
by isostatical pressing at 200 MPa and 25 °C. All compositions were
sintered at 1520 °C for 12 h.

Bulk densities for the sintered slabs were measured using the Archimedean
method, and all samples were sintered to densities higher than 95 % of the
crystallographic density for SrTiOs, which is 5.118 g/cm® [45]. For the 2
and 5% aluminium doped compositions, the crystallographic densities are
believed to be slightly lower than for the undoped one. Open porosities in
the materials were in the interval 0.5-1.1 %. In order to perform
conductivity relaxation experiments to measure the transport properties of
the bulk material, the bulk material needs to have closed porosity. During
the sintering pores starts closing when the total porosity is ~15 % and are
closed at a total porosity of around 5 % [46]. Thus, the materials in this
work have sufficient density. XRD analysis of the sintered samples showed
single-phase material. The samples were cut and polished to give slabs that
were of the size of about 7.5mm x 2.5 mm x 23 mm.

Oxygen surface exchange and diffusion were measured by the electrical
conductivity relaxation technique. This method and the theory behind have
been extensively described by many authors [18,29,36,37,47,48].
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RESULTS AND DISCUSSION

Measured electrical conductivity

The measured time independent (“equilibrium”) electrical conductivities for
ST, STA-02 and STA-05 are given in Figs 3a-c) respectively.
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Fig. 3. Measured electrical conductivities in materials a) ST, b) STA-02 c)
STA-05. Lines are regressions based on measured values.

The solid lines in Fig 3 are regressions based on measured values and also
give an indication on probable conductivity behaviour at intermediate Po;’s.

From Fig 3 it can be seen that there are three different regions at each
temperature for all compositions, in which the log conductivity is a linear
function with log Pg,, however with different proportionality factors. The
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reciprocals of these values, m (corresponding to Po," ™), are given in Tab. 1.
The conductivity also increases with temperature for all compositions,
consistent with a semiconductor.

Table 1. Reciprocal values for the measured Po, dependencies for the
electrical conductivity in all samples at the given temperatures.

Sample, Temp High Poa, Med. Poy, Low Poo,
p-type n-type n-type
G Potm G PoMm s Pom
ST, 1000 °C 6.3735 -4.4444 -10.6383
ST, 950 °C 5.6529 -4.4643 -7.5075
ST, 900 °C 6.4103 -5.6529 -7.0771
ST, 850 °C 7.4019 -4.8497 -5.8651
STA-02, 1000 °C 5.0659 -10.0604 -4.5579
STA-02, 950 °C 4.8450 -9.6154 -4.2753
STA-02, 900 °C 4.5641 -9.3721 -4.3159
STA-02, 850 °C 4.4643 -9.5057 -4.5455
STA-05, 1000 °C 5.7837 -6.9541 -4.6189
STA-05, 950 °C 7.3206 -6.5402 -4.5977
STA-05, 900 °C 8.2034 -7.8493 -4.5683
STA-05, 850 °C 7.1685 -11.8064 -5.2798

From Tab 1, and also in Fig 3, it can be seen that the measured Po;
dependencies for all three compositions 1is different from the
proportionalities derived in the introduction. Similar behaviour have been
reported by Eror and Balachandran [9], reporting “m-values” between
1/4.36 and 1/6.07 in the p-type region for SrTiOs; with < 1-% Al and
temperatures between 850 and 1050 °C. The variation in conductivity for
ST given in Fig 3a is similar to those obtained by Chan et al. [8] and Eror
and Balachandran [9]. For the other two compositions, no literature data are
available. However, Eror and Balachandran [9] reported the conductivity for
SrTiOs with 1 % Al to be larger than pure SrTiO; with a factor of about 3 in
the p-type regime. A reversed behaviour was observed in the n-type regime
showing the conductivity for pure SrTiOsz almost 3 times larger than the 1 %
Al doped. Thus, according to [9] the conductivity minima shift to lower
Po,’s with dopant level of Al

The electrical conductivity behaviour of SrTiO; with Pgo, (Fig. 3a)
corresponds to the theoretical derivations presented in the introduction. For
STA-02 and STA-05 this is not the case. It can be seen from Fig 3b and c,
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and from the dependencies in Tab 1 that at the highest Pp,’s and at the
lowest Po,’s, the dependencies are close to the expected values of +1/4 and
—1/4 respectively. In the middle region the Po, dependency is less
pronounced (~ -1/10), and deviates substantially from the expected (+1/4).
This behaviour can not be described by a defect model. The observed
behaviour might be due to the presence of impurities, or it could be related
with the Al-doping. If Al starts to precipitate to another phase below a
certain oxygen partial pressure, this will influence the total conductivity.
However, the measurements of electrical conductivity were reproducible
and with rather short equilibration times, so the reason for the unexpected
behaviour can not be due to any slow processes working in the background
such as cation diffusion or the formation of Schottky defects, as seen in
LaFeOs; [36]. If, for any reason, Al-precipitation takes place the
corresponding diffusion path must be extraordinary small, corresponding to
a spinodal type of phase separation.

In Fig 4a the measured electrical conductivites are plotted at 1000 and 850
°C in the p-type regime. It can be seen that the introduction of aluminium,
both for STA-02 and STA-05, give a decrease in conductivity with a factor
of around 1/3. In Fig 4b the measured electrical conductivities are plotted at
1000 °C with the partial pressures of oxygen corresponding to air
composition (in the typical p-type conductivity regime), and at Pco = 0.002
atm and 0.20 atm, corresponding to Po; = 107 and 10™'*? atm, respectively
(in the n-type conductivity regime). It is seen that the measured electrical
conductivity decreases with the introduction of Al, regardless of whether the
conductivity shows p-type or n-type. For the measurements in the n-type
region the observation of decreasing conductivity with the introduction of
Al is consistent with Eror and Balachandran [9], while the behaviour in the
p-type regime show a reversed trend compared with [9], that is, a decreasing
conductivity with Al-level.
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Fig. 4. a) Measured electrical conductivites for all three compositions in
0,/N, mixtures, with closed symbols denoting 1000 °C, while open symbols
denotes 850 °C. b) Measured electrical conductivites at 1000 °C and at
different partial pressures as a function of atomic % of Al in the sample.

The main purpose of the present work is to study oxygen surface exchange,
and oxygen bulk diffusion. From conductivity relaxation measurements it is
possible to obtain so called chemical values, D¢pemn and kepe. However, a
complete discussion also involves an evaluation of derived coefficients such
as component/vacancy diffusion coefficients and tracer diffusion exchange
coefficients. These variables may be deduced if the thermodynamic factors
(Wo and Wy) or oxygen nonstoichiometry data are available, which they
only are for pure SrTiOs at 950°C [49]. For the remaining compositions and
temperatures Wo and Wy are not available. Thus, our discussion will
basically be confined to the chemical transport coefficients, Depem and Kehem.

On the limitations and restrictions associated with transport coefficient
calculations

The conductivity relaxation experiments for ST, STA-02 and STA-05 gave
not easily interpretable data for Dgpem and Kepem. The challenge was
generally associated with transport coefficients not converging in the
numerical fitting procedure between experimental results and the model for
oxygen transport. The phenomena of non-converging transport coefficients
are illustrated in Fig 5.
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From Fig 6a it can be seen that the Dgem parameter increases with
decreasing Po, following a dependency of ~Po, *'**% in the near-air
oxygen partial pressures for all examined temperatures. The absolute value
of De¢pem fits well with values from Tragut and Hardtl [25]. The latter work
does, however, not provide any values for the oxygen partial pressures
under which the measurements were performed.

From Fig 6b it can be seen that the temperature dependency for Dchem 18
almost the same regardless of the mean oxygen partial pressure. This gives
an activation energy for Depem Of 187 £ 17 kJ/mol. This value is in good
agreement with data reported by Miiller and Hérdtl [17] who obtained an
activation energy of ~190 kJ/mol for D¢pen in the same temperature interval.
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Schwarz et al. [49] measured the oxygen nonstoichiometry in SrTiOs to
follow a o Pox"'7 dependency at 954 °C. From these oxygen
nonstoichiometry values thermodynamic factors for oxygen ions, Wo, and
vacancies, Wy, can be calculated, and thus enable the calculation of the
component diffusion coefficient Do and vacancy diffusion coefficient Dy
for SrTiO; at 950 °C according to Eq. (14) (Wo ~ 10° and Wy ~3). The
values for Do and Dy in SrTiOs are given in Fig 6c. Both the oxygen
component diffusion coefficient and vacancy diffusion coefficient from this
plot agree with those obtained by Schwarz and Anderson [21]. It has been
shown earlier [37] that the thermodynamic factors for ions and vacancies,
Wo and Wy, have a temperature dependence, and thus contribute to an
apparent activation energy. Hence, the activation energy for the component
and vacancy diffusion coefficients, Do and Dy respectively, will not be
equal to the one for chemical diffusion. However, since oxygen
nonstoichiometry data are available at only one temperature, the activation
energies for Dp and Dy cannot be obtained.

The diffusion coefficient Dgpen, obtained from experiments in O,/N;
mixtures for STA-02 is given in Fig 7a versus Po, and in Fig 7b versus
temperature.
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Fig. 7. Average values of D¢pem for StrTig9sAlg 0203 plotted versus a) Po, and
b) Temperature. The standard deviation for Dgpen in each plot is between
0.10 and 0.20 (logio scale), shown as an example error bar in the figures.
Lines are guide to the eye.

In Fig 7a) it can be seen that the Po, dependency for the Deper for STA-02 is
stronger than compared with ST. It can also be seen that the Po, dependency
is less pronounced with increasing temperature. By assuming a constant Dy
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at a given temperature, this can be discussed in terms of the thermodynamic
factor for vacancies Wy and its variation with Pp,. The Po, dependency of
Wy becomes less pronounced with increasing temperature and thus
increased concentration of oxygen vacancies, thus the Po, dependency for
Wy will give the Pp, dependency for Dehem.

In Fig 7b) the D¢pem for STA-02 is plotted versus temperature. It can be seen
that the activation energy for D¢hem increases with Pg,, varying from 104 +
22 kJ/mol to 180 = 20 kJ/mol at the highest Pp,. The same behaviour for the
activation energy has also been observed for Laj ¢Sty ;FeO; by Wernhus et
al. [36], with an increasing activation energy with increasing Po,. In both
materials this is consistent with the introduction of more oxygen vacancies
when decreasing the Po; or introducing an aliovalent cation, and a decrease
in the activation energy is expected. In comparison to the ST-composition
the activation energy for D¢ in STA-02 is lower than in the ST, and the
same was observed in LaFeOs/ Lag ¢Sty 1FeOs; by Weernhus [36].

In Fig 8 Dchem values for ST and STA-02 are given at 1000 °C along with
data for undoped [29] and 1.8 % Al-doped [32] BaTiO; and CaTiOs [51].
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Fig. 8. Comparison plot of D¢y at 1000 °C in ST and STA-02, compared
with values of un-doped [29] and 1.8 % doped [32] BaTiO3; and CaTiO;
[51]. Lines in the plot serve as guides to the eye.

By comparing the absolute values for D¢pem for STA-02 and ST it can be
seen that the introduction of 2 % Al increases D¢nem With about half an order
of magnitude. For BaTiO3_5[29,32] the reverse trend is observed, decreasing
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Dchem While introducing Al. The reason for the decreasing behaviour has not
been discussed by the authors [29,32].

In Fig 8 it can be seen that D¢nem for the undoped alkaline earth titanates
increases with increasing atomic number: CaTiO3; < SrTiOs < BaTiOs. The
oxygen vacancy concentration is expected to decrease in the same order at
fixed temperatures and Po,’s. This is because the basicity increase with
atomic number [52] and thus stabilises the 4-valent Ti and the vacancy
concentration decreases. Thus, for a given change in partial pressure at a
given temperature the change in oxygen stoichiometry, Ad, should decrease
with increasing basisity, while the corresponding thermodynamic factor for
vacancies should increase since it is inversely proportional with the vacancy
concentration as seen in Eq. (19)

10InF,

W =—— 19
" 20InC, (19

Thus, assuming the Dy to be almost the same for the three compositions, the
Dchem should increase with increasing atomic number Ca < Sr < Ba in
accordance with Eq (19).

Even though the materials in Fig 8 show high values for D¢pem, the flux
through these materials in an oxygen partial pressure gradient will not be
very high. This is due to the inherent small variation in oxygen
nonstoichiometry with Po, for these materials. Thus, the concentration
gradient will be small, as will the flux according to Fick’s law of diffusion.

Surface exchange of oxygen

In Fig 9, average chemical surface exchange coefficients from oxidation and
reduction experiments are plotted for STA-02 versus oxygen partial pressure
at 1000 °C. At temperatures below 1000 °C, the determination of Kchem
resulted in a mixture of converging and non-converging parameters in the
iterations in the numerical procedure. The converging parameters were also
highly scattered, hence, no exchange data below 1000 °C are reported.
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Fig. 9. Values for kehem in STA-02 plotted versus oxygen partial pressure at
1000 °C

The kepem from reduction is proportional with P020'24i0'05 , while from
oxidation the proportionality is Pp,"'***%. These proportionalities are
smaller than those reported by Merkle and Maier [33], who reported Kchem o<

Poo’* for SrTiO; with ~3 %o Fe for both oxidation and reduction runs.
These measurements were also performed at temperatures between 650 and
730 °C, giving quite different conditions compared with this work.

In Fig 10, the chemical surface exchange coefficients from oxidation and
reduction experiments are plotted for STA-05 versus oxygen partial pressure
and inverse temperature, respectively.

In Fig 10a and 10b values for kepem versus Po, originating from reduction
and oxidation are plotted. The Po, dependency for kchem follows a Kenemes
Po," for both oxidation and reduction. For the reduction n is between 0.09
and 0.13, while for the oxidation n ranges between 0.14 and 0.23. In both
cases n increases with temperature. The dependency was slightly higher in
STA-02, thus adding Al seemingly gives a smaller P, dependency.

In Fig 10c and 10d values for kehem versus temperature originating from
reduction and oxidation are plotted. The apparent, average activation
energies for Kepem from the reduction are between 80 and 100 kJ/mol, and
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for oxidation between 90 and 114 kJ/mol. Schliiter et al. [26] measured the
activation energy for Kepem to 60 = 20 kJ/mol for 0.22 % Fe doped SrTiO; at
temperatures below ~840 °C.
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Fig. 10. Values for kpem in STA-05 plotted versus oxygen partial pressure
in a) from reduction, b) from oxidation, and versus temperature in c¢) from
reduction and d) from oxidation.

Values for kehem in ST could not be obtained, due to non-converging
coefficients.

Comparison between different material systems

In an earlier work [37,38] the transport properties of La;SrxCoO;5 (x= 0,
0.2 and 0.5) was investigated with electrical conductivity relaxation. This



149

system has metallic-type of electrical conductivity (~1000 S/cm) at elevated
temperatures, and also high concentrations of oxygen vacancies [53], except
for pure LaCoO; [54]. In SrTiOs, pure and Al substituted, the conductivity
is ~0.01 S/cm, ie. a difference of 5 orders of magnitude at elevated
temperatures, and a concentration of oxygen vacancies which is much lower
than for the lanthanum coboltite system.

For both of the non-substituted materials, LaCoO5; and SrTiOs, there were
problems with non-converging values for Kkgpem, while values for Dgpem
converged. For LaCoO;, values of kepem were only obtained at oxygen
partial pressures below 0.02 atm [37], while no data for kchem Were obtained
for SrTiOs.

This can be discussed in light of Eq. (18). From this work and others
[36,37,38], it has been established that Dyer increases with decreasing Po;,
while kchem increases with Po,. Thus the value L, given in Eq. (18) will
increase with increasing Py, since the Po, dependency is more pronounced
for Kchem than for Depern. This means that at high P, the value of L, will be
large and only D¢pem can be determined from experiment. Similarly at very
low Po,’s Lg is low and only kepem can be determined. Furthermore, there is
a medium Pq, range where both coefficients can be determined. The extent
of this range for L, where both parameters are obtainable, depends on the
material, as reported for LaCoO; [37] and SrTiOs materials, that is, due to
the ratio between Dgpem and Kepem.

For materials where aliovalent substitutions are introduced, values for Kepem
are reported for many compositions. Values for kehem in the materials Al-
doped SrTiO; (this work), Sr in LaFeO; [36], Sr in LaCoO;_5 [37,38] and Al
in BaTiOs [35] have been measured with electrical conductivity relaxation.
kenem for these materials at 1000 °C are given in Fig 1la. All materials
included in Fig 11a show p-type conductivity in the given oxygen partial
pressure interval.
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Fig. 11. a) Literature data for kchem at 1000 °C. STA-02 is taken from this
work. LSC-02 and LSC-05 correspond to the compositions Lag gSrg,C00;_5
and LagsSrgsCo0Os.5 [37,38]. Data for Lag¢SroFeO; is taken from [36]
while 1.8 % Al doped BaTiOs is taken from [35]. b) Calculated equilibrium
flux joex for Lao,gsro,2COO3_5 and Lao,58r0,5C003_3 [37] and Lao,gsro.lFeO3
[36]. Lines are guide to the eye.

From Fig 11a it can be seen that the kgpem only varies with about 1 order of
magnitude between the materials reported. The electrical conductivity of the
materials ranges from ~107 S/cm for BaTiO; [32,35] and SrTiO; (this
work), via 10" S/cm for the LagoSrg1FeOs [36] to 1000 S/cm for Sr in
LaCoOs;5 [37,38], that is, at least 5 orders of magnitude. Fig. 11a indicates
that materials with the highest electrical conductivity result in the lowest
Kehem values at 1000 °C (e.g. Sr-doped LaCoOs;). These materials also
exhibit the highest oxygen nonstoichiometry, & and the most pronounced
Po, dependency for kepem. The material with the lowest electrical
conductivity and the expected lowest oxygen nonstoichiometry is the
material with the highest values for kchem, and kehem for that material has the
least pronounced P, dependency. This can be seen in light of the previous
discussion; it seems that the kepem Will be relatively much higher than the
Dchem in materials with small oxygen vacancy concentrations. This
incomplete discussion also emphasize the need for the thermodynamic
factors, which would enable us to discuss more fundamental transport
coefficients such as D,, D, and k.

In an earlier work [38] a comparison of the values of the surface exchange
coefficient ko, in the materials La; «SryFeOs; and La;SryCoO; at (almost)
equal Pp; has been examined between 850-1000 °C. It was seen that ky
increased with increasing Sr content, and thus more oxygen vacancies, over
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the whole examined temperature interval. The ko was also higher in the
coboltites than in the ferrite system. In this work an analytical expression for
ko was put forward, proposing ko proportional with the oxygen vacancy
concentration.

ko and kechem are related via the thermodynamic factor for oxygen ions, W,
and given in Eq. (17)

k

crem = Wok (20)
From the observations in Fig 11a) and earlier work [38] it can be seen that
between the compared materials it is the La; SrxFeOs that has the highest
kenem and smallest kg and vice versa for La; . SryCoOs. Thus it seems that Wq
is the main contributor to the high kcpem values. Generally, the more stable a
compound is, the smaller the change in oxygen vacancy concentration (and
thus the same for the oxygen ion concentration) will be at a given step in
Po, and thus a higher Wg (Eq. (14)). Calculations of Wq for La; SrFeO;
[36,47] show that Wq is higher in the ferrites than in the La; SryCoOs
system [37]. This generalisation can also be applied to the even more stable
compounds BaTiO; and SrTiOs;, where high values of kepem are measured,
but due to the low oxygen vacancy concentration, low values of ky and thus
for joex are expected.

In Fig 11b) the equilibrium surface exchange flux %« (Eq. (17)) is
calculated for Lag gSro,C00;_5, Lag sSrosC005.5 [37] and Lag¢Srg 1 FeO; [36],
and it can be seen that the highest equilibrium exchange flux, j’e
corresponds to the materials with the highest oxygen nonstoichiometry.
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CONCLUSION

The equilibrium electrical conductivities were measured in O»/N, - and
CO/CO;- mixtures. For the SrTiO; composition the conductivity changed
corresponding to theoretical derivations. For SrTiOs; with 2 and 5 % Al a
simple defect model could explain the conductivity behaviour at low and
high Po,’s, while deviations were observed at medium Pg;’s. The deviation
may be due to phase separation involving precipitation of a Al-rich phase.

Dchem for ST and STA-02 and Kepe for STA-02 and STA-05 are reported.
Additionally, values for the component diffusion coefficient, Do, and the
vacancy diffusion coefficient, Dy, are reported at 950 °C, where oxygen
vacancy concentrations are provided from the literature. The values for the
diffusion coefficients and the corresponding activation energies are in good
agreement with literature. Values for kepem in STA-02 and STA-05 are
reported, and show pronounced Po, dependencies. The activation energy
could only be calculated for STA-05 , giving 90-105 kJ/mol, due to the large
scattering of Kepem in STA-02.

Literature studies of the chemical diffusion coefficients indicates that Dhem
increases with increasing atom-number in the series of CaTiOs, SrTiO; and
BaTiOs.

Literature studies also indicates that materials with low oxygen vacancy
concentrations exhibit larger values for kchem than those with high vacancy
concentrations. The equilibrium oxygen exchange coefficient, ko, increase
with increasing oxygen nonstoichiometry which suggests that the oxygen
vacancy concentration plays a major role in the surface exchange of oxygen.
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OXYGEN TRANSPORT IN PURE AND AI-DOPED
SrTiO; MEASURED WITH ELECTRICAL
CONDUCTIVITY RELAXATION. Part II: In
CO/CO, mixtures

Geir Watterud®, Stein Julsrud® and K. Wiik ™,
*Department of Materials Science and Engineering
Norwegian University of Science and Technology
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ABSTRACT

Chemical oxygen transport coefficients (Dchem and kenem) have been
measured for SrTi; xAlyO3 (ST: x=0, STA-02: x=0.02 and STA-05: x=0.05)
by means of electrical conductivity relaxation experiments. Measurements
have been done in CO/CO,-mixtures at temperatures between 850 and
1000°C.

Dchem are reported for ST and STA-02 while kepem are reported for ST, STA-
02 and STA-05. The D¢hem showed a Pgp-dependency, which can be
explained by the variation in the thermodynamic factors. The introduction of
Al in the sample increases the value of Dcpem, probably due to the
introduction of more oxygen vacancies. STA-02 showed a discrete step in
Dche%in CO-rich atmospheres. This may be due to a phase transition at Pp;
~107"" atm.

The kehem showed a maximum at Pco/Pcor = 1 for STA-02 and STA-05.
This behaviour corresponds well with a rate controlling reaction involving a
charged and adsorbed CO, molecule. The same maximum is also seen in
BaTiOs (literature) undoped and substituted with 1.8 % Al.

Both SrTiO; and BaTiO; (literature) show a decreasing Kcpem With
increasing substitution level of Al, probably due to a decreasing
thermodynamic factor.
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INTRODUCTION

In Part I of this work [1], a more general introduction to the electrical and
ionic (oxygen) transport properties, including solid state diffusion and
surface exchange, of SrTiO; was given. These properties make SrTiO; an
important mixed-conducting electroceramic for various applications [2], and
it also serve as an excellent model material for studying defect chemistry,
diffusion in perovskites and mixed conductors [3]. Strontium titanate based
materials have been discussed as a candidate material for use as a sensor,
photoelectrode or varistor amongst others [4].

In the literature there are only a few works that are related to SrTiOs in
mixtures of CO/CO,, most of these are mainly concerned with defect
modelling based on conductivity measurements, e.g. [5,6]. No data on
diffusion or surface exchange for SrTiO; in mixtures of CO/CO, have been
found in the literature. However, Walters and Grace [7] reported data for the
oxygen vacancy diffusion coefficient, Dy, obtained by conductivity
relaxation in Hy/H,O mixtures and temperatures between 900 and 1200°C,
that is, at even lower Pp;’s than obtained in CO/CO,-mixtures. None of the
works [5,6,7] reported any decomposition of materials used in the
experiments. Thus, the SrTiO; material is believed to be stable in the range
of temperature and P, used in the present work.

Song and Yoo [8-11] have examined the chemical diffusivity in pure and
Al-doped BaTiOs.; with electrical conductivity relaxation in mixtures of
CO/CO;. With the introduction of Al in the BaTiO; structure, they reported
a small increase in the electrical conductivity, as opposed to the results
presented in Part I of this work [1] where the conductivity was found to
decrease when Ti in SrTiO3 was substituted with Al. The values for Depem 1n
both pure and Al-doped BaTiO;; showed an increase with increasing Poy,
i.e. increasing Pcop.

There are no literature data for the surface exchange coefficient in Al-
substituted SrTiO;. Yoo et al. [12] have studied the chemical surface
exchange coefficient (and diffusion) for both pure BaTiO; and BaTiO;
substituted with 1.8 mol % Al. In the CO/CO; mixtures Kchem Seemingly
reaches its maximum value at Pco = Pcoy. This behaviour was also reported
by Warnhus et al. [13] in the system LaFeOs doped with Sr. By modelling
the oxygen incorporation assuming CO, as the main oxygen supplier, the
behaviour was rationalised by assuming a rate-determining step consisting
of the dissociation of a charged adsorbed CO, molecule.
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In a previous work [14,15], the oxygen diffusion and surface exchange
coefficients have been measured for Sr doped lanthanum coboltites. As
opposed to strontium titanate the lanthanum coboltites exhibit both a high
electronic conductivity (metallic) and a high population of oxygen
vacancies.

THEORY

The defect model for SrTiOs, was given in Part I of this work [1]. A more
thorough review of the solid state diffusion parameters and surface
exchange parameters and their relations are given elsewhere [1,14,15].

EXPERIMENTAL

Polycrystalline samples with composition SrTiOs; (ST), SrposAlp02Ti03
(STA-02) and Sr9sAlyosTiO3 (STA-05) were prepared by a solid state
route, details are given elsewhere [1].

Oxygen surface exchange and diffusion were measured by the electrical
conductivity relaxation technique, described in a previous work [14]. The
measurements were carried out in the temperature interval between 850-
1000 °C, where the samples have been held at experimental temperatures
for time periods of about four to six weeks, including the experiments
performed in O,/N, mixtures [1].

The oxygen partial pressures used in these experiments were controlled by
mixtures of CO diluted in CO, and CO,; diluted in CO, respectively. By
regulating the flow ratios between the two gases, the different oxygen
partial pressures were defined. The diluted gas component could be varied
in the range from 0.20 to 0.002 atm, corresponding to two different Po,
regimes. A schematic drawing of the Pp,-regimes is given in Fig 1, also
including a third regime corresponding to the mechanical O,/N,-mixtures
from Part I [1]. Switching a four-way valve initialised the conductivity
relaxation process, and the change in partial pressure of the diluted gas was
half an order of magnitude in every relaxation. The step in CO/CO,
corresponds to a step in oxygen partial pressure of around one order of
magnitude. A more detailed description of the experimental set-up is given
in Wernhus [13].
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Fig. 1. Schematic drawing of the “Po, window” for the conductivity
relaxation measurements.

RESULTS AND DISCUSSION

As pointed out in Part I of this work [1], we were not able to establish a
plausible defect chemistry model based on the electrical conductivity
measurements for Al substituted SrTiOs. In the absence of a defect model,
we were also unable to calculate the thermodynamic factors, Wo and Wy.
Although oxygen nonstoichiometry data for pure SrTiO; is given at 950 °C,
they are reported only at the high oxygen partial pressures. Thus, it is not
possible to calculate thermodynamic factors on the basis of
nonstoichiometry in the CO/CO, mixtures. For this reason, the following
discussion will only consider the chemical transport parameters, Dcherm and
Kehem, Tespectively.

In the calculations of the transport coefficients the same restrictions as
reported in Part I [1] is applied, with respect to which coefficients were
possible to calculate. Thus, in some experiments Dchen converged in the
numerical fitting procedure while in others kehem converged or both
converged. For the ST-composition data for Dgpe, Were obtained in the
temperature interval 850 —950 °C, while data for kcnem wWere obtained at
1000 °C only. For STA-02, values for both D¢pem and kepem Were obtained in
the whole temperature range 850 - 1000 °C, while for STA-05 only values
for kenem Were obtained in the interval between 900 and 1000 °C. Non
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reported coefficients at certain temperatures and gas compositions are due to
“non converging” values.

CO/CO; mixtures and bulk diffusion of oxygen, Dchem

In Fig. 2 Dchem for ST at all temperatures in CO/CO, gas mixtures are
plotted versus the oxygen partial pressure.
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£ -4.8 + /
L vy ST
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250} -
=) o 950°C
g / v 900°C
- 52 L v v 850°C

54 . s ‘ . .
20 -18 -16 -14 -12 -10 -8

log Py, (/atm)
Fig. 2 Dcpem for ST plotted versus Po; at all temperatures. Solid lines serve

as a guide to the eye.

Dchem apparently increases both with Pp, and temperature, corresponding to
an activation energy between 72 and 129 kJ/mol.

In Fig. 3 the chemical diffusion coefficient, D¢pem, for STA-02 at all
temperatures are given as a function of Pp, in the CO/CO, gas mixture
regimes.

It can be seen in Fig. 3a) that the D¢y varies, with a tendency to increase
with increasing Po,. However, the increase is seen in two different Poy
regimes, corresponding to a CO- and CO; rich atmosphere, respectively. It
can also be seen that the Dyern increase in a discrete manner when changing
from a CO,-rich atmosphere to a CO-rich atmosphere (low Pp;). This
sudden increase may correspond to a phase transition or phase separation at
Poy ~107"7 atm. Obviously, further experimental activities related to SrTiOs,
pure and doped, should also involve phase studies in the CO/CO,
atmospheres in order to identify whether phase transition/separation takes
place.
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Fig. 3. a) Chemical diffusion coefficient, D¢pem, for STA-02 measured in
CO/CO;, mixtures. Drawn lines serve as guides to the eye. b) Depem for STA-
02 at 900 °C in a Po, interval between 1 -107'® atm. Solid line corresponds
to Eq. (2).

A phase transition can affect both the vacancy diffusion coefficient, Dy; and
the thermodynamic factor for vacancies, Wy, and give an increase in D¢pem
according to Eq. (1) ([14]). In Eq.(1) the relations between Dgpen and the
component diffusion coefficient Do and the vacancy diffusion coefficient
Dy with their respective thermodynamic factors Wo and Wy are given.

10lnP,
D chem = - D() = WODO

EalnCo

__(1 dlnF, M

——% D, =W,D
281ch) v

We can not rule out that a change in W, actually takes place based on the
measured electrical conductivity for the STA-02 in Part I [1].

Song and Yoo [9,11] have studied the chemical diffusion in pure and 1.8
mol % Al doped BaTiOs. They reported a similar trend for D¢pen, as in this
work. The trend may be described as Dcem having its peak value at a
minimum in the electrical conductivity and declining at “both sides”. This
behaviour is described in Eq.(2), derived in [9,11].
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DO
D — chem tel ( 2)

chem 1 PO
cosh| —In—2
4 PO2

where Po,” is the oxygen partial pressure at the conductivity minimum,
Dehen’ is the corresponding chemical diffusion coefficient and ¢, is the
transport number for electrons. In Fig 3b) it can be seen that Eq. (2)
describes the behaviour for Dyer in a large Po, interval.

For STA-05 no values for Dg,m Were obtained since Dgpem Were non-
converging.

CO/CO; mixtures and surface exchange of oxygen, Kchem

The chemical surface exchange coefficients, kenem, are plotted against the
partial pressure ratio Pco/Pco, for ST at 1000 °C in Fig 4. All other
temperatures failed to give kenem since this coefficient did not converge. For
STA-02 Kenem data are given for temperatures between 850 and 1000°C in
Fig. 5, while Fig. 6 shows kenem data for STA-05 between 900 and 1000 °C.
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Fig. 4. kepem versus Pco/Pcoz at 1000 °C in ST. Dotted line is included as a
guide to the eye.
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Fig. 5. Chemical surface exchange, kchem, for STA-02 at a) 1000 °C, b) 950
°C, ¢) 900 °C and d) 850 °C. Solid lines according model proposed by
Warnhus et al. [13].
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Fig. 6. Kchem for STA-05 for a) 1000 °C, b) 950 °C and ¢) 900 °C .

For ST (Fig. 4) the values that originate from oxidation increases
moderately with increasing Pcoz in the given pressure range. This can be
explained by the fact that even though O, molecules are present in a mixture
of CO/CO,, the concentration is very low and most probably it is CO, that
acts as the major source of oxygen to be incorporated. The value of kcperm 1S
proportional to the partial pressure of CO,, analogous to the Po; dependency
seen in O,/N, mixtures. For the values originating from the reduction runs
the behaviour is significantly different, with a peak for kcpem at some
intermediate ratio between CO and CO,. However, in part I [1], no values
for kehem for ST could be obtained at any temperature in O,/N, mixtures
since the kehem did not converge in the numerical procedure, the same as for
the temperatures below 1000 °C in the mixture of CO/CO,. Thus, the
uncertainty in the values in Fig 4 can be quite high and the apparent peak at
the intermediate Pco/Pcos ratio could be an effect of this uncertainty.

For the kehem values reported for STA-02 and STA-05 in Figs. 5 and 6 there
is a trend of a maximum where the Pco/Pco; ratio is unity. To clarify this
behaviour lines are included as guides to the eye in Figs 5 and 6.

Thus, measurements of kchem for STA-02 and STA-05, and apparently for
the reduction values for ST, all display similar behaviour with the Pco/Pcos-
ratio. This behaviour for kehem 1S consistent with observations reported by
Warnhus et al. [13], investigating oxygen surface exchange for
Lag9Sro1FeOs in mixtures of CO/CO;. They found a similar behaviour of
transport across the surface in CO/CO, mixtures with a peak flux at Pco
around 0.5 atm (Pco/ Pcoz =1).
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Warnhus et al. [13] investigated the flux in terms of possible rate
determining steps and explained this maximum in the flux at Pco/Pcoz = 1
probably to be due to an elementary reaction which involved the
dissociation of a charged adsorbed CO, molecule at the surface. The similar
behaviour for kepem that were observed for the compositions in the present
investigation (STA-02 and STA-05) might imply the same rate-determining
step for these materials as in LagoSryFeOs. By relating Kepem to a set of
elementary reactions, Warnhus et al. [13] pointed out a possible rate-
determining step comprising the dissociation of COs,.

The overall incorporation of oxygen into vacancies in mixtures of CO/CO,
can be written as

CO,(9)+V; =0,+2h" +CO(g) 3)
with CO; as the supplier of oxygen to be incorporated.

The reaction pathway for incorporation of oxygen in mixtures of CO/CO; is
suggested by Waernhus et al. [13] and given in Tab 1.

Table 1. The reaction pathway of incorporation of oxygen in mixtures of
CO/CO; suggested by Wernhus et al. [13].

Name Elementary reaction
1 | Adsorption co,+S,=Co,,
2 | Charge transfer #1 co,,, =Co; ,+h
3 | Dissociation co, ,,+S.,=CO0,,+0,
4 | Charge transfer #2 O,=05+h
5 | Reaction with vacancy 05 +V; =05+S,,
6 | Desorption of CO co,=Co0+S,

For the reaction pathway scheme given in Tab 1, step no. 3, dissociation, is
suggested as the rate-determining step:

COZ_,ad + Sad = COad + O;d (4)

The rate of this reaction will show the same partial pressure dependency as
the flux of oxygen entering/leaving the sample [15]. Hence:
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1 1k
reaction rate < j,. = ZkOCO = Z% C, (5)
o

The comparison between kepem and oxidation/reduction fluxes involves the
thermodynamic factor, Wo, as introduced in Eq. (1). With the relations
between the thermodynamic factors and their respective concentrations,
CoWy=CyWq [14], this means that the relation between Wo, Co, Kenem and
jex0 in Eq. (5) can be written as

4;° 4;5°
kchem — JexWO — .]exWV (6)
C'O CV

If the Po, dependency of the oxygen vacancy concentration is sufficiently
low, or if it is cancelled out by the Po, dependency of the Wy, kepem and jex0
will apparently have the same Po, dependency. Thus, the comparison
between Kchem and the model of Warnhus et al. [13] originating from fluxes,
will be straightforward. However, since numerical values for the
thermodynamic factors are unavailable in this work, the comparisons are
restricted to the shapes of the curves.

The rate expression for Step 3 in Tab 1, can be written as [13]

P
rate o< —22 (7)
p
, Where p is the electron hole concentration.

The rate expression in Eq (7) can be found by assuming the remaining
elementary steps at equilibrium, which will “eliminate” the intermediates
involved in the elementary reactions [13].

Eq (7) only deals with the oxidation part of the model. However, when the
probable rate-determining step for the oxidation is identified, the
proportionality of the reduction part can be calculated by the equilibrium
condition saying that the oxidation and reduction fluxes are equal. This can
be done by assuming the same reaction pathway as for the oxidation only in
reversed order and with the same rate-determining step. From this the rate
for the reduction part will be proportional to

3

p| O

7]

rate o<

Feo ®)
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The rates given in Egs (7) and (8) is the origin of the curve shape of the
model proposed by Warnhus et al. [13], since Eq. (7) is rate-determining in
the high Pco regions and correspondingly for Eq. (8) in the high Pcop
regions.

In Figs 5 and 6 solid lines have been included to give guides to the eye and
elucidate the kchem dependency in terms of the ratio between CO and CO,.
The similarity in the behaviour for kepem against the Pco/Pcos ratio in STA-
02 and STA-05 and the oxidation/reduction fluxes in Sr-doped LaFeOs; is
obvious [13]. Thus Eq. (4) suggests a probable rate determining step also for
the system of Al substituted SrTiOs.

In Fig 7 average values for kchem are plotted for STA-02 and STA-05 at
1000 °C against the ratio CO/COs.

ST

: : 4 3 -2 41 0 1 2 3 4
-4 -2 0 2 4
log (Pco/Pcoy) log (P¢o/Pcoy)

a) b)

Fig. 7. a) Values for kepemy in CO/CO, mixtures for STA-02 and STA-05 at
all temperatures, b) Values for kpemn in CO/CO; mixtures for STA-02 and
STA-05 at 1000 °C with values for kepem for ST from this work and for
BaTiO3; and BaTiO; with 1.8 mol % Al added, taken from Yoo et al. [12].

In Fig 7a it can be seen that values originating from STA-02 in general are
higher than those from STA-05, i.e. increasing the Al content will decrease
the Kehem. The same is seen in Fig 7b) where values at 1000°C for Kepem for
pure and 1.8 mol % Al-doped BaTiOs from Yoo et al. [12] are included,
together with reduction kepem values for SrTiOs;. The values for kepem in
SrTiOs do not fall in the trend of lowering the kcpe, With the introduction of
Al in the sample. This is most probably due to the high uncertainty in the
measurements of Kehe in this sample
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Another aspect of Fig 7b) is that the BaTiO;-system shows similar
behaviour for kehem against the Pco/Pcon as seen in this work and, again, a
reasonable rate-determining step might be the dissociation (association) of a
CO; - specie as proposed by Wernhus et al. [13].

CONCLUSION

The Dehem in ST and STA-02 showed a dependency on the partial pressure
of oxygen, which is suggested to be due to the variation in the
thermodynamic factors for oxygen vacancies (and thus for ions) with Po,.
This behaviour is also reported previously. The introduction of Al in the
sample increases the value of Dgpen. For STA-02 a sharp increase in the
Dchem values in the CO-rich atmospheres were observed compared to the
CO, — rich. This can be due to a phase transition/spearation at Poy ~107"
atm.

The kepem values for STA-02 and STA-05 showed a maximum at a partial
pressure of CO corresponding to 0.50 atm at all temperatures. This
behaviour of the kepem’s correspond well to a surface exchange reaction of
oxygen with a rate determining step involving the dissociation of a charged
and adsorbed CO, molecule. The same rate-determining step is probably
present in BaTiOs; as observed in the literature. From the SrTiO; and
BaTiO; materials an observation of decreasing Kchem With the introduction of
Al is evident.
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APPENDIX 1

The mathematics of oxygen exchange and diffusion

The derivations presented in this appendix is rewritten from an unpublished
internal note written by Wernhus [1].

A response to stepwise change in oxygen activity

Consider a large plane sheet with sides A and thickness 2l; (Ix<<A) in
chemical and thermal equilibrium with the surrounding atmosphere. The
initial oxygen concentration in the sample is Cy. At a given time, t=0, the
oxygen activity (oxygen partial pressure), is changed to a new value which
corresponds to a new equilibrium oxygen concentration, C,. The change in
oxygen pressure causes a mass transport of oxygen into or out of the
sample, depending on whether the pressure is increased or decreased. At any
given time, t, and position, x (-lx < x < ly) the oxygen concentration in the
sample is given by C(x,t).

By solving Fick’s 2.1aw of diffusion, this concentration can be calculated

AC(x,1) 32C(x,1)
=D g Wb
ot chem 8x2

(A1)

, where Dchem 1S the chemical diffusion coefficient ( with unit cm’ s']).
Assuming linear interface kinetics, the boundary conditions are described by
the oxygen flux through the surface.

AC(x=2l 1)

JO - iDchem ox B kchem (

Clx=+l_,1)- coo) (A2)
, where kepem (cm s™') is the apparent surface exchange coefficient. The
subscript “chem” denotes that there is a chemical gradient that causes the
mass transport. The last boundary condition needed to solve Fick’s second
law is symmetry through the centre of the sample.

Using the following substitutions
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C(x,0)=Clx,0)— c, (A3)
AC=C_-C, (A.4)

the new equation and the new boundary conditions are given as:

aC" (x,1) _p 9°C" (x,1)

A5
ot chem - Ox? (A-5)

*
aC (x =+l 1)
+D =

chem ox

%
= =+ —
ko (C (x=%_-AC) (A.6)

Equation (A.5) is solved in the Laplace domain. The Laplace transform
L[f(t)]=f(s) of (A.5) gives

2c" (%,

%
sC (x,s)=D
chem axZ

(A.7)

The Laplace transform of the boundary conditions given in Equation (A.6)
are

oC (x== ,5)
D = {
chem ox chem

C(x= 4 ,5) —E} (A.8)

The general solution of Equation (A.7) is

C(x,s)= A + B ¥ p= |2 (A.9)
chem

Inserting Equation (A.9) into Eq. (A.8) gives the values of A and B.

A—B= AC (A.10)

D h y)
cosh(Al )+ €M _sinh(Al )
Xk x
chem
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Backsubstitution of equation (A.10)into Eq.(A.9) leads to the solution in the
Laplace domain.

AC cosh(Ax)

%
C (x,8)= D g (A.11)
cosh(Al )+—Chem”inh( a1 )
x' ok x

chem

Solving for delta function gas exchange

Suppose the change in the oxygen activity in the ambient (Eq. (A.4)) is time
dependent and can be described by the Dirac delta function [2]. This
corresponds to a constant oxygen activity interrupted only by a peak of
infinite height and zero extension. The change in oxygen activity can be
described by Equation ((A.12)).

AC(H)=8()+C, (A.12)

The laplace transform of Eq (A.12) is
AC=6(1)=1 (A.13)

The solution in the time domain of Eq (A.11)is found by a method described
in Crank [3].

Suppose
R PAC) (A.14)
g(s)

where f(s) and g(s) is the numerator and the denominator of Eq (A.11)
respectivel*y. If g(s) = (s-aj)(s-az)...(s-ay)...where an is the solution of
g(an)=0, C (x,t) can be described as

f(a) y

. % (a )

C(xo,0)= 5 (A.15)

The equation g(s)=0 can not be solved but the solution must satisfy



k
r tanl =L =l Chem (A.16)

The relations between a,, A and T, is

I’ D, ir
a :ﬂzD — n,x chem ’ﬂ:_ n,x (A.17)

n chem 2
[ [

This gives

. o 2kI cos (FM,IL) _Fﬁ,.xlD;.hmt
C (x,t)zC(x,t)—CO:—él cos(r )(r2 +L2X+L ) : (A18)

Solving for gas exchange as a discontious step

Suppose the change in axygen activity can be described by the unit step
function also called the Heaviside function [3]

S =AC-u(t)+C, (A.19)
where u(t)= 0 when t<0 and u(t)=1 when t>0.

To solve for this gas exchange process, convolution can be used, since

*

Cunit step = C* ’ m (AZO)

where C is defined in Eq (A.11). This leads to

t

C :AC(C**f(t)):ACJ.C* (") f(t—1")dt' (A.21)

unit step
0

The solution will then be

C* . — d 2LX COS (rn,x N il ) 7Fi,xD20hemr
wing _ COND=Co _y_ P B

AC C.-C, = cos(T, )(To, +L+L,)
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The total change in the oxygen content can be found by integrating the
concentration with respect to x across the sample from —I to I, giving

2
2 Fn ,XD('hemt

M(’) N B
Z r (T, +L2+L)e (.29

Solving for gas exchange as an exponential step

Suppose the change in oxygen activity can be described by an exponential
function

[ = AC[I - e_é ]+ C, (A.24)

This approach has been done by den Otter et al. [4]. With use of the same
procedure as for a unit step, the concentration profile can be calculated with
convolution integral. In this case the convolution integral is given by

_at —t/T
[1 _H—a"e] (A.25)

at—1

t

J'e—at' (1 —e T )dt (- l

0 a

This gives the solution for the concentration profile

C;pstep _ C(x,1)-C, i - 2L, cos(l“” T ) .
N - 2 2 (t) ( . )
AC C.-G, = cos(T, )(To, +L+L,)
where B(t) equals
rfl,chh(m 7
- lf ri chhcm —tlT
e TT@
B(n)= A27
( ) F}Z’I chhem ( )
1 172

The total change in the oxygen content is then found by integrating Eq.
(A.26) with the sample dimension as limits.
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M(t) 3 2L,
m 2} N GRYETA B(1) (A.28)

Iy 1s defined in Eq. (A.16)

An experiment in three dimensions

The process of incorporating oxygen or releasing oxygen in a sample can be
given as

%02 (g)+V =05 +2h' (A.29)

with Kréger-Vink notation [5]. In this case the sample is a p-type conductor.
As long as the concentration of positive charge carriers (p) is higher than
that of negative charge carriers (n) the change in conductivity will be
proportional to the change in mass of oxygen. This can be described as [6]

o) =0, _ M(1) (A30)
o, —0, M '

o]

o0

Equation (A.30) relates electrical conductivity to the D¢hem and Kepem given
in equation (A.28).

The solution given in equation (A.28) is for one dimension. The solution in
three dimensions is given by [3]

C(x,y,z,t) =C(x,t)-C(y,1)-C(z,1) (A.31)

This leads to the solution in three dimensions

M@ _Mx,y,z,0)-M, _ H Z 2L B(t) (A.32)

M, M_—-M, ,x,mrz (T2, +L2 +L,)

The T'’s the and L’s are defined in equation (A.16), and B(t) is given in Eq.
(A.27). The subscript j means the dimension, instead of x, which gives the
solution in the one-dimensional case.
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APPENDIX 2

The chemical potential of oxygen

The chemical potential of oxygen in the gas phase is given by IUPAC [1]
and can be calculated with Eq. (A.33)

HE =y +RT (R, )

0 s (A.33)
Uo** =RT(m+ny /T +n, In(T)+n,In| 1-e’

where T is in Kelvin and Po, is in atmospheres and the coefficients n;-ns is
equal to

n;=-1.225

n=-1.045-10° K

n3;=-3.500

ns=1.013

ns=2.242-10° K
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