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Samenvatting

Gemengde geleidende oxiden kunnen worden toegepast als membranen voor de
scheiding van zuurstof uit lucht, als elektrode voor zowel zuurstofpompen als vaste stof
brandstofcellen. In deze toepassingen worden zuurstofmoleculen gesplitst op het
oppervlak van het materiaal. De zuurstofatomen nemen elk twee elektronen op voordat ze
worden ingebouwd in het kristalrooster. Transport van zuurstof door de bulk gebeurt via
een vacature hopping proces.
Het transport van zuurstof door een gemengd geleidend membraan wordt beperkt
door de diffusie van zuurstof door het membraan en de reactiesnelheden aan de
oppervlakten aan beide zijden van het membraan. Om de permeatiesnelheid van zuurstof
te verhogen, kan het membraan dunner gemaakt worden. Hierdoor wordt de
oppervlaktereactie belangrijker ten opzichte van de bulkdiffusie. Het is daarom wenselijk
om het begrip van het oppervlakteproces te vergroten. In dit proefschrift worden theorieën
en experimenten beschreven die daaraan bijdragen.
Hoofdstuk 1 van dit proefschrift is een inleiding tot het vakgebied van
zuurstofionengeleiders. In Hoofdstuk 2 wordt een theorie afgeleid die gebruikt kan
worden in de uitwerking van zuurstofisotopen uitwisselingsexperimenten. Bij deze
techniek wordt een ionogene geleider, die in chemisch evenwicht met de gasfase zuurstof
verkeert, in contact gebracht met zuurstof gas verrijkt met 18O bij een gelijke druk. Het
monster reageert hierop met de opname van zuurstof-18 en afgifte van zuurstof-16
isotopen. Formules worden afgeleid die gebruikt kunnen worden voor de interpretatie van
experimenten waarbij de concentraties van 16O2, 16O18O en 18O2 gemeten worden als
functie van de tijd. De belangrijkste parameters in de theorie zijn de reactiesnelheid
waarmee zuurstofmoleculen deelnemen aan het uitwisselingsproces aan het oppervlak van
het oxide, en twee stochastische parameters die de kansen weergeven voor beide atomen
van een molecuul om uit te wisselen met zuurstof van het oxide. Transport door de bulk
wordt snel verondersteld. Het wordt aangetoond dat elk reactiemechanisme voor
isotopenuitwisseling leidt tot een bijzonder geval van de algemene formules.
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Hoofdstuk 3 bevat resultaten van impedantiespectroscopie metingen en
isotopenuitwisseling in een studie van de elektronische geleiding en oppervlakteuitwisselingssnelheid van Zr1-x-yTbxYyO2-δ (x = 0.091-0.364 en y = 0.182) als functie van
de terbiumconcentratie. Zowel de elektronische geleiding als de snelheid van de
isotopenuitwisseling nemen sterk toe met de terbiumconcentratie. De metingen van
isotopenuitwisseling konden uitgewerkt worden met een twee-stappen model, waarbij
zowel de dissociatiereactie als het inbouwen van zuurstof in het rooster beschouwd
worden als snelheidsbeperkende stappen. Dit is een speciaal geval van de theorie van
Hoofdstuk 2.
Hoofdstuk 4 behandelt de analyse van experimentele data van geleidingsrelaxatie
~
metingen. Het wordt aangetoond dat de bepaling van de chemische diffusiecoëfficiënt D
en de oppervlakte overdrachtscoëfficiënt Ktr door gebruikmaking van deze techniek alleen
mogelijk is als nauwkeurige data van de geleiding gemeten kan worden, onmiddellijk na
de verandering van de zuurstof partiaalspanning van de omgeving van het monster. Het
spoelgedrag van de reactor kan grote invloed hebben op dit eerste deel van de meting.
Grote fouten in de transportparameters kunnen optreden bij het fitten van de data van
relaxatie experimenten aan de formules als dit effect niet onderkend wordt. Formules voor
de geleidingsrelaxatie worden afgeleid die een correctie bevatten voor het spoelgedrag van
de reactor. De regimes waarin oppervlaktelimitering en diffusielimitering optreden,
worden kwantitatief beschreven.
Als de relaxatieexperimenten zowel door bulkdiffusie als het oppervlakteproces
beïnvloed worden, hangt de analytische relaxatiekromme af van de oplossingen βn van de
transcendente

vergelijking β n tan β n = L ,

waarbij

L

afhankelijk

is

van

de

oppervlakteoverdrachtscoëfficiënt, de chemische diffusiecoëfficiënt en de dikte van het
monster. Hoofdstuk 5 bevat een numerieke methode waarmee de wortels βn met grote
precisie te berekend kunnen worden, hetgeen noodzakelijk is voor de bepaling van de
oppervlakte en bulk transport parameters uit geleidingsrelaxatie metingen. De methode is
snel, eenvoudig en betrouwbaar. Het wordt aangetoond dat grote fouten in de
transportparameters kunnen ontstaan als de wortels niet precies genoeg worden bepaald.
Hoofdstuk 6 bevat resultaten van geleidingsrelaxatiemetingen aan materialen uit de
reeks La1-xSrxCoO3-δ. De chemische diffusiecoëfficiënt en zuurstofoverdrachtscoëfficiënt
in deze fasen met de perovskietstructuur blijken nauw verbonden te zijn. In het algemeen
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nemen beide transportparameters geleidelijk af met afnemende pO 2 bij alle temperaturen
(600-900°C). Dit is een gevolg van ordening van vacatures als de pO 2 laag genoeg is. De
correlatie tussen beide parameters blijft bestaan bij zuurstofpartiaaldrukken die ordening
veroorzaken, hetgeen suggereert dat een belangrijkere rol is weggelegd voor de mobiele
zuurstof vacatures dan voor de zuurstofdeficiëntie zelf. De karakteristieke dikte Lc, die
gelijk is aan de verhouding van de chemische diffusiecoëfficiënt en de oppervlakte
overdrachtscoëfficiënt, hangt slechts marginaal af van de zuurstofpartiaalspanning en de
temperatuur. Gevonden werd dat Lc in de La1-xSrxCoO3-δ reeks varieert tussen 50 en
150 µm.

de

Zuurstofisotopenuitwisseling en geleidingsrelaxatiemetingen werden uitgevoerd om
chemische diffusiecoëfficiënt en de activiteit van het oppervlak van

La1-xSrxCo1-yFeyO3-δ, y = 0.2, 0.5, 0.8, te meten, zoals beschreven in Hoofdstuk 7. Evenals
in de La1-xSrxCoO3-δ, neemt de chemische diffusiecoëfficiënt en de oppervlakte
overdrachtscoëfficiënt af bij het verlagen van de zuurstofpartiaalspanning onder 10-2 bar.
De twee verschillende technieken, isotopen uitwisseling en geleidingsrelaxatie, leveren
waarden voor de oppervlakte reactiesnelheid op die nauw verbonden blijken te zijn met de
thermodynamische factor.
Hoofdstuk 8 bevat ideeën voor toekomstig onderzoek. Een nieuwe methode voor
zuurstofisotopenuitwisseling wordt besproken. Bovendien wordt gesuggereerd dat de
ordening van de zuurstofvacatures over lange afstanden kan worden bestudeerd met
Scanning Tunneling Microscopy (STM).

Summary

Mixed conducting oxygen ion conductors can be applied as membranes for the
separation of oxygen from air, as electrodes for both oxygen pumps and solid oxide fuel
cells. In these applications, oxygen molecules dissociate on the surface of the material.
The atomic oxygen species pick up two electrons each before they are incorporated in the
oxygen anion sublattice. Oxygen transport through the bulk usually occurs by a hopping
process.
The transport of oxygen through a mixed conducting membrane is impeded by the
bulk diffusion resistance and the rate of the surface reaction on either side of the
membrane. A way to enhance the permeation of oxygen is to decrease the membrane
thickness, which increases the relative importance of the surface reaction rate in the
overall oxygen transport. It is therefore desirable to improve the understanding of the
surface process. In the current thesis, theory and experiments are combined which might
add to the insight of surface processes.
The first chapter of this thesis presents an introduction into the field of oxygen ion
conductors. In Chapter 2, a theory is derived to aid in the evaluation of isotope exchange
data. In this technique, an oxygen ion conductor in chemical equilibrium with the oxygen
ambient is subjected to oxygen-18 enriched gas of the same pressure. The sample
responds by picking up oxygen-18 and releasing oxygen-16. Equations are presented
which can be used for the interpretation of experiments involving the measurement of
time dependent concentrations of 16O2, 16O18O and 18O2 in the gas phase, resulting from
exchange of oxygen with the oxide. Key parameters in the theory are the rate at which
oxygen molecules are subjected to the exchange process at the oxide surface, and two
stochastic parameters denoting the probabilities for both oxygen atoms of a molecule to
exchange with lattice oxygen. Transport of oxygen in the solid oxide is assumed to be
fast. It is shown that any particular mechanism for the exchange reaction leads to a
constrained version of the general equations.
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Chapter 3 presents data of impedance spectroscopy and isotope exchange applied in a
study of the electronic conductivity and surface exchange rate of Zr1− x − y Tb x Yy O 2 −δ
(x = 0.091-0.364 and y = 0.182) as a function of terbium concentration. Both electronic
conductivity and surface exchange rate increased markedly with terbium concentration.
The data of isotope exchange could be modelled using a two-step exchange mechanism, in
which both oxygen dissociation and subsequent incorporation in the oxygen lattice are
considered to be rate-determining steps. This is a special case of the theory of Chapter 2.
Chapter 4 deals with the analysis of experimental data from conductivity relaxation
experiments. It is shown that evaluation of the chemical diffusion and surface exchange
coefficients for oxygen by use of this technique is possible only if accurate data of the
conductivity transient can be measured at short times, i.e. immediately after the change in
the surrounding oxygen partial pressure. The flushing behaviour of the reactor volume
may however significantly influence the early stage of the relaxation process. Large errors
in the transport parameters are obtained from fitting the relaxation data to the theoretical
equations if this phenomenon is not properly recognised. Equations are presented which
describe the transient conductivity taking into account the finite flushtime of the reactor.
The regimes of surface- and diffusion controlled kinetics are discussed quantitatively.
In relaxation experiments where both bulk diffusion and surface processes are rate
controlling, the theoretical transient depends on the roots β n of the transcendental
equation β n tan β n = L , in which L contains the surface rate constant, the diffusion
constant and sample dimensions. A method is presented in Chapter 5 to numerically
evaluate the roots β n to high precision, which is necessary in the evaluation of the surface
and bulk transport parameters in curve fitting routines. The method presented is simple,
fast and accurate. It is demonstrated that large errors in these parameters can occur if the
roots are not evaluated to high precision.
Chapter 6 presents results of measurements on phases in the series La1-xSrxCoO3-δ
obtained by the conductivity relaxation technique. The chemical diffusivity and oxygen
surface transfer in these perovskite type compounds appear to be highly correlated. The
general trend displayed is that both parameters decrease smoothly with decreasing pO 2 at
all temperatures (600-900°C). This is attributed to ordering of induced vacancies at low
enough oxygen partial pressures. The observation that the correlation between both
parameters extends even in ordered regions suggests a key role of mobile oxygen
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vacancies, rather than the extent of oxygen nonstoichiometry, in determining the rate of
both processes. The characteristic thickness Lc, which equals the ratio of the chemical
diffusion coefficient over the surface transfer coefficient, shows only a weak dependence
on oxygen partial pressure and temperature. It is found to vary between 50 and 150 mm for
the La1-xSrxCoO3-δ series.
Isotope exchange and conductivity relaxation techniques were applied to measure the
oxygen diffusivity and surface reaction rate of La0.6Sr0.4Co1-yFeyO3-δ compounds for
y = 0.2, 0.5 and 0.8, as presented in Chapter 7. As for La0.6Sr0.4CoO3-δ phases, the
chemical diffusion coefficient and the surface transfer rate decrease with decreasing
oxygen partial pressure below 10-2 bar. The two different techniques, i.e. oxygen isotope
exchange and conductivity relaxation, yield values for the overall surface reaction rate,
which are found to be closely related to each other through the thermodynamic
enhancement factor.
Chapter 8 presents detailed ideas for future research. A new method to perform
oxygen isotope exchange is presented. Furthermore, it is suggested to study long range
ordering of the vacancies in the oxygen sublattice by means of Scanning Tunneling
Microscopy.
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1.1

Introduction

General introduction

The eighth element of the periodic table is oxygen. Oxygen atoms can form both
diatomic and triatomic molecules. Triatomic oxygen molecules are called ozone. In the
stratosphere, ozone plays a role in the shielding of the earth from harmful ultraviolet rays
originating from the sun. The diatomic form of oxygen is chemically the most stable and
is generally referred to as oxygen gas. This gas is both colourless and odourless. Although
toxic at high doses, it is essential to carbon-based life as known on earth. It is the most
abundant element on the planet; about 21 % of the atmosphere is oxygen. Water contains
89 wt% oxygen. Many rocks and minerals of the earth’s core are oxidic as well.
Oxygen was discovered independently by two pioneers in chemistry, Karl
Scheele (1742-1786), and Joseph Priestley (1733-1804). In 1772, Scheele collected the
gas that evolves upon thermal dissociation of potassium nitrate and mercury oxide.
Priestley decomposed mercury oxide in 1774, but he did not realise that he had isolated a
new chemical element. The famous French chemist Antoine-Laurent Lavoisier (17431794) realised the importance of the discovery by Priestley immediately. He named the
new element “oxygen”, and in passing, discovered that combustion (burning) is a
chemical reaction with oxygen.
At present day, oxygen gas is produced in large quantities. The steel industry applies
large amounts of oxygen in the purification of metals from contaminations like carbon,
sulphur and phosphor through oxidation. The chemical industry uses oxygen in, for
instance, the partial oxidation of ethene ( H 2 C = CH 2 ) to ethanal (CH3CHO, first obtained
by Scheele in 1774), and further oxidised forms like acetic acid ( CH 3COOH ). A new
application of bulk oxygen is the bleaching of paper. In conventional paper bleaching,
chlorinated organic compounds are applied, which put a heavy burden on the
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environment, and, allegedly, on the ozone layer. Naturally, oxygen itself does not harm
the environment in any way. A final example of the application of oxygen is the removal
through oxidation of organic compounds in wastewater. The rate at which the organic
molecules oxidise is limited by the absorption of oxygen gas by water droplets. This
absorption is enhanced significantly by the application of oxygen gas in favour of air.

1.2

Oxygen production techniques

1.2.1

Introduction

The methods of oxygen production applied by Scheele and Priestley are not suitable
for commercial application. Early commercially available oxygen plants were based on
the property of barium oxide (BaO) to form barium peroxide (BaO2) at 590°C. The latter
compound decomposes at 870°C, releasing oxygen gas. Air is fed to barium oxide which
takes up oxygen specifically to form barium peroxide. The excess gas is removed and the
peroxide is decomposed at 890°C, where oxygen gas is formed. Later, this process was
improved by omitting the thermal cycling of the material. At 600°C, barium peroxide is
formed at high pressure. Subsequently, oxygen gas is released under vacuum.
Around the start of the 20th century, significant improvements were made in vacuum
and gas compression techniques. This development enabled the refrigeration of air to its
liquid state. Air vapour in equilibrium with liquid air contains only minor amounts of
oxygen. The nitrogen rich vapour can be pumped away, leaving the fluid enriched with
oxygen. This is the basis of oxygen production through cryogenic air distillation.
Pressure swing adsorption is another production technique for oxygen. It is based on
the preferential absorption of nitrogen on adsorbents such as zeolites. The absorption
process leaves the gas oxygen-enriched. After the gas is stored in a container, the
adsorbents are heated to release the nitrogen enriched gas. This process can be repeated
until the desired purity of the oxygen is reached.

1.2.2

Mixed ionic electronic conducting membranes

An innovative method of production of oxygen is by membrane separation from air
using oxygen ion conductors. Currently, many oxygen ion conductors are developed to
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match a variety of needs imposed by applications. The crystal structures of these oxidic
materials show empty lattice sites, so-called vacancies, for oxygen ions. At elevated
temperatures, an oxygen ion can jump into an oxygen vacancy. If in the new vicinity of
the oxygen ion another vacancy is present, the ion can make a subsequent jump. In this
way, the oxygen ions are rendered mobile. The above way of ionic transport is called a
vacancy mechanism, as opposed to transport of oxygen ions over interstitial sites. In most
oxygen ion conductors known to date, oxygen transport occurs through the vacancy
mechanism.
Many materials show the property of ionic conductivity. Apart from oxygen ion
conductivity, conduction of ions of sodium, silver, copper, lithium and fluorine is
reported.1 In the present thesis, the term ‘ionic conductivity’ is reserved for the
conductivity of oxygen ions, unless an explicit exception is made.
Oxygen ions may not be the only mobile charge carriers in oxygen ion conductors.
Electrons or electron holes may cause significant electric conduction. Compounds
showing both ionic and electronic conductivity are called Mixed Ionic Electronic
Conductors (MIECs). They find application as electrodes for oxygen pumps and solid
oxide fuel cells (SOFCs), discussed in paragraph 1.3, but also in membranes for the
separation of oxygen from air, see Figure 1.1. A MIEC membrane is semipermeable for
oxygen gas with a theoretical separation factor of 100%. Under thermodynamical
equilibrium, the oxygen partial pressures on the permeate side of a MIEC membrane will
be equal to the partial pressure on the feed side where air is supplied. However, an oxygen
partial pressure difference can be created by pumping away the pure oxygen gas at the
permeate side.
The net transport of oxygen through the membrane encompasses several processes.
On the air side, the bond of the oxygen molecules is broken. The surface process involves
the uptake of electrons and the occupation of oxygen vacancies. The ionic oxygen species
diffuse to the permeate side, where they release their electrons to form oxygen molecules.
As a result, a net oxygen flux occurs to the permeate side. The charge transport associated
by the ionic current is counter balanced by the transport of electrons to the air side.
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Figure 1.1. Transport scheme of a mixed ionic
electronic conductor membrane.

A large group of mixed ionic electronic conductors adopts the ABO 3 perovskite
structure, or related structures, see Figure 1.2. The A and O ions are approximately of the
same size, while the B site ions tend to be much smaller. The structure can be described as
a cubic array of corner-shared BO 6 octahedra. The A site ion resides between the BO 6
octahedra. The perovskite lattice can also be described by considering the cubic close
packing of AO 3 with the B ions placed in the interlayer octahedral interstitial sites. 2
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Figure 1.2. The perovskite structure ABO3.
The A atom is found in the center, the B
atoms are found on the corners, while the O
atoms are placed on the rims.
Teraoka et al. 3 were among the first to report high oxygen fluxes through perovskite
type materials with high cobalt contents. Although it is expected that cobaltates can be
applied commercially as membranes, their stability is a severe problem. Cobaltates are
very reactive with other materials, and their stability upon thermal cycling is poor.
Intensive research is conducted to the transport properties of perovskite materials with the
general formula La1− x A x Co1− y B y O3− δ , with A=Sr, Ba, Ca and B=Fe, Cu, Ni, but many
other combinations of cations are investigated also. 4
The tolerance of the perovskite structure for the substitution of combinations of
elements on the A and B sites is remarkable. The stability of a specific combination
should be tested experimentally, but a semi-quantitative criterion for the stability in
perovskites was derived by Goldschmidt5 from geometric considerations based on the
radii of the constituent ions. The high stability of the perovskite structure also permits a
high oxygen nonstoichiometry. In the oxidic perovskite structure, the nonstoichiometry
parameter δ is defined by the chemical composition of the crystal: ABO 3−δ . At
temperatures below 1000°C and oxygen partial pressures between 10-5 bar and 1 bar, the
nonstoichiometry parameter attains values between 0 and 0.3 in La 0.6Sr0.4 CoO 3−δ . Oxygen
deficiency is often induced by aliovalent doping on the A sites (Sr 2+ cations on La3+ sites)
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and doping of transition metal ions on the B sites. A large fraction of the B site ions may
be tetravalent rather than trivalent, and may reduce the effect of the aliovalent A-site
doping. The multivalent B-site ions are usually involved in the electric conduction
mechanism. In the case of La1− xSrx CoO 3− δ , a band is formed and metallic conduction
occurs,6 whereas in La1− xSrx FeO3− δ , the electric conduction occurs through a small
polaron mechanism over trivalent and tetravalent iron ions.7

1.2.3

Oxygen pumps

An excellent ionic conductor is yttria-stabilised zirconia (YSZ), in which a part of the
zirconium ions (tetravalent) is replaced by aliovalent yttrium (trivalent), while the fluorite
structure of zirconia is maintained. Therefore, oxygen vacancies are formed. Ionic
conduction occurs through the vacancy mechanism. Oxygen ions are the predominant
charge carriers in YSZ; electronic conduction is orders of magnitude lower. Significant
ionic conduction occurs at elevated temperatures, typically around 700°C. The vacancy
concentration is constant under usual operating conditions.

Figure 1.3. The fluorite (CaF2) structure. The
white spheres represent fluorine.
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Compounds showing predominant ionic conduction are called electrolytes. Most
industrially applied electrolytes are based on oxygen-deficient fluorite structures such as
zirconia doped with calcia or yttria, or ceria doped with gadolinia, samaria, yttria of
calcia.
An electric current through an electrolyte membrane is carried by oxygen ions. At the
negative electrode, oxygen molecules attract electrons to form oxygen ions:
O 2 + 4e′ + 2VO → 2O ×O .
••

(1.1)

The ions diffuse through the lattice to reach the opposite surface of the electrolyte. On this
side, the oxygen ions release their electrons again to the electrode according to the reverse
reaction. YSZ based oxygen pumps have the advantage that the corrosive oxygen gas does
not need to be compressed mechanically; the oxygen pump can deliver oxygen within a
large pressure range.
YSZ can also be applied in devices for the measurement of the oxygen partial
pressure in a gas stream. Here, a YSZ sheet is applied as a separator between a gas
reservoir at known oxygen partial pressure and the gas stream, see Figure 1.4. Electrodes
are attached to both sides of the separator. If the temperature is high enough to induce
ionic conduction, a net charge layer is built up on the YSZ-electrode interfaces; it causes
at open circuit a potential difference over the electrodes. This potential difference depends
on the ratio of the oxygen partial pressures on either side of the electrolyte, according to
the well-known Nernst formula.8 Since the oxygen sensor operates under open circuit
conditions, the net oxygen transport is negligible.
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Figure 1.4. Scheme of an oxygen partial
pressure sensor.

1.3

Solid oxide fuel cells

A solid oxide fuel cell (SOFC) is a device for the generation of electric power. The
principle of operation is similar to that of an the oxygen partial pressure sensor, see Figure
1.4. An oxygen partial pressure difference is created over the YSZ electrolyte by the
supply of fuel and air on either side. The SOFC operates usually around 900°C; at this
temperature, the output power is high enough for commercial application. The fuel reacts
with the oxygen fed through the electrolyte. The oxygen partial pressure difference creates
a potential drop in a way similar to that in the oxygen sensor. However, the electrodes are
connected to a circuit containing a load, and hence, electric power is generated. Since
current is flowing through the SOFC, the output voltage of the cell is reduced; the
difference with the open cell voltage is called the overpotential. Also, the thermodynamic
efficiency of the cell is reduced. The overpotential is a caused by a number of effects, e.g.
the electrical resistance of the electrodes, the ionic conductivity of the electrolyte and the
characteristics of the chemical reactions at the electrode surfaces. In order to optimise the
output power of the cell, research is being conducted to improve the electrodes and the
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electrolytes. A part of this thesis is devoted to promising electrode materials on the air
side.

1.3.1

Perovskite-based cathode materials

The electrode placed on the air side is called the cathode. A good cathode material is
platinum, but this material is economically unfavourable. Currently, La 0.85Sr0.15 MnO 3 is
the most used compound, for several reasons. It is very active in the dissociation of
molecular oxygen. Also, YSZ and La 0.85Sr0.15 MnO 3 have matching thermal expansion
coefficients. Furthermore, La 0.85Sr0.15 MnO 3 has good electronic conduction properties.
Disadvantages of La 0.85Sr0.15 MnO 3 are the lack of chemical stability with YSZ above
1100°C and the absence of ionic conductivity of La 0.85Sr0.15 MnO 3 . This implies that the
interface of the electrolyte and the electrode is mainly inactive. The charge transfer
reaction is confined to the microscopic perimeter of the electrode. This region is called the
triple phase boundary line (TPBL). At the TPBL, all three phases needed for the surface
reaction are present: oxygen gas from the gas phase, vacancies from the electrolyte and
the electrode, which delivers electrons. Obviously, the reaction can not take place on a
one-dimensional line; the reaction is expected to occur in a narrow area near the contour
of the electrode. It is expected that diffusion of oxygen ad-atoms over the electrolyte and
electrode surfaces occurs before recombination with a vacancy takes place.9 However, the
spatial extent of the reaction zone is expected to be very small.
A MIEC applied as electrode material would significantly improve the output power
per unit of area of the electrode. The entire interface of the MIEC electrode with the
electrolyte will show transfer of ionic oxygen species from the MIEC to the electrolyte,
and the entire MIEC electrode surface facing the air side is involved in the oxygen uptake.
Also, perovskite materials such as strontium doped lanthanum cobaltates, La1− xSrx CoO 3-δ ,
show much higher electronic conductivities than La 0.85Sr0.15 MnO 3 . In addition, the
catalytic activity of these materials in breaking molecular oxygen bonds is much higher.
Unfortunately, the disadvantages of La1− xSrx CoO 3-δ as cathode materials are numerous
also. The thermal expansion coefficient of the cobaltates is much higher than YSZ,
causing mechanical stress in both cathode and electrolyte. The chemical stability of YSZ
in combination with La1− xSrx CoO 3-δ is poor; at temperatures above 800°C, cobalt oxides,
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La 2 Zr2 O 7 and Sr2 ZrO 4 are formed.10 By replacing some of the cobalt ions with
manganese or iron, the chemical compatibility of the material with YSZ is greatly
increased at the expense of part of the electronic and ionic conductivity. Also, the thermal
expansion coefficient can be matched with YSZ. Therefore, La1− xSrx Co1- y Fe y O3-δ based
compounds are candidates for the application as cathode materials in solid oxide fuel
cells, see chapter 7, even in the intermediate temperature regime.

1.3.2

Zirconia based cathode materials

A cathode material with excellent chemical and mechanical stability with respect to
YSZ can be created by doping of this electrolyte with terbia.11 The electronic conduction
mechanism occurs through a small polaron mechanism; electron holes can jump from
a Tb4+ to a Tb3+ site. The p-type conductivity is significant only under oxidising
conditions were a significant fraction of the Tb3+ atoms is oxidised to the Tb4+ state.11,12
Several multivalent ions, such as titanium,13 cerium14 and, to some extent, iron15 can
be dissolved in YSZ. In all of these instances, the ionic conduction is maintained partly,
while electronic conduction is enhanced by many orders of magnitude in the oxygen
partial pressure regime where both trivalent and tetravalent doping ions are present
abundantly. For instance, at oxygen partial pressures above 10-5 bar, the Tb4+
concentration is significant. In general, the necessity of high concentrations of dopant
cations in both the trivalent and tetravalent states limits the applicability of the compound.
Pure zirconia can adopt at least three lattice structures, depending on temperature.16
The fluorite structure of zirconia is formed only at 2370°C, but it can be stabilised at
lower temperatures by the addition of yttria.17 The solubility of dopants depends on their
ionic radii. Dopant cations larger than Zr4+ are more effective in stabilising the cubic
zirconia phase than smaller ones, because smaller dopant ions distort the lattice more than
larger ions.18 Therefore, larger dopant ions have a higher solubility limit, and may
therefore enhance the electronic conduction more at higher concentrations.
YSZ-Tb can be applied as an intermediate layer between cathode and electrolyte.19
Due to the mixed conducting properties, it is expected that the reaction zone associated
with the triple phase boundary line will show a larger extension. This will improve the
cathode performance. The same method can be applied on the anode side.
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1.4

Oxygen transport
The interaction between gas phase oxygen and lattice oxygen can be described by

O 2 + VO + 2e′
••

↔O

×
O

,

(1.2)

where it is assumed that oxygen vacancies are fully ionised. In this equilibrium reaction,
the Kröger-Vink notation is used, which can be found in any text book on solid state
chemistry.1 In electrolytes, the concentration of free electrons e ′ (and electron holes h )
is negligible over a wide range of the oxygen partial pressure. This leaves the vacancy
concentration and the oxygen concentration constant in this regime. However, in many
MIECs of the perovskite type, the oxygen deficiency depends on temperature and oxygen
partial pressure due to the presence of multivalent cations.
•

A second equilibrium reaction describes the generation and recombination of
electrons and electron holes:
nil

↔ e'+ h .
•

(1.3)

A detailed discussion on the defect chemistry of mixed ionic-electronic conductors of the
perovskite type can be found in ref. 6.
Many applications of ionic conductors are far from thermodynamical equilibrium.
For instance, membranes can be regarded as systems attempting to regain
thermodynamical equilibrium. This process encompasses net oxygen transport, which
involves both bulk diffusion and the surface process of either oxygen gas uptake or
release. The transport parameters involved are described in the following two sections.

1.4.1

Oxygen diffusion

The simultaneous movement of ionic and electronic charge carriers under the driving
force of a gradient in the chemical potential of oxygen facilitates transport of oxygen in
r

the oxide bulk. The equations for the flux densities of oxygen anions J O2- and electrons
r

J e are given by
r

J O 2− = −

σ O 2− r ~
∇µ O 2−
4F 2

(1.4)
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and
r

Je = −

σe r ~
∇µ e
F2

(1.5)

~
where F is the Faraday constant, σ the conductivity of the relevant mobile species and µ
the corresponding electrochemical potential. The latter is related to the chemical potential,
µ, and to the internal electrical potential, φ, by
~ = µ + zeφ
µ

(1.6)

where ze is the valence charge of the species. Since under open circuit conditions there is
no electrical current, the fluxes of oxygen anions and electrons are coupled. Using the
concept of local thermodynamic equilibrium, which reads in differential form
∂µ O = ∂µ O2- − 2 ⋅ ∂µ e ,

(1.7)

Wagner20 derived the following equation for the ambipolar diffusion of ions and
r

electronic charge carriers, which effectively leads to a net flux J O of neutral oxygen
r

JO = −

1 F σ O2- σ e I r
∇µ O ,
4 F 2 GH σ O 2- + σ e JK

(1.8)

1
noting that ∂cO = ∂cO 2- = − ∂ce by charge balance. Equation (1.8) has been derived
2
assuming no cross terms between the fluxes of oxygen anions and electrons. Comparison
with Fick’s first law
r
~ r
J O = − DO ⋅ ∇cO
(1.9)
~
gives the following expression for the chemical diffusion coefficient DO :
~
1 σ O2- σ e ∂µ O
.
DO =
4 F 2 σ O 2- + σ e ∂cO

(1.10)

For oxides with predominant electronic conductivity, Eq. (1.10) may be simplified to
~
yield an exact relation between DO and the self-diffusion coefficient Ds of oxygen:
~
1
⋅
DO = Ds ⋅
RT

∂µ O
,
F cO I
∂ln G 0 J
H cO K

(1.11)
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assuming that the Nernst-Einstein equation can be represented by
Ds =

σ O2− RT
.
4 F 2 cO 2-

(1.12)

The thermodynamic factor γ, given by
γ=

1
⋅
RT

∂µ O

,

F cO I
0 J
H cO K

(1.13)

∂ lnG

can be written as
F

γ=

1
⋅
2

1.4.2

∂ lnG
H

pO 2 I
pO0 2 JK

Fc I
∂ lnG O0 J
H cO K

.

(1.14)

Transfer of oxygen at gas/solid interface

The process of oxygen incorporation in the solid from the gas phase is a chemical
reaction which proceeds at a finite rate. It involves the chemisorption of oxygen as a
molecule at the surface, splitting of the oxygen bond to form oxygen ad-atoms, charge
transfer and the reaction with oxygen vacancies, i.e. the incorporation of oxygen anions
into the oxide. In this section, the most-used surface transport coefficients will be
introduced and the relations between them will be explained.
In the discussion of bulk oxygen transport, it was assumed that oxygen species move
under the driving force of a gradient in the (electro-)chemical potential of oxygen. A
gradient at the surface can not be evaluated. This difficulty is overcome by regarding the
chemical potential difference of oxygen across the surface, rather than its gradient, as the
driving force:21
J O 2 = jtr0 ⋅

∆µ O2
RT

,

(1.15)

in which jtr0 [mol O2 m-2s-1] denotes the surface oxygen transfer rate. In chemical
relaxation experiments it is more convenient to define a surface transfer coefficient, Ktr, as
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the parameter of proportionality between the oxygen flux J O [mol O m-2s-1] and the
departure of the concentration of oxygen at the surface from that at equilibrium22
J O = K tr ⋅ ecO − cOeq d pO 2 ij ,

(1.16)

noting that cOeq d pO 2 i depends on oxygen partial pressure pO 2 . Introduction of Ktr is not a
necessity from the viewpoint of defect chemistry, but it is imposed by the mathematical
modelling of surface transport.
The relation between the surface transfer rate jtr0 and the surface transfer
coefficient Ktr can be derived as follows. Starting from Eq. (1.15), let ∆µ O2 = µ 2 − µ1 . The
oxygen flux can be written as
J O2 =

∂µ O2
jtr0
j 0 LF
⋅ bµ 2 − µ1 g ≈ tr ⋅ MG µ1 +
G
RT
RT MH
∂cO
N

I

O

J
K

P
Q

⋅ bc2 − c1 gJ − µ1 P
c1

(1.17)

in which the difference between the oxygen chemical potentials µ1 and µ2 is linearised.
Symbols c1 and c2 are the corresponding oxygen concentrations. Equation (1.17) can be
simplified to
J O2 ≈

jtr0 ∂µ O 2
⋅
RT ∂cO

Since ∂ ln x =

J O2 ≈

jtr0
⋅
RTc1

⋅ bc2 − c1 g .

(1.18)

c1

1
∂x ,
x
∂µ O 2
F cO I
0 J
H cO K

⋅ bc2 − c1 g ,

(1.19)

∂ lnG

c1

which is mathematically equivalent to Eq. (1.16). Combining with Eq. (1.13), it follows
that
K tr ≈

4 jtr0 ⋅ γ
.
cO

(1.20)
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An additional factor of 2 arises since J O (see Eq. (1.16)) refers to the flux of oxygen
atoms, while J O 2 (see Eq. (1.15)) refers the flux of oxygen molecules.
So far, only cases with net transport of oxygen were considered. The transport
parameters are useful for most applications such as SOFC’s, membranes and oxygen
pumps. However, experiments can be performed in which net transport of oxygen does
not occur. These experiments are carried out under thermodynamic equilibrium. Put
differently, the oxygen nonstoichiometry is kept constant during the experiment. The
techniques referred to here make use of the fact that three stable oxygen isotopes exist,
two of which are applied: 16O and 18O.
In isotopic techniques, a sample is brought in thermodynamical equilibrium at a
selected temperature and oxygen partial pressure. Natural oxygen is used here, which
consists of 99.8% 16O and only 0.2% 18O. The oxygen gas ambient is subsequently
enriched with 18O. On the surface of the ionic conducting sample, a continuous exchange
of oxygen with the gas phase occurs. At any time, lattice oxygen forms molecules which
are transferred to the gas and vice versa, while no net transport to or from the sample
occurs.
The relation between the overall exchange coefficient ks [ mol ⋅ m −2 ⋅ s −1 ] and the flux
of oxygen isotopes is described by: 23
ngas

d 18
18
− f lat18 i ,
f gas = − ks S ⋅ d f gas
dt

(1.21)

where ngas denotes the total amount of oxygen gas in the reactor, S denotes the sample
18
and f lat18 denote the fraction of oxygen-18 in the gas phase and the oxide,
surface, f gas

respectively. The fundamental background of this equation is that isotopes can not be
distinguished based on their chemistry, but only on their mass.24
Apart from applications in research regarding ionic conductors, oxygen isotope
exchange is also applied to characterise the surfaces of high-temperature superconductors.
This is of interest both for the improvement of the compound preparation method and for
the elucidation of the degradation of their superconducting properties. Another interesting
field of application appears in catalysis, where oxygen isotope exchange is applied to
study the nature of oxide catalysts.25

16 Chapter 1

Isotopic experiments can be divided in two main techniques. First, there is oxygen
isotope exchange depth profiling (IEDP)26 in combination with Secondary Ion Mass
Spectroscopy (SIMS). In this technique, isotopes are exchanged with the oxide for a
limited time. After this time, the sample is thermally quenched. In this way, the
concentration profile of the isotopes is frozen. In the SIMS technique, the surface of the
sample is etched by bombardment with particles, usually a noble gas. The particles
stemming from the sample are detected using a mass spectrometer, and the isotopic
concentration profile can be measured. The isotope depth profile thus obtained is curve
fitted with the theoretical profiles. In this way, the overall exchange coefficient ks and the
self diffusion coefficient D are obtained. If the sample is cut, the oxygen depth profile can
also be obtained from a cross section of the sample using a focussed ion beam. This is
called the linescan technique.26
It should be noted that some authors26,27 use a different definition of the overall
exchange rate. For reasons of clarity, the symbol κs [ m ⋅ s −1 ] is used for the alternative
definition, which is often used in the interpretation of IEDP data: 22
18
κ s ⋅ dc18
gas − clat i = Ds

d 18
clat
.
dx
surface

(1.22)

By comparing the oxygen isotope flux densities through the surface, it can be shown
that ks = κ s ⋅ cO .
Apart from IEDP, another isotope technique is frequently applied. This technique is
generally refered to as Oxygen Isotope Exchange (OIE). The molecular oxygen is
analysed during the exchange using a mass spectrometer. The information obtained from
the experiment is slightly different from IEDP since the distribution of oxygen-18 over the
molecules is also obtained. The evaluation of the activity of the surface is only
straightforward if the diffusion through the sample is fast, as was implied already in
Eq. (1.21). The more complex theory for closed gas circuits was derived by Haul et al28
and others.27
Since net transport of oxygen is absent, any subreaction of the overall reaction
mechanism is in thermodynamical equilibrium; all adsorbed oxygen species, molecular or
atomic, are present on the surface in their usual ratios and (surface) concentrations. These
are subject to changes in the activity of gas phase oxygen. From the specific dependence
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of measured reaction rates on oxygen pressure, information on the reaction mechanism is
obtained.
The conversion rate in first order gas phase reaction is given by standard laws of
kinetics. It is generally assumed that first order kinetics holds for the exchange reaction at
the interface of an ionic conductor. This gives
jtr0 =

1
1
κ s cO = ks .
4
4

(1.23)

Combining Eq. (1.23) with Eq. (1.20) gives
K tr = κ s ⋅ γ = ks cO γ .

1.5

(1.24)

Scope of the thesis

In Chapter 2, a theory for oxygen isotope exchange is presented. In Chapters 3 and 7,
a special case of this theory is shown to hold for several compounds, i.e. terbia doped
yttria-stabilised zirconia and La 0.6Sr0.4 Co1−x Fe x O 3-δ , x=0.2; 0.5 and 0.8.
In Chapter 4, the so-called conductivity relaxation method, applied to measure the
surface transfer rate and the chemical diffusion coefficient, is critically reviewed. It is
shown that values of both parameters can only be obtained under specific circumstances.
Chapter 5 presents a numerical way to calculate parameters needed for the evaluation of
experiments presented in Chapters 6 and 7. Chapter 6 deals with conductivity relaxation
experiments on La xSr1− x CoO 3-δ , x=0.3, 0.5 and 0.8.
In Chapter 7, oxygen isotope exchange measurements, conductivity relaxation
experiments and thermogravimetric experiments on La 0.6Sr0.4 Co1−x Fe x O 3-δ (x=0.2; 0.5 and
0.8). are presented and interpreted. The results of these techniques are applied to check the
relations between the surface transport parameters.
Finally, Chapter 8 contains recommendations for future research and proposals for
subsequent experiments.
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2

Theory of oxygen isotope exchange

Transients for oxygen molecular mass numbers 32, 34 and 36
are derived which can be used for the interpretation of oxygen
isotope exchange data based on measurement of concentrations of
16
O2, 16O18O and 18O2 in the gas phase. Key parameters in the theory
are the rate at which oxygen molecules are subjected to the
exchange process at the oxide surface, and two stochastic
parameters denoting the probabilities for both oxygen atoms of a
molecule to exchange with lattice oxygen. Transport of oxygen in the
solid oxide is assumed to be fast. It is shown that any particular
mechanism for the exchange reaction leads to a constrained version
of the general equations.

2.1

Introduction

Within the science of oxygen ion conductors, many experimental techniques have
been developed to study oxygen transport, which involves both bulk and surface
processes. Isotope exchange techniques are commonly applied to measure the tracer
diffusion coefficient and surface exchange coefficient.1 Data on these coefficients can be
obtained from isotope exchange depth profiling by Secondary Ion Mass Spectroscopy
after partial isotope exchange has taken place at the desired temperature and oxygen
pressure. The tracer diffusion coefficient and the surface exchange coefficient are
obtained by curve fitting of the measured profile to the appropriate equation.
Disadvantage of this technique is that the surface is characterised by a single lumped
parameter, i.e. the overall isotope exchange coefficient. The information about the change
of the distribution of the isotopes over the reacting molecules is not used. This
information may give insight in the exchange mechanism. It can be obtained from gas
phase analysis by mass spectrometry during the exchange process. The present paper is
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devoted to this technique, assuming that the exchange is limited by the surface reaction,
i.e. the transport of oxygen in the solid oxide is assumed to be fast.
Apart from applications in research regarding ionic conductors, oxygen isotope
exchange is also applied to characterise the surfaces of high-temperature superconductors.
This is of interest both for the improvement of the compound preparation method and for
the elucidation of the degradation of their superconducting properties.2 Another interesting
field of application appears in catalysis, where oxygen isotope exchange is applied to
study the nature of oxide catalysts.3
In previous models by Klier et al.4 and Muzykantov et al.5, three parallel processes
are considered:
1) The exchange proceeds without direct involvement of lattice oxygen;
2) Only one of the atoms of a molecule is replaced per reacting molecule;
3) Both atoms of a single molecule are exchanged with the lattice.
In the first process, the distribution of the isotopes over the molecules is affected without
interference of lattice oxygen. This process takes place on the surfaces of noble metals
like platinum.6
Boukamp et al.7 proposed a model in which oxygen molecules dissociate in a surface
layer before subsequent exchange with the oxide takes place. In the present paper, a
stochastic model is proposed, based on earlier considerations8. Oxygen isotope exchange
is described using three parameters: the amount of oxygen molecules taking part in the
exchange reaction per unit of time and surface of the specimen, and two stochastic
parameters denoting the probabilities of both oxygen atoms for subsequent exchange with
the oxide.

2.2

The exchange process

In oxygen isotope experiments, the specimen is usually pre-treated in the oxygen
partial pressure and temperature of the exchange measurement itself, in order to establish
thermodynamic equilibrium. This prevents effects of chemical diffusion within the sample
bulk. Consequently, the oxygen content of both the gas phase and the oxide remain
constant during the exchange process. Usually, the exchange takes place in a limited
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volume of gas. In the derivation of the model equations, it is assumed that a stepwise
change in the oxygen-18 partial pressure is administered to the system at time t = 0. The
exchange process is assumed to occur uniformly over the sample surface, whereas
diffusion in the solid oxide is assumed to be fast.
The model describes the exchange process in terms of three parameters. First, K
[mol O2 m-2 s-1] denotes the amount of oxygen taking part in the exchange process per unit
of time and specimen area. Information on the mechanism may be gained from the partial
pressure dependence of K. The symbol p1 denotes the probability of the first atom of an
oxygen molecule, which is participating in the exchange process, to exchange with atoms
of the bulk of the oxide, and vice versa for p2. It should be noted that p1 and p2 are not
necessarily equal, but depend on the actual mechanism of the exchange reaction.

2.3

Derivation of model equations

2.3.1

Fundamentals

From the number of molecules which have taken part in the exchange process in a
short period of time, a fraction α1 carries the heavy isotope on the place of the first atom,
and similarly, a fraction α2 of the second atoms is occupied by an oxygen-18 isotope.
Expectation values of α1 and α2 obtained from statistics are
b
g
R
|α 1 = p1 f + b1 − p1 g f ;
S
b
g
|
Tα 2 = p2 f + b1 − p2 g f .

In these equations, f b and f

(2.1)
g

denote the oxygen-18 fraction in the bulk oxide and gas

phase, respectively. The differential equations for x, y and z, which denote the fractions of
molecules with mass numbers 36, 34 and 32 respectively, can be written as

R a ∂x
| S ⋅ K ⋅ ∂t = − x + α1 ⋅ α 2 ;
|
| a ∂y
⋅
= − y + α1 b1 − α 2 g + b1 − α1 gα 2 ;
S
| S ⋅ K ∂t
| a ∂z
| S ⋅ K ⋅ ∂t = − z + b1 − α1 gb1 − α 2 g.
T

(2.2)
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In these equations, a [mol O2] denotes the amount of oxygen in the gas phase and S the
sample surface area.

2.3.2

Derivation of gas phase oxygen-18 fraction
g

The oxygen-18 fraction f
f

g

= x+

is given by

1
y.
2

A differential equation for f

(2.3)
g

can be derived by substituting Eqs. (2.2) in Eq. (2.3).

Introducing a time constant τ 2 as
τ2 =

a
,
S⋅K

the differential equation for f
τ2 ⋅

(2.4)
g

reads

∂f g α 1 + α 2
=
− f g.
∂t
2

(2.5)

In this expression, α1 + α 2 depends on f g , but also on f b . When c [mol O] denotes the
total amount of oxygen-18 in the system, the bulk oxygen-18 fraction is given by
fb=

c − f g ⋅ 2a
,
m

(2.6)

where m [mol O] denotes the total amount of oxygen in the oxide. Using Eqs. (2.1), (2.5)
and (2.6), the differential equation for the gas phase oxygen-18 fraction the becomes
τ2 ⋅

∂f g
p + p2 L c 2a + m g O
= 1
−
⋅f P.
∂t
2 MN m
m
Q

(2.7)

From this equation, the equilibrium oxygen-18 fractions f ∞ of both the oxide and the gas
phase can be shown to satisfy
f∞ =

c
.
2a + m

(2.8)

Introducing the time constant τ1 as
τ1 =

2a ⋅ m
1
1
⋅
⋅
,
2a + m S ⋅ K p1 + p2

the gas phase oxygen-18 fraction can be derived to be

(2.9)
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f g (t ) = f ∞ + d f 0g − f ∞ i ⋅ expG −
H

t I
J,
τ1 K
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(2.10)

where f 0g denotes the initial gas phase oxygen-18 fraction.

2.3.3

Derivation of gas phase fraction of oxygen-36 molecules

Because the number of oxygen-18 atoms in the system is conserved, the bulk and gas
phase oxygen-18 fractions are linked:
F

f b (t ) = f ∞ + d f 0b − f ∞ i ⋅ expG −
H

In this equation,

f 0b

t I
J .
τ1 K

(2.11)

denotes the initial bulk oxygen-18 fraction. Combining

equations (2.2), (2.10) and (2.11) leads to the differential equation for xbt g :
τ2 ⋅

F 2t I
F
∂x
t I
= − x + β 2 ⋅ expG − J + β1 ⋅ expG − J + β 0 .
∂t
H τ1 K
H τ1 K

(2.12)

In this equation, the coefficients β0, β1 and β2 are given by

R
2
|β 0 = f ∞ ;
|
b
g
g
Sβ1 = f ∞ d f 0 − f 0 ib p1 + p2 g + 2d f 0 − f ∞ i ;
|
|β 2 = d f 0b − f 0g i ⋅ p1 + f 0g − f ∞ ⋅ d f 0b − f 0g i ⋅ p2 + f 0g − f ∞ .
T

(2.13)

Introducing x0 as x0 = x(0), the final solution for x(t) is given by
F

xbt g = f ∞2 + ε 1 expG −
H

F 2t I
F
t I
t I
2
J + ε 2 exp G −
J + x0 − f ∞ − ε 1 − ε 2 ⋅ exp G −
J,
τ1 K
H τ1 K
H τ2 K

(2.14)

where
ε1 =

β1 ⋅ τ 1
= 2 f ∞ ⋅ d f 0g − f ∞ i
τ1 − τ 2

(2.15)

β2 ⋅ τ1
.
τ1 − 2τ 2

(2.16)

and
ε2 =

Expressions for y(t) and z(t) can be derived from
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y = 2d f g − x i

(2.17)

and
z = 1− x − y .

(2.18)

2.4

Link with the model of Klier et al.

It can be shown that the earlier model derived by Klier et al.4 and the stochastic
model discussed in this paper are consistent. Since the model by Klier et al. is widely
applied in literature, the link between the two models is given here explicitly:

R R = S ⋅ K ⋅ b1 − p1 gb1 − p2 g;
|
|
S R ′ = S ⋅ K ⋅ p1 b1 − p2 g + p2 b1 − p1 g ;
|
|
T R ′′ = S ⋅ K ⋅ p1 p2 ,

(2.19)

where R ′′ , R ′ and R denote the rates of the processes in which two, one and zero atoms
per molecule are exchanged with the lattice oxygen. This can be rewritten as

R
|S ⋅ K = R + R ′ + R ′′
|
1 R ′ + 2 R ′′ + R ′ 2 − 4 RR ′′
|
S p1 =
R + R ′ + R ′′
2
|
2 R ′′
|
| p2 =
R ′ + 2 R ′′ + R ′ 2 − 4 RR ′′
T

(2.20)

It should be noted that the transients obtained from the above equations remain invariant if
p1 is replaced by p2 and vice versa. This symmetry leads to two sets of roots for p1 and p2.
Only one of the sets is indicated. The remaining set is found by replacing p1 by p2 and p2
by p1 in Eqs. (2.20).
It should be noted that both p1 and p2 can attain any value between zero and one,
these values included. All three processes proposed in the model by Klier et al. occur
simultaneously if both p1 and p2 are neither zero nor one. However, the condition
R ′ 2 ≥ 4 RR ′′ is always satisfied in the stochastic model. If this condition is not met, the
probabilities p1 and p2 attain complex values. This is due to the fact that the stochastic
model assumes one predominant reaction mechanism that occurs on every part of the
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surface of the specimen, whereas the model of Klier et al. assumes three parallel
processes.

2.5

Constrained versions of the general theory

Any particular reaction mechanism imposes a constraint to the general theory. The
values of p1 and p2 may be restricted to either one or zero, or a constraint in the form of a
relation between p1 and p2 may exist. Six restrictions are emphasised in Figure 2.1. Each
represents a limiting case of the general equations presented in section 2.3. Instances
where p1 and p2 equal either one or zero can easily be described within both the stochastic
model and the model by Klier et al. The limit in which both p1 and p2 are zero corresponds
to the pure R mechanism, indicated by a full circle. The pure R ′ and R ′′ processes
correspond to cases where (p1, p2)=(1,0) (or (0,1)), indicated by a diamond marker) and
(p1, p2)=(1,1) (square marker), respectively. Thick lines in the figures indicate the
remaining constrained cases of the theory.
The diagonal lines represent the constraint p1 = p2 , which was implicitly assumed
by Boukamp et al.7 It implies that the information about the distribution of the isotopes
over the molecules is fully lost after the oxygen molecular bond is broken. This
corresponds to R ′ = 2 R ⋅ R ′′ . Hence, the roots in Eq. (2.20) cancel. The relation between
the dissociation rate constant kdis as applied by Boukamp et al. and K is simply given by
k dis = K ; the overall exchange rate ks takes on the generalised form given by
p1 + p2
,
2
if p1 and p2 are not explicitly taken equal.
ks = K ⋅

(2.21)

The horizontal axes of Figure 2.1 correspond to instances where only one of the
atoms of a molecule is allowed to exchange with the lattice. If it does not, it will enter the
gas phase again, but not necessarily forming a molecule with the same atom as before.
Since p2 equals zero, the R ′′ process does not occur, see Eqs. (2.20). Therefore, p1 is
given by
p1 =

R′
.
R + R′

(2.22)
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Figure 2.1. The graphs present contour plots of R / K (top left) , R ′ / K (top right) and
R ′′ / K (bottom), respectively. The curves indicate combinations of p1 and p2 leading to
the values 0, 0.05; 0.10; 0.15, ..., 1 of R / K , R ′ / K and R ′′ / K . In each graph, the pure
R , R ′ and R ′′ processes are indicated by a full circle, a diamond and a square
respectively. All three figures are symmetric in p1 = p2 . Figure 1b shows a saddle point
at b0.5;0.5g .
Along the line p1 = 1 at the right hand side border of the graphs, one of the atoms
immediately enters the oxide. This last constrained version of the general theory holds if
the exchange mechanism is initiated by the reaction of one atom of an oxygen molecule
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with a vacancy. In this instance, one of the atoms of the molecule will occupy the
vacancy. The remaining atom may either enter the gas phase or the oxide. Here, the
probability for the second atom to exchange is given by
p2 =

R ′′
.
R ′ + R ′′

(2.23)

It should be noted that the R-process does not occur here.

2.6

Conclusions

A stochastic model for surface-limited oxygen isotope exchange in closed gas
systems is presented. The model is applicable if the characteristics of the exchange
process are uniform over the specimen surface. It is indicated that a reaction mechanism
imposes constraints in the form of an expression between p1 and p2. This leads to six
simple limiting cases. In five of these instances, p1 and/or p2 are either zero or one.
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Oxygen isotope exchange on terbiadoped yttria-stabilised zirconia

Impedance spectroscopy and isotope exchange were applied for
measurement of the electronic conductivity and surface exchange
rate of Zr1− x − y Tb x Yy O 2 − δ (x = 0.091-0.364 and y = 0.182) as a
function of terbium concentration. Impedance spectroscopy was
performed in the range of temperature of 100-800°C at oxygen
partial pressures between 0.1-0.9 bar, while isotope exchange was
carried out between 350°C and 800°C and 0.1-1.5 bar oxygen
pressure. Both electronic conductivity and surface exchange rate
increased markedly with terbium concentration. The data of isotope
exchange could be modelled using a two-step exchange mechanism,
in which both oxygen dissociation and subsequent incorporation in
the oxygen lattice are considered to be rate-determining steps.

3.1

Introduction

Yttria-stabilised zirconia (YSZ) finds extensive application as solid electrolyte in fuel
cells, oxygen sensors and pumps. At usual operating temperatures, typically above 700ºC,
its ionic transference number is found to be close to unity in a wide range of oxygen
partial pressures. Finding a single-phase material, showing high ionic and electronic
conductivity, for use as electrode material in these devices is not trivial as it should be
mechanically and chemically stable upon attachment to the electrolyte.
Electronic conductivity in YSZ can be introduced by dissolution of multivalent
cations in the parent structure. Notable examples are YSZ doped with terbia, titania or
ceria. Electronic transport in these solid solutions is reported to increase with increasing
dopant concentration, but may be limited by the solid solubility of the multivalent oxide. 1
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As conduction occurs via a small polaron mechanism (electron hopping) between dopant
ions of different valency, its magnitude varies with temperature and oxygen partial
pressure. In part, electronic conduction occurs due to the different redox characteristics
exhibited by different dopant ions. While doping of YSZ with titania and ceria leads to
significant levels of electronic conduction at reduced oxygen partial pressures, typically
below2 10-11 bar, doping of YSZ with terbia already induces significant levels of
electronic transport at atmospheric oxygen partial pressures.3
Terbia has been dissolved in pure ZrO2 to form mixed conducting solid solutions
with Tb2O3.5 concentrations as high as 50 mol% by Iwahara et al.4 The electrons move by
hopping between Tb3+ and Tb4+, the co-existence of which has been confirmed using the
XANES (X-Ray adsorption near edge structure) technique.5 Dissolving terbia in YSZ
ensures a minimum value for the oxygen vacancy concentration, which is then fixed by
the yttria concentration. This not only ascertains a minimum value for the ionic
conductivity, but is also considered to be of relevance to the electrode reaction kinetics. In
this study, data are presented from combined impedance and isotope exchange
measurements on a series of terbia-doped YSZ in an attempt to identify the role of ionic
and electronic transport in the mechanism of oxygen surface exchange.

3.2

Theory

3.2.1

Defect chemistry

YSZ doped with terbia, Zr1− x − y Tb x Yy O 2 − δ , is formed by the substitution of
zirconium by terbium cations on the zirconium sublattice. As the terbium ions can be
either trivalent or tetravalent,5 the electroneutrality equation reads
Tb ′Zr + YZr′ = 2 ⋅ VO ,
••

(3.1)

where the concentrations of free electrons and electron holes have been assumed to be
negligibly small. The equilibrium of gaseous oxygen with the oxide can be represented by
2Tb ×Zr + O ×O

↔2Tb′

Zr

1
+ VO + O 2 .
2
••

The corresponding mass action law reads6

(3.2)
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K=

Tb′Zr ⋅ VO ⋅ pO1/22
Tb ×Zr
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••

2

O O×

.

(3.3)

Since
VO + O ×O = 2
••

and
×
Tb′Zr + Tb Zr
=x,

(3.4)

Eq. (3.3) can be rewritten as
c+ y
K
c2
2
=
⋅
,
p1/O 22 b x − c g2 2 − c + y
2

(3.5)

where c denotes the dimensionless concentration of trivalent terbium species. At high
oxygen pressures, where the dimensionless vacancy concentration δ is approximately
. At low
constant at y/2, the concentration of trivalent terbium varies proportional to pO-1/4
2
oxygen partial pressure δ ≈ (x+y)/2 and, hence, Tb ×Zr ∝ pO1/42 .
Electronic conduction in terbia-doped YSZ occurs by small polaron hopping between
trivalent and tetravalent terbium sites, and is given by7
σ hop = [Tb 4+ ]eµ h ,

(3.6)

with
µh =

F E I
Nea 2 ν0 x − c
expG − hop J ,
⋅
k BT
x
H k BT K

(3.7)

where N denotes the effective density of terbium ions in the zirconium sublattice. Though
related to the total concentration of terbium, x, this parameter is also determined by the
connectivity of the fixed terbium network. Finally, it may be noted that hopping of oxygen
anions over oxygen vacancies can be described by equations similar to Eqs. (3.6) and
(3.7).
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3.2.2

Oxygen isotope exchange

The recovery of isotopic equilibrium is monitored, by measurement of the oxygen
isotope concentrations (mass numbers 32, 34 and 36) in the gas phase as a function of
time, after the oxygen-16 gas surrounding the sample is quickly replaced by the same
amount of oxygen-18 enriched gas. The sample releases oxygen-16 and picks up
oxygen-18 in order to re-establish isotope equilibrium. Effects of chemical diffusion do
not occur in the oxide since the oxygen pressure remains constant during the course of the
exchange experiment.
Data analysis is performed on the basis of a stochastic theory, 8 describing the
transient oxygen isotope concentrations in terms of three parameters: K, p1 and p2.
Parameter K [mol O 2 m −2s −1 ] denotes the amount of oxygen molecules participating in
the exchange process per unit of time and area, whereas p1 and p2 denote the respective
probabilities for exchange of the first and second atom within a single oxygen molecule. It
may be noted that p1 and p2 are not necessarily equal, since the microscopic environment
of the second oxygen atom may be altered by, e.g., incorporation of the first atom into the
oxygen sublattice.
The gas phase oxygen-18 fraction can be derived to be 8
F

f g (t ) = f ∞ + d f 0g − f ∞ i ⋅ expG −
H

tI
J.
τ1 K

(3.8)

In this equation, f 0g and f ∞ denote the initial and equilibrium gas phase oxygen-18
fractions, respectively. The time constant τ1 is given by
τ1 =

2a ⋅ m
1
1
⋅
⋅
,
2a + m S ⋅ K p1 + p2

(3.9)

where a [mol O2] and m [mol O ×O ] are the amounts of gas phase and lattice oxygen,
respectively. Using the definitions
Rβ
| 1
S
|β2
T

= f ∞ d f 0b − f 0g ib p1 + p2 g + 2d f 0g − f ∞ i ;
=

b

d f0

− f 0g i ⋅ p1 + f 0g − f ∞ ⋅ d f 0b − f 0g i ⋅ p2 + f 0g − f ∞ ,

the 18O2 gas phase fraction x can be expressed as

(3.10)
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F

x bt g = f ∞2 + 2 f ∞ ⋅ d f 0g − f ∞ i ⋅ expG −
H

F 2t I
tI
β2 ⋅ τ1
expG − J
J+
τ1 K τ1 − 2τ 2
H τ1 K

F
β ⋅τ O
t I
− f − 2 f ⋅ f − f ∞ i − 2 1 P ⋅ expG − J ,
τ1 − 2τ 2 Q
H τ2 K

L
+ M x0
N

2
∞

35

(3.11)

g
∞ d 0

where the time constant τ2 is given by
τ2 =

a
.
S⋅K

(3.12)

The time dependence of the fraction y of oxygen-34 in the gas phase is calculated from
y = 2 ⋅ ( f g − x ) , while z, which is the fraction of oxygen-36 is calculated from
x + y + z =1.

As outlined previously by Den Otter et al.,8 several constrained versions can be
derived from the general equations (3.8)-(3.12). Anticipating the results from this study,
isotope exchange on Zr1− x − y Tb x Yy O 2 − δ can be described assuming both atoms of oxygen
molecules to display equal probabilities for exchange with the oxide: p1 = p2 ≡ p . The
exchange can be considered a serial process, i.e., consisting of two lumped steps: the
dissociation of oxygen molecules at the sample surface at a rate kdis = K and subsequent
transfer of atomic oxygen species to the bulk of the oxide at a rate kb. The overall
exchange rate ks [mol O2 m-2◊s-1]
ks = K ⋅

p1 + p2
= K⋅p
2

(3.13)

can therefore be expressed as
1
1
1
=
+ .
ks kdis kb

3.3

(3.14)

Experimental

3.3.1

Preparation

Powders of compositions Zr1− x − y Tb x Yy O 2 − δ with y = 0.182 and x = 0.091, 0.182,
0.273 and 0.364 were prepared using the citric acid method. Appropriate amounts of
Tb4O7 (Highways International), Y2O3 (Merck) and ZrO(NO3)2◊zH2O (Aldrich) were
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dissolved in separate solutions containing nitric acid, using citric acid as a complexing
agent. The zirconium content in ZrO(NO3)2◊zH2O was calculated from the weight loss
observed upon thermal decomposition at 1200°C. Ammonia was added to the mixed
solution up to the pH of 7. The solution was then evaporated on a hot plate until pyrolysis
occurred. The product was calcined for 10 h at 1000°C in stagnant air. Powder samples
for X-ray diffraction analysis were annealed at 1500°C for 1 h in stagnant air. Silicon was
used as internal standard.
Oxygen isotope exchange experiments were performed on fine powders, as obtained
after calcination, and on coarse powders obtained after sintering in air at 1500°C for 10 h.
The sintering procedure reduces the surface area of the powders and, hence, its activity in
oxygen isotope exchange. In this way, the coarse powders could be characterised by
oxygen isotope exchange at higher temperatures than fine powders of the same
composition.
Impedance measurements were performed on dense sintered compacts. Powders
were pressed uniaxially and subsequently isostatically at 4000 bar. The resulting compacts
were sintered at 1575°C in air for 20 h with heating and cooling rates of 2 ° C ⋅ min −1 .
Densities of the compacts were measured using a standard Archimedes method and
exceeded 90% of the theoretical value. The compacts were cut into the desired geometry
of approximately 0.35 mm × 4.5 mm × 4.5 mm and polished using an emulsion of 1 µm
diamond grains on cloth.

3.3.2

Oxygen isotope exchange

Figure 3.1 shows a schematic diagram of the experimental set-up. The total gas
volume of the reactor was about 60 cm3. The masses of the powder samples were chosen
in such a way that the amounts of lattice oxygen and oxygen gas in the reactor were of the
same order of magnitude. The sample was placed in a small quartz bucket inside the
quartz reactor tube. The reactor tube, which was secured with two vacuum-tight watercooled O-rings, contained a concentric inner quartz tube leading to the sample. A gas
circulation unit ensured gas mixing within 3-4 min. A controlled leak valve (Balzers UDV
135) took small amounts of the reacting gas, which were analysed by the mass
spectrometer (Prisma QMS 200 and QMG 112). Ultrahigh vacuum in the analysis
chamber was maintained by the combination of a turbodragpump and a membrane pump.
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The gas handling system consisted of a natural oxygen supply and an oxygen-18
enriched supply, stored in a modified cryopump to enable recycling of oxygen-18 gas.
The reactor chamber could be evacuated to 10-3 mbar using a second turbodrag pumpmembrane pump combination.
Before a series of experiments was conducted, the quartz tube was cleaned in nitric
acid overnight. The sample was annealed in situ under vacuum (10-3 mbar) at 300°C for
more than 2 h to remove adsorbed water. Subsequently, the sample was annealed in
1.5 bar natural oxygen at 700°C for three hours, to remove any traces of carbon. Finally,
the sample was annealed in vacuum at 300°C for 3 h again.
16

O2

PS
OCU
CLV
QMS
C.W.
TDP

18

O2

TDP
MP

MP
Furnace

Sample

Figure 3.1 Overview of the oxygen isotope exchange setup. OCU: oxygen circulation unit; PS: pressure sensor;
CLV: controlled leak valve; QMS: quadrupole mass
spectrometer; TDP: turbo drag pump; MP: membrane
pump.

The measurement procedure involved the following steps:
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A pre-anneal step, during which the sample is heated to 800°C in 1.5 bar natural
oxygen for 1 h. This is carried out to remove, if present, a large fraction of the
oxygen-18 from the oxide. Hereafter the sample is quenched to room temperature
again.



An equilibration step, during which the sample is allowed to attain chemical
equilibrium with oxygen gas at the chosen temperature and pressure of the
experiment for at least 1 h. The oxygen stoichiometry is assumed to be fixed by the
subsequent quench to room temperature.



The exchange step, which refers to the actual measurement. At room temperature, 18O
enriched gas (Advanced Research in Chemistry, 96.55%) and natural oxygen gas are
fed into the reactor in a 1:1 ratio and up to the same pressure observed after the
quench procedure. The sample is rapidly heated again to the chosen temperature and
pressure of the experiment, where the isotope exchange process is allowed to take
place. Typical times required for monitoring isotope exchange were 10-20 h.

Prior to each step the reactor was carefully flushed with natural oxygen.

3.3.3

Impedance spectroscopy

Gold electrodes of 1.5 µm thickness were sputtered on either sample surface. Gold
contact wires of 0.5 mm thickness were attached to the sputtered layer using gold paint
(Heraeus) and annealed at 700°C in stagnant air for 3 h. During the experiments, the
distance between the samples and the thermocouple was less than 3 cm. The temperature
was controlled at constant levels between 30°C and 800°C. Oxygen and nitrogen gas
flows through mass flow controllers (Brooks 5850E) were mixed, yielding oxygen partial
pressures of 0.1 bar, 0.3 bar and 0.9 bar at 100 ml⋅min-1 (STP). After changing the
temperature or oxygen partial pressure, the samples were equilibrated for more than 12 h.
Impedance spectroscopy was performed using a Schlumberger 1250 Frequency Response
Analyser. Two home-made 1:1 amplifiers were applied to increase the input impedance of
the frequency analysis system. The current through the circuit was obtained from the
potential difference over a series resistance chosen to match the sample impedance.
Impedance spectra were measured at approximately 15 steps/decade over the range of
0.01 Hz to 65 kHz. The validity of each data set was checked using a Kramers-Kronig
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transformability test.9 Further data analysis was performed using the Equivalent Circuit
software package.10,11

Figure 3.2. Electric circuit used for the impedance
spectroscopy
measurements.
S
sample;
RM series resistance.

3.4

Results and discussion

3.4.1

X-ray diffraction

Results from X-ray powder diffraction indicate that phases Zr1− x − y Tb x Yy O 2 − δ retain
the fluorite structure even at relatively high concentrations of terbium. Calculated lattice
constants are shown in Figure 3.3, showing excellent agreement with data reported by
Han et al.12 No evidence was found for the formation of second phases.
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Figure 3.3. Comparison of the lattice constants for
Zr1-x-yTbxYyO2-δ from Han et al.12 with results from this
study.

3.4.2

Impedance spectroscopy

Figure 3.4 shows characteristic impedance plots for the

Zr1− x − y Tb x Yy O 2 − δ

compositions. At the temperature of 400°C, only the Tb-091 sample shows a clear
electrode dispersion. The disappearance of the bulk semi-circle for increasing terbium
concentration is due to the strong increase in the total conductivity. As the maximum in
the bulk semi-circle is characterised by ωmax = 1/RC, this summit frequency shifts to
higher frequencies when R decreases. Hence the frequency range, in which the bulk
dispersion is observable, shifts away from the fixed measurement range. Grain boundary
effects and the double layer capacitance at the electrodes were not observed in any of the
phases. A full presentation of the data from impedance measurements from this study will
be given elsewhere.13
Arrhenius plots of the total conductivity of the four different terbium compositions,
at pO 2 = 0.9 bar, are presented in Figure 3.5. At temperatures above 630°C, the ionic
conductivity exceeds the electronic conductivity of the Tb-091 sample. This effect is
visible by the upturn of the total conductivity above this temperature. A similar increase
of the total conductivity can be observed in Tb-182 at the highest temperatures of the
experiments. The ionic conductivity for Tb-182 is seemingly lower than that for Tb-091,
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which result can be rationalised by the increased site fraction of trivalent cations in the
host structure of the former composition. It is well known that the ionic conductivity of
zirconia solid solutions shows a maximum and decreases with increasing vacancy
concentration as a result of an increasing aliovalent dopant concentration. This
observation is often explained to be due to the formation of defect associates at high
vacancy concentrations, which effectively lowers the concentration of mobile oxygen
vacancies.14 Results of this study compare well with data obtained by Han et al.12

Figure 3.4. Characteristic impedance spectra for the four different terbium
concentrations at 400°C and 0.9 bar oxygen partial pressure. (O) measurement data, (■)
CNLS model fit. The insert shows residuals of the CNLS-fit (except for YSZ-Tb364,
arrow indicates measured data points).
As mentioned before, electronic conduction in the Zr1− x − y Tb x Yy O 2 − δ compositions
occurs by electron hopping between trivalent and tetravalent terbium ions. The observed
activation energies, as listed in Table 3.1, are in the range typically observed for a small
polaron hopping mechanism. The Tb3+/Tb4+ fraction, at a given temperature, can be
estimated from the pO 2 dependence of electronic conductivity. The p-type electronic
conductivity observed for the various compositions Zr1− x − y Tb x Yy O 2 − δ , as shown in Figure
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3.6, varies proportional to pOn 2 , with values of n as listed in Table 3.2. The value of n
apparently does not change with temperature and only slightly with terbium concentration.
At the conditions covered by the experiments approximately 10-30% of the total terbium
content appears to be in the tetravalent state.5 The apparent mobilities calculated using Eq.
(3.6) are 10-8 cm2⋅V-1⋅s-1 for Tb-091 at 400°C and 10-4 cm2⋅V-1⋅s-1 for Tb-364 at 800°C.
These values are somewhat on the low side for small polaron conductors. This is, at least
partly, due to the fact that the terbium network and the connectivity of this network
determine overall polaronic transport. Assuming that direct exchange can only take place
via nearest neighbours, site percolation theory predicts a threshold for a fcc network of
0.199, which is about halfway the range 0.091-0.364 of terbium concentrations covered
experimentally. A strong increase in electronic conductivity is therefore expected with
increasing terbium concentration. Figure 3.7 shows that the electronic conductivity of
Zr1− x − y Tb x Yy O 2 − δ at different temperatures, at pO 2 = 0.9 bar, varies almost proportional
to [Tb]n with n ≈ 6.
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Figure 3.5. Arrhenius plot of the total conductivity of the different
Tb-doped YSZ samples.
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x

σ 0i (S⋅K⋅cm-1)

E i d kJ ⋅ mol −1 i

σ 0e (S⋅K⋅cm-1)

E hop d kJ ⋅ mol −1 i

0.091

2.8·107

134

7.4·101

74

0.182

-

-

9.7·102

64

0.273

-

-

6.9·102

55

0.364

-

-

3.9·103
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Table 3.1. Conductivity parameters for the Tb-doped YSZ samples at 0.9 bar oxygen
partial pressure.
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Figure 3.6. Electronic conductivity vs. oxygen partial pressure for Tb-182 (top left),
Tb-273 (top right) and Tb-364 (bottom).
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Temperature

Tb-182

Tb-273

Tb-364

569°C

0.19

-

-

600°C

0.20

0.13

0.097

650°C

-

0.14

0.11

700°C

0.20

0.13

0.11

750°C

-

0.13

0.13

800°C

0.15

-

0.11

0.14

0.13

850°C

Table 3.2. Oxygen partial pressure powers n of the electronic
conductivity. Errors are estimated at ±0.03.
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Figure 3.7: Dependence of electronic
conductivity on the terbium concentration x
at 0.9 bar oxygen partial pressure.

3.4.3

Oxygen isotope exchange

A characteristic measurement and corresponding fit to the data are presented in
Figure 3.8. The fitting procedure indicated equal probabilities for exchange of the first and

Oxygen isotope exchange on terbia-doped yttria stabilised zirconia

45

second atom within a single oxygen molecule, i.e. p1 = p2 ≡ p . As discussed in the
theoretical section, this implies that overall exchange on the Zr1− x − y Tb x Yy O 2 − δ
compositions can be described with a two-step model. The first step is the dissociation of
oxygen molecules at the sample surface, at a rate kdis, while the second step relates to the
exchange of mono-atomic oxygen species with lattice oxygen, at a rate kb. Observed
values of p range between 0.036 and 0.75, indicating that both steps exert about equal
influence on the overall exchange rate ks.
0.8

fra ctio n

0.6

32

0.4

34
18

0.2

36
0.0
0

2

4

6
tim e (h )

Figure 3.8. A characteristic oxygen isotope
exchange
measurement
and
the
corresponding curve fits. A small difference
between the fit and the measured data
occurs in the early stage. Markers in the
measured data are omitted since thousands
of data points were sampled.
The BET surfaces of the fine powders ranged from 3 to 6 m2⋅g-1. The specific surface
of the coarse powders was too low to be determined experimentally. By matching high
temperature and low temperature data of the overall exchange rate ks in the corresponding
Arrhenius plots, shown in Figure 3.9, an estimate could be obtained. The surfaces of the
coarse powders obtained in this way range from 5⋅10-4 to 2.5⋅10-2 m2⋅g-1. Activation
energies of relevant exchange rates are summarised in Table 3.3. It should be noted that
only in the case of Tb-091 a significant discrepancy was observed in the activation energy
of kdis obtained from measurements on coarse and fine powders. The reason for this
behaviour is not clear.
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The general trend displayed is that the three exchange rates increase with increasing
terbium concentration. The close match in the activation energies of rates ks, kdis and kb
observed for each of the compositions suggests that similar factors play a role in
determining their magnitudes. For samples Tb-0.182, Tb-0.273 and Tb-0.364 there is also
fair agreement between the values of the activation energies observed among the
compositions. For sample Tb-0.091, however, the corresponding values tend to be slightly
higher. Though the apparent trend in the magnitudes of the exchange rates and that of the
electronic conductivity of compositions Zr1− x − y Tb x Yy O 2 − δ are similar, i.e. increasing with
increasing terbium concentration, the corresponding activation energies differ by almost a
factor of two (see Table 3.2 and Table 3.3). This suggests that besides electronic
conductivity additional factors must account for the observed increase of the exchange
rates with dopant concentration.
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Figure 3.9. Arrhenius plots of the overall exchange rate (left), the surface dissociation rate
(right) and the bulk transfer rate (bottom). Filled markers indicate data of coarse powders,
while open markers represent data obtained from fine powders.
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Phase

Tb-0.091

Tb-0.182

Tb-0.273

Tb-0.364

ks

186

137

136

153

kdis

214/158

139

134

143

kb

190

137

140

168

Table 3.3. Activation energies (kJ⋅mol-1) of the surface
reaction rates. The activation energies for the overall
exchange rate on Tb-091 showed a significant discrepancy
between coarse (214 kJ⋅mol-1) and fine (158 kJ⋅mol-1)
powders. Accuracies of the values were estimated at 10%.
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Figure 3.10. Oxygen partial pressure dependencies at 600°C of the coarse powders. In the
bottom graph, the legend is as used in the top graphs.
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Figure 3.10 shows the dependence of the exchange rates on oxygen partial pressure
at 600°C. Each of the rates is proportional to pOn 2 , with values of n as measured at various
temperatures listed in Table 3.4. As emerges from many studies several species, e.g. O -2 ,
O - , O 2-2 , can occur as intermediates for the reduction of molecular oxygen. The overall
reaction, given by Eq. (3.2), can be broken down into multiple steps, which procedure is
commonly used to explain experimentally observed Tafel slopes in studies of oxygen
electrode kinetics. The observed pOn 2 dependencies of kdis and kb for compositions
Tb-0.182, Tb-0.273 and Tb-0.364 are close to n = 1 and n = ½, respectively, suggesting
the involvement of neutral molecular and atomic oxygen adsorption intermediates in the
corresponding rate determining steps. For composition Tb-0.091 the n-value for the
dissociation rate kdis departs markedly from one. Additional work is required to explain
this power law dependence.
Compound

Tb-0.091

Tb-0.182

Tb-0.273

Tb-0.364

600°C

-

1.11 0.57

1.15 0.73

1.03 0.54

700°C

1.54 0.86

1.18 0.58

-

-

750°C

1.54 0.56

-

-

-

Table 3.4. Oxygen partial pressure law powers for kdis (first value) and kb
(second value). Errors are estimated at ±0.15.

3.5

Conclusions
Impedance spectroscopy and isotope exchange and were applied for measurement of

the electronic conductivity and surface exchange rate of Zr1− x − y Tb x Yy O 2 − δ as a function
of terbium concentration. Measurements were performed at temperatures between 100 and
800°C and oxygen partial pressures between 0.1 and 0.9 bar for impedance spectroscopy,
and between temperatures of 350 and 850°C and oxygen pressures of 0.1 to 1.5 bar for
isotope exchange.
The work presented here shows that both electronic conductivity and surface
exchange rate of compositions Zr1− x − y Tb x Yy O 2 − δ , x = 0.091-0.364 and y = 0.182, increase
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markedly with terbium concentration. The activation energies observed for these
processes differ significantly, suggesting that besides bulk electronic conductivity
additional factors are responsible for the observed increase in exchange rate. The data of
isotope exchange could be modelled using a two-step exchange mechanism, in which both
oxygen dissociation and subsequent incorporation in the oxygen lattice are considered to
be rate-determining steps. The observed pO 2 -dependencies at high terbium concentrations
suggest the involvement of neutral molecular and mono-atomic oxygen species in these
steps.
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4

Reactor flushtime correction in
relaxation experiments

The present paper deals with the analysis of experimental data
from conductivity relaxation experiments. It is shown that evaluation
of the chemical diffusion and surface transfer coefficients for oxygen
by use of this technique is possible only if accurate data of the
conductivity transient can be measured at short times, i.e.
immediately after the change in the surrounding oxygen partial
pressure. The flushing behaviour of the reactor volume may however
significantly influence the early stage of the relaxation process.
Large errors in the transport parameters are obtained from fitting
the relaxation data to the theoretical equations if this phenomenon is
not properly recognised. Equations are presented which describe the
transient conductivity taking into account the finite flushtime of the
reactor. The regimes of surface- and diffusion controlled kinetics are
discussed quantitatively.

4.1

Introduction

Relaxation techniques offer a useful tool to obtain the chemical diffusion and surface
transfer coefficients for oxygen of mixed ionic electronic conductors. These materials are
considered for application as electrodes in oxygen partial pressure sensors1, solid oxide
fuel cells2 and as semi-permeable membranes for the separation of oxygen from air3 at
high temperatures. The relaxation process follows after an instantaneous change of the
oxygen activity in the gas phase and brings about a change in stoichiometry of the oxide.
It can be measured by monitoring the weight or electrical conductivity as a function of
time. The oxygen transport parameters are obtained from fitting the experimental
relaxation data to the theoretical equations, depending on the particular type of sample

52 Chapter 4
geometry. Examples of relaxation techniques include conductivity relaxation,4,5,6 dynamic
thermogravimetry7 and solid state electrochemical methods. 8
In general, the oxygen partial pressure in relaxation experiments is changed by
switching between two gas flows with different oxygen partial pressures. In the derivation
of the theoretical equations it is assumed that the oxygen partial pressure in the reactor is
changed instantaneously. This assumption simplifies the mathematical treatment
considerably. However, a correction must be applied if the relaxation time approaches the
flushtime of the reactor volume. In conductivity relaxation experiments, where in general
reactor volumes are small and hence flushtimes are short, a flush time correction is needed
only if relaxation times are comparatively short, e.g. at high temperatures. On the other
hand in, e.g., dynamic thermogravimetric experiments, flushtimes are usually large due to
the inherently large reactor volumes. In these cases experimental limitations due to the
finite flushtime of the reactor are likely to occur at any temperature of interest. If this
phenomenon is not properly recognised, straightforward analysis of the measured
responses may lead to erroneous results.
In the present paper, equations are derived which describe the transient response in
conductivity relaxation experiments, taking into account the time needed for reactor
flushing. From the analysis of these equations, a number of experimental conditions are
formulated, which should be met in relaxation type experiments.

4.2

Ideal step response

In conductivity relaxation experiments the relation between stoichiometry and
electrical conductivity is exploited. The time variation of the conductivity of the sample is
measured in response to a different oxygen activity in the gas phase. The conductivity
relaxes towards a new value as the oxide attains its new equilibrium state. The relaxation
process is assumed to be controlled by chemical diffusion of oxygen and the associated
surface transfer rate. There are many useful solutions to Fick’s second law, depending
upon the particular initial and boundary conditions. In this section, the change in the
surrounding oxygen activity is taken to be instantaneous. A thin sheet for the sample
geometry is considered, so that one-dimensional diffusion occurs. In a later section
(Section 3.1) equations are presented to modify the general solution for this geometry and
to incorporate the effect of a finite flushtime of the reactor.
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General solution

One-dimensional diffusion of oxygen into a dense ceramic oxide can be described by
Fick’s first law

~ ∂c
(4.1)
J = −D ,
∂x
~
in which J, D and c are the particle flux density, the chemical diffusion coefficient and
the concentration of oxygen, respectively. Application of the continuity equation for the
particle flux density leads to Fick’s second law
∂c ~ ∂ 2 c
=D 2 ,
∂t
∂x

(4.2)

~

where it is assumed that the chemical diffusion coefficient D is independent of
concentration. The conditions for the flux density at both boundaries of the sample
at x = ± a can be written as
~ ∂c
J ba g = − D
∂x

x =a

~ ∂c
= K tr cba g − c∞ and J b −a g = − D
∂x

= − K tr cb −a g − c∞ ,

(4.3)

x =− a

where Ktr is the surface transfer coefficient, a the half the sample thickness c∞ is the
equilibrium concentration corresponding to the new pO 2 . The solution for the
concentration profile as a function of time, cstep b x, t g , is obtained through an
eigenfunction expansion of the initial oxygen concentration cb x ,0g = c0 :9
cstep b x , t g =

cstep b x, t g − c0
c∞ − c0

2 Lα cosbα n x / a g

∞

= 1− ∑

α + L + Lα i cosbα n g

n =1 d

2
n

2
α

F

expG −
H

t I
J ,
τn K

(4.4)

where the horizontal bar indicates that the quantity is made dimensionless. The time
constants τn are given by
a2
τn = ~ 2 .
D ⋅αn

(4.5)

The time constants play an important role, e.g. the duration of the transient experiment is
given by 4-5 times the first time constant τ1. After this period of time, the n = 1 term
fades to almost zero as the oxide attains its new equilibrium state. Similarly, the n = 2
term fades after 4-5 times the second time constant τ2. As will be discussed later, τ2 is
much smaller than τ1. It can be determined only from the experimental relaxation data

54 Chapter 4

immediately after the change in the ambient oxygen activity. It will be shown that values
of both time constants are needed for proper evaluation of both the chemical diffusion
coefficient and the surface transfer rate.
In Eq. (4.4), the parameter Lα and the eigenvalues αn are solved from
aK
α n tan α n = ~tr = Lα .
D

(4.6)

A simple method for numerical evaluation of the eigenvalues αn was presented in ref. 10.
From this equation, a characteristic length scale Lc can be defined, given by
~
D
Lc =
.
(4.7)
K tr
As is discussed in Section 4.2.2, diffusion limitation occurs if a >> Lc and surface
limitation if a << Lc .
Assuming a linear proportionality between the electronic conductivity and the
oxygen concentration, the dimensionless transient conductivity σstep bt g can be derived by
integration of the concentration over the sample volume
σstep bt g =

σ step bt g − σ 0
σ ∞ − σ0

∞

F

= 1 − ∑ An expG −
n =1

H

t I
J ,
τn K

(4.8)

where
An =

2 L2α
.
α α + L2α + Lα i
2
nd

2
n

(4.9)

It is appropriate to mention here that in the most general case the dependence of the
conductivity with the oxygen concentration can be different from linear. In addition, the
linear rate law adopted for the surface reaction lacks a physical basis. This restricts the
applicability of Eq. (4.3) in practice to small step changes in the ambient oxygen partial
pressure.

4.2.2

Distinguishing between surface reaction and diffusion control

Relaxation experiments are carried out for evaluation of the chemical diffusion

~

coefficient D and the surface transfer rate Ktr. In the most desirable case, the transient
depends heavily on both parameters. Such a strong dependence guarantees the accurate
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determination of both transport parameters from a single experiment. However, the
relaxation may be dominated by only one of the transport processes. This is the case if the
relaxation kinetics is under pure control of either the surface transfer reaction or the
diffusion of the mobile species within the solid, as opposed to the situation where the
kinetics is under mixed control.
~
In relaxation studies, e D, K tr , a j is usually taken as the independent set of parameters
with which the transient response can be fully described. Instead, one might also
consider b τ1 , τ 2 , a g . It can be shown 11 that the transient is fully determined by this set. The
advantage is that clear criteria can be formulated to distinguish between surface- and
diffusion-controlled kinetics. The first two time constants τ1 and τ2 have the highest
values and, therefore, they can be evaluated with the highest precision. Higher terms in
the series of Eq. (4.8) fade away faster, but they still contribute to the very early stage of
the transient. These higher terms can not be ignored, in spite of the focus on n = 1 and
n = 2 terms.
From the general solution presented by Eq. (4.8) constrained versions can be derived
if the relaxation kinetics is under pure control by a limiting rate of the surface reaction or
by that of the diffusion within the solid. If the relaxation is rate limited by the surface
reaction, the time constants τ n reduce to zero for n ≥ 2 . This can be expressed as
F
b τ1 , τ 2 , a g = G
H

I
a
,0, aJ .
K tr
K

(4.10)

In the case of diffusion limitation within the solid the corresponding condition
reads
b τ1 , τ 2 , a g

I
4a 2 1
4a 2
τ
=
,
, aJ .
~
1
2
2~
Hπ D 9
9π D K
F

=G

In this special case the values for the other time constants are given by τ 3 =
τ4 =

1
1
τ1 , τ 5 = τ1 , … .
49
81

(4.11)
1
τ1 ,
25

56 Chapter 4

1.0

9τ 2
τ1
0.5

0.0
0.01

0.1

1

10

10 0

Lα

Figure 4.1. Ratio of τ2 and τ1 versus Lα.
From the above it is apparent that the ratio τ 2 / τ1 is of relevance in the fitting procedure.
In Figure 4.1, this ratio is plotted as a function of Lα, which is a dimensionless transport
number. For Lα values smaller than approximately 0.03, τ 2 / τ1 is almost zero. The fit of
~
the experimental data falling in this regime will be independent of the value of D . This is
the regime of surface-controlled kinetics. For Lα values larger than approximately 30, the
ratio τ 2 / τ1 becomes almost constant at 1/9. Here, the fit of the relaxation data is
independent of the value K tr and therefore, diffusion-controlled kinetics occurs. At
intermediate values of Lα the relaxation is under mixed control of surface transfer and
diffusion. Only when the experimental relaxation data fall into this regime accurate values
~
for both D and K tr are obtained from the fitting procedure. Since the latter regime
covers the range from surface- to diffusion-controlled kinetics, limiting Lα between 0.03
and 30 in the fitting procedure allows for the proper evaluation of τ1 and τ2, which are
~
needed to evaluate both D and K tr simultaneously. If the value of Lα, resulting from the
fit equals 0.03, the value of the chemical diffusion coefficient is to be ignored and vice
versa.

Reactor flushtime correction in relaxation experiments

4.3

Flushtime correction

4.3.1

Non-ideal step response
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In this section a gradual equilibration of the oxygen partial pressure due to the finite
time required for flushing the reactor volume is considered. The boundary condition in
this case reads
~ ∂c
J ba g = − D
∂x

x =a

~ ∂c
= K tr cba g − ceq and J b −a g = − D
∂x

= − K tr cb− a g − ceq .

(4.12)

x =− a

where ceq d pO2 i denotes the equilibrium oxygen concentration which, in contrast to c∞ in
Eq. (4.3), is now a function of time.
The idealised step can be described using the Heaviside function u(t). This function
is defined to be zero for negative values of t and unity for positive values. The step change
in oxygen partial pressure can thus be expressed as
pstep bt g = p0 + b p∞ − p0 g ⋅ ubt g

(4.13)

or in a more convenient dimensionless form
pstep bt g =

pstep bt g − p0
p∞ − p0

= ubt g .

(4.14)

Assuming continuously ideally stirred tank reactor (CISTR) 12 behaviour in the actual
reactor volume, the oxygen partial pressure as a function of time pCISTR bt g can be derived
to be
F

pCISTR bt g = p∞ + b p0 − p∞ g ⋅ expG −
H

t I
J,
τf K

(4.15)

with
τf =

Vr TSTP
⋅
,
Φ v,tot Tr

(4.16)

where Φ v,tot is the flow rate of the reactor gas, Vr and Tr denote the reactor volume and
temperature, respectively. The dimensionless oxygen partial pressure can be written as
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F
pCISTR bt g − p∞
t I
= expG − J .
p0 − p∞
H τf K

pCISTR bt g =

(4.17)

In the derivation it is assumed that the oxygen release and uptake by the sample is
negligible. The time constant τ f , referred to as the flushtime in this paper, denotes the
characteristic time needed to flush the reactor volume. From Eq. (4.17) it is calculated that
after a period of 4 × τ f has elapsed, only 1.83% of the original reactor gas volume has not
been replaced yet.
The transient conductivity can be calculated in several ways. Inspired by digital
signal analysis, 13 Eq. (4.17) can be written as the sum of an infinite number of impulses.
The response of the conductivity to each impulse (Dirac δ-peak) of the oxygen partial
pressure can be evaluated. By applying the superposition theorem, the flushtime-corrected
conductivity transient is given by the superposition of the impulse responses. This is
similar to the method presented below, which uses the convolution theorem in the Laplace
domain; the Laplace transform method is applied here because it is more transparent.
In the derivation a dimensionless transfer function H b sg is used, defined as
H b sg =

Ldσ step bt gi
Ld pstep bt gi

,

(4.18)

in which L denotes the Laplace transform operator, given by
Lc f bt gh: =



∞

0

f bt g ⋅ expb− st gdt .

(4.19)

Using this definition, H b sg can be expressed in the form:
H b sg =

Ldσ step bt gi
Ld pstep bt gi

∞
L1
τn O
= s ⋅ M − ∑ An ⋅
P.
1
s
s ⋅ τn Q
+
n =1
N

(4.20)

The Laplace transform Lc pCISTR bt gh can be obtained similarly:
Lc pCISTR bt gh =

τf
.
1+ s ⋅ τf

The Laplace transform Lc σ CISTR bt gh is given by:14

(4.21)
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Lc σ CISTR bt gh = − H b sg ⋅ Lc pCISTR bt gh = −

sτ f L 1 ∞
τn O
⋅ M − ∑ An ⋅
P.
1 + sτ f N s n =1
1+ s ⋅ τn Q
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(4.22)

The conductivity transient in the time domain is obtained by the inverse Laplace
transform of Eq. (4.22). The convolution theorem15 states that the product of the Laplace
transforms of two functions f(t) and g(t) equals
Lb f * g g = Lb f g ⋅ Lb g g = LFH



t

0

f b τg ⋅ gbt − τgdτIK .

(4.23)

This theorem can be used to obtain the response to the CISTR behaviour of the reactor if
two functions can be found such that the product of their Laplace transforms equals the
right hand side of Eq. (4.22). Two functions satisfying this condition are
f bt g = −

∞
F
F
1
t I
t I
⋅ expG − J and gbt g = 1 − ∑ An ⋅ expG − J .
τf
τ
H τf K
H
n =1
nK

(4.24)

This leaves the integral
σ CISTR bt g = −



∞

tL

∑A

M1 −
0
M
n =1
N

n

F

⋅ expG −
H

F t − τI O
t IO L 1
expG −
J P ⋅ M−
J P dτ
τ n K PQ MN τ f
τ f K PQ
H

(4.25)

to be evaluated. The final equation, which takes the flushtime into account, is
F

σ CISTR bt g = 1 − expG −
H

L
F
F
τn
t I ∞
t I
t IO
⋅ MexpG − J − expG − J P .
J − ∑ An ⋅
τ f K n =1
τ n − τ f MN H τ n K
H τf K P
Q

(4.26)

Three different transients, calculated from Eq. (4.26), are presented in Figure 4.2.
~
The sample thickness is 0.04 cm. D and Ktr were taken to be 16
. ⋅10 −4 cm 2s −1
and 6.3 ⋅10−4 cm s −1 , respectively. The flushtimes were set to 0, 30 and 60 s. Note that the
effect of the flushtime is most pronounced in the early stage of the relaxation process.
Whereas the ideal step response initiates immediately at t = 0 , the effect of increasing the
flushtime is that it leads to a more gradual behaviour in the early stage of the relaxation
process.
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Figure 4.2. Three transients with different
flush times.

4.3.2

Flushtime correction for other sample geometries

Thus far, only the case of one-dimensional diffusion was considered. This case can
be generalised to obtain the flushtime correction equations for many other sample
geometries. For long cylindrical samples with radius R, only the equations for the preexponential factors An and the time constants τn need to be changed:
An =

4 L2ρ

(4.27)

ρ2n ⋅ dρ2n + L2ρ i

and
τn =

R2
~.
ρ2n D

(4.28)

The eigenvalues are now obtained from a different equation:
ρn J1 bρ n g = Lρ J 0 bρn g =

RK tr
~ J 0 bρ n g ,
D

(4.29)

in which J0 and J1 denote the first and second Bessel functions of the first kind, and R
denotes the sample radius. The flushtime-corrected response is still given by Eq. (4.26) as
before.
Other diffusion problems can be treated similarly. For long beams and short
cylinders, the general form of the equation without flushtime correction reads
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σstep bt g = 1 − ∑ ∑ An ,m ⋅ expG −
H

n =1 m=1

t

I
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(4.30)

By analogy with Eq. (4.26), the general form of the response with flushtime correction
can be deduced to be
F

σ CISTR bt g = 1 − expG −
H

L
F
τ n,m
F
t I ∞ ∞
t I
t IO
⋅ MexpG −
− expG − J P .
J − ∑ ∑ An , m ⋅
J
τ f K n =1 m=1
τ n , m − τ f MN H τ n ,m K
H τf K P
Q

(4.31)

For two-dimensional diffusion in beam-shaped samples with a rectangular cross
section 2a × 2b , the pre-exponential factors and time constants are given by
2

An, m =

2L
2 L2α
⋅ 2 2 β2
2
2
2
α n dα n + Lα + Lα i β m dβ m + Lβ + Lβ i

(4.32)

and
τ n,m =

1
~ LF α I F β I
D ⋅ MG n J + G m J
H a K
H b K
M
N
2

2

O
P
P
Q

.

(4.33)

In this equation, αn denotes the roots of Eq. (4.6), while βn denotes the roots of a similar
equation:
bK
β n tan β n = ~ tr = Lβ .
D

(4.34)

For three-dimensional diffusion in short cylinders4 of radius R and length 2a, the preexponential factors An , m and time constants τ n , m are given by
An, m =

4 L2ρ
ρ2n ⋅ dρ2n + L2ρ i

⋅

2 L2α
α 2n ⋅ dα n2 + Lα + L2α i

(4.35)

and
τ n,m =

1
~ LF α I F ρ I
D ⋅ MG n J + G m J
H a K
H R K
M
N
2

2

O
P
P
Q

,

where the eigenvalues αn and ρn are given by Eqs. (4.6) and (4.29), respectively.

(4.36)
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4.4

Discussion

A number of conclusions can be drawn from Eq. (4.26). In the discussion given
below, only the case of the thin sheet geometry is considered. However, the conclusions
drawn remain valid for other sample geometries as well. Key parameters are the
flushtime τf, the first and second time constants, τ1 and τ 2 , because these are easiest
obtained from an experiment. Different regimes can be distinguished depending on the
ratios between these parameters. The regimes of interest are shown in Figure 4.3 and are
discussed separately in the following sections.

Figure 4.3. Depending on the values of the first two
time constants, four regimes can be indicated. The
flushtime correction is needed in the indicated regime.
The triangular marker corresponds to the transient with
a 20 s flushtime of Figure 4.2.

4.4.1

Fast flushing regime

If reactor flushing is fast compared to the relaxation process, the final oxygen
pressure of the ambient is quickly achieved and the conductivity response approaches the
step response, given by Eq. (4.8). This regime is indicated by ‘Fast flushing regime’ in
Figure 4.3. From the view of mathematics, the expb −t / τ f g terms Eq. (4.26) can be
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neglected, while the first few τ n / ( τ n − τ f ) terms approach unity. This regime is found for
τ ~
> 20 ⋅ τ .
2

f

A general rule of thumb for this regime follows from the following argument. The
time needed for a single experiment is 4-5 times the first time constant τ1. The second
time constant τ2 is nine times smaller than τ1 in the case of diffusion limitation. In the case
of mixed control, τ2 becomes even smaller, as discussed in section 4.2.2. Proper
evaluation of parameters from experimental data involves the accurate determination of
both τ1 and τ2. In order to be able to correctly neglect flushing behaviour, the flushtime τf
should be much smaller than τ2, meaning at least 10 times as small. In conclusion, the
flushtime should be at least 500 times smaller than the duration of the experiment in the
case of diffusion limitation, and 5000 times smaller in the case where the regime of mixed
control changes to pure surface limitation.

4.4.2

Slow reactor flushing; sensor regime

In this regime the sample remains in quasi-thermodynamic equilibrium with the
ambient during the flushing itself. Although the oxygen partial pressure is changed, the
sample reacts fast so that the equilibrium between gas phase oxygen and sample oxygen is
maintained. Basically, the sample behaves as an oxygen sensor. This regime is therefore
indicated by ‘sensor regime’ in Figure 4.3. No quantitative information on the transport
parameters can be obtained in this regime. It can only be applied to measure the flushtime
experimentally. The sensor regime occurs if the first time constant τ1 is less than one-third
of the flushtime τf.
In conductivity relaxation experiments, the reactor volume is generally a few tens of
milliliters, while the temperature ratio in Eq. (4.16) is of the order 3-4. With a flow rate
of 100 ml ⋅ min −1 , a flush time of the order of seconds is expected. However for
thermogravimetric experiments, the reactor volumes tend to be much larger. These can be
as large as 5 liters, which results in a flush time of 13-17 minutes. Therefore, TGA
experiments in which the dynamic response with respect to an oxygen partial pressure
step is measured are virtually impossible.
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4.4.3

Intermediate regime

In this regime, τ2 can not be evaluated since τ 2 < 2 ⋅ τ f . It becomes impossible to
~
obtain data on both D and Ktr simultaneously. The only parameter that can be obtained
from data fitting is the value of Ktr provided that Lα < 0.03 can be assumed, as discussed
in section 4.2.2.

4.4.4

Flushtime correction regime

In this regime, the flushtime is of the same order of magnitude as τ2. Equation (4.26)
~
should be applied for evaluation of D and Ktr. Neglecting flushtime effects can lead to
large errors in these parameters. This can be illustrated using the simulated data presented
in Figure 4.4. Here, two transients are plotted for one-dimensional diffusion in a planar
sample of 0.5 mm thickness. The difference between the transients is indicated also. One
~
graph was simulated with a flushtime of 20 s; D and Ktr values were taken to
. ⋅10−6 cm 2 ⋅ s −1 and 175
. ⋅10−4 cm ⋅ s −1 , respectively. Using these values, τ1 and τ 2
be 147
are calculated to be 300 and 29.4 s, respectively. The selected values correspond to the
triangular marker in Figure 4.3. The other transient was calculated neglecting the
~
flushtime correction, using Eq. (4.8); D and Ktr were taken to be 4.60 ⋅10−6 cm 2 ⋅ s −1
and 100
. ⋅10−4 cm ⋅ s −1 . The relaxation behaviour is in the regime of mixed control
~
( Lα = 2.98 ), where it can be expected that both D and Ktr can be evaluated accurately.
The difference in the transients is very small. However, a discrepancy of more than a
~
factor of 3 is observed for D . The error in the value of Ktr is as large as 75%. The
flushtime is much smaller than the duration of the experiment, but still large differences
~
in D and Ktr are found. This clearly indicates the importance of taking the flushing
behaviour of the reactor cell into account.
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Figure 4.4. Two dimensionless transients. Although the
difference is very small (right hand side axis), the
transport parameters differ significantly.
It may be difficult to detect experimentally which of the regimes of Figure 4.3
prevails. A hint in the direction of the sensor regime can be obtained from the temperature
dependence of τ1. Since both transport parameters are thermally activated, τ1 should show
significant temperature dependence. However, if the system is in the sensor regime, a
curve fit without flushtime correction to a transient can still appear satisfactory. In this
case, the time constant of the transient is misinterpreted as τ1, rather than the flushtime τf.
As indicated in Eq. (4.16), τf hardly depends on temperature. Therefore, an Arrhenius
graph of the first time constant can reveal whether or not the system is in the sensor
regime. If it is suspected that the system is in the sensor regime, it might be considered to
reduce the total gas flow by a factor of three. If the sensor regime holds, the sample
responds three times slower.

4.5

Measurement of flushtimes

In order to measure the flushing characteristics of the reactor volume, a new type of
oxygen sensor was developed. The sensor does not yield an absolute value of the oxygen
partial pressure, but it is extremely sensitive towards rapid changes in the oxygen partial
pressure in the ambient. As can be deduced from Eq. (4.5), τ1 decreases with decreasing
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sample thickness. Therefore, for sufficiently thin samples, the response time of the sample
becomes much smaller than the time needed to flush the cell. This means that the sample
behaves as a sensor for a change in the oxygen partial pressure, while its response can still
be measured in a conductivity relaxation experiment like any other sample.
The sensor was made by depositing a porous 500 nm layer of La0.5Sr0.5CoO3-δ on
a 30% porous α-alumina disc by pulsed laser deposition.16 Because gas phase diffusion is
extremely fast, the porosity of the substrate can be neglected; it is unimportant for the
sensor’s response time. A lock-in amplifier (Princeton Applied Research 5210) was used
to measure the sensor response. The lock-in integration time was set to 100 ms. The short
integration time was chosen because longer times would lead to misinterpretation of the
sensor signal.
The experimental set-up for conductivity relaxation is described in detail elsewhere.5
The reactor has a total internal volume of approximately 28 cm3. The total gas flow rate is
set to 300 ml ⋅ min −1 . From these data, the flushtime of the reactor cell was estimated to
be 1.4 to 1.9 s, using Eq. (4.16) for the flushtime. The experimental data was fitted to:
F

σ CISTR bt g = 1 − expG −
H

t I
J .
τf K

(4.37)

The flushtime of the reactor volume depends strongly on the gas flow through the
reactor volume. Experimentally, the flushtime was evaluated as a function of the total
flow rate, switching the gas flow rates from 35.5% oxygen

at 300 ml ⋅ min −1

to 100% oxygen at various flow rates. The results are presented in Figure 4.5. The reactor
temperature was constant at 650°C. Good agreement with theory is observed at low flow
rates, as indicated by the circular markers. A fit of these flushtimes shows that the
response time is inversely proportional to the flow, as indicated by the straight line in the
figure. At higher flow rates, indicated by triangular markers, the reverse proportionality to
the flow rate is abandoned. This is caused by the departure from the sensor regime
towards the intermediate regime due to the large decrease of the flushtime, as shown in
Figure 4.3.
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Figure 4.5. Sensor response vs. flow rate. At high flow
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proportionality (line) is observed.

4.6

Conclusions

Depending on the values of the transport parameters, the transient is controlled by
~
either diffusion, surface transfer kinetics or both. For Lα = aK tr / D < 0.03, the surface
transfer is rate limiting, while for Lα > 30 , diffusion is rate limiting. In the remaining
case, a regime of mixed control exists. In curve fitting routines, limiting the value of Lα
between 0.03 and 30 enables correct evaluation of both time constants τ1 and τ2. This is
~
shown to be essential for accurate determination of both transport parameters D and Ktr.
Four different regimes can be distinguished based on the values of the first and
second time constants of the transient, and the characteristic time needed to flush the
~
reactor volume. Both transport parameters D and Ktr can be obtained under the
~
conditions 0.03 < Lα < 30 and τ 2 > 2 ⋅ τ f . For τ 2 > 20 ⋅ τ f , the transient equation
associated with fast flushing can be applied. In the case where τ1 >> τ 2 , τ f , only Ktr can
be determined. It was demonstrated that a correction is necessary if the sample reacts fast
with respect to the time needed to flush the reactor. Assuming that the reactor volume can
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be regarded as a continuously ideally stirred tank reactor, analytical equations for the
relaxation transient were derived for several sample geometries.
A method to measure the flux time experimentally was presented. It is based on the
fact that thin samples show fast relaxation behaviour. Experimental data on the flushtime
can be used in curve fitting using the flush time correction if necessary.
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5

Numerical evaluation of eigenvalues
of the sheet diffusion problem in the
surface/diffusion mixed regime

In relaxation experiments where both bulk diffusion and surface
processes are rate controlling, the theoretical transient depends on
the roots β n of the transcendental equation β n tan β n = L , in which
L contains the surface rate constant, the diffusion constant and
sample dimensions. A method is presented to numerically evaluate
the roots β n to high precision, which is necessary in the evaluation
of the surface and bulk transport parameters through curve fitting.
The method is simple, fast and accurate. It is demonstrated that
large errors in these parameters can occur if the roots are not
evaluated to high precision.

5.1

Introduction

Diffusion coefficients and surface emission coefficients can be measured in many
ways. One possibility is to measure the transient response to a quick change (step) in the
sample surroundings. Before the step is applied, the sample is in equilibrium with its
environment and the concentration of the mobile species is homogeneous throughout the
sample. After the step, the equilibrium between the sample and its environment is
disturbed. The sample will relax to a new equilibrium. This process involves a surface
process (e.g. condensation/evaporation) and transport (e.g. diffusion or heat conduction)
through the bulk of the sample. To monitor the transient in an experiment, a parameter is
measured which depends on the concentration of the species in the sample, for instance
the sample mass1 or electric resistance.2 These data can be fitted to the calculated profile
to obtain the diffusion constant and surface process parameters.

70 Chapter 5

Two extreme cases can be observed: either the diffusion is fast compared with the
surface process, or the surface process is fast compared to the diffusion. The intermediate
case where both surface and diffusion processes limit the relaxation is called the regime of
mixed control. It is observed in many practical examples as in the description of the
temperature of a radiating body; 3 the evaporation of a fluid from a porous medium e.g.
wood,4 described by Crank;5 the dying of textiles,6 and, in dense membrane research, the
partial oxidation/reduction of oxidic membrane materials in the conductivity relaxation
method.2
In the regime of mixed control, the mathematical method to calculate the transient
becomes complicated, even for a simple sheet sample geometry. Generally, diffusion
problems are solved through expansion in eigenfunctions. Hence, the eigenvalues are
needed. Although the eigenvalues are simply obtained for the two extreme cases, the
surface boundary condition leads to a transcendental equation for the eigenvalues in the
regime of mixed control. Roots of equations of this type have to be approximated by a
numerical method; such a method is proposed in the present paper. Tables of the
eigenvalues are presented by Carslaw and Jaeger,7 Newman8 and Crank,9 but the
numerical approach these authors used was not presented. Chen et al.4 suggested a
bisection iteration procedure, which is slow due to its poor convergence. The authors of
the present paper are unaware of any other publications in which the numerical
approximation of the eigenvalues is addressed.

5.2

Mathematical background

A flat thin sheet is considered in which the diffusing species can penetrate both
surfaces (see Figure 5.1). The present paper focuses on this geometry, but the problem
also occurs in beam-shaped samples with a rectangular cross section, or even cubic
samples. The method introduced here can be applied in all of these cases. The diffusion
constant in the bulk of the sheet is denoted by D, and the concentration of the diffusing
species by C.
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t =∞

C∞
C b ±l , t 1 g

t = t 2 > t1

C bx g
t = t1
t ≤0

C0

x
2l

Figure 5.1. Concentration profile in the sheet. Note the
discontinuity at the surface, caused by the surface transfer
process. See for explanation of the symbols section 5.2.
It is assumed that bulk transport is described by Fick’s second law:
∂C
∂2 C
=D 2.
∂t
∂x

(5.1)

The surface process is assumed to proceed at a rate proportional to the difference between
the

concentration

at

the

new

equilibrium, C∞,

and

the

transient

surface

concentration, Cb± l g. The boundary conditions at both surfaces x=l and x=-l are then
given by
J bl g = − D

∂C
∂x

= α Cbl g − C∞ and J b −l g = − D
x =l

∂C
∂x

= −α Cb −l g − C∞

(5.2)

x =− l

where J denotes the flow density. The rate of the surface processes is accounted for by the
surface parameter α. Separation of variables10 Cb x , t g = ∑ X n b x g ⋅ Tn bt g leads to a Sturmn

Liouville differential equation for Xn. The functions Xn are given by An cosbβ n x / l g; the
coefficients An are calculated by Fourier analysis of the initial concentration, while the
eigenvalues (βn/l)2 satisfy the condition imposed by the boundary condition (5.2):11
β n tan β n =

lα
= L.
D

(5.3)
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The present paper presents a method to numerically evaluate the roots βn of this equation.
Assuming a homogeneous initial distribution C(x,0)=C0, the concentration transient

C b x , t g is given by
C b x, t g =

∞
Cb x, t g − C0
2 L cosbβ n x / l g
= 1− ∑ 2
⋅ expd−β 2n Dt / l 2 i .
2
C∞ − C0
n =1 dβ n + L + Li cosbβ n g

(5.4)

The relative mass change M bt g of the sheet is obtained by integration of (5.4) over the
entire sample:
M bt g =

∞
M bt g − M 0
2 L2
= 1− ∑ 2 2
⋅ expd −β2n Dt / l 2 i .
2
M ∞ − M0
n =1 β n dβ n + L + Li

(5.5)

Evaluation of the roots of bn◊tan bn = L

5.3

The roots βn of β n tan β n = L are needed to calculate the series given in (5.4) and (5.5).
The method proposed in the present paper is based on a fixed point iteration.12 In this
method, the roots are approximated through a number of iteration steps, each using the
results of the previous step. As input for the first step, a so-called guess value of the root is
used; it should be as close as possible to the root. Because the tangent can be expanded in
a series13
F πx I
J
H 2 K

tan G

=

4x ∞
1
,
∑
π k =1 b2k − 1g2 − x 2

(5.6)

good guess values β n,0 are obtained by taking the first term of this series as an
approximation of the tangent. Derivation of the guess value formula is omitted. It involves
the addition of b n − 1g ⋅ π in the argument of the tangent, and the well-known technique for
solving quadratic equations. This leads to guess values β n,0 given by
βn,0 =

b b + 2 Lgb n − 1gπ +

b b + 2 Lg b n − 1g
2

2

π 2 − 4bb + Lgeb n − 1g π 2 − bj L

2bb + Lg

2

,

(5.7)

in which b = π2/4. The error in the guess value for the first (n=1) root is less than 2.4%,
reached at L = 2.6; the error in the second root is less than 0.8%, obtained around L = 10,
see Figure 5.2.
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Figure 5.2. Relative errors of the guess values.
This is not accurate enough for fitting experimental data, as will be demonstrated in the
next section. Numerical evaluation is continued by a fixed point iteration procedure.12 In
such a procedure, the approximation βn,i after i iteration steps is improved by using it as
input parameter in the calculation of a better approximation β n ,i +1 = gcβ n ,i h . The function
g can be derived, which is omitted here, by writing the equation to be solved in the form
β n = gbβ n g . Multiple roots are obtained by adding b n − 1g ⋅ π to the argument of the
tangent. The function g can be derived as
F

L I
J + b n − 1gπ.
H β n, i K

gcβ n ,i h = β n ,i +1 = arctanG

(5.8)

The sequence β n,0 ; β n,1 ; β n,2 ;... converges to the desired root β n . In each iteration step,
accuracy in the approximation of the root is rapidly increased.
This procedure works satisfactorily for large values of L. For small values however,
oscillatory behaviour is observed (see Figure 5.3).
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Figure 5.3. Results of iteration of the first root for
L = 10-2 with and without feedback. The ‘sawtooth’
graph is without feedback.
The results of the iteration procedure are alternately higher and lower than the exact root.
Convergence is improved by introducing a feedback mechanism. This means that the
result of an iteration step is influenced by the previous result through a second term,
which is called feedback. In addition to β n ,i +1 = gcβ n ,i h , in which g is given by (5.8), β n ,i +1
is now given by β n ,i +1 = ν ⋅ β n ,i + b1 − νg ⋅ gcβ n ,i h. In this formula, ν is the feedback
parameter, which should have a value between zero and unity. The new iteration formula
becomes
L

O
L I
J + b n − 1g πP.
H β n ,i K
PQ
F

β n ,i +1 = νβ n ,i + b1 − νg ⋅ Marctan G
MN

(5.9)

This formula takes a weighted average of the i-th and i+1-th iterated values obtained
without feedback, with weight factor ν. For small values of L, i.e. L << 1, the sequence
converges quickly to the desired root β n if the feedback parameter ν is taken to be ½.
(This means that the previous and the new value (calculated from (5.8), without feedback)
are arithmetically averaged.) From Figure 5.3, it is seen that the successive
approximations with feedback converge much faster to the exact root than the values
without feedback. However, the value of ν = ½ causes poor convergence for large values
of L. In that case, the sequence β n,0 ; β n,1 ; β n,2 ;... of approximations obtained without
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feedback is monotone increasing, so that convergence is deteriorated rather than improved
by the introduction of the feedback procedure. The root for large L values is approximated
fastest with the feedback parameter set to zero. Therefore, convergence is optimised by
taking the feedback parameter to be dependent on L itself. In addition, it is taken to
depend on the root index n as well. Examination of the feedback mechanism reveals that
less feedback is desired in the evaluation of higher order roots (i.e. n > 1). It was found
that
νb L, ng =

1
1
F1 I
−
arctan G LJ .
H2 K
n
n
π
2

(5.10)

gives excellent results for all cases, e.g. all L and n. Hence, evaluation of the roots of
β n tan β n = L can best be performed by formulas (5.7), (5.9) and (5.10).

5.4

Accuracy needed in the roots for curve fitting
For precise curve fitting, accurate values of the roots βn are needed. Small relative

errors in the roots can result in large systematic errors in D and α values obtained through
curve fitting. This can be illustrated using calculated data. A relaxation experiment
described by Fick’s second law (5.1) and boundary conditions (5.2) can be simulated in
this way. The sample thickness was chosen to be 0.025 cm and
(D, α)=(1⋅10-6 cm2/s; 9⋅10-4 cm/s). In the simulation, the high-precision roots were used to
evaluate (5.5). In the fitting procedure (taken from ref. 14) however, a small error in the
roots was deliberately introduced by using the values obtained from the guess value
formula (5.7). These have a maximum error of 2.4%. It was checked that the original
(D, α) pair was retrieved if the high precision roots were used. The fit using the guess
values resulted in (D, α)=(0.6991⋅10-6 cm2/s; 1.664⋅10-4 cm/s). Results of the calculations
and fit are shown in Figure 5.4. Since the maximum error of the guess values is only
2.4%, it is remarkable that the errors in D and α are as large as 30% and 83%,
respectively. Therefore, small differences in the approximations of the roots are
responsible for large errors in the parameters desired from the measurement. To avoid
these large errors, the roots should be approximated to high precision.
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Figure 5.4. Data calculated using exact roots and the
guess values. The difference is drawn along the right
hand side axis.

5.5

Examples

Examples of iterations are presented in Table 1. The number of digits found is
calculated using
d n ,i = −10 log

β n ,i − β n ,∞
.
β n ,∞

(5.11)
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Steps i

β1,i

Digits

β 2,i

Digits

β3,i

Digits

0

1.16356336

1.6

3.79520221

2.4

6.69952096

3.2

1

1.19383370

2.9

3.80906530

4.1

6.70391047

5.2

2

1.19239452

4.3

3.80875552

5.8

6.70395531

7.2

3

1.19246184

5.6

3.80876237

7.4

6.70395577

9.1

4

1.19245869

6.9

3.80876222

9.1

6.70395578

11.1

5

1.19245884

8.3

3.80876222

10.7

6.70395578

13.1

1.19245883

-

3.80876222

-

6.70395578

-

M

∞

Table 5.1. Example of the iteration mechanism proposed; L = 3.
A number of iterations is performed for many values of L. From these, it is found that
the error, i.e. the difference between the root and the approximations generated by (5.9),
decreases exponentially for all values of L. This means that the number of digits found
increases linearly with the number of iteration steps (see Figure 5.5).
12
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S e co n d
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T h i rd

0
0

1
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3

4
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6

7

I te ra ti o n ste p s i

Figure 5.5. Digits found per iteration step for L = 3.
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5.6

Conclusions
A numerical method for evaluation of the roots of β n tan β n = L is presented. It is

easily programmed, fast and accurate, and can therefore be used in almost every curve
fitting routine to obtain the surface activity and diffusion coefficient. The proposed
iteration formulas render at least four significant digits after two iteration steps, five after
three steps and six digits after four steps for any value of L. Although the problem was
described in terms of a plane sheet geometry, it can be applied to all rectangular sample
geometries.15
A Microsoft® Excel 97™ sheet containing the iteration procedure can be
downloaded from internet site http://www.ct.utwente.nl/~ims/ .
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Chemical diffusion and oxygen
surface transfer of La1-xSrxCoO3-δδ
studied with electrical conductivity
relaxation

The chemical diffusion coefficient and oxygen transfer
coefficients of selected compositions in the series La1-xSrxCoO3-δ
were studied using the conductivity relaxation technique.
Measurements were performed in the range of temperature 600850°C and oxygen partial pressure 10-4-1 bar. Chemical diffusivity
and oxygen surface transfer in the La1-xSrxCoO3-δ perovskites appear
to be highly correlated. The general trend displayed is that both
parameters decrease with decreasing pO 2 at all temperatures. This
is attributed to ordering of induced vacancies at low enough oxygen
partial pressures. The observation that the correlation between both
parameters extends even in ordered regions suggests a key role of
the concentration of mobile oxygen vacancies, rather than the extent
of oxygen nonstoichiometry, in determining the rate of both
processes. The characteristic thickness Lc, which equals the ratio of
the chemical diffusion coefficient to the surface transfer coefficient,
shows only a weak dependence on oxygen partial pressure and
temperature. Lc is found to vary between 50 and 150 mm.

6.1

Introduction

Dense mixed ionic-electronic conducting perovskite-type oxides are of interest as
potential oxygen separation membranes.1 Under operating conditions, typically above
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700°C, oxygen ions are transported through the membrane, charge compensated by a
simultaneous flow of electronic charge carriers. The driving force is the difference in
oxygen partial pressure applied across the membrane. Both the transport through the oxide
bulk and the interfacial gas-solid kinetic properties are of importance for the magnitude of
the oxygen fluxes. Bulk diffusion in the ABO 3 perovskite structure occurs by the hopping
of oxygen vacancies. The overall surface reaction may involve many steps such as
adsorption, dissociation, transfer of charge to oxygen molecules, and incorporation of
oxygen anions in the oxide bulk.
At first glance the oxygen fluxes can be maximised by reducing the membrane
thickness to the µm-range. To provide sufficient mechanical strength such membranes
need to be supported.2 A suitable criterion for selection of materials is the characteristic
thickness Lc, indicating at which membrane thickness diffusion and surface reactions rate
limit overall oxygen transport equally. Below Lc, no substantial gain in the oxygen flux
can be achieved by further reduction of membrane thickness. For systems close to
equilibrium, i.e. for small pO 2 -gradients, Lc equals the ratio of the chemical diffusion
~
coefficient D to the surface transfer coefficient Ktr.3
High oxygen fluxes have been reported for La1-xSrxCoO3-δ perovskites.4,5 In this
material, divalent strontium as the A-site substituent causes the creation of oxygen
vacancies. In the present study, electrical conductivity relaxation experiments were
~
performed to determine D , Ktr and, hence, Lc for La1-xSrxCoO3-δ (x = 0.2, 0.5 and 0.7) as a
function of oxygen partial pressure and temperature.

6.2

Theory

The conductivity relaxation technique involves measurement of the time variation of
the electrical conductivity of a sample after a stepwise change in the ambient oxygen
partial pressure. The relaxation data are fitted to theoretical equations, as described below,
~
using the chemical diffusion coefficient D and the surface transfer coefficient Ktr as
fitting parameters.
The change in electrical conductivity following the step change in oxygen partial
pressure is governed by the reaction of the oxide with oxygen from the gas phase. In
accordance with the Kröger-Vink notation, this reaction can be expressed by:
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O ×O → VO + 12 O 2 + 2e ′ .
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(6.1)

Hence, for each doubly ionised oxygen vacancy formed in the lattice, either two
electrons are formed or two electron holes are annihilated. Assuming metallic conduction6
for La1-xSrxCoO3-δ the electrons are transferred to a partially filled conduction band. In
ranges of temperature and oxygen partial pressure of interest to this study, the
conductivity is found to be p-type, i.e., decreasing with decreasing pO 2 .7
In analysis of the diffusion problem, a flat thin sheet is considered with thickness 2b.
At t < 0, the sample is assumed to be in thermodynamic equilibrium with the surrounding
atmosphere. At t = 0, the corresponding pO 2 is changed stepwise to a new value,
associated with a new equilibrium oxygen concentration c∞. Depending on the value of c∞
relative to c0, the oxygen concentration at t < 0, oxygen starts to diffuse into or out of the
sample.
Starting point in the derivation is Fick’s second law:
∂c ~ ∂ 2 c
(6.2)
=D 2 ,
∂t
∂z
~
where D is the chemical diffusion coefficient. The surface reaction is assumed to proceed

at a rate proportional to the difference between the actual concentration at the surface,
cb± bg , and c∞. The boundary conditions at both surfaces z = b and z = -b are then given
by
~ ∂c
J bbg = − D
∂z

z =b

~ ∂c
= K tr cbbg − c∞ and J b− bg = − D
∂z

z =− b

= − K tr cb− bg − c∞

(6.3)

where J denotes the flux density and Ktr the parameter controlling the rate of the surface
reaction, called the surface transfer coefficient. The solution for the concentration profile
as a function of time, c(z,t), is obtained through an eigenfunction expansion of the initial
oxygen concentration c0:8
∞
2 Lβ cosbβ n z / bg
cb z , t g − c0
F
t I
= 1− ∑ 2
expG − J ,
2
τ
c∞ − c0
H
β
β
+
L
+
L
cos
b ng
n =1 d n
nK
β
βi

(6.4)

where the time constants τn are given by
b2
τn = ~ 2 ,
D ⋅ βn

(6.5)
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and the parameters βn are obtained from
bK
β n tan β n = ~ tr = Lβ .
D

(6.6)

Equating the change in oxygen nonstoichiometry to changes in electrical conductivity it is
possible to express the conductivity transient as:
σ=

∞
2 L2
σbt g − σ 0
F
t I
= 1 − ∑ 2 2 β2
expG − J ,
σ∞ − σ 0
τ
H
n =1 β n dβ n + Lβ + Lβ i
nK

(6.7)

which is valid only for small oxygen partial pressure steps, i.e. small changes in oxygen
~
nonstoichiometry. Using Eq. (6.7) it is possible to obtain the parameters D and Ktr from
the experimental relaxation data provided that 0.03 < Lβ < 30 . As outlined previously by
~
Den Otter et al.,9 D cannot be obtained from the relaxation data if Lβ < 0.03 . In that case
the equilibration towards the new nonstoichiometry is entirely governed by the surface
reactions. On the other hand, if Lβ > 30 , the transient is not affected by the surface
~
reactions and only D can be derived from the fitting procedure. A numerical method for
evaluation of the eigenvalues βn is presented elsewhere.10

6.3

Experimental

6.3.1

Sample preparation

La1-xSrxCoO3-δ (x = 0.2, 0.5 and 0.7) perovskite powders were prepared by thermal
decomposition of precursor complexes derived from nitrate solutions using
ethylene-diamine tetra-acetic acid (EDTA) as a complexing agent.1 After calcination at
940°C the powders were isostatically pressed at 4000 bar and sintered at 1150°C for 10 h.
The sintered bodies showed a relative density in excess of 96%. For conductivity
relaxation experiments thin rectangular samples of 0.5 mm thickness, cut from the
sintered bodies, were polished with 1000 MESH SiC and ultrasonically cleaned in alcohol
prior to use.
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Conductivity relaxation

The set-up used for conductivity relaxation experiments is shown schematically in
Figure 6.1. Relative changes in the electrical conductivity following a step change in pO 2
were measured with a four-point technique using gold electrodes. Measurements were
performed over the pO 2 range 10-4-1 bar and temperature range 600-850°C. Step changes
in pO 2 were achieved by using two separate nitrogen-diluted oxygen gas flows at
300 ml min -1. Moisture filters (Gas Clean Moisture Filter 7971, Chrompack, The
Netherlands) removed traces of water. With a fast electrical four-way valve the flows
leading to the sample and the vent could be interchanged. The time constant for changing
the pO 2 in the reactor was less than 0.75 s at 700°C. YSZ-based electrochemical oxygen
pumps were used for achieving pO 2 values lower than 10-2 bar. The pO 2 in both gas
streams were measured using a commercial oxygen sensor (ZR893/4, Systech, The
Netherlands). The pO 2 in both oxidising and reducing runs was changed with a factor of
three. Oxidising runs were carried out at a final pO 2 of 10-3 bar or higher to avoid mass
transfer limitations in the gas phase.

Figure 6.1. Schematic representation of the conductivity relaxation set-up.
Four-point AC conductivity measurements were carried out using a lock-in amplifier
(EG&G Princeton Applied Research 5210, Ireland). The normalised change in
conductivity with time after a step change in pO 2 was analysed using a computer
program.11 In the evaluation of the experimental data, the theory presented elsewhere9 was
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carefully followed. More comprehensive descriptions of the experimental set-up and
details of the fitting routine are given elsewhere.12

6.4

Results
Figure 6.2 shows typical conductivity relaxation data observed for different

compositions La1-xSrxCoO3-δ, following a pO 2 step change from 0.03 to 0.01 bar at 750°C.
At high pO 2 , data from oxidation and reduction runs to the same final pO 2 were
effectively identical. At pO 2 values below 0.03 bar, however, significant mass transfer
limitations occurred in oxidation runs. For this reason only the fitted parameters obtained
from data of reduction runs are presented below. The conductivity transients of the sample
with composition x = 0.2 showed somewhat more noise, which is due to the higher
electronic conductivity and, hence, smaller change in electrical conductivity with pO 2
relative to that observed for the other compositions in this study.
1 .0
x = 0 .5

σ

x = 0 .2
0 .5

0 .0
0

500

1000

T im e (s )

Figure 6.2. Typical relaxation transients for two
different La1-xSrxCoO3-δ samples after a pO 2 step
change from 0.03 to 0.01 bar at 750°C.
~
The chemical diffusion coefficient D and surface transfer coefficient Ktr for

La1-xSrxCoO3-δ as a function of pO 2 are shown in Figure 6.3 and Figure 6.4, respectively.
~
The general trend observed is that both D and Ktr remain fairly constant at
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high pO 2 values, but are significantly smaller at low pO 2 . Below a pO 2 of 10-2 bar both
parameters vary approximately with a pO 2 law, with values of n listed in Table 6.1.
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Figure 6.3. D as a function of oxygen partial pressure for the La1-xSrxCoO3-δ
compositions investigated: x = 0.7 (top left), 0.5 (top right) and 0.2 (bottom).
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Figure 6.4. Ktr as a function of oxygen partial pressure for the La1-xSrxCoO3-δ compositions
investigated: x = 0.7 (top left), 0.5 (top right) and 0.2 (bottom).
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T (°C)

La0.3Sr0.7CoO3-δ

La0.5Sr0.5CoO3-δ

La0.8Sr0.2CoO3-δ

nD~

nK tr

nD~

nK tr

nD~

nK tr

600

0.99

0.80

-

-

-

-

650

0.94

0.81

-

-

-

-

700

0.89

0.80

0.53

0.72

-

-

750

0.76

0.80

0.56

0.72

0.41

0.43

800

0.78

0.84

0.68

0.55

0.49

0.70

850

-

-

-

-

0.57

0.92
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~
Table 6.1. Values of n for D and Ktr for La1-xSrxCoO3-δ at various temperatures.
~
Arrhenius plots for D and Ktr are given in Figure 6.5 and Figure 6.6. These plots

were derived from relaxation data in which the final pO 2 was 0.011 bar. The same figures
show the corresponding Arrhenius plots for the composition with x = 0.7 at several pO 2
values. Similar plots were obtained for the compositions with x = 0.2 and x = 0.5. A
~
summary of activation energies obtained for D and Ktr is given in Table 6.2.
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Figure 6.5. Arrhenius plots of D for the La1-xSrxCoO3-δ compositions investigated at
0.011 bar (left) and for x = 0.7 at various oxygen partial pressures (right).
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Figure 6.6. Arrhenius plots of Ktr for the La1-xSrxCoO3-δ compositions investigated at
0.011 bar (left) and for x = 0.7 at various oxygen partial pressures (right).
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pO 2 (bar)

La0.5Sr0.5CoO3-δ

La0.5Sr0.5CoO3-δ

La0.8Sr0.2CoO3-δ

E Da~

E Ka tr

E Da~

E Ka tr

E Da~

E Ka tr

1.1×10-1

65

105

106

97

108

198

3.4×10-2

61

112

111

117

110

207

1.1×10-2

63

134

136

126

136

216

2.0×10-3

97

126

131

147

154

166

4.0×10-4

91

117

-

-

-

-
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~
Table 6.2. Activation energies of D and Ktr for La1-xSrxCoO3-δ at various pO 2 .

Values are given in kJ⋅mol-1.
The characteristic thickness Lc of La1-xSrxCoO3-δ varies between 50 and 150 mm and
shows only a weak dependence on temperature and pO 2 . This is illustrated for x = 0.7 in
Figure 6.7.
200
0.4 m b a r

L c (u m )

150

2.0 m b a r

100
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0
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700

800

900

T (°C )

Figure 6.7. Characteristic thickness
temperature for La1-xSrxCoO3-δ (x = 0.7).

Lc

versus
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6.5

Discussion

6.5.1

~
Chemical diffusion coefficient D

Oxygen transport in defective perovskite oxides is generally considered to occur via
a vacancy hopping mechanism. The diffusivity of oxygen thus is related to the extent of
oxygen nonstoichiometry exhibited by the oxide. For a material with prevailing electronic
conductivity, as observed for phases La1-xSrxCoO3-δ, the following expression relates the
~
chemical diffusion coefficient D to the vacancy diffusion coefficient DV:
~
D = DV ⋅ γ ,
(6.8)
where g is the thermodynamic factor, defined by
γ=

1 ∂ ln pO2
.
2 ∂ ln δ

(6.9)

Strictly speaking, Eq. (6.8) holds only if oxygen vacancies are non-interacting and
randomly distributed. The quantity γ is determined directly from experiment by measuring
the oxygen nonstoichiometry as a function of pO 2 , either by thermogravimetry or
coulometric titration. Utilising the nonstoichiometry data of Lankhorst and Bouwmeester6
and Mizusaki et al.,13 it is found that γ for the phases La1-xSrxCoO3-δ

is virtually

independent of pO 2 under the experimental conditions of the present study. For noninteracting defects the vacancy diffusion coefficient DV is proportional to the fraction of
regular lattice oxygen ions, 3-δ ≈ 3, and is therefore expected approximately constant.
~
When both g and DV are independent of pO 2 it follows from Eq. (6.8) that also D is
~
invariant with pO 2 . It is seen in Figure 6.3 that D decreases strongly with decreasing
~
pO 2 below about 10-2 bar at all temperatures. The values for D at higher pO 2 determined

in this work agree well with data obtained from chemical diffusion experiments using
coulometric titration by Lankhorst and Bouwmeester.6 Unfortunately no data are provided
by these authors at pO 2 values below 10-2 bar.
~
A possible explanation for the decrease of D at low pO 2 values observed in this

study is the ordering of oxygen vacancies on the oxygen sublattice. By virtue of the high
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level of oxygen nonstoichiometry exhibited by phases La1-xSrxCoO3-δ, the assumption of
randomly distributed non-interacting point defects is probably an oversimplified picture.
In literature, ample evidence has been provided by XRD, electron diffraction and HRTEM
measurements that nonstoichiometry in the oxygen-deficient perovskites is often
accommodated by vacancy ordering to a degree which depends both on oxygen partial
pressure and temperature.14,15,16 Investigations by Adler et al.17 using high temperature
17

O-NMR on perovskite oxides BaInO2.5, BaIn0.67Zr0.33O3-δ, BaIn0.67Ce0.33O3-δ, and the

related compounds La0.6Sr0.4Co0.8Cu0.2O3-δ and La0.6Sr0.4Co0.8Cu0.2O3-δ made clear that in
all these phases only few oxygen vacancies are mobile below 800ºC. For both cobaltcontaining compounds the signal intensity was found to increase steadily with temperature
up to the maximum temperature of 950ºC in their study, suggesting a concomitant
increase in the density of mobile oxygen anions.
Considerations of the mechanism of oxygen transport in oxygen-deficient perovskite
structures indicate that both the migration energy ∆Hm and the enthalpy associated with
the formation of mobile oxygen vacancies ∆Hf contribute to the apparent activation
~
energy of D . To a first approximation ∆Hm may be taken as constant, i.e. independent of
the level of oxygen nonstoichiometry. This implies that any variation in the activation
energy with pO 2 can be ascribed to corresponding changes in ∆Hf. It is seen in Table 6.2
that E Da~ for phases La 1-xSrxCoO3-δ increases with decreasing pO 2 . This can be rationalised
by the increased energy of formation of mobile oxygen vacancies in the ordered structure.

6.5.2

Oxygen surface transfer

It is evident from the comparison of the data presented in Figure 6.3 and Figure 6.4
that the surface transfer coefficients Ktr for phases La1-xSrxCoO3-δ display the same trend
~
as the chemical diffusion coefficients D with a change of temperature or pO 2 . Below
about 10-2 bar, Ktr decreases rapidly with decreasing pO 2 at all temperatures. The strong
~
correlation observed between D and Ktr suggests that oxygen vacancies play a major role
in the surface oxygen transfer of these materials. Noteworthy is, however, that the

correlation is even observed in regions of temperature and pO 2 , where vacancy ordering
is assumed. This may be taken as evidence that it is the concentration of mobile oxygen
vacancies, rather than the extent of oxygen nonstoichiometry, which plays a decisive role
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~
in oxygen surface transfer. This strong correlation between D and Ktr is also reflected in

the weak temperature and pO 2 dependencies observed for the parameter Lc in this study.
A correlation between the tracer diffusion coefficient D* and the surface exchange
coefficient κs for various perovskite- and fluorite-related structures was previously noted
by Kilner18 and De Souza and Kilner.19 When log(κs) is plotted as a function of log(D*) a
correlation is apparent, albeit that a different correlation is found for the perovskite and
fluorite structures. For the former group of materials, a slope close to 0.5 is found from
linear regression on the logarithmic data, in accord with a square root dependence of κs
with D*.18 One exception is La1-xSrxCoO3-δ (x = 0.2, 0.5) for which this slope is reported
to be 0.69.19 It should be noted that all D* and κs values in the latter study were obtained
from depth-profiling SIMS after isotope exchange at selected temperature at a pO 2 of
1 bar.
~
Figure 6.8 shows log(Ktr) versus log( D ) for the La1-xSrxCoO3-δ compositions. All

data measured in this study, regardless of temperature and pO 2 , have been included. The
slope is approximately equal to 1. Although significant scatter is present, the graph clearly
indicates that the two parameters are correlated even for the materials with different
strontium contents.
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Figure 6.8. Double logarithmic graph
showing the correlation between D~ and Ktr
for the La1-xSrxCoO3-δ compositions
investigated.
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In the ranges of temperature and pO 2 covered by the present experiments, Lc for
La1-xSrxCoO3-δ varies approximately between 50 and 150 mm, which is close to the value
of 100 mm reported by Kilner.18 For La0.3Sr0.7CoO3-δ , the value of Lc from conductivity
relaxation is found to be an order of magnitude smaller than that from isotope exchange as
reported by Van Doorn et al.20 Further investigation is required to understand this
difference.

6.6

Concluding remarks

Data from the present study suggests that the surface transfer coefficients Ktr and the
~
chemical diffusion coefficients D for phases La1-xSrxCoO3-δ are correlated. The general
trend displayed is that both parameters decrease strongly with decreasing pO 2 at all
temperatures. This behaviour is unexpected for the diffusivity of oxygen in the oxygendeficient perovskite structures from point defect considerations and indicates that oxygen
vacancies at low enough pO 2 are less mobile due to ordering phenomena. It is surprising
~
to note that the correlation between Ktr and D extends even in those regions where
vacancy ordering is assumed to occur. This is tentatively explained by the key role of the
concentration of mobile oxygen vacancies, rather than the extent of oxygen
nonstoichiometry, in determining the rate of both processes.
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7

Oxygen transport in
La0.6Sr0.4Co1-yFeyO3-δδ

Oxygen diffusivity and surface reaction rate were measured of
La0.6Sr0.4Co1-yFeyO3-δ (y = 0.2, 0.5 and 0.8) as a function of oxygen
partial pressure and temperature using isotope exchange and
conductivity relaxation. Conductivity relaxation was performed in
the temperature range of 600 to 800°C at oxygen partial pressures
from 10-4 to 1 bar. Oxygen isotope exchange was performed in the
range 275-850°C in 0.1-1.5 bar oxygen. The two different techniques
yield values for the overall surface reaction rate, which are closely
related to each other via the thermodynamic factor. Both the
activation energies and the absolute values are in reasonable
agreement. The thermodynamic factor was evaluated from data of
oxygen nonstoichiometry using thermogravimetry.
The chemical diffusion coefficient measured with conductivity
relaxation decreases profoundly when the oxygen partial pressure is
decreased below about 10-2 bar. It is suggested that this might be
explained by ordering of oxygen vacancies at low enough oxygen
partial pressures. The surface exchange rate displays similar
behaviour and is also found to decrease with decreasing oxygen
partial pressure. The activation energies of both parameters are
similar. The observations lend support that in phases
La0.6Sr0.4Co1-yFeyO3-δ oxygen diffusion and the surface reaction rate
are governed by the same factors.
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7.1

Introduction

Mixed-conducting perovskite and perovskite-related oxides have attracted increased
interest for use as oxygen separation membranes and as electrodes for solid oxide fuel
cells and electrically driven ceramic oxygen pumps. Amongst them, the series
La0.6Sr0.4Co1-yFeyO3-δ has attracted a great deal of attention, since these compounds display
significant and technologically useful levels of both ionic and electronic conductivity,
mechanical stability and close matching of the thermal expansion coefficient to that of
known solid electrolytes such as stabilised zirconia and ceria. Whereas the addition of
divalent strontium creates oxygen vacancies in the parent compound LaCoO3-δ, the
co-substitution of iron for cobalt largely improves chemical stability, albeit at the expense
of ionic conductivity. The ionic conductivity in the given series, showing predominant
electronic conduction, can be 1-2 orders of magnitude higher than that of stabilised
zirconia.
Key properties to the above applications are high oxygen diffusivity and fast transfer
of oxygen at gas/solid interfaces. Making ceramic membranes thinner can increase the
oxygen fluxes, provided that oxygen transport is rate determined by bulk diffusion. Below
a certain thickness, however, called the characteristic thickness, the flux can only be
increased marginally by further reducing membrane thickness due to surface reaction
limitations. A variety of techniques can be used for studying oxygen transport in oxides.
In this paper, both conductivity relaxation and oxygen isotope exchange are employed for
the study of oxygen transport in La0.6Sr0.4Co1-yFeyO3-δ.

7.2

7.2.1

Theory

Conductivity relaxation

The conductivity relaxation technique involves measurement of the time variation of
the conductivity of a sample after it has been subjected to a stepwise change in the
surrounding oxygen partial pressure. The sample responds to this change by an uptake or
release of oxygen, i.e. a change in oxygen non-stoichiometry, which affects its electrical
conductivity. Both the surface reaction and oxygen diffusion may limit overall mass
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transport. The conductivity transient can be fitted to theoretical equations with the surface
~
transfer coefficient Ktr and the chemical diffusion coefficient D as fitting parameters.
For a thin sheet sample, with surfaces at x = ± b , the boundary conditions are given
by
~ ∂c
J b bg = − D
∂x

x =b

~ ∂c
= K tr cbbg − c∞ and J b −bg = − D
∂x

= − K tr cb −bg − c∞ ,

(7.1)

x =− b

where J denotes the flux density, c the oxygen concentration at the surface and c∞ the
corresponding concentration at infinite time after the step. Introducing the initial and
equilibrium conductivity σ0 and σ∞, respectively, the dimensionless conductivity transient

σbt g can be derived as
σ bt g =

∞
2 L2β
σbt g − σ 0
F
t I
=1− ∑ 2 2
expG − J ,
2
σ∞ − σ0
H τn K
n =1 β n dβ n + Lβ + Lβ i

(7.2)

where the time constants τn are given by
b2
τn = ~ 2 ,
D ⋅ βn

(7.3)

and the parameters βn are obtained from
bK
β n tan β n = ~ tr = Lβ .
D

(7.4)

A simple numerical method for evaluation of the eigenvalues βn has been presented
elsewhere.1 Equation (7.2) is based upon a linear relation between conductivity and
oxygen concentration. Provided that the step change in oxygen partial pressure is small
this is generally a reasonable assumption. A characteristic length scale Lc can be defined
as
~
D
b
Lc =
= .
(7.5)
K tr L
~
Experimentally both D and Ktr can be obtained provided that 0.03 < L < 30 and the
pressure change is sufficiently fast, as outlined previously by Den Otter et al.2 If L < 0.03 ,
~
D cannot be obtained from the fitting procedure, because then the relaxation kinetics is
entirely governed by the rate of the surface reaction. On the other hand, if L > 30 , the

100 Chapter 7
~
conductivity transient is not affected by the surface reactions and only D can be obtained
from fitting.

7.2.2

Oxygen isotope exchange

During oxygen isotope exchange the concentrations of oxygen with mass numbers
32, 34 and 36 in the gas phase are monitored after a stepwise change in the gas phase
oxygen-18 fraction. Here, the oxygen partial pressures before and after the change are
equal to prevent effects of chemical diffusion. Assuming that the recovery of isotopic
equilibrium between gas phase and the sample is entirely governed by the surface
reactions, information may be obtained about the mechanism of the exchange reaction.
As described in more detail elsewhere,3 the exchange process can be modelled in
terms of three parameters: K, p1 and p2. K [mol O2 m-2 s-1] denotes the amount of oxygen
molecules that participate in the exchange reaction per unit of time and area, p1 and p2 are
the independent probabilities for both atoms of a single oxygen molecule in the exchange
act to be exchanged with oxygen from the lattice.
The time-dependence of the oxygen-18 fraction, f g, in the gas phase is given by
F

f g (t ) = f ∞ + d f 0g − f ∞ i ⋅ expG −
H

t I
J,
τA K

(7.6)

where f 0g and f ∞ are the initial and equilibrium gas phase oxygen-18 fractions,
respectively. The time constant τA relates to the amount a [mol O2] of oxygen in the gas
phase and the oxygen content m [mol O] in the sample,
2a ⋅ m
1
1
τA =
⋅
⋅
.
2a + m S ⋅ K p1 + p2

(7.7)

The results of the present study show that p1 = p2 ≡ p . In this case the transient x(t) of the
18

O18O gas phase fraction can be evaluated as4
F

x bt g = f ∞2 + x b0g − f ∞2 ⋅ expG −
H

L
F
F
t I
t I
t IO
J + 2 f ∞ ⋅ b f 0 − f ∞ g ⋅ Mexp G −
J − exp G −
JP
τB K
H τB K
H τA K P
M
N
Q

2

τB O
τ A PQ
F
F
t I
2t I O
2 L
⋅ b f 0 − f ∞ g ⋅ MexpG − J − expG − J P,
−
τ
H τB K
H τA K P
M
N
Q
1− 2 B
τA
L
M1 −
N

(7.8)
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where the time constant τB is given by
τB =

a
.
S⋅K

(7.9)

Denoting the fractions of mass components 34 and 32 in the gas phase by y and z,
respectively, so that x + y + z = 1 , the oxygen-18 fraction is given by f g = x + y / 2 .
From these equations, y bt g and z bt g can be derived.
The exchange process can be interpreted as a two-step process,4 involving the
dissociation of oxygen molecules at the surface, at a rate
k dis = K

(7.10)

followed by the incorporation of oxygen ad-atoms into the bulk, at a rate
p
kb =
⋅K .
1− p

(7.11)

The overall oxygen exchange rate ks [mol O2 m-2 s-1] follows from
1
1
1
=
+ .
ks kdis kb

(7.12)

The surface transfer coefficient Ktr obtained from conductivity relaxation
experiments relates to the surface exchange coefficient ks from oxygen isotope exchange
data by5,6,7
K tr =

ks
⋅γ ,
cO

(7.13)

where γ is the thermodynamic factor, defined by
F

γ=

1
2

∂ lnG
H

pO 2 I
pO0 2 JK

cI
0J
Hc K
F

.

(7.14)

∂ ln G

where the superscripts 0 refer to standard conditions. The thermodynamic factor γ can be
evaluated from data of oxygen nonstoichiometry as a function of oxygen partial pressure,
either by thermogravimetric or coulometric measurements. Finally, the overall exchange
rate is often expressed in units m⋅s-1.8 If symbol κs is used for this quantity
κ s = ks / cO .
Eq. (7.13) may be rewritten as

(7.15)
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K tr = κ s ⋅ γ .

7.3

(7.16)

Experimental

7.3.1

Sample preparation

Powders of composition La0.6Sr0.4Co1-yFeyO3-δ with y = 0.2, 0.5 and 0.8 were
prepared by thermal decomposition of precursor complexes derived from nitrate solutions
using ethylene-diamine tetra-acetic acid (EDTA) as a complexing agent.9 The pH of the
nitrate solution containing the appropriate metal ions was adjusted to a value of 9 by
adding NH4OH. The mixture was then condensed and heated until pyrolysis occurred. The
product was calcined at 925°C in stagnant air for 10 h to remove remaining carbon. The
specific surface area of the powders was measured using a standard BET set-up
(Micromeritics ASAP 2400).
Selected experiments were performed on sintered compacts. These were obtained
uniaxially pressing the powder, followed by isostatically pressing at 4000 bar and
subsequent sintering at 1200°C in air for 10 h. Heating and cooling rates were
0.3 ° C min −1 . Densities of the sintered compacts were in excess of 95%. Samples cut
from these were polished with 1000 mesh SiC.

7.3.2

Conductivity relaxation

Figure 7.1 shows a schematic diagram of the conductivity relaxation set-up. The
sample was placed in a small-volume (20 cm3) quartz reactor. Measurements were
performed as a function of oxygen partial pressure in the range from 10-5 to 1 bar at
temperatures of 600 to 800°C. Activation energies of the transport parameters were
obtained from separate experiments, in which data was collected at 25°C intervals
between 600 and 800°C.
Two gas flows, both at 300 ml ⋅ min −1 (STP), were used. The pO 2 of both flows was
controlled between 10-5 and 1 bar, using Brooks 5850E mass flow controllers fed with
dried nitrogen and oxygen. One of the mixtures was directly led to the vent, the other
passed through the reactor. For oxidising (reducing) runs, the pO 2 of the vented flow was
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set three times higher (lower) than that through the reactor. The two flows could be
interchanged by means of an electrically powered four-way valve with a negligible
internal volume. The high flow rate and small volume of the reactor caused an estimated
flushtime of 0.75 s at 700°C. Gas flows with oxygen partial pressures below 0.2% were
obtained using a home-made YSZ-based oxygen pump powered by a constant current
source. An oxygen sensor (SYSTECH ZR893/4) was used for pO 2 measurement.

Figure 7.1. Scheme of the conductivity relaxation set-up.
The sample dimensions were 0.53 mm × 15 mm × 25 mm . The standard four-point
measurement technique was applied to measure the small changes in the sample
conductivity, following a step change in pO 2 . Using gold paint, gold wires were attached
to both ends of the sample. These contacts were used as current feeds. Gold wires tightly
wrapped around the sample acted as voltage contacts. After mounting into the reactor, the
sample was annealed at 900°C in oxygen for 3 h. The sample conductivity was measured
using a lock-in amplifier (Princeton Applied Research 5210) operated at 1259 Hz. Using a
power amplifier, an AC voltage with amplitude 2 V was put over a series resistance of
2.44 Ω and the sample. The potential difference over the voltage probes of the sample was
of the order of millivolts, well above the noise level. Resistance changes as low as 2%
could be resolved. Transient data were measured for 4 to 5 times τ1 (20 min to 16 h),
depending on temperature and oxygen partial pressure. During this period, 1310 data
points were measured. The transients were analysed using a special curve fitting routine. 10

7.3.3

Oxygen isotope exchange

A scheme of the set-up is presented in Figure 7.2. It consists of a gas handling
manifold, a gas analysis system and the reactor volume (60 cm3). The manifold connects
the reactor with a supply of oxygen with natural isotopic abundance, an oxygen-18
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reservoir (A.R.C. 96.55% 18O) and a turbodragpump, which evacuates the cell to a
pressure of about 10-5 bar. The hot part of the set-up consists of a small furnace and two
concentric quartz tubes. The enclosed gas in the reactor volume is mixed by an oxygen
circulation unit, which creates a gas flow passing the analysis section and the sample. The
sample is suspended from the inner tube. In this way, the gas stream induced by the
oxygen circulation unit is forced to pass the sample. The outer quartz tube is suspended
vacuum tight by two water-cooled O-rings. The gas phase composition is measured with a
mass spectrometer (Prisma QMS 200 respectively QMG 112), fed by a controlled leak
valve (BALZERS UDV 135) for sampling.
At temperatures above 750°C, the quartz tube of the reactor becomes active in
dissociation of oxygen molecules, which makes the evaluation of the dissociation rate at
the surface of the samples impossible. Powder samples exchange oxygen at much lower
temperatures and therefore were used to test the validity of the oxygen isotope exchange
theory. Exchange measurements were performed on compacted samples
(0.50 × 3.14 × 13.1 mm) as well.
The samples were pre-annealed in situ at 300°C for 2 h under vacuum to remove
adherent water. The reactor volume was then flushed several times with natural oxygen
before annealing the sample in this environment at 1.5 bar and 850°C for 2 h. This
procedure removes carbonates from the surface. Hereafter, the reactor was again flushed
with natural oxygen and vacuum annealed at 300°C for 2 h.
Before data acquisition at a selected temperature and pO 2 , the sample was preannealed in 1.5 bar of natural oxygen for 1 h at 600°C for powder samples and 800°C for
sintered compacts, in order to reduce, if present, the fraction of oxygen-18 in the sample.
Subsequently, the reactor was water quenched to room temperature, flushed and filled
with natural oxygen. The sample was then equilibrated at the temperature and pO 2 of the
exchange experiment for 3 h in order to prevent effects of chemical diffusion during
isotope exchange. The reactor was again cooled rapidly to room temperature, flushed with
natural oxygen, but now filled with exactly the same amount of oxygen, in a 1:1 ratio of
oxygen-18 and oxygen-16. The gas phase composition was measured at room
temperature, after which the sample was heated rapidly (5-10 min) to the selected
temperature where the exchange reaction was allowed to take place, typically during
10-15 h. The oxygen isotopic composition in the gas phase was logged every 30 s. To
check the gas tightness of the reactor also the nitrogen concentration was measured.
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Figure 7.2. Oxygen isotope exchange set-up. OCU: oxygen
circulation unit; PS: pressure sensor; CLV: controlled leak valve;
QMS: quadrupole mass spectrometer; TDP: turbo drag pump;
MP: membrane pump.

7.3.4

Thermogravimetry

The oxygen nonstoichiometry as function of temperature and pO 2 was obtained from
thermogravimetric data (Setaram Setsys 16). A powder sample of about 1000 mg was
annealed in situ in nitrogen-diluted oxygen ( pO 2 = 0.9 bar) at 900°C for 3 h. The sample
was subsequently cooled down to room temperature at 2° C ⋅ min −1 .
Using mass flow controllers (Brooks 5850) for nitrogen and oxygen, the pO 2 was set
to a value between 0.01 - 0.9 bar. The total gas flow through the TGA apparatus was
11 ml⋅min-1. Measurements were made at 500°C, 600°C, 700°C, 800°C and 900°C both
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upon heating from room temperature to 900°C and subsequent cooling to room
temperature. At each of these temperatures the sample was allowed to equilibrate for 1-3
h. Heating and cooling rates were 2° C min −1 . No significant hysteresis was observed.
The nonstoichiometry was calculated from the weight change exhibited by the sample,
assuming ideal oxygen stoichiometry at room temperature.

7.4

Results

7.4.1

Conductivity relaxation

Figure 7.3 shows the dependence of the total electrical conductivity on oxygen partial
pressure for La0.6Sr0.4Co1-yFeyO3-δ, y = 0.2, 0.5 and 0.8 at different temperatures.
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Figure 7.3. Electrical conductivity of La0.6Sr0.4Co1-yFeyO3-δ, as function of oxygen partial
pressure at different temperatures; a) y = 0.2, b) y = 0.5 and c) y = 0.8. The solid lines are
a guide for the eye.
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Figure 7.4. Conductivity relaxation data for La0.6Sr0.4Co0.5Fe0.5O3-δ at 750°C following
oxidation and reduction step changes to the same final oxygen partial pressure; a) 0.35 bar
and b) 0.28 mbar.

Figure 7.4 shows conductivity transients for La0.6Sr0.4Co0.5Fe0.5O3-δ at 750°C. The
results for oxidation and reduction step changes to the same final pO 2 are shown. It is
apparent that the relaxation data for oxidation and reduction step changes are more nearly
equal for high pO 2 values. Given the experimental flow rate of 300 ml ⋅ min −1 , oxygen can
not be supplied at a high enough rate to the sample specimen upon an oxidation step
change if the final pO 2 is too low, whereas upon a reduction step change the oxygen
released by the sample is quickly flushed away. Similar behaviour was observed at other
temperatures and for other compositions in this study. Since the ideal step change is better
approximated in reduction experiments only data derived from reduction runs is presented
throughout his paper.
Values for the surface transfer coefficient Ktr and the chemical diffusion coefficient
~
D of La0.6Sr0.4Co1-yFeyO3-δ obtained from the fitted data are plotted as a function of the
~
final oxygen partial pressure in Figure 7.5 and Figure 7.6. The general trend is that D
remains fairly constant at high pO 2 , but decreases as the pO 2 decreases below values of
about 10-2 bar. The dependence of Ktr on oxygen partial pressure fits to a pOn 2 power law,
with values of n as listed in Table 7.1.
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CR (600-800°C, 12 mbar)

Ktr

113

122

180

CR (600-800°C, 0.36 bar)

Ktr

-

118

180

CR (600-800°C, 12 mbar)

~
D

129

122

214

CR (600-800°C, 0.36 bar)

~
D

82

115

181

CR (600°C)

Ktr

0.96

-

-

CR (650°C)

Ktr

0.74

0.86

0.83

CR (700°C)

Ktr

0.50

0.74

0.89

CR (750°C)

Ktr

-

0.66

0.76

CR (800°C)

Ktr

-

0.75

0.73

Table 7.1. Apparent activation energies of transport parameters and n-values
for La0.6Sr0.4Co1-yFeyO3-δ. Activation energies are given in kJ⋅mol-1. OIE =
Oxygen isotope exchange, CR = conductivity relaxation.
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Figure 7.5. Surface transfer coefficient versus oxygen partial
La0.6Sr0.4Co1-yFeyO3-δ, y = 0.2 (top left), y = 0.5 and y = 0.8 (bottom).
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Figure 7.6. Chemical diffusion coefficient versus oxygen partial pressure for
La0.6Sr0.4Co1-yFeyO3-δ, y = 0.2 (top left), y = 0.5 and y = 0.8 (bottom).
~
Arrhenius plots for D and Ktr derived from data of experiments in which the

conductivity was monitored after pO 2 step changes from 0.035 to 0.012 bar and from 1.0
to 0.36 bar are presented in Figure 7.7. A summary of the activation energies calculated
from the slopes of these plots is given in Table 7.1, from which it is noted that both
parameters display similar activation energies. For the pO 2 step change to 0.36 bar, the
activation energy of Ktr for La0.6Sr0.4Co0.8Fe0.2O3-δ could not be evaluated, since the
conductivity transient was diffusion controlled.
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Figure 7.7. Arrhenius plots of the chemical diffusion coefficient (top) and surface transfer
rate (bottom) for La0.6Sr0.4Co1-yFeyO3-δ at oxygen partial pressure 0.012 bar (left) and
0.36 bar (right).
~
As far as mixed control is encountered the characteristic length Lc = a / L = D / K tr
can be calculated from the fitted data. Values of Lc for La0.6Sr0.4Co1-yFeyO3-δ are plotted in
Figure 7.8. These are in the range 30 – 300 µm.
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Figure 7.8. Characteristic length Lc versus oxygen partial pressure
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Figure 7.9. Characteristic length Lc versus temperature for La0.6Sr0.4Co1-yFeyO3-δ, y = 0.2
(top left), y = 0.5 (top right) and y = 0.8 (bottom).

7.4.2
Data

Thermogravimetry
from

gravimetric

measurements

of

the

nonstoichiometry

of

La0.6Sr0.4Co1-yFeyO3-δ are given in Figure 7.10. The parameter δ varies almost linearly with
the logarithm of the oxygen partial pressure: δ = −a logd pO 2 / bar i + b . By combining with
Eq. (7.14), the thermodynamic factor γ can be calculated from
γ=

1
3− δ
.
lnb10g
a
2

(7.17)

Data thus obtained are listed in Table 7.2. The thermodynamic factor for each of the
compositions La0.6Sr0.4Co1-yFeyO3-δ is approximately constant in the pO 2 range from 10-2
to 1 bar. Good agreement, both in magnitude of γ and dependence on oxygen partial
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pressure, is observed with the results of Lankhorst and Ten Elshof11 obtained from data of
thermogravimetry and coulometric titration on related compositions in the series in the
extended pO2 range of 10-5 – 1 bar. However, the results of this are not in agreement with
the results of Lane et al.,12 who found γ for La0.6Sr0.4Co0.2Fe0.8O3-δ at 800°C to decrease
almost one order in magnitude as the pO2 decreased from 1 to 10-2.5 bar.

Temperature (°C)

y = 0.2

y = 0.5

y = 0.8

500

258

600

197

306

409

700

168

189

240

800

148

130

143

900

130

106

111

Table
7.2.
Thermodynamic
factor
La0.6Sr0.4Co1-yFeyO3-δ at various temperatures.
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Figure 7.10. Oxygen nonstoichiometry of La0.6Sr0.4Co1-yFeyO3-δ versus oxygen partial
pressure at several temperatures; y = 0.2 (top left), y = 0.5 (top right) and y = 0.8
(bottom).

7.4.3

Oxygen isotope exchange

Data from oxygen isotope exchange on La0.6Sr0.4Co1-yFeyO3-δ powders in the range
275-400°C were fitted to the theoretical equations, assuming p1 = p2 ≡ p . Values
obtained for p varied between 0.2 and 0.8. The surface exchange rates calculated from the
fit parameters were normalised to the powder sample surface, using the BET surfaces of
3.5, 2.3 and 1.5 m2g-1 for y = 0.2, 0.5 and 0.8 respectively. The overall exchange rate ks,
surface dissociation rate kdis and bulk transfer rate kb as a function of inverse temperature
are given in Figure 7.11. Activation energies calculated from least square fits to the data
in these plots are presented in Table 7.1. Even at the modest temperatures in this study all
lattice oxygen appears to be involved in the exchange process. This was shown by
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experiments in which the powder sample after exchange at 275°C was subsequently
heated to 800°C. No further change in the oxygen-18 fraction of the gas phase took place,
indicating that all oxygen species had participated in the exchange process already at the
lowest temperature. The oxygen partial pressure dependencies of the rate constants
measured at 325°C are given in Figure 7.12. It is found that these are proportional to pOn 2
with values of n as listed in Table 7.1.
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Figure 7.11. Arrhenius plots of the surface exchange rate ks (top left), kdis and kb (bottom)
for La0.6Sr0.4Co1-yFeyO3-δ obtained from oxygen isotopic exchange on powder samples at
pO 2 = 0.65 bar.
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Figure 7.12. Oxygen partial pressure dependence of ks (top left), kdis and kb (bottom) for
La0.6Sr0.4Co1-yFeyO3-δ obtained from oxygen isotope exchange on powder samples at
pO 2 = 0.65 bar.
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Figure 7.13. Arrhenius plots of the overall
for
surface
exchange
rate
ks
La0.6Sr0.4Co1-yFeyO3-δ obtained from oxygen
isotope exchange on sintered compacts at
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Figure 7.13 shows the Arrhenius plots of the overall exchange rate ks obtained from
exchange experiments on sintered compacts. Activation energies for y = 0.2, 0.5 and 0.8
are 117, 150 and 176 kJ⋅mol-1, respectively.

The
oxygen
partial
pressure
dependencies of ks for these compositions are compared in Figure 7.14. It can be seen that
the magnitudes of ks for the different compositions are approximately equal. ks appears to
be proportional to pOn 2 , with n = 0.57, 0.50 and 0.46 for y = 0.2, 0.5 and 0.8, respectively.
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Figure 7.14. Oxygen partial pressure
dependence of the overall exchange rate ks
for La0.6Sr0.4Co1-yFeyO3-δ obtained from
oxygen isotope exchange on sintered
compacts.

7.5

Discussion

7.5.1
Data

Electrical conductivity
from

electrical

conductivity

measurements

on

compositions

La0.6Sr0.4Co1-yFeyO3-δ shown in Figure 7.3 are in fair agreement with results published by
others.12,13 The observed behaviour is typical for that of the acceptor-doped perovskite
oxides in which charge compensation occurs both by ionic and electronic defects. Using
the Kröger-Vink notation, the dissolution of SrO in the La(Fe,Co)O3 perovskite lattice can
be described by
1
2SrO + 2La ×La + O 2 + 2Fe ×Co La(Fe,Co)O

3 → La 2 O 3 + 2SrLa
′ + 2Fe Co ,
2
•

(7.18)

where it is assumed that charge compensation occurs preferentially by a valence change of
the iron ions over cobalt ions, or

3 → La 2 O 3 + 2SrLa
′ + VO ,
2SrO + 2La ×La + O O× La(Fe,Co)O
••

(7.19)
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in which reaction charge compensation occurs by the formation of doubly ionised oxygen
vacancies. The extent of oxygen nonstoichiometry is further determined by the
equilibrium reaction of oxygen from the lattice with that from the gas phase
R
2Fe •Co
|
|

S
|2Co •
Co
|
T

+ O ×O

↔ 12 O + V + 2Fe ;
↔ 12 O + V + 2Co .
••

2

+ O O×

O

×
Co

••

2

O

(7.20)

×
Co

Since the ionic and electronic compensations occur simultaneously and compete with each
other the charge neutrality condition, assuming only localised electronic charge carriers to
be present, can be expressed as
2⋅ VO + Fe Co + CoCo = SrLa
′ .
••

•

•

(7.21)

where the presence of n-type charge carriers has been omitted. Their contribution to the
electrical conductivity may occur at low enough

↔

pO 2

as a result of charge

↔

disproportionation reactions 2Fe3+
Fe2++Fe4+ and 2Co3+
Co2++Co4+. For each
doubly ionised oxygen vacancy formed in the lattice, two p-type charge carriers are
eliminated. Accordingly, the decrease of the electrical conductivity with pO 2 inferred
from Figure 7.3 can be explained by the reduction of the concentration of p-type charge
carriers, associated with the tetravalent states of the cobalt and iron atoms, as oxygen
vacancies are formed. The decrease is less at high pO 2 where electronic compensation is
the preferred mechanism of charge compensation. Due to the greater mobility of the
electronic defects over that of the ionic defects it can safely be assumed that the data
shown in Figure 7.3 refer to the electronic conductivity only.
Electrical conductivity in La1-xSrxCo1-yFeyO3-δ compositions in the usual ranges of
temperature and pO2 has been interpreted by two-site hopping of p-type small polarons13
and by a mixed model.11 In the latter adiabatic hopping of small polarons (through Fe3+
and Fe4+ sites) occurs simultaneously with a more band-like conduction via states of
mixed Co 3d – O 2p character. From Figure 7.3 the conductivity La1-xSrxCo1-yFeyO3-δ at
fixed pO 2 and temperature is seen to decrease with increasing Fe content. This behaviour
is attributed to reflect not only the increased carrier concentration when iron is substituted
for cobalt, but also the more conductive nature of the cobalt sites relative to the iron sites.
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7.5.2

Oxygen diffusion

Oxygen transport in defective perovskite structures generally is considered to occur
via a vacancy diffusion mechanism. This assumption has been supported by recent defect
calculations by Cherry et al.14 Using computer modelling techniques to calculate energy
barriers for oxygen transport, these authors found that in perovskites LaBO3 (B = Co, Fe,
Cr, Mn) diffusion is mediated by hopping of oxygen vacancies along the anion octahedra
edge. The energy barrier for an uncorrelated jump of an oxygen vacancy was found to be
significantly lower than that for an interstitial oxygen jump.
For materials with predominant electronic conductivity, the chemical diffusion
~
coefficient D can be equated to the self-diffusion coefficient Ds by
~
D = γ ⋅ Ds
(7.22)
noting that Ds is proportional to the sample nonstoichiometry δ. Assuming that γ remains
~
constant, as observed, D in a perovskite structure with randomly distributed oxygen
defects is expected to increase with increasing oxygen deficiency, i.e. with decreasing
~
oxygen partial pressure. Figure 7.6 shows that D remains almost constant at high pO 2 ,
but decreases profoundly as the pO 2 is reduced below about 10-2 bar. A tentative
explanation for the observed behaviour is that at low pO 2 values not all lattice oxygens are
involved in transport due to ordering phenomena.
In general, the tendency to form extended defects and ordered structures
progressively grows at high defect concentrations. Ordering reduces the number of free
ionic charge carriers and, in general, has a negative influence on ionic transport. There is
ample evidence form HRTEM and lattice imaging for vacancy ordering in perovskite and
perovskite-related structures at room temperature. Microdomain formation in highly
defective perovskite structures has been suggested to occur also at high temperature in
order to rationalise results obtained from ionic transport measurements. Based on data
from high temperature oxygen-17 NMR, Adler et al.15 argued that in the related
compound La0.6Sr0.4Co0.8Cu0.2O3-δ below approximately 800ºC only a few oxygen
vacancies are mobile, while the remainder is trapped in locally ordered layers. Above
800ºC, the signal intensity was found to increase steadily with temperature, suggesting a
concomitant increase in the number of mobile oxygen vacancies.
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Surface oxygen transfer

As mentioned before, data obtained from isotope exchange on powder samples of
La0.6Sr0.4Co1-yFeyO3-δ could be fitted to the theoretical equations, as presented in Section
7.2.2, assuming equal probabilities3 for both atoms of a single oxygen molecule to be
exchanged with oxygen from the lattice, i.e. p1 = p2 ≡ p . Poor agreement was obtained in
fitting attempts in which this constraint was abandoned. The important corollary is the
validity of the two-step exchange model for describing oxygen exchange on compositions
in the La0.6Sr0.4Co1-yFeyO3-δ series. This model was previously used by Boukamp et al.4 in
their analysis of isotope exchange data obtained on erbia-stabilised bismuth oxide.
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Figure 7.15. Overall exchange rates of powders and
compacts. Data obtained by Benson et al.16 have been
included for comparison.
Figure 7.15 shows the Arrhenius plot of the overall exchange rate ks for
La0.6Sr0.4Co1-yFeyO3-δ on powder samples (low temperature regime 275-400ºC) and
sintered compacts (high temperature regime 700-850ºC). It is immediately clear from this
figure that the magnitude of ks, in both temperature regimes and, hence, the overall
activation energy tend to be similar for the three compositions. The corresponding values
calculated from least square fits to the data in the figure are 132, 125 and 118 kJ⋅mol-1 for
y = 0.2, 0.5 and 0.8, respectively. As can be seen from Table 1, the values may differ
considerably from those obtained from least squares fits to the data obtained in the distinct
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temperature regimes. Data from isotope exchange experiments on La0.6Sr0.4Co0.2Fe0.8O3-δ
in the range 400-800ºC, followed by depth-profiling SIMS analysis by Benson et al.16 are
shown in Figure 7.15 for comparison. The values Benson et al. report for ks in the high
temperature regime are almost two orders of magnitude higher than those from the present
experiments. As can be seen good agreement is obtained in the low temperature regime.
The activation energy of 118 kJ⋅mol-1 found in this study for La 0.6Sr0.4Co0.2Fe0.8O3-δ are in
good agreement with the 105±14 kJ⋅mol-1 reported by Benson et al.
Data from thermogravimetry showed no significant weight losses below
approximately 400°C. At these reduced temperatures the oxygen content of
La0.6Sr0.4Co1-yFeyO3-δ becomes close to stoichiometric. A corollary is that also the bulk
diffusion of oxygen will be a fairly slow process at these temperatures. Noteworthy,
however, is that the perovskite compositions fully exchange their oxygen even at the
lowest temperatures of the present study.
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Figure 7.16. Comparison of the overall
exchange rate ks for La0.6Sr0.4Co0.2Fe0.8O3-δ
from Oxygen Isotope Exchange (OIE),
calculated from data of Conductivity
Relaxation (CR) and from Benson et al.16
The overall exchange rate ks is linked to the surface transfer coefficient Ktr from
conductivity relaxation by Eq. (7.15). From Figure 7.16, in which both transport
parameters are compared, it is evident that the ks values obtained directly from data of
isotope exchange and that computed from the data of conductivity relaxation are offset
from one another by less than one order of magnitude at the same temperature. Also their
activation energies are in reasonable agreement. Similar behaviour was observed for the

Oxygen transport in La 0.6Sr0.4Co1-yFeyO3-δ

125

other two compositions in this study. It is further noted that the magnitude of Ktr from
conductivity relaxation experiments on the related compound La0.6Sr0.4FeO3-δ by Ten
Elshof et al.6 are in good agreement with the results of this study.
The overall reaction of oxygen exchange, as presented by Eq. (7.20), contains steps
which involve the adsorption, dissociation, reduction of oxygen molecules, and
subsequent incorporation of oxygen ad-atoms into the oxide bulk. Data obtained from
isotope exchange on powders in the temperature regime 275-400ºC suggest that the
exchange reaction on La0.6Sr0.4Co1-yFeyO3-δ is a lumped sum of two global steps with rates
kdis and kb, both dependent on temperature and pO 2 . Both rates exert about equal influence
on the overall exchange rate. Table 7.1 shows apparent activation energies and partial
pressure dependencies of both global steps. There is little agreement between the
corresponding values of different compositions La0.6Sr0.4Co1-yFeyO3-δ. Based on these data
it is not possible to give a mechanistic interpretation for the exchange reaction nor to
discount one or more of the above steps being rate determining.
Although much kinetic data have been gathered in literature, there is limited
fundamental understanding about the mechanism of oxygen exchange. Theoretical
modelling requires detailed information regarding the properties of materials with respect
to the extent of nonstoichiometry, adsorption kinetics, diffusivities of ionic and electronic
charge carriers, as a function of both temperature and pO 2 . In many cases there is a
marked discrepancy between published work even for a single composition. Kilner 8 noted
that the rate of oxygen isotope exchange and oxygen diffusivity are related to a large
extent, even for a large number of different materials, which in turn implies that the
vacancy concentration plays an important role in determining the surface exchange rate.
Assuming that the surface vacancies are the sites at which exchange takes place, Kilner et
al.17 derived an expression for the surface exchange rate in terms of bulk atomistic
parameters. In a recent study on conductivity relaxation of the related compound
La1-xSrxCoO3-δ a strong correlation between oxygen surface exchange and oxygen
diffusivity was found to hold even in regions of temperature and pO2 , where vacancy
ordering takes place.18 The observations are in a sense consistent with those made in the
present study. It is also noted that both parameters in this study display similar activation
energies (see Table 7.1). This strongly supports that, just as in La1-xSrxCoO3-δ, oxygen
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diffusion and the surface reaction rate in phases La0.6Sr0.4Co1-yFeyO3-δ are governed by the
concentration of mobile oxygen vacancies.

7.5.4

Characteristic length

An important parameter for assessing the oxygen fluxes through thin membranes is
the characteristic length Lc. The results of this study show that, within experimental error,
the parameter Lc of compositions La0.6Sr0.4Co1-yFeyO3-δ varies hardly with temperature (see

~

Figure 7.9). This is expected since D and Ktr for each of the compositions show almost
equal activation energies. The dependence of Lc on pO 2 shown in Figure 7.8 indicates that
the parameters change with oxygen nonstoichiometry in a slightly different way.

7.6

Conclusions
Values of the oxygen diffusivity and surface reaction rate for La0.6Sr0.4Co1-yFeyO3-δ

(y = 0.2, 0.5 and 0.8) were obtained as a function of pO 2 and temperature using isotope
exchange and conductivity relaxation techniques. The chemical diffusion coefficient
measured with conductivity relaxation (600-800°C) decreases strongly when the pO 2 is
decreased below about 10-2 bar. The observed behaviour is attributed to the ordering of
oxygen vacancies at low pO 2 values. Also, the surface reaction rate is found to decrease
with decreasing pO 2 . It is suggested that in phases La 0.6Sr0.4Co1-yFeyO3-δ oxygen diffusion
and the surface reaction rate are governed by the same factors.
Using isotope exchange the surface exchange rate was measured in the temperature
range 275-850°C. Both the activation energies and the absolute values are in reasonable
agreement with the corresponding values calculated from data of conductivity relaxation.
Data of isotope exchange on powders (275-400°C) can be described using a two-step
exchange model. It is however not possible to elucidate from the pO 2 dependencies of
both steps the mechanism of oxygen exchange. It is clear that more investigations are
required.
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8

8.1

Recommendations for future research

Introduction

Knowledge of the rate of exchange of oxygen is of fundamental importance in the
development of high-temperature solid state electrochemical applications, such as solid
oxide fuel cells, membranes for oxygen separation from air and electrochemical reactors.
Although much data has been gathered in literature, understanding of factors that control
and limit the oxygen exchange kinetics is still poor, and therefore it is still a fruitful area
for further investigation. This chapter contains some recommendations for future research
based on the understanding and knowledge acquired from the research as described in this
thesis.

8.2

Sample thickness in conductivity relaxation measurements

At this moment, the sample thickness in conductivity relaxation experiments is
usually chosen at the somewhat arbitrary value of about half a millimeter. Depending on
the compound’s characteristics and measurement conditions, this value may need to be
optimised.
In Chapter 4, it was argued that the highest accuracy in the values of the chemical
~
diffusion coefficient D and surface exchange rate Ktr extracted from experiment is
reached when the sample thickness is close to the critical length. The latter ranges
between 30 and 300 µm for La1-xSrxCoO3-δ and La0.6Sr0.4Co1-yFeyO3-δ, depending on
temperature and oxygen partial pressure.1 Hence, the experimentally applied sample
~
thickness is not far from the optimum value if both D and Ktr are wanted parameters from
experiment. At higher temperatures than carried out in this study, the sample may respond
too quickly for proper evaluation of both parameters, due to the limitations set by the
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flushtime of the reactor.2 Experimental data can then only be obtained if thicker samples
are used. In the regime of pure surface limitation, doubling of the applied sample
thickness also implies a doubling of the response time, while in the diffusion-controlled
regime, both time constants τ1 and τ2 become four times as large. Thick samples, say
1 mm, are therefore recommended at high temperatures, even though this increase in
sample size implies that its response behaviour is shifted towards diffusion limitation.

8.3

8.3.1

Combined set-up for oxygen isotope exchange and chemical
relaxation measurements

Introduction

The gas-phase isotope exchange method relies upon measurement of the timedependent change in the gas-phase 18O concentration under conditions of thermodynamic
equilibrium. In chemical relaxation type of experiments, the oxide is studied after
perturbation of the state of thermodynamic equilibrium. Below, a new method is proposed
that merges essential features of both type of experiments. Use is made of the fact that the
fundamental parameter governing isotope exchange, ks, if expressed in the same units,
tends to be much smaller than the surface transfer rate Ktr determined from chemical
relaxation experiments. The ratio of both parameters departs significantly from unity, due
to the magnitude of the thermodynamic factor γ. The main advantage of the proposed
method is that both parameters are obtained simultaneously, i.e. from a single experiment.
The proposed method relies upon annealing the oxide (a powder with large surface
area) in a small volume of isotopically labelled oxygen gas in thermodynamic equilibrium
with the oxide. At time t = 0, both the isotopic and the chemical equilibrium are disturbed,
e.g. by adding natural oxygen gas. The recovery of isotopic equilibrium is measured in the
usual way, i.e. by following the time-dependent 18O concentration in the gas phase using a
mass spectrometer. The recovery of chemical equilibrium is monitored by the
simultaneous measurement of the change in oxygen partial pressure during equilibration.
On account of the larger value for Ktr compared with ks, the chemical equilibration
proceeds much faster than the isotopic one. If, in addition, the oxygen content in the oxide
is much larger compared to that in the gas phase, the oxygen partial pressure inside the
closed volume will equilibrate to an almost equal value before the step change was made.
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If the exchange gas contains a noble gas, preferably argon, the pressure reading is easily
made using the mass spectrometer. The determination of the isotope exchange coefficient
ks and the surface transfer rate Ktr is accomplished by extracting the relevant relaxation
times from the acquired experimental data, as discussed in more detail in the next section.

8.3.2

Theory

The net flux J [mol O m-2 s-1] of oxygen into the solid is given by
J = K tr ⋅ cbt g − c∞ ,

(8.1)

where c denotes the time-dependent concentration of oxygen in the oxide and c∞ the
corresponding concentration at equilibrium, i.e. at infinite time. Equation (8.1) defines the
surface transfer coefficient Ktr [m s-1]. Mass conservation requires that
da
+S⋅J = 0,
dt

(8.2)

where a [mol O] is the amount of oxygen in the gas phase and S the sample surface area.
For any time t, one obtains
cb t g = c0 +

a0 − abt g
,
Vsample

(8.3)

where c0 and a0 are the oxygen concentration in the oxide and the amount of oxygen in the
gas phase, respectively, immediately after the chemical equilibrium is disturbed, while
Vsample denotes the volume of the sample. Combining Eqs. (8.1), (8.2) and (8.3) leads to a
differential equation in a:
L
O
a − abt g
da
+ S ⋅ K tr ⋅ Mc0 + 0
− c∞ P = 0 .
dt
Vsample
M
P
N
Q

(8.4)

The solution is of the form
tI
F
abt g = a∞ + ba0 − a∞ g ⋅ expG − ~ J ,
H τK

(8.5)

with
~τ = 2 ⋅ Vsample .
S ⋅ K tr

(8.6)

The change of the 18O-fraction in the gas phase is described by the modified expression
(cf. Eq. 2.10)
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F

f 18 bt g = f ∞18 + d f 518 − f ∞18 i ⋅ expG −
H

t − 5~τ I
J ,
τ1 K

(8.7)

where f 518 denotes the corresponding fraction after a time period of 5 × ~τ has elapsed. In
this expression τ1 is given by
τ1 =

2a∞ ⋅ m∞
1
⋅
,
2a∞ + m∞ S ⋅ ks

(8.8)

where m∞ [mol O] is the equilibrium amount of oxygen in the oxide. Assumption made in
derivation of Eq. (8.7) is that after the step change in oxygen partial pressure a time period
of 5 × ~τ is required for the oxide to reach chemical equilibrium.

8.4

Oxygen isotope exchange: Temperature scan method

As discussed in Chapter 2 of this thesis, the determination of the parameter ks of
oxidic materials from isotope exchange essentially involves measurement of the time
constant τ1 and of f ∞18 . The latter value represents the 18O-fraction in the oxide at infinite
time after the step change in the 18O concentration of the gas phase. Transients at elevated
temperature typically last longer than 12 h. At one extreme, the measurement is far from
simple on account of the long times of equilibration required to estimate the value of f ∞18 .
At the other extreme, the value of τ1 can be estimated already from the short time
response. In the latter case use is made of the fact that the mass spectrometer is capable of
detecting very small changes of the isotope concentrations in the gas phase resulting from
the exchange of oxygen with the oxide. The measurement time would be significantly
reduced if the value of f ∞18 is known at the start of the experiment.
The above facts have led to a number of scouting experiments in this Ph.D. period of
a new isotope exchange technique, which I refer to as the Temperature Scan Method, and
which has the very valuable feature of providing isotope exchange data continuously with
temperature. The method relies upon measurement of the isotope concentrations in the gas
phase during slowly heating (0.2°C⋅min-1) of the sample in an atmosphere of 18O enriched
oxygen at the oxygen partial pressure of interest. The heating rate must be chosen low
enough to collect exchange data within a restricted temperature interval. Analysis of data
thus obtained enables evaluation not only of the overall exchange rate ks, but also of the
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surface dissociation rate kdis and the bulk transfer rate kb, all as a function of temperature.
The approximate working range is up to the temperature where isotopic equilibrium
between the gas phase and the sample is achieved, at which temperature the value of f ∞18
is measured. Measurement on the same specimen can be performed again, after an
appropriate annealing treatment, at various oxygen partial pressures of interest (in so far
as there are no limitations imposed by the equipment). The new approach drastically
reduces the measurement time needed for a full data set of isotope exchange as a function
of temperature and oxygen partial pressure compared with the time needed when the
measurements are accomplished with the conventional method. It also greatly expands the
temperature range of measurement. Figure 8.1 shows values of the overall exchange
rate ks for perovskite La0.6Sr0.4Co0.8Fe0.2O3-δ determined from both methods. It is clear that
a very good agreement is obtained for this material, for which it is recognised, as
described in Chapter 7, that it easily adapts its non-stoichiometry due to high values of the
chemical diffusion coefficient and surface transfer coefficient. Further exploitation of the
temperature scan method, which seems particularly suitable for systematically studying
isotope exchange on oxides, is therefore recommended.

l o g (k s / (m o l m -2 s-1 ))
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Figure 8.1. Characteristic temperature scan experiment.
The diamonds represent measurements in the
conventional mode of operation.
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8.5

Characterisation of microdomains by scanning tunneling
microscopy

X-ray diffraction, electron diffraction and HRTEM have provided ample evidence that,
particularly at low and moderate temperatures, non-stoichiometry in the highly defective
perovskites is accommodated by vacancy ordering to a degree which depends both on
oxygen partial pressure and temperature.3,4 Vacancy ordering generally has a detrimental
effect on oxygen ionic transport (See ref. 1 and references therein). The microdomain
structures that are apparent in these studies have typical length scales of hundreds of
Ångströms. Since formation of the microdomains may cause the relaxation of the
uppermost surface layer, rumpling or reconstruction of the surface scanning tunneling
microscopy (STM) is conjectured to be a useful tool for characterisation; it complements
the above methods.
Scanning tunneling microscopy provides a simple and versatile method for studying
the topography of surfaces with a resolution on an atomic scale. It is possible to ‘see’
individual atoms. STM can also be used to obtain local work functions, 5 which presents an
alternative way of visualising features occurring at the sample surface. Due to the ordering
of the oxygen vacancies, the transition metal cations occur in valence states different from
those in disordered regions. Yet STM also provides information about electronic
phenomena (i.e., the chemical potential of the electrons) at the surface.
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