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Oxygen Incorporation in Oxides

The kinetics of stoichiometry change of an oxide—a prototype of a

Angewandte

simple solid-state reaction and a process of substantial technological

relevance—is studied and analyzed in great detail. Oxygen incor-
poration into strontium titanate was chosen as a model process. The
complete reaction can be phenomenologically and mechanistically

understood beginning with the surface reaction and ending with the

transport in the perovskite. Key elements are a detailed knowledge of
the defect chemistry of the perovskite as well as the application of a
variety of experimental and theoretical tools, many of them evolving

from this study. The importance of the reaction and transport steps

for (electro)chemical applications is emphasized.

1. Introduction

Owing to the significance of interfaces and the typically
sluggish transport, reactions involving solids are much more
difficult to describe than reactions between fluid phases. In
Germany, the study of solid-state reactions has a significant
tradition reaching back to Tammann,"! Jost,””) and Wagner >
and is particularly well treated in H. Schmalzried’s book Solid
State Reactions.”) The treatment ranges from homogeneous
reactions within solids to nonlinear kinetics of complex
reactions. The special aspects of interfacial reactions includ-
ing relevance for heterogeneous catalysis are considered for
example, in references [6,7]. Recently, substantial progress
was achieved in several respects, for example: 1)in the
understanding of elementary chemical reaction steps at gas—
solid interfaces;®*'? 2)in connecting elementary rate con-
stants with effective parameters measured in relaxation
kinetics;!"*'”! 3)in including space charges into chemical
diffusion;**! 4)in taking into account coupling diffusion
with internal reactions;?"??! 5) in the study of complex and
nonlinear processes.”>*! On the experimental front, the
development of specific in situ techniques has contributed to
the in-depth understanding of defect chemistry and transport
(see, for example, references [23,34-37]).

Using strontium titanate as a model material, we had the
ambition to understand one of the simplest chemical reac-
tions—namely the incorporation of oxygen into strontium
titanate, which does not involve the formation or the motion
of interfaces—in great detail ranging from the adsorption of
oxygen molecules up to transport of oxygen in the bulk and
even across internal boundaries. In spite of the apparent
simplicity of the process, its importance as a prototype
reaction is enormous. Oxygen incorporation in oxides is an
extremely important example of the stoichiometry change of
an ionic material. Even when such compositional changes are
minute, the effect they have on the “internal chemistry” is
always drastic. In other words, the changes occurring when
going through the phase width are of first order with respect
to internal acid-base and redox chemistry as well as in terms
of ionic and electronic charge-carrier densities.

Changes in the oxygen content of about 10 ppm (i.e. a pO,
change from 107> to 107 bar at 800°C) transform SrTiO,
from a good n-type conductor into a poor electronic
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conductor of p-type. The fine-tuning of oxygen content
allows one to switch not only from n- to p-type conductiv-
ity®>*] but also from electronic to ionic™” conductivity. In
mixed conducting materials such as in Sr(Fe, Ti,_,)O;_,,"*” the
stoichiometry can be frozen out by rapid quenching of the
samples. In the high-temperature superconductor material
YBa,Cu;0q., the oxygen stoichiometry determines whether
the compound is normal conducting or superconducting. In
the region around 6 =0.5, a variation of Ad=0.1 is able to
change the critical temperature T, by 50 K.l Magnetic
properties such as magnetoresistance (an important quantity
for information storage devices) can depend sensitively on
oxygen content as demonstrated, for example, for
SrFeO;_,."” In this material, the exact O value also deter-
mines the crystallographic structure and can lead to phase
changes from an orthorhombic brownmillerite structure to
tetragonal or cubic perovskite structures.””! Oxygen loss at
high temperatures (or low pO,) influences the overall thermal
expansion, leading to a pronounced excess “chemical” con-
tribution (e.g. in Sr(Fe,Ti;_,)O;_s“*Y), which is undesired in
permeation membranes as well as in solid-oxide fuel-cell
(SOFC) components.

Oxygen incorporation and extraction processes and their
detailed kinetics are crucial for the functioning of many
(electro)chemical devices. The following examples may
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suffice: Chemical oxygen incorporation or removal kinetics is
decisive for the performance of mixed conducting oxygen
permeation membranes,*! which can either be used for
oxygen separation, or for direct oxygen conversion in (partial)
oxidation reactions (see reference [46]). Oxygen incorpora-
tion is the signal-determining process in bulk conductivity
sensors (see for example reference [47]). Even though this is
not the case for surface conductivity sensors, the incorpo-
ration kinetics determines drift effects in such sensors as well
as the selectivity for other redox-active gases (see for example
reference [48]). Often, good oxidation catalysts are mixed
conductors.[**" Their oxygen content may either adjust to the
operation conditions merely as a side effect, but the
contribution of lattice oxygen can also represent an essential
feature of the catalyst’s activity and selectivity (“Mars-van-
Krevelen mechanism”,! see reference [52] for an example).
Oxygen incorporation plays also a crucial role for mixed
conducting SOFC cathodes (see references [53,54] and refer-
ences therein). Thus, a detailed understanding of oxygen
incorporation kinetics is not only a fundamental challenge,
but also a challenge of high technological relevance.

When in the following section we consider oxygen
incorporation into oxides, it is particularly helpful to bear in
mind the example of a bulk conductivity sensor. In such a
device, the oxygen partial pressure is translated into an
equilibrium value of oxygen content, which itself determines
the electronic conductivity. The kinetics of the incorporation
process is then equivalent to the sensor’s response kinetics;
indeed, a simple means to follow the kinetics is the electronic
conductance (see, for example, reference [55]). Observation
of the conductance is of course an integral technique and
usually does not provide spatial resolution (for an example of
microelectrode measurements, see Section 6). Typically,
space-resolving techniques (e.g. secondary-ion mass spectros-
copy, see, for example, reference [56]) analyze frozen-in
profiles and are not insitu techniques. In Stuttgart, we
developed an optical method that allows us to follow in situ
the oxygen incorporation kinetics into strontium titanate as a
function of space and time, and much of the progress to be
reported is due to this development.?>%")

The detailed reaction steps can be roughly classified as
1) surface reaction including chemical kinetics at the surface
and transport through the subsurface layer, 2) bulk transport,
3) transport across (or along) internal boundaries (the trans-
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port along grain boundaries has not yet proven to be
important for SrTiO;; nevertheless, we give general informa-
tion in particular in terms of treating polycrystalline matter).
This classification also determines the structure of this
Review. For all aforementioned cases, we give: 1) experimen-
tal results, 2) theoretical considerations, 3) modeling results in
terms of defect chemistry, 4) mechanistic interpretation.

The family of perovskite oxides comprises large-bandgap
semiconductors such as SrTiO; as well as small-bandgap
materials or even metallic conductors such as SrFeO;. More-
over, a complete solid solution series Sr(Fe,Ti;_,)O;_4
exists!*! in which (almost) all members exhibit the undistorted
cubic perovskite structure. Thus, the effects of cation compo-
sition as well as of oxygen nonstoichiometry on the materials
properties can be investigated without interference from
crystallographic aspects. Increasing substitution of Ti (empty
d orbitals) by Fe (partially occupied d orbitals) gives rise to
drastic changes in the electronic structure of the materials and
also affects the various transport properties to a different
degree (see Section 7 for more details).

Before we start with the detailed considerations let us also
emphasize the practical significance of our model material
SrTiO;. Since large and appropriately doped single crystals
are readily available, it is an often used substrate material, for
example, for the deposition of superconducting oxide films.
The use of SrTiOj; bicrystalline substrates (and of even more
complex structures) induces formation of respective grain
boundaries with interesting properties also in the deposited
superconductor films.®”l With a sufficiently high electron
concentration (induced by doping or treatment in strongly
reducing atmosphere) it even becomes superconducting itself,
albeit at temperatures as low as 0.4 K.°® Although SrTiO,
does not transform into a ferroelectric phase upon cooling
because of quantum fluctuations,” its high dielectric permit-
tivity at room temperature (ca.300) is exploited in several
electroceramic functions.!” Strontium titanate based materi-
als are discussed as alternative high-permittivity dielectric in
field-effect transistors and DRAM memory devices.!!! Since
the dielectric properties of the solid solution materials
(Ba,Sr,_,)TiO; can be tuned by applied DC voltages,”” they
are used in microwave devices and switchable optical wave-
guides. For these applications, insight into long-time ageing
processes under applied electrical bias and thus a detailed
understanding of their defect chemistry is important. Owing
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to its high refractive index of 2.4, SrTiO; can even serve as a
gem stone. It can act as a host material for phosphors such as
Pr**; in this context control of morphology and defect
concentrations is crucial for a good quantum efficiency.!®
Besides TiO,, SrTiO; is one of the most studied photocatalytic
materials.|** ! The water splitting efficiency can be increased,
for example, by appropriate doping, to optimize the magni-
tude and position of the band gap.[*

At elevated temperatures SrTiO; can be used as a key
material for resistive oxygen sensors.*” In particular, materi-
als in the SrTiO;-SrFeO;_; solid solution series are suitable
for sensing oxygen or combustible gases, depending on the
actual operation mode.*! In its donor-doped form, exhibiting
a high electronic conductivity in a reducing gas atmosphere,
strontium titanate is applied as an anode in ceramic fuel cells
(see for example reference [67]). The
advantage of such perovskites over Ni-
YSZ composite anodes becomes obvious

Angewandte

are concerned with oxygen vacancies Vg, oxygen interstitials
O/, and also electronic point defects (¢’, h*) (for definition of
the Kroger—Vink defect nomenclature™ see Table 1).
Together, these defects allow for finite compositional varia-
tions MO,_; corresponding to valence changes given in
Equation (1).
A6/20, + MO, _s = MOy _s.as o))
In this way the oxide responds to a change in oxygen
partial pressure. Figure 1 shows the drastic changes in the
internal redox chemistry (e’ correspond to Ti*" (more exactly
e’ =Ti**~Ti*"), h* correspond to O~ (more exactly h*=
O~—0%)), and acid-base chemistry (Viy, O;") when travers-
ing the phase width. On the level of Equation (1), cationic

Table 1: Defect equilibria [Egs. (2)—(7)] for Fe-doped SrTiO;_.

Chemie

when methane (or other hydrocarbons) is
used as fuel because coke deposition on the
electrode can be minimized.” In all of
these last examples, the kinetics of the
oxygen surface reaction plays a decisive
role in device performance.

When we extend our focus to perovskite
analogues containing transition metals with
a partially filled dshell, rather complex
crystallographic, electronic, and magnetic

o charge neutrality:
structures can develop,® resulting in a huge

oxygen incorporation:

Fe**/** redox reaction:

band-gap excitation:

iron mass balance:

Reaction®! Mass-action law
. x . e
1/20,4 V5 =0y"+2h W) Ko = \/,EE][V--]
Fer"=Fer/ +h°® (3) Kee= [F[eFT‘e/T”:] ]
0=¢'+h* (4) Kbg =[e][h’]
Conservation conditions:

[Felwe=[Fer]+[Fer] (5)
2[V5 1+ [h*]=[Fer/]+[¢] (6)
2[V5] ~[Fer] ()

number of applications: high-temperature
superconductors, ferromagnetic materials,
magnetoresistive materials, materials for
SOFC electrodes (and electrolytes, for
empty d orbitals), ferroelectrics (and piezo-
electric or pyroelectric materials) for sensors, actuators, or
memory devices etc. The list can easily be prolonged such
that—even though oxygen incorporation into SrTiOj; is used
herein only as a model—even the detailed discussion of this
specific material alone is of enormous relevance.

2. Defect Chemistry in lonic Solids Exemplified for
Fe-Doped SrTiO;

Before discussing the kinetic issues of oxygen exchange,
let us clarify the relevant equilibrium properties of our model
material. The point defects are of double importance: 1) they
are the decisive species enabling mass transport, and 2) they
are very reactive acid-base and redox-active centers. There-
fore, the knowledge of the ionic and electronic point defect
concentrations and their mobilities is an essential prerequisite
for the further understanding of the kinetic behavior of a
material. From thermodynamic considerations it follows that
at nonzero temperatures any given material—owing to the
configuration entropy—must contain a finite concentration of
point defects (zero-dimensional defects, see for example
references [70,71] for a more detailed treatment). In the
simplest case we may consider a binary oxide MO in which we
can neglect point defects in the metal-ion sublattice. Then we
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Figure 1. Phase diagram of an oxide MO depending on temperature T
and oxygen partial pressure pO,. Within the extension of the phase
width, drastic changes in the defect concentrations occur which can be
described by the defect-chemical model (note the logarithmic scale).
Reproduced from reference [71] with permission from Wiley.
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[a] Kréger—Vink nomenclature:"? Vgr: main character: chemical species, V =vacancy; subscript: site (for
example, O =regular oxygen site); superscript: charge relative to perfect lattice; *, ', x correspond to
singly positive, singly negative, and neutral effective charge.
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defects do not introduce a new compositional parameter. The
situation is different in a ternary compound such as SrTiO;, in
which additional compositional complications come from
deviations in the St/Ti ratio corresponding to metal ion
defects. Fortunately, in the window of interest (i.e. at temper-
atures typically up to 900°C), SrTiO; behaves as a pseudobi-
nary; that is, possible nonstoichiometric Sr/Ti ratios are
frozen, or put differently: metal vacancies are immobile and
act as native dopants (see reference [73] for the connection of
full point defect equilibration with constrained equilibria). To
outweigh the significance of native or unknown foreign
dopants, it is advisable to dope SrTiO; deliberately.”¥ This is
one reason why we deal with iron-doped SrTiOj;; another one
is the occurrence of valence changes, which adds another
redox reaction to the set of defect-chemical reactions. It is this
valence change that allows us to follow the local oxygen
content by optical spectroscopy (see below).””!

In SrTiO;, iron is substituted by titanium and exhibits a
mixture of the oxidation states of +III and +1IV (Fe*',
rather unusual in aqueous chemistry, is stabilized in this case
by occupying a site tailored for the Ti*' cation in the host
crystal lattice; this substitutional defect is denoted Fer").
Charge compensation for the Fe*" ions (i.e. Feyy') occurs only
to a small extent by electron holes h* in the valence band, but
predominantly by the formation of oxygen vacancies Vg. A
significant oxygen deficiency can also be generated in
undoped SrTiO; under strongly reducing conditions such as
20% H, at 1200°C.["! In this case, the oxygen vacancies are
compensated by excess electrons (Ti*"), which give rise to the
black color of the reduced material. Fe*" is an “acceptor
dopant”, as it leads to an increase of all defects with a positive
charge relative to the perfect lattice, including electron holes.
As the term “acceptor dopant” refers to the electronic case,
but ionic defect concentration changes are also caused, we
prefer the term “negative dopant”. The relative fractions of
Fe*" and Fe'" depend on the external control parameters
temperature 7, oxygen partial pressure pO,, and total iron
concentration [Fe],,. The defect reactions are summarized in
Table 1 (square brackets denote concentrations, constant
terms are included in the mass-action constants).

In the dilute regime, the defect concentrations can be
calculated from mass-action laws (for a detailed treatment
see, for example, references [70,71,76,77]). Figure 2 shows
the variation of the Fe*" and Fe’" concentrations: the lower
the temperature and the higher the value of pO,, the higher is
the proportion of Fe*'. Figure 3a gives an overview of the
dependence of all point defects on pO, and demonstrates that
in this large-bandgap material the electronic defects are
clearly in minority. The mass-action constants were deter-
mined from a combination of experiments (see refer-
ence [78], also incorporating data from earlier investiga-
tionsP®¥7#1) The concentration of oxygen vacancies for
given external control parameters can be measured by
thermogravimetry if the total iron concentration [Fe],,, and
therefore [Vg], is sufficiently high. For slightly doped single
crystals, [Fey*] can alternatively be determined from its
characteristic optical absorption at 590 nm”! (corresponding
to the brown color of oxidized samples; stoichiometric SrTiO;
is colorless, and Fe ;' does not absorb in the visible range) and

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R. Merkle and J. Maier

log

log(pO_/bar)

Figure 2. Equilibrium Fe*" (color) and Fe** (transparent gray) concen-
trations in 0.1 mol % Fe-doped SrTiO; as a function of Tand pO,
calculated from the defect chemical model.”®
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Figure 3. a) Point defect concentrations in Fe-doped (0.1 mol %)
SrTiO; (700°C) calculated from the defect-chemical model.”® b) Bulk
conductivity of a polycrystalline Fe-doped (0.1 mol %) SrTiO; sample.
In the pO,-independent region, the conductivity is predominantly ionic

(oxygen vacancies), whereas at very low and high pO, n- and p-type
electronic conductivity prevails.

related to [Vy] by Equation (7) (Table 1). The electronic
charge carrier concentrations can be obtained from the
conductivity under conditions of predominant electronic
conduction (if their mobilities are known, for example, from
Hall measurements®). Figure 3b shows a typical set of
conductivity data, revealing n- and p-type electronically
conducting regimes in which roughly oo (pO,)*"* power
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laws are valid, as well as a pO,-independent regime at lower
temperatures, indicating ionic conductivity. In the perovskite
structure, the mobile ionic charge carriers are the oxygen
vacancies V. Their mobility can be obtained from the ionic
conductivity (if [Vy] is fixed, for example, by negative
doping), or, less directly, from the chemical diffusion coef-
ficient of oxygen (see Section 3).

Further complications in the defect chemical model arise
from the interaction between ionic point defects. The electro-
static attraction of Fey' and V§ primarily leads to the
formation of Fer/-V{ pairs (an oxygen vacancy in the first
coordination shell around Fey;).®™ An EPR investigation at
elevated temperatures showed that these defect pairs are
completely dissociated above 300°C.’¥! This study also
demonstrated that defect interactions become perceptible
(in the form of non-unity activity coefficients), even at dopant
concentrations below 0.1 at. %.

Since the structural distortions at the crystal’s surface and
at grain boundaries change the standard chemical potentials,
all defect concentrations there are expected to differ from the
bulk values. A more detailed discussion of this aspect is given
in reference [85] and Sections 4 and 6. As already mentioned,
at temperatures below 1200 °C we can consider the St/Ti ratio
as frozen. At very high temperatures this constraint is
removed and the partial Schottky reaction will lead to the
formation of strontium vacancies.® In contrast, when the
temperature is lowered towards room temperature the
oxygen content freezes. Section 9 deals with such cases as
far as experiment and theory is concerned. In summary,
SrTiO;_s is one of the few examples for which the defect
chemistry is understood in great detail, a fact that is an
important prerequisite and basis for the possibility of a
detailed kinetic analysis. Owing to complications by
extremely long equilibration times and formation of secon-
dary phases for donor-doped SrTiO,"* we will concentrate
in this article on the acceptor-doped materials.

3. Reaction and Transport: General Considerations

As we do not face formation, motion, or annihilation of
interfaces during oxygen incorporation reactions, the only
processes under consideration are reactions at the surface,
particle transfer from the surface into the crystal, and particle
transport within the crystal including transport across or along
internal interfaces. Mechanistically these processes are dis-
tinguished by whether or not particles change their identity,
change their environment in structural terms, or perceive
different electrical potentials.

For a more detailed discussion it suffices to consider the
general case of a heterogeneous reaction in which particles
change nature and environment (for more details see also
references [71,90,91]). As extensions to complicated situa-
tions are straightforward, and as in fact many chemical
reactions turn out to be pseudo-monomolecular, it is instruc-
tive to consider the reaction given in Equation (8), in which A
is converted into B while the location is simultaneously
changed from x to x' =x + Ax.

Angew. Chem. Int. Ed. 2008, 47, 3874-3894
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A(x) = B(x) ®)

The driving force (reaction affinity .«/) is given by the
difference in the electrochemical potential (&), which is
composed of the chemical potential (expressed as x4+ RTInc
for dilute situations, whereby u«° is independent of the
concentration c) and the electrical potential term z F¢ (z =
particle charge, F=Faraday constant). If x=x', or, more
realistically, if structural and electrical potential differences
between x and x" are negligible, the reaction is homogeneous,
whereas for A =B a transport process is met. The most simple
case is transport within a given phase (i.e. #°(x) = u°(x")) if no
internal electrical field exists between x and x' (i.e. ¢(x)=
¢(x')). This case refers to bulk transport. If the latter
condition is not fulfilled, we refer to transport within space—
charge regions.

Applying simple chemical kinetics to Equation (8) gives
the reaction rate in Equations (9) and (10).

R = k[AG)] -k [B(r)] *

= FA@I1 - )=~k [B()1- ") (10)

In these equations, .« =—AG=—[A(B(x))—i(Ax))].
The quantities k and k denote the forward and backward
rate constants, and the tilde designates that electrical
potential changes (A¢) are included according to Equa-
tions (11) and (12) (a =symmetry factor,’? 0 <a <1).

k= ko exp(~AG/RT) exp(—az FA¢/RT) (11)

k = ko exp(—AG/R T) exp((1—a)z FA¢/RT) (12)
For a homogeneous chemical reaction, the driving force as
well as the activation energy is purely chemical (—«/ =AG =

AG—AG). For bulk transport, forward and bagkwgrd activa-
tion free energies are the same, that is, l;:I}:k, and
Equation (9) directly leads to Equation (13) (we restrict
ourselves to the quasi-one-dimensional case).

R = —kAc = —(kAx)Vc (13)

This expression corresponds to Fick’s first law j=—D<yc
as long as the jump distance Ax is so small relative to the
thickness that the difference can be replaced by the differ-
ential, which is a good approximation for macroscopic
samples. In the case of chemical diffusion to be considered
later, local electrical field effects do not disappear, but couple
two counter fluxes such that Equation (13) is again valid for
the electroneutral oxygen transport.

In contrast, homogeneous and heterogeneous reactions
are generally characterized by nonlinear force—flux relations
[see Eq. (10)]. If .« < RT, linearization is possible, leading to
Equation (14), whereby the prefactor is the exchange rate

www.angewandte.org
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concentrations

Ry= I;[‘A} = IELB] = \/k[A]k[B] (the arc denotes equilibrium

R = Ry.of (14)

Unlike for transport, this condition is very harsh as A
contains the difference in the standard chemical potentials
u—uS, which is usually a significant value. Equation (14)
holds only in an extremely narrow range, but it is a good
approximation if one starts out from equilibrium and perturbs
it slightly (relaxation kinetics). A more convenient way to
express linear rate-driving force relations is to use the
concentration perturbation OJdc=c—c as driving force

[Eq. (15)].
Ot .
R =Ry - dc = kyoc (15)

The effective (phenomenological) rate constant k5! then
involves the exchange rate R, and the derivative 0.2//0c is
taken at equilibrium (the superscript 0 emphasizes that k2, as
well as D° defined in Equation (17), describe the kinetics of
stoichiometry change). Equation (15) can also be obtained
from the detailed kinetics!® and is actually of a more
extended validity range for (pseudo)monomolecular mecha-
nisms. For dilute situations («=u’+ R Tlnc), .2//0c is given
by inverse concentrations, and the exchange rate ‘R, is a
product of rate constants and concentrations. The connection
with the rate constants of the elementary steps k, k will be
discussed below. Note again [see Eq. (8)] that these consid-
erations are general and also include the transport case that
can be conceived as a hopping or “rearrangement reaction”
with zero standard affinity. In this special case, the exchange
rate is related to the conductivity, whereas the product of ‘R,
and 0.¢//0c corresponds to the diffusion coefficient, which is
proportional to the mobility.”!! The transport across an
internal boundary can be described by an effective rate
constant analogous to the surface reaction. Table 2 gives the

Table 2: Equations for chemical transport across surface, bulk, and grain boundaries in situations close

to equilibrium for dilute charge carriers.

R. Merkle and J. Maier

ferable literally, also valuable for the understanding of
electrode and isotope exchange kinetics.'>!4

The equilibration of the oxygen nonstoichiometry of the
sample with the surrounding pO, at elevated temperatures is
a multistep process. Figure 4 gives an overview, and further

«—> 00+2|£'-V0" OO+2;I'-VO"

Fe’-ﬁ Fe'Ti

transfer across

chemical diffusion  grain boundary

fo:#.'%o

Figure 4. Transport processes involved in the change in oxygen con-
tent of a mixed conducting oxide, shown for Fe-doped SrTiO;.

surface reaction
. TS
Jo = * &g surf

Jo =‘}Eg'j> ‘&o‘gb

mechanistic details of the individual transport processes are
discussed in Section 4-6. At the surface, molecular oxygen is
transformed into oxide ions in the first bulk layer in a reaction
involving electrons as well as ion transfer steps. The subse-
quent chemical diffusion of oxygen in the bulk material
comprises the movement of ionic and electronic defects
(here: oxygen vacancies Vg and electron holes h*) so that in
total neutral oxygen is transported through the sample. In
many polycrystalline materials, grain boundaries represent an
additional barrier for charge and mass transport (examples
where this is not the case are mentioned in Section 6 and 7). In
the following analysis we will—for simplicity’s sake—assume
that one of the processes determines the overall rate
(although more complicated situations can also be handled).
In addition we assume that the oxygen uptake in the surface
layer itself is small relative to the bulk and transients in the
interfacial composition can be neglected (quasi-stationary
conditions). Depending on the actual conditions (material,
pO,, T, total sample dimension and/or grain size, surface
coatings), each of the above steps can limit the overall sample
relaxation, which leads to charac-
teristic  concentrations  profiles.
Such profiles can be recorded in
an elegant way on single-crystal or

Step: Transport equation:

surface reaction =R ¢ urace (16)

chemical diffusion j=-D’vc (17)
(Fick’s law)

grain boundary j= *Egb oc| gy (18)

Kinetic coefficient:
effective rate constant
chemical diffusion coefficient

grain boundary rate constant

relations that are valid for small deviations from equilibrium.
For all these cases, the flux can be expressed as a product of an
inverse chemical resistance and an inverse chemical capaci-
tance. This allows elegant modeling of complex situations in
terms of chemical or electrochemical equivalent circuits.”
Far from equilibrium one has to resort to Equation (9) but can
neglect the forward or backward reaction. Both situations will
be extensively exploited in the mechanistic evaluation. The
insight gained for the kinetics of stoichiometry changes
(described in the following sections) is, although not trans-
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bicrystal samples by in situ spatially
resolved optical spectroscopy.”
Characteristic examples are
shown in Figure 5. If the surface
reaction is slow relative to the
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chemical bulk diffusion (the border-

line is represented by k’I/~D°,
whereby [ is half the crystal thickness), the concentration
inside the single crystal is almost homogeneous (Figure 5a).
A more detailed analysis is then required to determine what
elementary process of the surface reaction scheme is rate-
determining. In contrast, pronounced spatial profiles are
obtained in the diffusion-limited case (Figure 5b). For the
bicrystal shown, it is evident that the grain boundary is a
strong barrier for oxygen transport, leading to steplike
internal profiles (Figure 5¢; movies of these experiments
can be accessed on our homepage!™!). Very fast relaxation
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Figure 5. Spatially resolved oxygen concentration after a pO, change
measured on Fe-doped SrTiO,."”" 82237 [Fe], ., =0.3 mol %, 650°C,
sample dimensions 6x6x1 mm. The two large faces are glass sealed
so that oxygen can enter only through the small faces. Bright color
indicates a high oxygen vacancy concentration. a) single crystal, sur-
face reaction is limiting; b) single crystal, bulk diffusion is limiting;
c) 24° [001] symmetrical tilt bicrystal, blocking grain boundary (arrow
indicates position of the grain boundary, oxygen diffuses in from the
right-hand side).

processes can be studied by analyzing their response (e.g.
conductivity change) upon variable frequency pO, oscilla-
tions.*”! Although this method allows the distinction between
surface-reaction and bulk diffusion limitation, it is restricted
to small pO, changes and thus yields limited information
about the surface reaction mechanism.

4. Surface Reaction

Let us start with the surface reaction and first discuss how
the surface rate constant k° is related to the underlying
chemical kinetics in general and to the mechanism of the
surface reaction for the case of Fe-doped SrTiO; in detail.
Figure 6 shows the time evolution of the oxygen concentra-

A
i : ~*" i -

0 0.5 1.0
normalized distance —

Figure 6. Time evolution of the normalized concentration profiles
corresponding to the experiment shown in Figure 5a.'”) Inset: Snap-
shots of the sample.

tion for the case that the surface reaction is limiting
(corresponding to Figure 5a). The concentration profiles are
horizontal and the intercepts provide information about the
kinetics. Since the concentration is homogeneous within the
sample, Equation (16) can easily be integrated to yield for any
time a simple exponential decay for the normalized oxygen
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concentration change [Eq. (19); /= half the sample thickness,
one-dimensional case].

oc(t)

co(t)—co(00) Rl
co0)color)

3¢(0) (19)
Figure 7 compares the measured effective rate constants
k° for bare and coated surfaces of Fe-doped SrTiO; (note that
such an exponential law is always valid for (pseudo)first order
reactions, but in general holds only close to equilibrium).

kcms™

[V
A 10 4 lignt Ne OO YBa,Cuy04,,
Q&X @ dense film
-5 N
1074 ?gﬁ\ s O
o
bare \v \
10°4 sfmio Pt
ULCADN Ag
porous fims
o bulk
107 4 SrFe; 5Ty ;05 5

0.9 1.1 1.3 1.5 1.7

1057 /KT =

Figure 7. Effective surface rate constants k° of oxygen incorporation for
bare and coated Fe-doped SrTiOs. O: bare Fe-doped SrTiO;; 0: bare
Fe-doped SrTiO; under UV irradiation; v and A: porous Ag and Pt
layers; o: dense, mixed conducting YBa,Cu,;04, layer; ¥X: incorpora-
tion into bulk SrFeysTiy;0;_s. Reproduced from reference [158] with
permission from Springer.

For further interpretation, k° can be traced back to the
reaction mechanism of the surface reaction (for more details
see references [13,14]). The surface reaction itself is a multi-
step reaction comprising adsorption, electron transfer, O—O
bond dissociation, and incorporation of atomic oxygen
species into oxygen vacancies. As mentioned above, for the
mechanistic analysis, we assume that one of these steps, the
rate-determining step (rds), is specifically much slower® than
the others, which are in quasi-equilibrium (this implies that
the whole reaction affinity drops according to the rds), and
that oxygen storage in the surface is negligible. Thus, virtually
immediately the reaction rate is uniformly given by the rate of
the rds.

For the surface reaction, electrical potential steps A¢
between x and x’ must be taken into account. Although the
affinity of the rds (being equal to the total reaction affinity,
which refers to the incorporation of neutral oxygen into the
neutral bulk) does not contain a contribution from Ad,
electrical potential drops may influence k. Guided by our
experience from SrTiO; grain boundaries,”” we approximate
the surface potential drop as being constant in the limited pO,
and T range covered by kinetic experiments. Thus, in the

further treatment, the values k and k include exp(—az FA¢/

RT) and exp((1—a)z FA$/RT) as constant potential contri-
butions, even though we dropped the tilde.
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Now let us be as specific as possible and refer to the
detailed reaction mechanism to be validated later (see Table 3
for dilute defect concentrations and low adsorbate coverage).
Assuming the second ionization reaction [Eq. (25)] is rate-
determining, we obtain Equation (20).

R = Ry = k[0, [e']—k[O,>] (20)

Close to equilibrium this equation becomes Equa-
tion (21).

R=N {[95]@7 o]

- et 21
[037] [057] @b

0,1 [@]

[10a1fe [03*]j:mo[o‘[051+
[0;11€']

- 5[02’]]

In this case, R = kI}[O; e [O37] and O denotes the
deviation from equilibrium. The preceding and succeeding
reactions [Egs. (24), (26), and (27)] are in quasi-equilibrium
(Kprer Kue) With the band-gap equilibrium [Eq. (4)] to yield
Equation (22).%!

30,1 _dlel_-d[h’] S0 ] ,6[Ve] o[h’]
00 E o wy Mo S 2
Finally, the reaction rate is given by Equation (23).’)
N
Ron [ SIV] J
V] [h
(23)
R, 2 N olh*] 2 SV = -2 2o R, Sy &
[Vl oIVS1h'] RT dc,

Table 3: Tracing back reaction rate R and effective rate constant k° to the
surface reaction mechanism.

Most probable surface reaction mechanism for Fe-doped SrTiO;:'?

0, — 0, +h" fast (24)

0, +¢ = 0, | (25)
0,7 —= 207 J (26)

0" +Vy — 0, +h° fast @7)
surface reaction rate:

: oL K .pO, ; P
R = KO, ][] k[0 1=k mmeP D2 pory _jp T (28)

[h°] K VST
approximation far from equilibrium: ~
RxR=FK, p0, L or wed=—F T )
[h*] we (Vo]
approximation close to equilibrium:
1 _
59{03 o —jo =k, (30)
effective rate constant:
_ 5 1
RT dc, (V51 7Ih7]

exchange rate
R, = kk[O 1[e' ][O ] (32)

[a] Rate-determining step.
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This result could also be directly derived from Equa-
tion (14) but without any information on the range of validity
(for more details see references [13,14]). Close to equilibri-
um, comparison with Equation (14) yields the effective rate
constant k°, as given in Equation (31), Table 3. The propor-
tionality of k° to M,Juc/co is general; only the prefactor
(here 2/RT) depends on the molecularity of the assumed
reaction. The dependence of k° on pO, arises from the
reaction mechanism (R;) as well as from bulk defect
chemistry (Ouo/Oco). Whereas the first term is proportional
to an inverse chemical resistance, the latter term is the inverse
of a “chemical capacitance”,[9“] which describes the material’s
ability to accommodate changes in oxygen stoichiometry
upon a change in pO,. (Note that the same capacitive term
appears in Equation (40) for chemical diffusion. The fact that
OuolOco refers to the first bulk layer as dc does expresses the
fact that storage in the surface layer has been neglected). For
dilute conditions, the chemical capacitance can further be
expressed by bulk defect concentrations, see Equation (31)
and the related term in Equation (23).”” In the presence of
redox-active centers, a “trapping factor” 0 <y <1 is included
(through 6[h*]/6[V]), which is discussed in more detail in
Section 5.

For a mechanistic understanding of a reaction, one usually
determines the reaction orders of all involved reactants and
products. In the case of the gas—solid reaction, this is more
difficult to achieve than in the case of homogeneous fluid
phase reactions in which reactants and products can be added
independently to the reaction mixture. For the reaction
considered herein, pO, is of course an independent variable.
In contrast, the point defects in the oxide are linked to each
other (and to the external pO,) by the defect equilibria, and a
variation of the Fe dopant content implies the preparation of
a new (single-crystal) sample (i.e. is an “ex situ parame-
ter”l1), Therefore, the possibilities for concentration varia-
tion are limited. Since a temperature change affects the
potentially involved defect concentrations as well as K., K,

k, and k, only an effective overall activation energy can be
obtained. The reaction order of oxygen can be determined
from a series of large changes in pO, (i.e. the forward reaction
rate % in Equation (29) dominates the overall reaction rate),
leading from the same initial pO, to various higher pO,
values. At short times after the pO, step, the defect concen-
trations are still close to their initial values so that the

variation of @ini with the various final pO, values gives the
reaction order of oxygen. Such a series is shown in Figure 8.

The measured dependence R, ox (pO,)****! indicates an
oxygen reaction order close to unity and implies that
molecular oxygen species must be involved in the rds (e.g.
adsorbed superoxide O, or peroxide O,°7)."” The exponents
from the other series contain contributions from the involved
point defects, as does the overall pO, dependence. In the case
of Fe-doped SrTiO;, additional mechanistic information can
be obtained from the effect of UV irradiation (energy larger
than the band gap), which linearly accelerates the incorpo-
ration rate but does not affect the rate of removal.l'">!!! This
behavior indicates that a single conduction electron is
involved before or in the rds. The resulting most probable
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Figure 8. pO, dependence of initial reaction rates R;, for chemical
oxygen incorporation into Fe-doped (0.3 mol %) SrTiO; single crystals
at 730°C. Data compiled from reference [12].

reaction mechanism is given in Table 3. Unfortunately,
reactions (25) and (26) representing the rds yield the same
kinetic expressions so that these two cases cannot be further
distinguished.

A number of coating materials, for example, porous Ag
and Pt films, strongly accelerate the oxygen exchange kinetics
(see Figure 7)'"! and lower the effective activation energy
from about 2.5 eV to 1-1.5 eV. The effects can be rationalized
on the basis of the mechanism identified for the bare surface.
Platinum and silver are known to dissociate oxygen easily. In
the case of a dense mixed conducting YBa,Cu;O¢_, layer, the
surface reaction occurs very fast on the YBa,Cu;O¢, 4 sur-
face,”® and oxygen is transferred into the SrTiO; in the form
of oxide ions. A porous layer of alkaline earth metal oxides
was also found to accelerate oxygen incorporation,l'”” which
might be related to stabilization of adsorbed superoxide or
peroxide ions.

The (100) orientation corresponds to the most stable
surface of SrTiO; as confirmed by experiment and DFT
calculations.'™ The (100) face can exhibit SrO or TiO,
termination, both nonpolar and with comparable surface
energy.'"” Both terminations coexist after surface polishing
and annealing, but both terminations can also be deliberately
obtained in pure form.'"*'*! A recent study indicates differ-
ences in the photocatalytic behavior at room temperature,
whereby the TiO, termination is more active because of easier
electron transfer to adsorbed oxygen species.'® Although
adsorbed oxygen species (e.g. O™, O,”, O,>") have been
identified on a number of oxides,'* it is a demanding task to
reveal their concentrations under the relevant conditions
(pO,~1bar, T>300°C) since the usual surface analysis
techniques typically require ultrahigh vacuum. To our knowl-
edge, reliable concentrations of adsorbed oxygen species on
acceptor-doped large-band-gap oxides have not yet been
determined. This topic is further complicated by the fact that
the charge of the adsorbates will lead to deviations from
Langmuir’s isotherm."” Nevertheless, the assumption of a
low adsorbate coverage is supported by the fact that the
chemisorption step requires the transfer of electron(s) to the
adsorbates, which is energetically not very favorable for an
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acceptor-doped large-band-gap oxide, and that the experi-
ments are carried out at high temperatures. A recent review
on oxygen adsorbates on SnO, concluded that a detectable
coverage (but still below 0.1%) with superoxide ions is
present only on reduced samples and at temperatures below
150°C."% Quantum chemical calculations may help to gather
the necessary information.

Because the surface represents a structural distortion, the
point defect concentrations at the surface must be different
from the bulk values, but are not quantitatively known (since
they are in equilibrium with the bulk, we assumed identical
pO, dependencies for our kinetic analysis). This also means
that in general the surface is expected to exhibit an excess
charge and a compensating “space charge zone” similar to the
situation at grain boundaries (for more details see Section 6).
An increase of the iron concentration in a near-surface region
of 12 nm thickness (measured by secondary-ion mass spec-
troscopy SIMS) was interpreted in reference [109] as an
indication for a positive surface charge leading to Feyy
accumulation. Recent '*O™0 isotope exchange experiments
followed by extensive SIMS analysis with extremely high
spatial resolution give direct evidence for a Vg depletion
space—charge zone extending about 8 nm from the surface
into the bulk.'"*™M Since the step in the *0/(*°0 +*0)
concentration ratio resulting from the impeded transport
though the surface space charge layer is smaller than the
concentration step between gas phase and first crystal layer
caused by the surface reaction, we consider the proper surface
reaction as the limiting process. (Note that in the case of a
perceptible surface depletion, dcq in Equation (30) has to be
referred to a distance from the geometrical surface at which
the depletion effects are negligible). Oxygen isotope
exchange on Pb(Zr35Tiys)O; perovskite films also yields
evidence for significant V{ depletion in a surface space—
charge zone.'"”

5. Bulk Diffusion

After oxygen has been incorporated into the first crystal
layer by the surface reaction, further transport occurs by
chemical diffusion. Figure 9 shows the characteristic concen-

1.0

norm.
conc.

0.5

0 ‘ 05 1.0
normalized distance—»

Figure 9. Time evolution of the concentration profiles corresponding

to the experiment shown in Figure 5b.%>*" Inset: Snapshots of the

sample.
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tration profiles measured on single crystals for the case that
bulk chemical diffusion is limiting (Figure 5b), that is, the
surface reaction is relatively fast and/or the sample thickness
is large, and the diffusion coefficient D° is constant. The
oxygen concentration change integrated over the whole
sample then follows the relations in Equations (33) and (34)
for the limits of short time and t—oo, respectively (L=
sample thickness, one-dimensional case).

colt)—co(0) _ 4 [1D° (33)
co(00)=co(0) LV =
co(t)—co(o0) 7&6420%@2 (34)

co(0)=co(o0)

As discussed in Section 3, diffusion can be regarded as a
“rearrangement” reaction such that the exchange rate in
Equation (15) corresponds to the conductivity term and
R0/ /0c to the diffusion coefficient. Since the chemical
diffusion describes the concentration change of a neutral
component, the fluxes of the ionic (here: V) and electronic
(h*) charge carriers [Egs. (35) and (36) in Table 4] are coupled
by the electroneutrality condition. Also here we can start out
from the kinetic master equations for two carriers, with the
local electrical potential then coupling the two rate equations.
This enables one to describe chemical diffusion also for
nonlinear cases.”' For our purpose it suffices and is more
convenient to use the description in terms of linear laws using
electrochemical potential gradients as driving forces."'*!" As
a result, the flux of neutral oxygen [Eq. (39)] comprises the
ambipolar conductivity 0° = G;010eon/(Tion + Teon)  (SUbsCTipt
eon indicates “electronic”; i.e. electron or hole conduction)
as the transport parameter (corresponding to the exchange
rate of the chemical diffusion process) and the gradient in the
chemical potential Ouy/Ox as the driving force. The ambipolar

Table 4: Chemical bulk diffusion exemplified for oxygen in oxides.

chemical diffusion in the bulk:

Ve
(35) 0%(x) ° 0%(x) coupled by electroneutrality
2h° O(x) O(x)
(36) 2e7(x) 2e(x")
(37)  -2Fe® || +2Fe® 1 internal reaction reaction "trapping"
2Fe*(x)  2Fe3*(x)
coupled charge carrier fluxes: Jor =127 =jo (38)
: Cion 77 Oion s 1 5
Jor = “IF Hep = 1 (V. —2FVe) Jo = I "V,
o, - o, . 1 s Oty )

i =-Cenyy = Zeyy, _FVg) = [ s’ = JVC (39)

Je JREIE F? H, ¢ 4F écy ) °

chemical diffusion coefficient:

s o’ Ouy RTo™( 1 4 ) . . X .
= = = +y—— ||(40) with 0< y<1 "trapping factor’
4 e, 4r |V Z[h.]/ (40) x e pping
and {)_lS = ion " con (41 )
O-mn+0-90n
D, <D’<D, for y=1 (42)
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conductivity is obviously determined by the least conductive
ensemble (ionic or electronic), and therein by the fastest
particle. Comparison with Equation (17) shows that the
bracketed term is the chemical diffusion coefficient D°
[Eq. (40) in Table4] containing a term du/Jc analogous to
the surface effective rate constant [cf. Eq.(31)]. If one
electronic and one ionic defect sort determines transport, this
term is given by these defect concentrations (if dilute)
[Eq. (40)].”" In the presence of internal reactions again
trapping factors y have to be invoked.?"*! For redox-active
ions, an internal reaction of the form of Equation (3)
Fe*=Fey +h* leads to trapping of highly mobile “free”
holes h* at “immobile” Fe;* centers (for Fe-doped SrTiO;, the
holes need an activation energy of around 1eV to escape
from this potential well). Qualitatively, this means that as the
“chemical capacitance” o (Juo/Oco)™ in Equation (40)
increases, the sample can accommodate larger oxygen non-
stoichiometry changes upon a given pO, change because not
only “free” holes are formed, but also “trapped holes” in the
form of Fey*. Thus, D° has to decrease as long as the other
terms in Equation (40) remain unchanged. The actual value of
x depends on the mass-action constant of the respective
trapping reaction, a detailed quantitative treatment can be
found in references [21,71]. If defect interactions lead to the
formation of mobile defect pairs (e.g. different valence
states), the expression for ¢° also changes.”"

D? can be further traced back to defect diffusion
coefficients Dj,,, D, (in addition to defect concentrations)
both being proportional to the defect mobilities™® as
indicated in Equation (42). D° varies between the (usually
smaller) diffusion coefficient of the ionic defect D,,, and the
typically larger D,,,. For strong trapping, D° can even drop
below the value of D,,,. The trapping reaction is most
effective when both oxidation states of the ion are present in
comparable amounts. For Fe-doped SrTiO; under typical
experimental conditions, the trapping effect leads to D?
~3 Dy, that is, D° differs only slightly from the vacancy
diffusion coefficient.”” The experimental data recorded over
an extended temperature range in Figure 10 illustrate the

D/ecm®s™ o )
A RN : D° (no trapping)
N 10*4 ‘\\ - »
- \\v
AN
10° 3 \\\\\\“ o o0
1 \\\3 o X
D, Q\\ D\i 3D,
-8 ] ~ R
10 NN
] \}\
SO\
10— ‘ —
1.0 1.5 2.0
10°% T /K™ =

Figure 10. Chemical diffusion coefficient D for Fe-doped SrTiO; sam-
ples with [Fe],,, 0.3 mol %. Symbols: experimental data; lines: calcu-
lated from the defect model. The dashed line shows the (concentra-
tion-independent) vacancy diffusion coefficient Dy.; the dotted line
shows the calculated D° values in the absence of “hole trapping” at
Fer* centers. Reproduced from reference [22] with permission from
Elsevier.
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validity of this approximation. In this regime, D° is indepen-
dent of pO, and the total iron concentration (which is not the
case in general). The activation energy of Dy. amounts to
0.9 eV, a value typical for many oxides with the perovskite
structure.!'"” " Figure 10 also shows that neglecting the
trapping leads to predicted D° values that are orders of
magnitude too high, especially at lower temperatures. Since
typical impurities in oxides such as iron and manganese are
redox-active, at least in a certain pO, and 7T range, and are
present even in nominally pure single crystals, the trapping
effect on D° can in general not be neglected, even if these
impurities do not result in conductivity changes."")

In the above considerations we neglected the pO, depend-
ence of D°. Very recently, D’ in 1.8 mol % Al-doped SrTiO;
was measured directly over an extended pO, range of 1-
107 bar and found to vary by about two orders of magnitude,
the maximum occurring around 10~*bar.™ Again the
dependence can be described in detail in terms of the
underlying defect chemistry; again trapping effects (here
the pure Coulombic effect between Al and h® (i.e. O7))
prove important.

As a result of varying D° values, the concentration profiles
can deviate from their typical smooth shape. Such an experi-
ment is shown in Figure 11 for a Fe-doped SrTiO; single

T t=60 min
V1 t= 20 min
sample coordinate —

Figure 11. Vacancy concentration profiles in Fe-doped (0.2 mol %)
SrTiO; after pO, change from 1 bar to ca. 107*° bar at 530°C. Inset:
true-color photographs of samples quenched at different time after the
pO, change; oxygen enters the sample from top.

crystal.™®!! Under strongly reducing conditions (hydrogen
treatment), the sample is predominantly ionically conducting
and trapping effects are not very strong, so D° approaches
D..,. Under oxidizing conditions with strong trapping by iron
centers, D°~3 Dy holds as derived above, thus the diffusion
coefficient is orders of magnitude smaller. When the atmos-
phere is changed from oxygen to hydrogen, the high D° value
in the outer, already reduced part of the sample gives rise to a
flat section in the concentration profile followed by a steep
decrease at the transition to the low-D° region. Under such
conditions one can describe the process by the motion of a
diffusion front. Very large deviations from equilibrium also
occur in high DC voltage experiments with nonreversible
electrodes.””*! Although more involved, the defect chemical
analysis gives a quantitative description.”
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6. Grain Boundaries

In polycrystalline samples, transport across as well as
along grain boundaries can be accelerated or impeded
relative to the bulk properties.'””) We will first focus on the
case of impeded transport across grain boundaries (gb), which
is observed for many acceptor-doped large-band-gap oxides.
To show the transport across a single, well defined grain
boundary, Figure 12 gives an example for oxygen diffusion

O_ijﬁ_@z i m '*#
- 29min__ "‘\“AM\I\VJ \“? f 1

iy

0 1 ' T t T T 1
0 0.5 1.0

normalized distance —»

: 17 mm T‘Wﬁwﬁfﬂrl U

Figure 12. Time evolution of the concentration profiles corresponding
to the experiment shown in Figure 5¢;"® oxygen enters the sample
from the right-hand side. Inset: Snapshots of the sample (oxygen
enters from the top).

into a Fe-doped SrTiO; bicrystal containing a symmetrical tilt
grain boundary." Oxygen enters the sample from the right-
hand side and travels fast up to the grain boundary. Then the
grain boundary dramatically impedes further transport, lead-
ing to a pronounced step in the concentration profiles. The
oxygen flux across a blocking grain boundary can be
described by an effective rate constant I_cgb [see Eq. (18)].

A high-resolution transmission electron microscopy
image of a 5.4° [001] symmetrical tilt grain boundary is
shown in Figure 13 a"*! (the impedance spectrum in Figure 15
demonstrates that this grain boundary also exhibits a blocking
character). The image shows that this grain boundary is free
of secondary or amorphous phases, and that it is atomically
sharp. The structural mismatch is “condensed” into a regular
array of edge dislocations (bright areas in Figure 13 a) with an
almost undisturbed lattice structure in between. Thus, struc-
tural effects can be ruled out as the decisive reason for the
strong blocking of mass as well as charge transport. This
interpretation is also in agreement with the effective capaci-
tance derived from impedance spectroscopy which suggests
that the blocking region is several tens of nanometers thick,
which is much larger than the core thickness of the grain
boundary. The overall behavior can be consistently explained
by the space—charge model depicted in Figure 14. The core of
the grain boundary, that is, the region of about 1 nm width
where the structural distortion is concentrated into the array
of edge dislocations, represents a structurally modified region
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Figure 13. a) HRTEM image of an Fe-doped (0.05 mol %) SrTiO; bicrys-
tal with 5.4° [001] symmetrical tilt grain boundary (reproduced from
reference [126] with permission from the American Ceramic Society).
The bright areas are the cores of edge dislocations arranged in an
array. b) Corresponding structural model; arrows mark dislocation
cores with partially occupied oxygen columns. @: Sr; e@: Ti; 0: O
(reproduced from reference [137] with permission from Elsevier).

and therefore the standard chemical potential of all defects
differs from their respective bulk values. This leads in general
to a charging of the core of the grain boundary, and in the case
of Fe-doped SrTiO;, results in a positive charge. Since the
crystal as a whole is electroneutral, this excess charge must be
compensated in the volume adjacent to the grain boundary. In
the case of Fe-doped SrTiO;, the ionic as well as the electronic
majority charge carriers are positively charged (Vg and h°,
see Figure 3; the Fey are immobile under the experimental
conditions). Thus, the charge compensation must occur by a
depletion of these species in the space—charge zone, and as a
consequence Vg and h* transport across this type of grain
boundary is strongly impeded (Figure 14). Owing to their low
concentration, the accumulated e’ cannot contribute signifi-
cantly to the compensation. (For cases in which the space—
charge potential leads to an inversion layer, see referen-
ces [123-125]). As both carriers are needed for the chemical
diffusion, there will be a significant chemical resistance
exerted by such internal boundaries.

The electronic depletion can be directly detected by
impedance spectroscopy in the form of a pronounced grain
boundary response (Figure 15).1**'?7l The severe depletion of
oxygen vacancies was established by DC experiments using
electrodes that block the electronic current.®! The space-
charge potential A¢ = ¢(x = 0)—¢p(bulk) is determined by the
condition that the electrochemical potentials ;= u; + z; F¢p of
the mobile defects of species i are equal in the grain boundary
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Figure 14. Charge-carrier concentration profiles at a blocking grain
boundary in Fe-doped SrTiO; ([Fe];.;=0.1 mol %, 700°C, pO,=1 bar,
A¢p=0.4V). The excess positive charge in the grain boundary core is
compensated by adjacent space—charge zones with Vg and h°®
depletion. Note the logarithmic concentration scaling in the main plot
and linear scaling in the inset.

core and in the adjacent crystal region located at x =0. The
constancy of #; in the space—charge zone then couples the
local defect concentrations to the electrical potential

[Eq. (43)].

C[(x) _ C[(Oo)efz’ F(¢(x)—¢(bulk))/RT (43)

Poisson’s equation ¢ = —(Fz;c)lese, relates ¢(x) to
the charge density, and the combination with Equation (43)
yields the concentration profiles. As pointed out earlier, we
can to good a approximation assume that the approximately
1-nm-thin grain boundary core does not impede mass or
charge transport significantly. As long as the grain boundary
core charge does not perceptibly change upon pO, change
and is thus stationary,”” the expression jo.- = —1/2j,- = jo still
holds (otherwise charging would occur), but within the space—
charge zone the partial conductivities ¢, and 0, and thus ¢°
are now position-dependent. Since the differential “slices” of
the space—charge zone act as serially connected resistors, one
has to integrate over the reciprocal ambipolar conductivity

304
T=563K, pO, = 0.1 bar [ R ] [ R ]
1 c CPE
T 20
'Zim
Tk grain
104 boundary
0 ; . ‘ T ‘
0 10 20 30 40 50 60

Z./kQ —

Figure 15. Impedance spectrum of the Fe-doped SrTiO; bicrystal with a
tilt angle of 5.4° (reproduced from reference [126] with permission
from the American Ceramic Society). In the corresponding equivalent
circuit, the blocking grain boundary is represented by additional
resistor and constant phase elements (the further R and CPE elements
corresponding to the tiny electrode semicircle are omitted).
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Table 5: Transport across blocking grain boundaries and relations for the “Mott-Schottky” depletion In general, the magnitude or
case (see for example references [71,133] for more details). even the sign of the core charge
Coefficient for chemical oxygen transport across blocking grain boundaries: (and hence of the compensating
, space charge) cannot be predicted
*5;;:#‘;!6’0[ IU"_‘(X) dYJ with gz% (44) a priori since the standard chem-
0\w® Y on T eon ical potentials of the point defects
in the grain boundary core are
“Mott-Schottky” depletion case: unknown. By deliberately varying
fT , the misorientation, the model
extension of depletion zone! i**vﬁw (45) with Ag = g(x = 0)—¢(bulk) system of Fe-doped SrTiO; bicrys-
tals allows one to obtain some
o au( e Y insight into the origin of the core
chemical transport coefficient kgh=4F;;L* % [m} (46) charge. The structural model of

Dun FAYIRT

electrical resistivity ratio (hole conduction)

_ :O)hu\l_
P 2FAGIRT gy

such a grain boundary (Figure 13b)
developed on the basis of HRTEM
(47) images exhibits two possible

[a] cg=constant concentration of immobile dopant with charge z4 (here: Fe;/ with z;=1).

1/0°(x) to obtain the transport coefficient for oxygen [Eq. (44)
in Table 5].1%1213% The transport across a blocking grain
boundary contains elements analogous to bulk transport [see
Eq. (40): the ambipolar conductivity constitutes the relevant
“exchange rate”—but is now position dependent] as well as to
the surface reaction (on the phenomenological level all
processes occurring in the space—charge layer are summed
up in the grain boundary transport coefficient l_cgb, and the
chemical potential drops in a stepwise manner over this zone
[cf. Egs. (16) and (18)]).

The situation met in Fe-doped SrTiO;, namely a depletion
layer in which an immobile dopant (Fey’) is the main
constituent of the charge density,*"'* is called the “Mott—
Schottky” case.’*¥ The effective thickness 1* of the space—
charge zone with almost complete Vg and h® depletion
increases with decreasing dopant concentration ¢4 (for given
A¢ or given core charge Q =A% z4 Fcy). A typical value is 1* =
25 nm for 0.1 mol % Fe-doped SrTiO; (A¢p=0.6V, e,=160 at
300°C). The ratio of grain boundary versus bulk resistivity
[Eq. (47) in Table 5] for electrical transport across the grain
boundary is obtained by integration of 1/[h’(x)] over the
whole space—charge zone!"* assuming a constant mobility
(A¢ is obtained most reliably from the ratio wg,/wyyy of the
semicircle peak frequencies!*). Owing to the particle charge
z; in the exponent, the doubly charged Vg [relevant for
chemical transport; Eq. (46)] are much more depleted than
the holes h®, which is indeed in agreement with the above-
mentioned electrical experiment. Equation (47) also shows
that the grain boundary resistance exhibits a larger activation
energy than the bulk, the difference being approximately
z; FA¢ (assuming a negligible temperature dependence of the
space—charge potential).

If the charge carrier that contributes most to the charge
density is mobile, the “Gouy—Chapman” case applies. An
accumulation of this defect allows compensation of the core
charge within a less extended space—charge region charac-

the Debye length A=/gy&,RT/(223Fcy).

Detailed expressions for this case can be found in referen-
ces [71,136].

terized by
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atomic arrangements inside the
dislocation cores.*”! Nevertheless,
in both situations, two oxygen col-
umns approach very closely so that the observation of an
increased Ti/O ratio in these regions most likely indicates the
formation of oxygen vacancies, thereby relieving some stress
in these columns. The amount of positive charge stored in the
grain boundary core can be determined from an analysis of
the impedance spectra; its variation with tilt angle of the grain
boundary is shown in Figure 16. For tilt angles up to 7.8°,

0.20 ~
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s
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/em™® s °
s
o
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tilt angle ©/ degrees ——=

Figure 16. Variation of the core charge with tilt angle for symmetrical
low-angle tilt grain boundaries and an asymmetrical 12° grain boun-
dary (in braces). For the 2.3° grain boundary, only an upper limit of

Q.ore could be determined from the impedance spectra. Reproduced

from reference [137] with permission from Elsevier.

these data are consistent with a linear increase expected for a
model in which the charge per dislocation core is constant:>’)
it is slightly below one elementary charge per perovskite unit
cell, corresponding to one singly charged Vg (i.e. an ¢
trapped in a V) per unit cell or a doubly charged Vg in every
second unit cell along the dislocation core. It must be
emphasized that this correlation between grain boundary
geometry and space charge has been proven only for sym-
metrical low-angle tilt grain boundaries; for general grain
boundaries, the situation may well be more complex. In
addition to the “intrinsic” cause of the space charge discussed
above, one also has to take into account the possibility of
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impurity segregation to the core, which may also lead to a
positive space charge potential if segregated cations are
accommodated additionally instead of substitutionally. The
more open the structure in the grain boundary, the more
important this aspect becomes.

In polycrystalline samples, a variety of differently oriented
grain boundaries are encountered, ranging from special
boundaries such as 23 grain boundary with small structural
distortion"® to random grain boundaries and grain bounda-
ries that contain amorphous films. On coarse-grained Fe-
doped SrTiO; ceramics (without amorphous grain boundary
phases) electrical transport across individual grain boundaries
could be studied by impedance spectroscopy by using an array
of microcontacts depicted in Figure 17.1%") The peak frequen-

Figure 17. Gold microelectrodes (20 um diameter) on Fe-doped

(0.2 mol %) SrTiO; ceramic contacted with Pt tips to measure individ-
ual grain boundary resistances. Reproduced from refernce [139] with
permission from the American Ceramic Society.

cies wy, and thus the space charge potentials were found to be
rather narrowly distributed around 0.6 V'™ and in accord
with the macroscopic value derived from a “brick layer”
model assuming cubic grains with identical grain boundary
properties (nevertheless some particularly blocking grain
boundaries could be disguised by a “current detour” through
neighboring grains). Blocking grain boundaries are of course
disadvantageous for the utilization as a conductivity sensor.
Furthermore, the fact that V{ will be more strongly depleted
than h* in such blocking grain boundaries leads to a selective
blocking of the ionic transport and to a detrimental polar-
ization in, for example, capacitive devices.”?” However,
blocking space charge zones do not only have a “negative”
influence, they can also be a prerequisite of functional
ceramics such as varistors!'! (i.e. resistors that become
conductive above a certain threshold voltage) or “PTCR”
devices!"*!! (resistance increasing with temperature) allowing,
for example, for automatic overheating control.

From a fundamental viewpoint, an interesting case
appears when the grain size approaches 1*. Then “true size
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effects” are expected to appear since the depletion layers
overlap, that is, they determine the whole properties of the
ceramics, and no spot—not even in the middle of the grains—
remains charge neutral.'*?! This has recently been verified
experimentally for nanocrystalline SrTiO; ceramics.['*!

Let us briefly mention the case of accelerated transport
along grain boundaries, although this has not yet been
observed for acceptor-doped SrTiO;. Typical situations for
polycrystalline materials with enhanced or impeded grain
boundary transport are compiled in Figure 18. If mass trans-

a_r:, =DVl << f®

b) K<< DY, K,

b

¢) DI << Y, <<k d) B, << DYl <<

Figure 18. Scheme of oxygen incorporation into a polycrystalline
sample of grain size | (color refers to oxygen concentration). Possible
situations with respect to the relative magnitude of the bulk diffusion
coefficient D’ and the surface (k%) and grain boundary (kg, for
simplicity assumed to be isotropic) rate constants are shown: a) sur-
face reaction fast, grain boundary neither blocking nor acting as a fast
diffusion path; b) surface reaction slow, diffusion inside fast; c) surface
reaction fast, grain boundary provides fast diffusion path; d) surface
reaction fast, grain boundary blocking. Reproduced from refer-

ence [122] with permission from Elsevier.

port is accelerated along grain boundaries, the time depend-
ence of the concentration change is modified in a character-
istic way. Even though there is substantial literature on this
topic (see for example reference [144]), the influence of grain
boundary confinement or space—charge channeling has been
tackled only recently.'*) Spatial profiles for nanocrystalline
ceramics can be obtained by numerical simulations as shown
in Figure 19. When the characteristic diffusion length
Ly ngt for grain boundary diffusion is larger that the
grain size, the concentration change propagates deep into the
sample along the boundaries. Donor-doped titanates are an
example in which the bulk chemical diffusion of oxygen is
extremely slow because it requires transport of cation
vacancies with low mobility**'*! (oxygen interstitials are
impossible in the perovskite lattice). Compared with this
process, oxygen diffusion along the grain boundaries is fast,
leading to concentration profiles as schematically shown in
Figure 18c.
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Figure 19. Calculated oxygen concentration profiles for diffusion in
nanocrystalline ceramics!"’® with enhanced diffusion along grain boun-
daries when the grain boundary diffusion length is a) smaller that the
grain size; b) larger than the grain size.

7. High Iron Content

As already mentioned, the iron content in
Sr(Fe,Ti;_,)O;_s can be continuously increased until the end
member of the solid solution series, SrFeO;_;, is reached.
Samples within this series can be divided into two groups of
materials:

1. Materials in which the iron concentration is so low that the
Fe centers do not interact electronically and represent
localized acceptor levels located in the band gap of SrTiOs
(“electron-poor” materials); these are the materials dis-
cussed up to here. The absence of electronic interaction
effects (Fe 3d band formation, see below) does not imply a
complete absence of defect interactions: Reference [84]
quantifies how the electrostatic interaction between
charged defects affects the Fey;—V{ pair formation.

2. Materials in which the iron concentration is high enough
so that a partially occupied Fe 3d band forms, which
drastically lowers the effective band gap.**'™ The
increasing band width that shows up in the valence-band
XPS spectra™ leads to a significant increase in the
electronic mobility, some details of which are still under
discussion (polaron!"*! or true band conduction™"). Since
electrons in these materials are readily available to be
transferred, for example, to adsorbed oxygen species, we
denote them as “electron-rich” materials, even though
they are still p-type conductors.

Figure 20 a shows that the electronic conductivity of fully
oxidized samples (measured at sufficiently low temperature
so that 0 does not vary) changes its behavior for x > 0.03: the
absolute values increase drastically while the activation
energy drops. This behavior indicates a change in the
conduction mechanism resulting from the different electronic
structure. The electronic interaction of the iron centers for x >
0.03 is reflected by the presence of a new low-energy
absorption band in the UV/Vis spectra (Figure 20b) as well
as in deviations of the magnetic susceptibility from the Curie
law;("? it is also in good agreement with quantum chemical
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Figure 20. a) Bulk electronic conductivity measured on fully oxidized
SrFe,Ti,_,O; samples with frozen-in oxygen content. The photographs
illustrate the color change upon increasing iron content. b) UV/Vis
spectra of fully oxidized SrFe,Ti,_,O; samples (diluted with Al,O,
powder), recorded in diffuse-reflection mode.

calculations."™ Typically, in this nondilute regime, the defect
chemical reactions can no longer be described by ideal mass-
action laws. As a result of the modified temperature depend-
ences of hole concentration and hole mobility, the electronic
conductivity of SrFe(s5Tiy¢O5_s (in equilibrium with the
surrounding pO,) becomes temperature-independent and is
solely determined by pO,, which is promising for gas-sensor
applications.'* In this respect, it is also beneficial that the
grain boundaries lose their blocking character for x>
0.07.[155,156]

For samples with high dopant and thus high defect
concentrations, the approximation du;/Jc;=RT/c; can no
longer be applied in Equation (40). For a predominantly
electronically conductive material, this term can still be
obtained from measured vacancy concentration data accord-
ing to Equation (48).

Dy 0lnpO,

D’ = = S tva] (48)
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In many mixed-conducting perovskites, the Vg concen-
tration shows only a minor pO, dependence; accordingly, D°
is found to be almost pO,-independent as well (at least for
moderate to high values of pO,; for example, in
Sr(Fe,Ti;_,)O;_s" or Lay,SryFeO;_,*™).

The different character of the electronic structure of the
“electron-rich” Sr(Fe,Ti,_,)O;_; materials drastically affects
oxygen incorporation kinetics.**!>! The absolute value of k°
increases by more than two orders of magnitude and the
activation energy drops to less than half (see Figure 7).
Simultaneously, the reaction mechanism changes so that for
these samples only atomic oxygen species, for example, O,
appear in the rds. Thus, as soon as electrons become readily
available for transfer to adsorbed oxygen species (which also
facilitates the O—O bond dissociation), the first steps in the
reaction sequence (24)-(26) are accelerated such that the last
step (27), involving ionic motion, becomes the bottleneck. A
comprehensive and detailed discussion of oxygen incorpora-
tion into “electron-rich” perovskites in general is beyond the
scope of this review. These materials were intensively studied
in recent years with respect to chemical, electrochemical, and
isotope exchange, as well as concerning common mechanistic
aspects (see, for example, references [10,15,16,53,54,56,159-
165]).

Mixed-conducting perovskites can be applied as catalysts
for a number of reactions.*>” As an example, Figure 21
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Figure 21. Catalytic oxidation of 1% CH,+3% O, over SrFe,Ti;_,O;_4
at 600°C. @: resulting CO, concentration (normalized to catalyst area);
A and V: reaction orders of CH, and O,; 0: activation energy E,.

shows the catalytic activity of Sr(Fe,Ti,_,)O;_s for methane
oxidation. In the iron concentration range around x ~ 0.03, at
which the kinetics of the oxygen surface reaction was found to
change, the catalytic activity is also modified."* Interestingly,
not only do the absolute reaction rates increase by more than
an order of magnitude, but the CH, reaction order!"®” and the
activation energy also change.
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8. Water Incorporation

Acceptor-doped SrTiO; can incorporate water on oxygen
vacancies''® leading to the formation of mobile protonic
defects [Eq. (49)].1"*

H,O + V& + Oo* = 20H;, (49)

Sc-doped (5mol%) SrTiO; exhibits moderate proton
conductivity."’"! Water can also be incorporated into the Vi
in Fe-doped SrTiO;.""V Here, in contrast to Sc-doped SrTiO;
(in which chemical diffusion occurs through ambipolar
motion of Vg and OHg with isomorphic diffusion coefficient;
just h* has to be replaced by OHy)), the availability of iron as
redox-active centers implies the presence of three mobile
charge carriers (excess protons, oxygen vacancies, and
electron holes (free and trapped)) in perceptible amounts,
and the kinetics of water uptake becomes rather complex.'’?
Since the water uptake changes the vacancy concentration,
[Fer;*] and [h°] also change and can be monitored by optical
absorption and conductivity. Figure 22 shows that after an

Ac (norm.)

-1

10°° 102 107 10° 107 10?
time/h —»

Figure 22. Water incorporation into an Fe-doped (0.05 mol %) SrTiO;
single crystal, pH,0 change from 4 to 20 mbar, pO,=1 bar, 650°C.
Insets: Snapshots of the sample in false-color representation showing
the local concentrations of Fe* (incorporation occurs mainly through
the vertical edges covered with a porous Pt layer). Note the logarithmic
time scale. The cartoons illustrate the fast and the slow part of the
overall water incorporation process. Figure adapted from refer-
ence [172].

increase in water partial pressure, the conductivity decreases
quickly to values lower than expected for the final state and
recovers much more slowly. The same overshooting phenom-
enon is observed for [Fey] in spatial resolution by optical
spectroscopy. The fast process is a counterdiffusion of protons
formed from H,O at the porous Pt electrodes (in), and
electron holes (out), which also decreases [Fer;*]. As a result
of this hydrogenation, the sample is more reduced than
expected for the final state and no longer in equilibrium with
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the surrounding pO,. The oxygenation through counterdiffu-
sion of O*~ (through V) and electrons (through h*) occurs
more sluggishly than the overshooting. In essence, the acid—
base reaction is kinetically decomposed into two redox
reactions. This peculiar non-monotonic behavior is enabled
by the presence of three mobile charge carriers and the
absence of local chemical equilibrium, thus it is a consequence
of the complexity of the system and not of the magnitude of
the driving force.

9. (Partially) Frozen Defect Chemical Equilibria

Finally, let us briefly discuss situations in which some of
the defect chemical reactions are frozen in non-equilibrium
conditions. Such cases are important for a number of electro-
chemical devices such as the “Taguchi-type” gas sensors,
varistors, and superconducting materials. When the temper-
ature is lowered, processes involving long-range ionic motion
or chemical (surface) reactions typically fail to reach equilib-
rium. Thus, one can deliberately “freeze in” a certain overall
oxygen nonstoichiometry or even a certain [V{] profile. In
contrast, internal defect chemical reactions such as the band-
gap excitation or trapping reactions are still comparably fast.
These scenarios are discussed in detail in referen-
ces [73,80,100] for differently doped oxides and illustrated
in Figure 23 for Fe-doped SrTiO,.” Below the freezing
temperature, [Vg] is constant but [h°] still varies because of
the internal redox reaction [Eq. (3)]. The ionic transference
number is markedly different for the equilibrated situation
relative to the frozen-in case, in which it increases strongly for
low temperatures. Reactions involving only short-range ionic
motion (distances of a few unit cells) such as the formation of
Fey-Vg defect pairs in SrTiO; may still equilibrate at room
temperature.[!

In the case of “Taguchi-type” sensors for redox-active
gases (for more details see for example reference [173]),
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log | 0.8 —— t_ quenched
(Om/ 0.6

Scm") | 0.4
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Figure 23. Total conductivity of Fe-doped (0.25 mol %) SrTiO; at
pO,=1 bar. Symbols: experimental data; ¢: equilibrium enabled by
catalytically active YBa,Cu;Oq,, electrodes; o: [V frozen in at

ca. 500°C (less active Cr/Au electrodes); lines: calculated data. Inset:
Calculated ionic transference number ., = 0io,/ 0, for equilibrium and
frozen-in case. Data compiled from reference [78].
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which typically operate around 300°C, the non-equilibrium
between the more reduced grain interior and the surrounding
pO, is essential for its performance. Nevertheless, this
situation can give rise to detrimental drift effects (see for
example references [174,175]) because on long time scales,
small changes in oxygen content are still possible.!"”®!

10. Summary and Outlook

In this overview we have shown that, although it is a
complex multistep process, equilibration of an oxide with the
surrounding oxygen partial pressure can be investigated and
understood in great detail on the macroscopic, phenomeno-
logical level as well as in terms of microscopic (atomistic)
aspects. One necessary requirement is the detailed under-
standing of the defect chemistry. Such a comprehensive
understanding is not only worthwhile from a fundamental
standpoint, it is also of significant technological relevance:
Each of the involved processes of surface reaction, bulk
diffusion, and transport across grain boundaries is of impor-
tance for the functioning of electrochemical devices, which
can, in turn, then be optimized by using this knowledge. For
the example of a conductivity sensor, crucial properties such
as its response time can be purposefully modified over orders
of magnitude by varying temperature, doping content, surface
structure, or microstructure. Although phenomenological
kinetics is able to give an overall description of changes in
oxygen stoichiometry, microscopic investigations identifying,
for example, the exact nature and concentration of reactive
surface species would lend valuable support to the suggested
reaction mechanisms. Because of the difficulties of surface-
sensitive in situ experiments, atomistic simulations through
quantum chemical calculations are expected to develop into a
complementary tool of significant importance for the explo-
ration of reaction mechanisms (see, for example, referen-
ces [177-179]).
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