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Oxygen diﬀusion and surface exchange in the
mixed conducting oxides SrTi1yFeyO3d†
Veronika Metlenko,a WooChul Jung,‡b Sean R. Bishop,b Harry L. Tullerbc and
Roger A. De Souza*a
Oxygen transport in the mixed ionic–electronic conducting perovskite-oxides SrTi1yFeyO3d (with y =
0.5 and y = 1.0) was studied by oxygen isotope exchange measurements. Experiments were performed
on thin-film samples that were grown by Pulsed Laser Deposition (PLD) on MgO substrates. Isotope
penetration profiles were introduced by

18

O2/16O2 exchanges into the plane of the films at various

temperatures in the range 773 o T/K o 973 at an oxygen activity aO2 = 0.5. Isotope profiles were
determined subsequently by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), and their
analysis yielded tracer diffusion coefficients D* and oxygen surface exchange coefficients k*. Activation
energies for oxygen diffusion DHD* and surface exchange DHk* were obtained. Isothermal values of D*
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and values of DHD* are compared with literature data as a function of Fe content. D* is seen to increase
monotonically with Fe content; DHD* shows more complex behaviour. D* and DHD* are also compared
with the predictions of defect-chemical models. Analogous comparisons with literature data for k* and
DHk* indicate, in contrast to prior studies, no mechanistic difference between electron-poor and
electron-rich materials. It is concluded that the single operative mechanism of surface exchange for the
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entire series of STF compositions requires conduction-band electrons (minority electronic charge-carriers).

1 Introduction
A fundamental understanding of mass transport processes in a
mixed ionic-electronic conductor (MIEC) is a prerequisite for
the eﬃcient selection and optimisation of such materials. In
the case of oxygen-ion conducting MIECs that find application
as SOFC cathodes and oxygen permeation membranes, the two
key transport processes are the diﬀusion of oxygen in the bulk
and the incorporation of oxygen at the surface. These processes
are characterised by an oxygen diﬀusion coeﬃcient D, and a
surface exchange coeﬃcient k.1–9
Real MIEC materials are often chemically complex systems.
The best oxygen-ion MIEC, (Ba,Sr)(Co,Fe)O3d,10–13 for example,
displays complex defect behaviour and, in the temperature
range of interest, a phase decomposition.14–17 Such complexities
make the acquisition of fundamental knowledge regarding such
a
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transport processes far from simple. Indeed, much progress has
been made by studying model systems, that is, systems that
are sufficiently simple, chemically and structurally, but still
sufficiently close to real MIEC materials that the essential
chemical behaviour is captured.
SrTiO3 has long been considered an ideal MIEC oxide,18 and
many studies have been devoted to elucidating mass transport
processes within it. Oxygen diﬀusion in the bulk is well understood: the mechanism is known (the migration of oxygen
vacancies), and the various oxygen diﬀusion coeﬃcients (tracer,
chemical, conductivity)6 can be predicted quantitatively as a
function of thermodynamic control parameters (temperature,
oxygen activity and dopant concentration), even taking complicating
trapping eﬀects into account.19–33 The same cannot be said,
however, of the surface process. Despite extensive studies,30,34–41
there is no concensus regarding the mechanism of oxygen
surface exchange, and analytical expressions for the surface
exchange coefficients that predict the dependence on thermodynamic control parameters are still lacking.
Not only is SrTiO3 a model system, it is also the basis of a
further, newer model system: SrTi1yFeyO3d (STF). Such materials
form a continuous solid solution over the entire compositional
range (0 o y o 1),42–44 and under oxidising conditions, exhibit
simple cubic perovskite symmetry. Under reducing conditions,
and depending on the temperature,45 the end member SrFeO2.5
has ordered vacancies, forming brownmillerite Sr2Fe2O5. In a sense,
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the STF oxides constitute a superior model system, as they
exhibit excellent electrochemical performance and may be used
as actual SOFC cathodes.46,47
There are only a few studies that have examined oxygen-ion
transport43,44,48–55 and surface exchange,37,46,47,51,54,56–59 and
these are distributed over the whole STF compositional range.
Again, there is no concensus regarding the mechanism(s) of
surface exchange.
In this study we examine oxygen transport in two STF compositions, SrTi0.5Fe0.5O3d (STF50) and SrFeO3d (SF), using
isotope exchange and subsequent determination of the isotope
profile in the solid by Time-of-flight Secondary Ion Mass
Spectrometry (ToF-SIMS).60–63 This method allows an unambiguous,
simultaneous determination of both the oxygen tracer diffusion
coefficient, D*, and the surface exchange coefficient, k*.
Compositions were investigated in the form of thin films, as
we experienced difficulties in obtaining ceramic samples of
sufficiently high density. Having obtained transport data, we
consider, together with literature data, the variations in D* and
k* as a function of Fe concentration, from dilute levels of Fe in
SrTiO3 all the way up to SrFeO3d.

2 Defect chemistry of SrTi1yFeyO3d
In order to interpret measured tracer diﬀusion coeﬃcients, one
requires the concentrations of the oxygen defects that are responsible for diﬀusion. To this end, we describe, in the following, three
diﬀerent defect-chemical descriptions of SrTi1yFeyO3d: Model I
considers Fe in SrTiO3 as a dilute solution, and applies thus to
compositions with Fe site fractions y o 0.01; Model II treats the
STF solid solutions (0 o y o 1) as pseudo-brownmillerites (i.e., as
systems with ordered vacancies); and Model III treats the STF solid
solutions as perovskites with randomly distributed vacancies.
A further variant, which is not employed here, would be the
inherently-deficient-sublattice approach of Norby.64,65
2.1

Model I: Fe-doped SrTiO3

The defect chemical model for weakly acceptor-doped SrTiO3 is
well established.66–77 The electroneutrality condition in the
temperature range of interest and under dry conditions (such
that the concentration of interstitial protons Hi can be ignored)
can be written as


 
½e0  þ Fe0Ti ¼ ½h  þ 2 V
(1)
O
These defect concentrations are interrelated via equilibrium
defect chemical reactions, and there are three relevant reactions:
(i) The generation of electrons and holes by thermal excitation
across the band gap,
null " h + e 0 ,

(2)

with equilibrium constant,


Ebg ðTÞ

½e0 ½h  ¼ Keh ðTÞ ¼ Keh exp 
:
kB T
Ebg(T) is the temperature-dependent bandgap.
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(3)

(ii) The reduction of the oxide
1

0
O
O Ð O2 ðgÞ þ VO þ 2e :
2

(4)

The equilibrium constant of this reaction is given by
   0 2
VO ½e  aO21=2
 
¼ Kred ðTÞ
OO
(5)


DHred

:
¼ Kred exp
kB T
with reduction enthalpy DHred.
(iii) The ionisation reaction of the Fe acceptor cation
0

Fe
Ti Ð FeTi þ h ;

with equilibrium constant
 0  


FeTi ½h 
DHion ðTÞ

   ¼ Kion ðTÞ ¼ Kion exp
:
kB T
FeTi

(6)

(7)

DHion(T) is the temperature-dependent enthalpy of dopant
ionisation. The total amount of dopant present in the system
is thus divided into charged and neutral dopants,

 

½FeTi  ¼ Fe0Ti þ Fe
(8)
Ti :
Solving eqn (1), (3), (5), (7) and (8) simultaneously allows the
prediction of the five defect concentrations. In this study we
used the internally consistent set of equilibrium constants
derived by Denk et al.73 These values, it is emphasised, do
not vary with Fe content, as Fe is considered as a dilute dopant.
The tracer diﬀusion coeﬃcient of oxygen in a cubic perovskite
with a dilute concentration of oxygen vacancies can be written as
D ¼ fV DV nV ;

(9)

with fV* = 0.69.78 The contribution to D* from oxygen interstitials
can be reasonably neglected, as the concentration of these defects
is predicted to be extremely small in weakly acceptor-doped
   1
SrTiO3: O00i / V
expðDH aF =k B T Þ, with the enthalpy of antiO
Frenkel disorder, according to theoretical estimates,79,80 being
DHaF E 7–8 eV.
From eqn (9) one can show30 that the measured enthalpy of
tracer diﬀusion can be expressed as
DHD* = DHmig,V + DHgen,V,

(10)

where DHmig,V is the activation enthalpy of oxygen-vacancy
migration, and DHgen,V is the generation enthalpy of oxygen
vacancies, which describes the change in vacancy concentration
with temperature:
 

@ ln V
O
DHgen;V ¼ kB
:
(11)
@ ð1=T Þ aO2
If Fe were only present as Fe3+ and solely compensated by


 
oxygen vacancies at all temperatures, that is, Fe0Ti ¼ 2 V
O ,
then DHgen,V is exactly zero.
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Model II: SrTi1yFeyO3d solid solutions

In order to define point defects, one has to specify an ideal
(reference) structure. In the case of the STF solid solutions, one
could use either acceptor-doped SrTiO3 or donor-doped SrFeO2.5
as reference states but only up to the respective limits of dilute
solutions. A description of STF50, say, based on either of these
end-members will, therefore, be inadequate. Rothschild et al.49
solved this problem by considering each SrTi1yFeyO3y/2 composition as a separate reference structure. Thus the amount y of
Fe and the amount y/2 of oxygen vacancies per formula unit
refer to the reference structure and do not count as defects. In
essence, each STF composition is a pseudo-brownmillerite. This
approach, it is emphasised, is able to describe the electrical
conductivity of the STF oxides as a function of Fe content,
temperature and oxygen activity extremely well.
In each pseudo-brownmillerite system, oxygen ions can be
excited by anti-Frenkel disorder from their regular lattice sites
into the vacant oxygen-ion sites of the structure,
00


O
O þ Vi Ð VO þ Oi ;

(12)

the equilibrium constant for this anti-Frenkel reaction is
 00   
O V
 i  O  ¼ KaF ðT; yÞ
V i OO
(13)


DHaF

¼ KaF ðyÞ exp
kB T
The two further reactions of importance—electron–hole generation
and reduction of the oxide—are the same as in Model I, but
here, the equilibrium constants of these reactions are a function
of both temperature and Fe content, namely,


Ebg ðT; yÞ

(14)
½e0 ½h  ¼ Keh ðT; yÞ ¼ Keh
ðTÞ exp 
kB T
and
   0 2
VO ½e  aO21=2
 
¼ Kred ðT; yÞ
OO


DHred ðyÞ

:
¼ Kred ðyÞ exp
kB T

(15)

The electroneutrality condition for Model II reads, therefore,
 
 
½e0  þ 2 O00i ¼ ½h  þ 2 V
(16)
O :
(Fe is part of the structure and hence does not appear in the
electroneutrality condition). The four defect concentrations are
found by solving eqn (13)–(16). The numerical values of the
equilibrium constants were taken from Rothschild et al.49
At first sight it appears from the discussion above that there
00
are two ionic charge carriers, V
O and Oi , which may contribute
to oxygen diﬀusion. In such a case, the measured tracer
diﬀusion coeﬃcient can be expressed as the sum of the two
contributions,
  
 00 
VO
O






D ¼ fV DV  þ fi D i i ;
(17)
OO
OO
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where fV,i* are the tracer correlation factors of oxygen vacancies
(V) and oxygen interstitials (i); DV,i are the diﬀusion coeﬃcients
   00 
 
of these defects; and V
O , Oi and OO , the concentrations
of oxygen vacancies, oxygen interstitials and regular oxygen
ions. In order to interpret measured values of D*, we require
independent knowledge of both DV and Di (for given fV,i* and
    00 
 
VO , Oi and O
O ). A closer examination of the problem
reveals, however, that the contribution from oxygen interstitials
is zero. This is because there is no connected migration pathway for O00i in a (pseudo-)brownmillerite. That is, an oxygen ion
sitting in a structural vacancy cannot migrate directly to an
empty structural vacancy. The tracer diﬀusivity is thus given
by eqn (9), if we assume that fV* is not changed vastly from
its value for the dilute regime ( fV* could, conceivably, be a function
of vacancy concentration and thus vary with T and y.) The concentration of vacancies is the value relative to 3  y/2, and the partial
diﬀerential operator of eqn (11) acts at constant aO2 and y.
2.3

Model III: SrTi1yFeyO3d solid solutions

If the oxygen vacancies are not ordered in an STF composition,
then it is the deviation from SrTi1yFeyO3, rather than the
deviation from SrTi1yFeyO3y/2, that counts. In this model,
we have simply taken, therefore, the values of d(T,aO2, y) determined
by thermogravimetric analysis reported in the literature.45,81
The tracer diﬀusion coeﬃcients are assumed to be given by
eqn (9) with fV* = 0.69, even though the concentration of
vacancies is well beyond the dilute limit.
2.4

Summary of defect-chemical results

Before we consider the predictions of the three models, we note
that, in all of three models described above, defect interactions
involving oxygen vacancies (either with each other or with Fe
species) are not taken into account. We return to this issue in
Section 5.1.
Fig. 1(a) shows the variation in the vacancy concentration
with Fe content at T = 873 K for the three models. Note that the
vacancy concentration is relative to Sr(Ti,Fe)O3 for Models I and
III but relative to SrTi1yFeyO3y/2 for Model II. Also included is
the theoretical variation in oxygen-vacancy concentration if Fe was
all present as Fe3+. Considered together, the data suggests (i) that,
at low [Fe], most of the Fe is present as Fe3+ but with a significant
amount of Fe4+; and (ii) that at much higher [Fe], the proportion of
Fe3+ increases (since the symbols approach the dotted line).
The corresponding variation in the generation enthalpy is
plotted in Fig. 1(b). In general, the values are very low, with
DHgen,V o 0.25 eV. For other perovskite compositions, e.g.,
(La,Sr)(Mn,Co)O3d,82 DHgen,V can approach 3 eV. Model I suggests
a small increase in DHgen,V over the regime of Model I’s validity;
Model II predicts a decrease in DHgen,V and Model III constant
behaviour, as y approaches unity, that is, towards SrFeO3d.

3 Experimental
Dense thin films of STF50 and SF were grown on (100)-oriented
MgO substrates held at T = 973 K in an atmosphere of 10 mTorr
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Fig. 2 Geometry of thin-film samples employed in this study for diﬀusion
experiments. The two trenches were made with a scalpel.

A thin-film sample was first equilibrated, at the desired
temperature and at an oxygen activity of aO2 = 0.5, in molecular
oxygen of normal isotopic abundance for a period of time ten
times longer than that of the isotope anneal, teq = 10tex. It was
then quenched to room temperature, after which it was
annealed in a large volume of 18O-enriched molecular oxygen
at the same temperature and oxygen activity. Under these
conditions—surface-limited kinetics of tracer incorporation
from a large volume of gas into a semi-infinite medium62—the
appropriate solution of the diﬀusion equation is84




n ðxÞ  nbg 
x
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
 exp hx þ h2 D tex
¼
erfc
ng  nbg 
2 D tex
(18)


pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x

p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þ h D tex
 erfc
2 D tex

 
Fig. 1 (a) Concentration of oxygen vacancies, V
O , as a function of Fe
concentration, [Fe], in STF at T = 873 K predicted from the three point-defect
models. (b) The generation enthalpy of oxygen vacancies, DHgen,V, [defined in
eqn (11)] as a function of Fe concentration, [Fe], in STF. Solid black line, Model
I (shown as a dashed line outside the realm of its validity).73 Open squares,
Model II.49 Open diamonds, Model III.45,81 The dotted lines in (a) and (b) refer
 
3+
to ½Fe ¼ 2 V
O (i.e. the assumption is that all Fe is present as Fe ).

O2 by Pulsed Laser Deposition (PLD). Laser pulses of 400 mJ
were employed at a repetition rate of 8 Hz. Deposited films
exhibited thicknesses of ca. 500 nm for STF50 and ca. 250 nm
for SF. X-ray diﬀraction patterns indicated single-phase perovskite
with no significant preferred orientation. Images of the films’
surfaces taken with Atomic Force Microscopy (AFM) indicated a
grain size in the range of 50–100 nm and an r.m.s. surface
roughness of 1.5 nm.
The samples were subsequently sputter-coated with gold (to
a thickness of ca. 300 nm), and then annealed at T = 673 K for
five hours in air to stabilise the gold layer. Finally, two trenches
were cut into the samples, with a scalpel, so that isotope
exchange could only take place within the trenches (see
Fig. 2). In this way the labelled oxygen is constrained to diﬀuse
in the plane of the film.83 In particular, the use of MgO as a
substrate simplifies the diﬀusion problem by strongly hindering isotope leakage out of the STF films.

Phys. Chem. Chem. Phys.

where n*(x) is the measured isotope profile in the solid; and nbg*
and ng* are the 18O isotope fractions in the equilibration and
isotope anneal gases respectively. D* is the oxygen tracer diﬀusion
coeﬃcient; h = k*/D*, with k* being the oxygen surface exchange
coeﬃcient.
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
measurements, on a TOF-SIMS IV (IONTOF, Münster, Germany),
were used to determine the isotope profiles within the films. A
high-current beam of 2 keV Cs+ ions was rastered over an area of
700 mm  700 mm, adjacent to a trench, in order to sputter etch,
first, the Au layer oﬀ completely, and second, several nanometers
of the STF film. Subsequently, a series of secondary ion images
were obtained with a finely focussed beam of 25 keV Ga+ ions,
rastered over an area of 500 mm  500 mm. Charge compensation
was achieved with a high-intensity beam of low-energy electrons.
The analysis was performed in burst mode,28 and negative
secondary ions were monitored.
nbg* and ng* were determined by ToF-SIMS analysis of Si
wafers that had been thermal oxidised in the respective gases:
nbg* = 0.002 and ng* = 0.93.

4 Results
An example isotope profile is shown in Fig. 3. The experimental
data are described well by eqn (18). For each sample, a number of
profiles were obtained from various sites along the trenches. The
corresponding average values of D* and k* are plotted in Fig. 4.
At all investigated temperatures, values of D* for SF are
consistently higher than for STF50 by a factor of roughly two.
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The activation enthalpies of diﬀusion are relatively similar,
being DHD* = (1.35  0.06) eV for STF50 and DHD* = (1.47 
0.07) eV for SF. The data obtained for k* show much more
scatter, and the values for SF and STF50 compositions are
relatively similar. The associated activation enthalpies, however,
diﬀer significantly, with DHk* = (0.81  0.08) eV for STF50 and
DHD* = (1.53  0.23) eV for SF.

5 Discussion
5.1

Fig. 3 Oxygen isotope profile obtained by ToF-SIMS analysis of an STF50
thin-film structure annealed at T = 873 K for tex = 3.7  103 s at aO2 = 0.5.
Black circles refer to experimental data. The red line is the fit to eqn (18).

Fig. 4 Oxygen transport data obtained for STF50 and SF thin films at
aO2 = 0.5 as a function of inverse temperature: (a) oxygen tracer diﬀusion
coeﬃcients, (b) oxygen surface exchange coeﬃcients.

This journal is © the Owner Societies 2016

Diﬀusion

In Fig. 5 we plot for T = 873 K our oxygen diﬀusion coeﬃcients
together with data taken from the literature.27,43,49,51–54 Surprisingly,
one observes no maximum in D* but a monotonic increase with Fe
concentration, albeit with some scatter at high levels of Fe. In
contrast, characteristic acceptor-doped oxides, such as perovskitestructured gallates85,86 or fluorite-structured ceria,87,88 all display
a maximum in ion conductivity as a function of acceptor-dopant
level.89,90 At first sight, this absence of a maximum implies that
point-defect interactions involving oxygen vacancies are negligible
in the STF system: substituting Fe for Ti thus appears to introduce
oxygen vacancies into the system, but Fe itself does not trap the
vacancies nor does it influence their rate of migration. As we will
see, closer inspections indicate more complicated behaviour.
Let us note, first, that there is a gap in experimental data
(and the defect-chemical predictions) for the intermediate
regime, 1019.7 r [Fe]/cm3 r 1021.2, i.e., from below 1% to
ca. 10% site fraction of Fe. It is conceivable that defect interactions
make themselves explicitly evident in this intermediate region.
Second, let us examine the behaviour quantitatively. Although the
 
behaviour of D* in Fig. 5 follows that of V
O in Fig. 1(a) predicted
  
by Models I–III, VO increases by 4–4.5 orders of magnitude over
the range of [Fe] shown, whereas D* only increases by ca. 3.5 orders

Fig. 5 Oxygen tracer diﬀusion coeﬃcients as a function of Fe concentration
for T = 873 K. Symbols refer to experimental data, extrapolated where
necessary (squares, from single crystals; circles, from ceramics, and triangles,
from thin films): (A) this work; (B) Yoo and Jacobson;51 (C) Wang et al.;55
(D) Mashkina et al.;52 (E) Rothschild et al.;49 (F) Fagg et al.;53 (G) Steinsvik
et al.;43 (H) Argirusis et al.;54 (J) Claus et al.27
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Fig. 6 Comparison of DV values for the two end-members: ST (DHmig,V =
0.67 eV)30 and SFB51 and SFC55 (DHmig,V = 0.81 eV describes both datasets
together).

of magnitude. From eqn (9) we conclude that, if the predictions of
the models are correct, the isothermal value of fV*DV cannot be
constant across the entire system. That is, Fe substitution evidently
changes fV*DV. Indeed, in Fig. 6 we see that DV for the endmembers differ by ca. one order of magnitude. Although we
cannot rule out that both fV* and DV show complex behaviour
for compositions between the end-members, the simplest interpretation suggests that fV* is constant and DV varies smoothly in
some manner between the two extremes.
The data shown in Fig. 5, it is emphasised, was converted in
many cases from ionic conductivities with the standard value78
for fV* and was extrapolated, where necessary, from data obtained
at higher/lower temperatures. This extrapolation necessarily
introduces larger uncertainties into the data plotted in Fig. 5. It
is also emphasised that, although all data refer to T = 873 K, they
do not refer to the same oxygen activity. Some datasets refer to
high oxygen activities (1 { aO2 { 102), namely tracer data
obtained for single crystal samples27 and for STF35 ceramics;§54
chemical diﬀusion data for SF ceramics;51 data converted from
ionic conductivities measured for STF40 ceramics.53 In contrast,
all other data converted from ionic conductivities measured for
various STF ceramics,43 STF80 ceramics,52 and STF50 and SF
ceramics49 were obtained from the intermediate plateau in
conductivity versus oxygen activity plots and refer therefore to
more reducing conditions (aO2 o 106). Whether this explains
the scatter in the data for high cFe shown in Fig. 5 is unclear; the
data obtained at lower oxygen activities (E and G) are consistently
higher than those obtained under more oxidising conditions
(B, C and F).
D* measured for our thin-film samples is considerably lower
than values obtained for ceramics, with the exception of data
obtained by Fagg et al.53 We consider two possible reasons for
this behaviour. First, it is possible that microstructural diﬀerences are responsible. The thin films consisted of small
§ Data reported in the original paper54 is incorrect. Corresponding author of that
paper kindly provided correct data.
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columnar grains (dgr B 102 nm) and with isotope diﬀusion
occurring perpendicular to the GBs (in the plane of the film),
and penetrating B105 nm, the diﬀusing species crossed a huge
number of grain boundaries. Compared with ceramics (e.g.,
STF3554), in which the isotope profiles extended hundred of
micrometers and the grain size, though not given, was probably
of the order of micrometers, the present case of thin films is
characterised by the number of grain boundaries that have to
be crossed being higher by one, if not two, orders of magnitude.
As to why the GBs hinder oxygen transport, we can rule out
space-charge layers that are depleted of oxygen vacancies: such
layers, though present at grain boundaries in weakly doped ST
ceramics and bicrystals,91–100 are not evident at GBs in ceramics
with y 4 0.07.91,101,102 Space-charge layers may be present in
these concentrated solid solutions, but they may display complex
behaviour, e.g., co-accumulation of dopants and vacancies.103,104
Consequently, the origin of the resistance, in this case of STF
thin films, would appear to be purely structural, the intrinsic
resistance arising from the strong structural perturbation of the
perovskite structure at GBs.
An alternative, and more likely, explanation is that defect
interactions are important. Specifically, A-site cation vacancies
have been predicted to increase the activation enthalpy of oxygenvacancy migration in an ABO3 perovskite,105 leading thus to lower
oxygen diﬀusivities. In this way, the diﬀerent method of preparation
for the thin-film samples results in a lower oxygen diﬀusivity. PLD,
namely, may produce perovskite films with high, non-equilibrium
amounts of vacancies on one or even both cation sublattices.106,107
In this regard, the data of Fagg et al.53 were obtained for a nominally
A-site deficient composition, Sr0.97Ti0.6Fe0.4O3d.
The activation enthalpies of oxygen tracer diﬀusion are
plotted in Fig. 7. We consider the weakly doped compositions
(Model I, [Fe] o 1020 cm3) and the concentrated solutions
(Models II and III, [Fe] 4 1021 cm3) separately. For the former,
we see a small increase in DHD* with increasing [Fe]. Using the
data for DHgen,V from Fig. 1(b), one obtains, according to
eqn (10), values for the migration enthalpy of oxygen vacancies
in Fe-doped SrTiO3 of DHmig,V = 0.76–0.90 eV. Although these
values agree well with DHmig,V = 0.86 eV reported by Denk
et al.,73 they are significantly higher than the value of DHmig,V =
0.6 eV obtained for nominally un-doped SrTiO3.20,24,30,31,33,108
The difference arises from Fe, as an acceptor dopant, strongly
affecting the behaviour of oxygen vacancies. Specifically, Fe
increases the activation enthalpy for vacancy migration in the
vicinity of the dopant, and it also tends to trap a vacancy in its
vicinity. Together, these two effects lead to an increase in
the effective activation enthalpy of migration.32 The value of
0.86 eV derived by Denk et al.73 thus implicitly includes the
effect of defect interactions on the vacancy mobility.
The behaviour seen in Fig. 7 for the concentrated solid
solutions is unclear, even if our two data points (A) are ignored.
Again, there are diﬀerences between data obtained under
oxidising and reducing conditions: the latter (E and G) are
lower and indicate a decrease with increasing [Fe], whilst the
former (B, C, D, F and H) are roughly constant at just below 1 eV.
Defect models II and III both indicate DHgen,V = 0.1–0.2 eV at
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Fig. 7 Activation enthalpies of oxygen tracer diﬀusion as a function of Fe
concentration for T = 873 K. Symbols refer to experimental data (squares,
from single crystals; circles, from ceramics, and triangles, from thin films):
(A) this work; (B) Yoo and Jacobson;51 (C) Wang et al.;55 (D) Mashkina
et al.;52 (E) Rothschild et al.;49 (F) Fagg et al.;53 (G) Steinsvik et al.;54
(H) Argirusis et al.;54 (J) Claus et al.27

high oxygen activities; under reducing conditions, DHgen,V is
expected to go to zero, because Fe is present exclusively as Fe3+.
Thus the data at high oxygen activities are generally consistent
with the defect models but the scatter and the lack of data from
Models II and III prevents further analysis.
5.2

Oxygen surface exchange

5.2.1 Introductory comments. There are several reasons
why we know so much more about diﬀusion in the bulk than
oxygen exchange at the surface. First, it is because a measured
surface exchange coeﬃcient refers to the overall rate of a multistep reaction: it is a macroscopic measure of a consecutive
series of microscopic processes. And while specific processes
certainly have to be involved—the adsorption and the dissociation
of oxygen molecules, the transfer of charge between (various
possible) oxygen adsorbates and the oxide substrate, and the
incorporation of an oxygen adatom into a vacant oxygen
site—the particular sequence of steps and the particular step
that is rate limiting are unknown. Second, it is because the
composition of a surface may diﬀer significantly from that of
the bulk phase,57,109–113 not only with regard to matrix species
but also with regard to contaminants. Generally, the structure
and the composition, and thus the reactivity, of a surface will,
conceivably, be very sensitive to preparation procedures. Third,
it is because a surface, as an extended defect, does not have to
obey local neutrality.114 A surface may be electrostatically
charged, with global neutrality being satisfied by an adjacent
space-charge zone that extends many nanometers into the bulk,
even in a concentrated solution.103,104 Both charged surface and
compensating space-charge zone will be characterised by defect
concentrations that differ hugely from the bulk values, with the
concentrations of defects at the very surface (the reaction
partners of molecules in the gas phase) not being related in
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any simple manner to defect concentrations in the bulk phase.
This point has not been taken into account properly in any study
to date, especially those on acceptor-doped SrTiO3,34,36,38,40 for
which a surface space-charge layer has been detected.29–31,115
Previous analyses and conclusions need, therefore, to be
re-evaluated. In short, the complexities one faces in studying
and understanding mass transport in the solid state are multiplied
at a surface.
5.2.2 Literature comparison. Merkle and Maier37 examined
the rate of oxygen incorporation into Fe-doped SrTiO3 (an
electron-poor material) and SrTi0.7Fe0.3O3 (an electron-rich
material). They found that the surface reaction rate was higher
for the electron-rich material, with a significantly lower activation
enthalpy. On this basis they proposed that diﬀerent reaction
mechanisms are operative for electron-poor materials and electronrich materials.
In Fig. 8 and 9 we show the isothermal variation in k* at
T = 873 K and the variation in the activation enthalpy of k*
across the STF system (comparing our data with values from the
literature34,47,51,54). In neither plot do we see a sudden jump
in behaviour that would be indicative of diﬀerent reaction
mechanisms. Rather we see, if we start at Fe-doped SrTiO3
and extrapolate up to higher [Fe], that log10 k* increases almost
linearly with log10 [Fe]. In other words, if many STF compositions
are considered (rather than just two) the data argues strongly for
one common mechanism of oxygen surface exchange for the
entire STF system.
In constructing Fig. 8 and 9 we have not only taken directly
data from tracer studies (k*) but we have also converted data
from chemical (kd) and electrical (kq) studies. It has been
proposed116 that (at least for electron-poor materials) k* and
kd are not simply related to one another through the thermodynamic factor because chemical and tracer incorporation of

Fig. 8 Oxygen tracer surface exchange coeﬃcients as a function of Fe
concentration for T = 873 K. Symbols refer to experimental data, extrapolated where necessary (squares, from single crystals; circles, from
ceramics, and triangles, from thin films): (A) this work; (B) Yoo and
Jacobson;51 (H) Argirusis et al.;54 (J) Leonhardt et al.;34 (L) Jung and
Tuller.47 Dashed-dotted line is a guide to the eye.
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Fig. 9 Activation enthalpies of oxygen tracer surface exchange as a
function of Fe concentration for T = 873 K. Symbols refer to experimental
data (squares, from single crystals; circles, from ceramics, and triangles,
from thin films): (A) this work; (B) Yoo and Jacobson;51 (G) Argirusis et al.;54
(J) Leonhardt et al.;34 (L) Jung and Tuller.47 Black line is the variation in the
bandgap according to Rothschild et al.49

molecular oxygen may occur by diﬀerent mechanisms, tracer
incorporation not formally requiring electrons. This proposal
can be discounted, however, for it requires any natural fluctuation
away from the equilibrium state to return to the equilibrium state
by a diﬀerent mechanism, thus violating the principle of microscopic
reversibility. Hence as long as chemical incorporation is performed
with small driving forces, such that the reaction rate can be
linearised,117,118 there should be no diﬀerence between k* and kd.
We have also restricted the data plotted in Fig. 8 and 9 to
data obtained by analysing the oxygen flux into the solid, rather
than the rate of reaction in the gas phase.56 The former
specifically assumes that the kinetics are first order, although
this is not necessarily the case.119 Gas-phase data do not suﬀer
from this restriction.
What, then, is the common mechanism of surface exchange?
(We emphasise that the conclusion of a single mechanism is the
simplest possible interpretation of Fig. 8 and 9. More complicated
variations are, of course, conceivable.) We refrain here from
proposing a specific mechanism (we do not have suﬃcient
information to do so), but we do identify a probable ratedetermining species. Relaxation experiments under UV illumination
by Merkle et al.35,36 unambiguously demonstrate that conductionband electrons are required for oxygen incorporation into Fe-doped
SrTiO3. Jung and Tuller,47 having examined the variation in surface
reaction rate across the STF system, came to the same conclusion.
And De Souza119 previously argued that a mechanistic scheme with
conduction-band electrons in the rate-determining step was
consistent with the measured dependence of k* on aO2 for
diverse acceptor-doped perovskite and fluorite oxides. In Fig. 9
we see that across the entire STF system DHk* broadly follows
the variation in the bandgap,49 as predicted.119 The surprising
point, perhaps, is that there is any correlation at all with
the bulk value of the bandgap, given that the bandgap at the
surface may diﬀer substantially from the value in the bulk.58
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Nevertheless, the main conclusion here is that minority
species—electrons in the conduction band—are required in
STF oxides for oxygen surface exchange to occur.
Exactly how or why do conduction-band electrons determine
the rate of surface exchange? We suggest two explanations,
both of which, in line with previous studies,36,58 rely on the
electronic energy levels of the oxygen adsorbates on the oxide
surface lying close to or above the conduction-band edge. Thus,
in the first explanation the reaction rate is limited by the sheer
low number of electrons in the conduction band of an acceptordoped oxide under oxidising conditions. Alternatively, in the
second explanation an additional limitation is provided by
activation barriers that hinder the transfer of electrons from the
conduction band to the adsorbate levels. Both these possibilities
are illustrated schematically in Fig. 10.
In this regard three further points are important. First, these
two explanations are not restricted to oxides with a band-gap:
electron transfer can be rate limiting, even for oxides with halffilled bands, if the adsorbate levels lie well above the Fermi
level and/or if there are activation barriers to charge transfer.
Second, Fig. 10 shows the case of a neutral surface (i.e., without
band bending). Positively charged interfaces in SrTiO3 are
known to display a considerable resistance to mass transport
because of the strong depletion of oxygen vacancies in the
attendant space-charge zone.91–100 In the case of a surface,
however, the presence of a positively charged surface with a
negative space-charge layer may be, in fact, overall beneficial.
Although oxygen vacancies will be depleted in the space-charge
zone, giving rise to an additional resistance that decreases the
effective magnitude of k*,29 the concentration of electrons at
the very surface will be drastically enhanced, thereby increasing
k*. Third, the explanations are not consistent with DFT calculations
performed by Staykov et al.41 for the SrO-terminated surface of
SrTiO3, but this may be due to issues intrinsic to DFT calculations.
Staykov et al.41 concluded that oxygen vacancies in the SrOterminated surface are critical reaction species because they
provide access to the catalytically active TiO6 manifold of the
perovskite. These DFT calculations refer, however, to T = 0 K,

Fig. 10 Schematic diagram of the electronic band structure of an
acceptor-doped oxide at the surface, showing the possible energy levels
of oxygen adsorbates to which conduction-band electrons may be transferred: without (a) and with (b) activation barriers to electron transfer. ECB,
energy of the conduction-band edge; EVB, energy of the valence-band
edge; EF, Fermi level. Based on ref. 36 and 58.
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i.e., to a temperature at which the conduction band is entirely
empty of electrons. Furthermore, it is debatable whether DFT
calculations of the surface reaction41,120–125 may find electron
transfer as the rate-determining step, as such calculations refer
to the electronic ground state of the system. It is unclear,
therefore, whether Staykov et al.41 have identified the correct
rate-determining step and reaction mechanism.
To reach conclusions about k* for the entire STF system, we
have made use of Fig. 8 and 9 and the results obtained for one
end-member (ST). One can continue this approach by extending
a further tie-line, from SrFeO3 to LaFeO3. Results obtained here
could be extended to (La,Sr)FeO3 materials,117,118,126,127 and,
of course, vice versa. The important point that needs to be
considered is the potential role that minority charge carriers
(in semiconductors) and electrons well above the Fermi level
(in metallic conductors) play in the exchange process.

6 Concluding remarks
We critically examined oxygen diﬀusion and surface exchange
in the SrTi1yFeyO3d perovskite oxides. The following points
emerged from our study:
 Oxygen diﬀusion occurs by a vacancy migration across the
entire STF series.
 The oxygen diﬀusivity increases continuously as a function
of Fe concentration.
 Oxygen surface exchange occurs apparently by one single
mechanism for electron-poor and electron-rich STF materials.
 The energy levels of oxygen adsorbates at the oxide surface,
relative to the energy of the conduction-band edge, are proposed
to play a key role.
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