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Abstract
Objectives. In this work, we consider the relationship between the tracer (k*) and chemical (kδ) oxygen exchange coefficients for 
Ba0.5Sr0.5(Co0.8Fe0.2)1−xMexO3−δ (Me = Ta, W) oxides. The aim is to analyze the experimental dependencies of the chemical (kδ) and 
tracer (k*) coefficients of oxygen exchange, evaluate the surface thermodynamic factor 0 ,

=±x L
w  and compare its value with the bulk 

thermodynamic factor 0 0=x
w  determined from the dependence of oxygen content in oxides on the temperature and partial pressure of 

oxygen. Possible reasons for the discrepancy between these two thermodynamic factors are discussed.
Methods. The oxygen exchange kinetics between the gas phase and the surface of oxide materials under nonequilibrium conditions was 
studied using the method of oxygen pressure relaxation. The surface thermodynamic factor was calculated based on data obtained under 
both equilibrium and nonequilibrium conditions.

Results. Comparison of the tracer (k*) and chemical (kδ) oxygen exchange coefficients allowed the 0 =±x L
w  surface thermodynamic 

factor to be estimated by the *
0

δ
=±

=
x L

k k w  equation.

Conclusions. The surface thermodynamic factor was found to differ from the bulk thermodynamic factor of the oxide material, 

( )
( )

2O
0

ln1 ,
2 ln 3

∂
=

∂ − δ

p
w  which can be calculated from the dependence of oxygen content in oxides on the temperature and partial pressure of 

oxygen. This difference can be explained by the difference in the defect structure of the surface layers of oxide materials.
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Аннотация
Цели. Работа посвящена анализу взаимосвязи изотопного k* и химического kδ коэффициентов обмена кислородом для оксидов 
Ba0.5Sr0.5(Co0.8Fe0.2)1−xMexO3−δ (Me = Ta, W). Целью работы является анализ экспериментальных зависимостей химического 
и изотопного коэффициентов обмена кислорода, оценка поверхностного термодинамического фактора 0 =±x L

w  и сравнение 
его с объемным термодинамическим фактором 0 0

,
=x

w  определенным из зависимости содержания кислорода в оксидах от 
температуры и парциального давления кислорода. В статье обсуждаются возможные причины несовпадения двух термодина-
мических факторов.
Методы. Изучение кинетики обмена кислородом газовой фазы с поверхностью оксидных материалов в неравновесных усло-
виях проведено методом релаксации давления кислорода. Расчет поверхностного термодинамического фактора проведен на 
основе данных, полученных в равновесных и неравновесных условиях.
Результаты. Сравнение изотопного k* и химического kδ коэффициентов обмена кислорода позволило оценить поверхностный 
термодинамический фактор 0 =±x L

w  через уравнение *
0 .δ

=±
=

x L
k k w

Выводы. Было обнаружено, что поверхностный термодинамический фактор отличается от термодинамического фактора, отно-

сящегося к объему оксидного материала 
( )
( )

2O
0

ln1 ,
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∂
=

∂ − δ

p
w  который может быть рассчитан из зависимостей содержания кис-

лорода в оксидах от температуры и парциального давления кислорода. Такое различие было объяснено различием в дефектной 
структуре поверхностных слоев оксидных материалов.

Ключевые слова
поверхностный обмен кислорода, диффузия кислорода, BSCF, релаксация 
давления кислорода, мембрана со смешанной ионно-электронной проводимостью, 
термодинамический фактор
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INTRODUCTION

Mixed oxygen-electronic conduction  (MOEC) oxides 
have found wide application in high-temperature 
electrochemical devices, such as solid oxide fuel cells and 
electrolyzers, membranes for selective oxygen separation, 
and catalytic membrane reactors [1–3]. Oxygen transport 
membrane  (OTM) technology, the most promising 
application of MOEC oxides, is considered an accessible 
and affordable method for producing high-purity 
(over 99%) oxygen [4, 5], as well as a basis for partial and 
selective catalytic oxidation of hydrocarbons [6, 7]. The 
main challenge in developing such membranes is to identify 
a suitable oxide material that could meet the requirements 
of mechanical strength, chemical resistance, and high 
oxygen flux through the membrane.

The oxygen flux is influenced by both the mobility of 
oxygen ions within the OTM and the rate of oxygen 
reduction/oxidation reactions on both sides of the 
membrane [8–13]. At a given temperature T and partial 
pressure of oxygen 

2Op , the oxygen flux through the 
membrane can be limited either by a surface reaction or 
by oxygen diffusion, which depends on the membrane 
thickness. In order to separate the contribution of each 
process to the total oxygen flux, Bouwmeester et al. [8] 
derived an expression for calculating the characteristic 

thickness  Lc, which is defined as 0
c

s
,=

D
L

k
 wherein 

D0 is the oxygen self-diffusion coefficient, and ks is the 
surface oxygen exchange coefficient. It should be noted 
that this formula for Lc  is valid for oxides with 
predominantly electronic conduction. Under given 
experimental conditions (T and 

2O ),p  the total oxygen 

flux through a membrane with a thickness exceeding Lc 
is determined by the rate of oxygen diffusion in the bulk. 
In this case, the oxygen flux through the membrane is 
proportional to the ambipolar electrical conductivity σamb 
in accordance with Wagner’s approach  [14–16] and is 
expressed by the formula
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wherein R is the universal gas constant; T is the absolute 
temperature; F is the Faraday constant; L is the membrane 
thickness; 

2Op  is the partial pressure of oxygen; σion is 
the oxygen-ionic conductivity; σel  is the electronic 
conductivity; and 

2 2O O and ′ ′′p p  are the partial pressures 
of oxygen on the one and other sides of the membrane, 
respectively.

For oxides with predominantly electronic conductivity, 
oxygen ion diffusion is the limiting factor in membrane 
performance. Conversely, for membranes thinner than  Lc, 
the oxygen flux is primarily determined by oxygen exchange 
reactions on the surface. At a  sufficiently low gradient of 
the oxygen chemical potential on the surface, the reaction 
rate is proportional to the difference between the oxygen 
concentration on the surface at a given time and the equilibrium 
oxygen concentration, and the oxygen exchange rate constant 
is the proportionality constant. Consequently, both kinetic 
parameters—the oxygen diffusion coefficient  D0  and the 
surface exchange coefficient ks—can serve as criteria for 
selecting an oxide material for OTMs (Fig. 1).
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Fig. 1. Temperature dependencies of the (a) tracer oxygen diffusion coefficient D* and (b) tracer oxygen exchange 
coefficient k* of MOEC oxides. Lines are shown for perception convenience: (1) Ba0.5Sr0.5Co0.725Fe0.125Ta0.15O3−δ [17], 
(2) Ba0.5Sr0.5Co0.78Fe0.2W0.02O3−δ [17], (3) Ba0.5Sr0.5Co0.775Fe0.175Nb0.05O3−δ [17], (4) Ba0.5Sr0.5Co0.775Fe0.175Nb0.05O3−δ [17], 
(5) Ba0.5Sr0.5Co0.8Fe0.2O3−δ [18], (6) GdBaCo2O6–δ [19], (7) PrBaCo2O6–δ [19], (8) SmBaCo2O6–δ [19], (9) La0.6Sr0.4CoO3–δ [20], 
(10) La0.6Sr0.4Co0.8Fe0.2O3–δ [21], (11) Ba0.5Sr0.5Co0.8Fe0.2O3−δ [22], (12) Sm0.5Sr0.5CoO3–δ [23], (13) La0.8Sr0.2CoO3–δ [24]
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It can be seen from Fig. 1 that the Ba0.5Sr0.5Co0.8Fe0.2−O3−δ 
barium strontium cobaltite ferrite (BSCF) oxide exhibits 
the highest values of surface oxygen exchange and 
oxygen diffusion coefficients among oxides of various 
compositions. Indeed, BSCF oxides have attracted 
attention due to their exceptional oxygen ion transport rate 
at elevated temperatures. BSCF oxides possess a  large 
number of mobile oxygen vacancies  [18,  22,  25–32]  
in their highly symmetric perovskite lattice, which 
ensures a  high oxygen flux over a  wide temperature 
range.

Currently, the oxygen diffusion coefficient D0 and the 
surface exchange coefficient  ks can be estimated using 
two fundamentally different experimental techniques, 
including tracer oxygen exchange and relaxation 
methods. Tracer oxygen exchange methods can be 
carried out under adsorption–desorption equilibrium 
conditions. In this case, the 18O  tracer concentration 
gradient between the gas phase and the solid phase acts 
as a  driving force behind the gas-phase composition 
equilibration process, while the ambient oxygen pressure 
and, consequently, oxygen content in the oxide material 
remain constant.

The fundamental condition of adsorption–desorption 
equilibrium, which is inherent in tracer methods, is not met 
when using relaxation methods. This leads to a difference 
in oxygen content between the gas phase and the bulk of 
the oxide material. During sample equilibration with the 
environment, the oxygen content in the bulk of the oxide 
material, as well as parameters related to its content in the 
sample (mass, electrical conductivity, or oxygen pressure 
around the oxide), changes to a value corresponding to 
the equilibrium state. The chemical oxygen diffusion 
coefficient  0

δD  and the chemical oxygen exchange 
coefficient  kδ, which are found by relaxation methods, 
are related to the tracer oxygen diffusion coefficient  *

0D  
and the tracer oxygen exchange coefficient k*, which are 
determined by tracer oxygen exchange methods, through 
the thermodynamic factor  w0  [33] under the condition 
that the oxide be predominantly an electronic conductor 
and the correlation effect be negligible:

*
0 ,δ

=±
=

x L
k k w � (3)
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0 00 0
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=

=
x

D D w � (4)
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∂
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p
w  � (5)

The thermodynamic factor reflects the oxygen capacity 
of the oxide system and is related to the concentration 
of oxygen vacancies; therefore, it characterizes the 

response of the oxide system to changes in the partial 
pressure of oxygen. From general considerations, the 
bulk thermodynamic factor 0 0=xw  and the surface 
thermodynamic factor 0 =±x Lw  are expected to have 
different values. This is related to the different structure 
of defects in the bulk and on the surface, which has been 
observed for various oxide materials [17, 19, 23, 34–36]. 
While the bulk thermodynamic factor 0 0=xw  can 
be estimated directly from the dependence of oxygen 
content in the oxide on the partial pressure of oxygen, 
the same approach is difficult to apply to the surface 
thermodynamic factor 0 .

=±x Lw  Instead, the latter  
can be calculated directly using Eq.  (3) provided that 
both kinetic constants are known.

In this work, we aim to analyze experimental 
dependencies of the chemical  (kδ) and tracer  (k*) 
oxygen exchange coefficients, estimate the surface 
thermodynamic factor 0 ,

=±x Lw  and compare its value 
with the bulk thermodynamic factor 0 0=xw  determined 
from the dependencies of oxygen content in oxides on 
temperature and partial pressure of oxygen. Further, we 
discuss possible reasons for the discrepancy between 
these two thermodynamic factors.

EXPERIMENTAL
Samples
The research objects in this work were Ba0.5Sr0.5Co0.8Fe0.2−O3−δ  
(BSCF), Ba0.5Sr0.5Co0.725Fe0.125Ta0.15−O3−δ  (BSCFTa15),  
and Ba0.5Sr0.5Co0.78Fe0.2W0.02O3−δ  (BSCFW2) oxides.  
All oxides were synthesized by the solid-phase 
method  [37]. BaCO3, SrCO3, Co3O4, Fe2O3, W, and Ta 
with a purity of at least 99.9% (RusKhim, Russia) were 
used as initial reagents. The synthesized samples were 
then pressed into cylindrical tablets followed by annealing 
in air at 1300°C for 7 h.

All the studied oxides were characterized in detail in 
our previous work  [17]. The crystal structure of the 
synthesized oxides was examined using a  Rigaku 
D/MAX-2200VL/PC diffractometer (Rigaku, Japan). 
According to X-ray powder diffraction analysis, the 
samples were single-phase and exhibited a  cubic 
structure (space group  3Pm m ). The surface morphology 
and elemental composition were investigated by scanning 
electron microscopy using a MIRA 3 LMU microscope 
(TESCAN, Czech Republic). Analysis of backscattered 
electron images revealed that all oxides were 
homogeneous in the bulk and had no additional phases 
different in terms of chemical composition.

Oxygen pressure relaxation

The kinetics of oxygen exchange was studied using the 
method of oxygen pressure relaxation. This method 
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consists in a stepwise change in oxygen pressure above 
an oxide sample in a  closed space of known volume, 
followed by recording the relaxation curve of oxygen 
pressure. Figure  2  presents a  typical oxygen pressure 
relaxation curve corresponding to a  step from 1.33  to 
3.06 mbar at a temperature of 750°C. The experimental 
setup and experimental conditions were described in 
detail earlier [38].

Similar relaxation curves were obtained for other 
oxygen pressure jumps over the temperature range of 
600–800°C and at oxygen pressures of 1–35 mbar. The 
equilibration process was carried out in both oxidation 
and reduction directions at a temperature of 700°C and 
a  final pressure of 7  mbar. No statistically significant 
differences were found in the recorded oxidation and 
reduction relaxation curves.

In the corresponding coordinates, the time 
dependence of the natural logarithm of the normalized 
oxygen pressure  p is linear (Fig.  2, inset), and any 
deviation from linearity is due to slow oxygen diffusion 
in the bulk of the oxide. Using the data obtained from 
the tracer oxygen exchange experiment in previous 
studies  [17,  18], the characteristic thicknesses of 
the BSCF, BSCFTa15, and BSCFW2  oxides can be 
calculated to be 0.4, 0.3, and 0.16 cm, respectively (at 
700°C and 6.5 mbar). Since the thicknesses of the oxide 
samples in this study did not exceed the corresponding 
characteristic thicknesses (less than 0.08 cm), it can be 
assumed that oxygen exchange during equilibration is 
governed primarily by the surface oxygen exchange 

reaction. This assumption is confirmed by the linearity 
of the time dependence of the normalized oxygen 
pressure in semilogarithmic coordinates (Fig. 2). From 
the obtained linear time dependencies, the chemical 
oxygen exchange coefficient kδ can be calculated.

RESULTS AND DISCUSSION

The calculated values of the chemical oxygen exchange 
coefficients kδ, as well as their temperature and pressure 
dependencies, are available in the literature [38] (Fig. 3). 
It was shown that the absolute values of chemical 
oxygen exchange coefficients kδ, as well as exponents n 
in the pressure dependencies 

2O
δ


nk p  for the BSCF 
and BSCFTa15  oxides (n  ≈  0.5), differ from those for 
BSCFW2 (n ≈ 0.25).

The observed differences between the values of 
exponents n of pressure dependencies for the BSCF and 
BSCFTa15  oxides (n  ≈  0.5) and the BSCFW2  oxide 
(n  ≈  0.25) were explained within the framework of 
Fleig’s et al. theory [39]. During pressure relaxation at 
the onset of oxygen exchange, the degree of surface 
coverage by the dominant type of ionized oxygen species 
changes; therefore, it is assumed that the rate of oxygen 
exchange during oxygen pressure equalization is directly 
proportional to the degree of surface coverage by ionized 
oxygen species. In this case, the dependence of oxygen 
exchange rate rδ during oxygen pressure equalization on 

2Op will be directly proportional to the dependence 

2O[ ] ( )θ =j f p  of the degree  [ ]θ j  of surface coverage 
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Fig. 2. Time dependence of normalized oxygen pressure p during equilibration from 1.33 to 3.06 mbar at 750°C.  
The inset shows the same dependence in semilogarithmic coordinates [38]
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by ionized oxygen species adO ,−  2,adO ,−  or 2
2,adO −  on 

2O ;p  j  is the type of particles that cover the surface. 
Then,

[ ].δ ∝ θ jr  � (6)

The oxygen exchange rate rδ is related to kδ via the 
formula

ox
AO

,δ δ=
ρ

rM
k r

n N
 � (7)

wherein Mr  is the molar mass of the oxide; ox
On   is the 

oxygen content in the oxide, including the oxygen 
species on the surface; NA is the Avogadro constant; and 
ρ is the crystallographic density.

The exponent of the dependence of kδ on oxygen 
pressure thus correlates with the exponent of the 
dependence of [ ]θ j  on oxygen pressure. Thus, at the 
exponent n ≈ 0.5 for the BSCF and BSCFTa15 oxides, 
the dominant species were shown to be peroxide ions, 
whereas at the exponent  n  ≈  0.25  for BSCFW2, the 
dominant species are ionized adatoms. This is apparently 
due to the defective surface structure of these oxides, 
which determines the difference in the rates of the stages 
observed in the equilibrium tracer oxygen exchange 
experiment for the BSCF and BSCFTa15  oxides. 
The stages of dissociative adsorption and oxygen 
incorporation for these oxides are competing. At the 
same time, for the BSCFW2  oxide, the rate-limiting 
stage is dissociative adsorption  [17], and the dominant 
species on the surface are dissociated adatoms.

In order to analyze the differences between the 
absolute values of the chemical oxygen exchange 
coefficients  kδ, let us compare the tracer  (k*) and 
chemical  (kδ) exchange coefficients for the BSCF, 
BSCFTa15, and BSCFW2 oxides (Fig. 4).

Figure 4 shows that the oxides under study are divided 
into two groups: for the BSCF and BSCFTa15 oxides, 
the difference between kδ and k* is more than three 
orders of magnitude, while for BSCFW2 this difference 
is significantly smaller. As we previously noted in [17], 
the kinetics of oxygen exchange with the BSCF 
and BSCFTa15 oxides studied by equilibrium and 
nonequilibrium methods differs from that with BSCFW2, 
namely, in the rate of the stages and the degree of surface 
coverage by ionized oxygen species participating in the 
stage that determines the rate of oxygen exchange. In 
addition, it was shown in [38] that the atomicity of the 
oxygen particle participating in the stage that determines 
the rate of oxygen exchange with BSCFW2 differs from 
that for BSCF and BSCFTa15.

Table presents the surface thermodynamic factor 
0 =±x Lw  calculated using Eq.  (3) and the bulk 

thermodynamic factor w0 calculated using Eq. (5) from the 
linear region of the dependence of oxygen content in the 
oxide on the temperature and partial pressure of oxygen.

Table shows that the bulk thermodynamic factors for 
all oxides have similar values of the order of a hundred and 
do not exceed 1.4 ∙ 102, which may indicate a similarity 
in the mechanism of point defect formation. An increase 
in temperature and concentration of the alloying 
element leads to a decrease in the bulk thermodynamic 
factor 0 0=xw  in the order from BSCF to BSCFW2 to 
BSCFTa15. This trend is consistent with the observed 
dependence of the Gibbs free energy of oxygen vacancy 
formation in these oxides on the oxygen content. Thus, 
the Gibbs free energy of oxygen formation increases in 
the order from BSCF to BSCFW2 to BSCFTa15 at the 
same concentration of oxygen vacancies  [17]. In other 
words, the higher the concentration of the alloying 
element, the higher the energy required to form oxygen 
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′δk calculated from the bulk thermodynamic coefficient 0 0=x
w  under the assumption 0 00= =±

=
x x L

w w  [38]

Table. Calculated values of the bulk 0 0
( )

=x
w  and surface 0( )

=±x L
w  thermodynamic factors

Oxide T, °С

Thermodynamic factor

Surface

0 =±x L
w  

Bulk

0 0=x
w

BSCF

600 (6.3 ± 0.9) ∙ 103 (1.3 ± 0.1) ∙ 102 [26]

700 (1.5 ± 0.4) ∙ 103 (1.4 ± 0.1) ∙ 102 [26]

800 (2.4 ± 0.6) ∙ 103 (1.2 ± 0.1) ∙ 102 [26]

BSCFTa15

650 (2.5 ± 0.7) ∙ 103 (0.8 ± 0.1) ∙ 102

700 (3.4 ± 0.8) ∙ 103 (0.8 ± 0.1) ∙ 102

750 (3.5 ± 0.8) ∙ 103 (0.7 ± 0.1) ∙ 102

BSCFW2

650 (2.0 ± 0.5) ∙ 101 (1.1 ± 0.1) ∙ 102

700 (1.8 ± 0.5) ∙ 101 (1.1 ± 0.1) ∙ 102

750 (1.3 ± 0.5) ∙ 101 (1.0 ± 0.1) ∙ 102

800 (1.6 ± 0.5) ∙ 101 (0.9 ± 0.1) ∙ 102

vacancies. This is confirmed by the fact that oxygen 
content increases in the same series of oxides [17]. Thus, 
the bulk thermodynamic factor is directly determined by 
oxygen deficiency in the oxide.

A different picture is observed for the surface 
thermodynamic factor 0 .

=±x Lw  Higher values of 
(1.5−6.3)  ∙  103  are characteristic of the BSCF and 

BSCFTa15  oxides, while the values for BSCFW2  do 
not exceed 20. This discrepancy is unlikely to be 
related to the nature and concentration of the highly 
charged dopant. Apparently, these differences should 
be interpreted through a  significant difference in the 
defective surface structure in the series of isomorphic 
oxides. This is confirmed by the results we obtained 
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by X-ray photoelectron spectroscopy of the surface of 
these oxides [17]. Thus, the surface layer at a depth of 
5–10 nm for the BSCF and BSCFTa15 oxides consists 
of a  Ba- and Co-containing phase with an undefined 
stoichiometry, and the surface layer at a depth of 1–5 nm 
comprises exclusively BaCO3. Conversely, the surface 
of BSCFW2 is completely covered with BaCO3.

Therefore, the observed difference in the values of 
surface thermodynamic factors for the BSCF, BSCFTa15, 
and BSCFW2 oxides clearly correlates with the difference 
in the slope of the dependence of kδ on 

2Op . This 
observation reflects the difference in the mechanism of 
surface oxygen exchange. Specifically, for the BSCF and 
BSCFTa15  oxides, for which the dissociative oxygen 
adsorption stage and the oxygen incorporation stage 
compete and the dependence of the surface coverage with 
peroxide ions 2

2,adO −  on 
2Op  is proportional to the oxygen 

exchange rate under nonequilibrium conditions, high 
values of the surface thermodynamic factor exceed the 
bulk thermodynamic factor by 1.5−2.0  orders of 
magnitude. On the other hand, for the BSCFW2 oxide, 
for which the dissociative oxygen adsorption is the rate-
limiting stage and the dependence of the surface coverage 
with single charged adatoms adO−  on 

2Op  is proportional 
to the surface oxygen exchange rate, the values of the 
surface thermodynamic factor are 0.5−1.0 times the bulk 
thermodynamic factor, being significantly smaller than 
the surface factor for the BSCF and BSCFTa15 oxides. 
However, this does not allow a  conclusion about the 
generality of the observed correlations for oxides with 
mixed conduction to be drawn. Literature data on kδ and 
k* for different oxide compositions can hardly be 
compared, since they were obtained under widely varying 
conditions for different oxides with different histories 
(e.g., synthesis method, experimental conditions,  etc.). 
Further research is needed to identify general patterns 
concerning the oxygen exchange mechanism under 
equilibrium and nonequilibrium conditions.

The relationship between the thermodynamic factor 
and kinetic parameters was noted previously [33, 40–42]. 
It should be emphasized that the thermodynamic factor 
reflects the activity of an oxide system in response 
to changes in oxygen pressure and, thus, is directly 
related to the concentration of oxygen vacancies in the 
bulk or surface layers of the oxide material. In general, 
it is quite obvious that the structure of defects, which 
determines the oxygen exchange mechanism (including 
the concentration of point defects), differs significantly 
in the surface layers and in the bulk of the material. This 
was confirmed in numerous studies [17–19, 34–36, 43]. 
Given this “inequality” in the structure and composition 
of the bulk and surface, it becomes clear that the 
generally accepted  [1,  20,  26,  30,  44–50] relationship 

between the tracer oxygen exchange coefficient k* and 
the chemical oxygen exchange coefficient kδ via the bulk 
thermodynamic factor 0 0=xw   is inaccurate. A  more 
accurate approach would be to introduce the surface 
thermodynamic factor 0 =±x Lw , which is described 
by Eq. (3).

It can be concluded that when selecting an oxide 
material for high-temperature electrochemical devices 
operating under a  gradient of the electrochemical 
potential of oxygen, it is recommended to use oxides with 
the highest values of surface thermodynamic factors, 
represented by the difference between the surface tracer 
oxygen exchange coefficients and the chemical exchange 
coefficients, measured under the same experimental 
conditions.

CONCLUSIONS

The surface thermodynamic factor 0 =±x Lw  was calculated 
from the ratio of the chemical (kδ) to the tracer (k*) oxygen 
exchange coefficients for the BSCF, BSCFTa15, and 
BSCFW2 oxides. For the BSCF and BSCFTa15 oxides, 
the values of the surface factor exceed those of the bulk 
factor by 1.5–2.0 orders of magnitude. Conversely, for 
the BSCFW2  oxide, the surface thermodynamic factor 
was found to be 0.5–1.0 times the bulk thermodynamic 
factor. This difference was explained by differences in 
the defect structure of the oxide surfaces.

For identifying a  more active material under 
electrochemical potential gradient conditions, we 
proposed a criterion represented by the ratio between the 
chemical and tracer oxygen exchange coefficients.
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