Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2026;21(1):109-119 ISSN 2686-7575 (Online)

Chemistry and technology of inorganic materials

XMKMS 1 TEXHONOMMS HEOPraHNYEeCKUX MaTepmasioB

UDC 544.032.3; 544.032.3; 544.034.2; 544.034.7; 544.431.22

htips://doi.org/10.32362/2410-6593-2026-21-1-109-119 I(c0)
EDN PBLSBF
RESEARCH ARTICLE

Surface and bulk thermodynamic factors
of Ba, ;Sr, -(Co, gFej 5){_,Me, 0, s (Me =Ta, W)
oxides

Albert R. Akhmadeev'*<, Vadim A. Eremin!, Maxim V. Ananyev!-?
! Federal State Research and Design Institute of Rare Metal Industry (Giredmet), Moscow, 111524 Russia
2 Mendeleev University of Chemical Technology of Russia, Moscow, 125047 Russia

™ Corresponding author, e-mail: albertakhmadeev]@gmail.com

Abstract

Objectives. In this work, we consider the relationship between the tracer (k") and chemical (k%) oxygen exchange coefficients for
Ba, sSr; 5(Co, ¢Fe; ,), ,Me O 5 (Me = Ta, W) oxides. The aim is to analyze the experimental dependencies of the chemical (k%) and

tracer (k) coefficients of oxygen exchange, evaluate the surface thermodynamic factor w0|x= E and compare its value with the bulk
thermodynamic factor W0|x: 0 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 (k%) oxygen exchange coefficients allowed the W, ot surface thermodynamic

L

factor to be estimated by the k® = k"w, N equation.

Conclusions. The surface thermodynamic factor was found to differ from the bulk thermodynamic factor of the oxide material,
1 81n(p 02)

Wy =~
20In(3-3)

oxygen. This difference can be explained by the difference in the defect structure of the surface layers of oxide materials.

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

Ilean. PaGoTa mocBsIIeHa aHATH3Y B3aHMOCBS3H H30TOMHOTO A* I XMMHUECKOTO kO KO3((BHIIIEHTOB 06MEHA KHCIOPOIOM JUTSl OKCHIOB
Ba,, sSr; 5(Co sFe ,),  Me O; 5 (Me = Ta, W). llenbro paboThl SIBISETCS aHAIM3 SKCIEPHMEHTAIBHBIX 3aBUCHMOCTEH XHUMHYECKOTO

¥ M30TOIHOIO KO3(p(dHIMEHTOB 00MEHA KHCIIOPO/a, OLIEHKA MOBEPXHOCTHOTO TEPMOAMHAMUUECKOTO (akTopa W, _y U CpaBHCHHE

L
€ro ¢ 00bEeMHBIM TEPMOANHAMHUYICCKUM (I)aKTOpOM W0|x_0, ONPEACIICHHBIM U3 3aBUCUMOCTU COACPIKAHUA KUCIIOPOJAa B OKCHUIAAX OT

TEMIIEPATYphI U NIapIHUAIBHOTO JaBICHUs KHCIOpoaa. B craTbe 00CYKIal0TCs BO3MOXKHbIE IIPUUMHBI HECOBIAIEHHS BYX T€PMOJIMHA-
MHYECKHX (paKTOPOB.

Mertoabl. M3ydeHne KUHETHKH 0OMEHA KHCIOPOZOM ra30BOi (ha3bl C OBEPXHOCTHIO OKCHIHBIX MaTepUaoB B HEPABHOBECHBIX yCIIO-
BUSIX HPOBEACHO METOIOM PEJIaKCalUM JaBJIeHUs KUCI0poAa. Pacuer moBEpXHOCTHOIO TEPMOAMHAMUYECKOTrO (pakTopa MPOBEICH Ha
OCHOBE JIaHHBIX, MIOJIy4EHHbBIX B PABHOBECHBIX 1 HEPABHOBECHBIX yCIIOBHSX.

Pe3y.]Il>TaTbI. CpaBHeHI/Ie HM30TOIMHOTO A* U XUMHUYECKOTO kB KOS(b(bI/IIII/IeHTOB oOMeHa KHucjopoaa nmo3BoJIMIO OLCHUTD HOBerHOCTHLIﬁ

o *
TepMOJHHAMUYECKH (akTop w0| yepe3 ypaBHEHUE kS =k Wy

x=+L x=+L'
BeiBoabl. bbiio o6Hapy>KeHo, qTo HOBerHOCTHLIfI TepMOI[I/IHaMI/I'-IeCKI/Iﬁ (baKTOp OTIINYacTCd OT TCPMOANHAMUYECKOI'O (baKTOpa, OTHO-
1 61n(p 02)
CAILIETOCA K oGLeMy OKCUAHOTO Marepuana Wy = Em, KOTOpLIﬁ MOXeET OBbITH paccuuTaHn us 3aBUCUMOCTEMN COACPIKAHUSA KHUC-
n(3-—

JI0pO/ia B OKCHAX OT TEMIICPATYPhl U MapIUAILHOTO JaBICHUS Kiciaopoaa. Takoe pa3nuune ObUT0 00BSICHEHO Pa3IHUUeM B Ie(EKTHOU
CTPYKTYpPE ITIOBEPXHOCTHBIX CJI0EB OKCHIHBIX MaTepualioB.

KnioueBble cnoBa MocTtynuna: 08.10.2024
MOBEPXHOCTHbIH 0OMeH Kucnopoaa, audysus kuciaopona, BSCF, penakcarust JAopa6oTaHa: 19.09.2025
J@BJICHHUSI KHCIOPO/IA, MEMOpPaHa CO CMEIIAHHON HOHHO-3JIEKTPOHHOM IPOBOAMMOCTBIO, MpuHsTa B neyats: 19.01.2026

TepMOJMHAMUYECKHI (pakTop

Ang uMTMpoBaHnNs

Axmvanees A.P, Epemun B.A., AnanbeB M.B. OObeMHBIH W OBEPXHOCTHBIH TEPMOAMHAMHYCCKHE (AKTOPBI OKCHIOB
Ba, ;Sr; 5(Co, ¢Fey ,),  Me O; 5 (Me = Ta, W). Tonxue xumuueckue mexnonoauu. 2026;21(1):109-119. https://doi.org/10.32362/2410-
6593-2026-21-1-109-119

110 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(1):109-119


mailto:albertakhmadeev1@gmail.com
https://doi.org/10.32362/2410-6593-2026-21-1-109-119
https://doi.org/10.32362/2410-6593-2026-21-1-109-119

Surface and bulk thermodynamic factors
of Ba 5Sr; 5(Coq gFeq »)1,Me,05_g (Me = Ta, W) oxides

Albert R. Akhmadeev,
Vadim A. Eremin, Maxim V. Ananyev

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 7" and partial
pressure of oxygen P, , 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. [§]
derived an expression for calculating the characteristic

thickness L, which is defined as L, =—, wherein

S
D, is the oxygen self-diffusion coefficient, and kg is the
surface oxygen exchange coefficient. It should be noted
that this formula for L. is valid for oxides with
predominantly electronic conduction. Under given
experimental conditions (7" and Po, ), the total oxygen
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flux through a membrane with a thickness exceeding L
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 6,
in accordance with Wagner’s approach [14-16] and is
expressed by the formula

In(po, )
0, ="~ J Gambdln(po )’ (1
2 16F2L () 2
%)
SionCel
Camb = (2)
o Oion + Ol

wherein R is the universal gas constant; 7T is the absolute
temperature; F'is the Faraday constant; L is the membrane
thickness; Po, is the partial pressure of oxygen; o, is
the oxygen- 1omc conductivity; o, is the electronic
conductivity; and pbz and 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 L,
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 ata 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 D, and the
surface exchange coefficient k—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: (/) Ba,, sSr; sCo 7,5Fe) 125Ta 15055 [171,

(2) Ba, St sCoy, ,5Fe) ;W 0,05 5 [171, (3) Bay, St sCoy 775Fe 175Nbg 5055 [171, () Bay, St sCoy 175Fe; 175Nbg 505 5 [1
(5) Bay ¢S, sCoy sFe, 205 5 [18], (6) GdBaCo,0y ; [19], (7) PrBaCo,0j ; [19], (8) SmBaCo,0 ; [19], (9) Lay (Sr, ,C005
4 221, (12) Smy Sr, sCo0; ; [23], (13) La, ¢S, ,CoO, 5 [24]

(10) La'()'6Sr‘0‘4C00A8FeO'20375 [211, (/1) Bay 55, sCo, gFe; ,O

71,
(20],
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It can be seen from Fig. 1 that the Ba ;Sr,, ;Co sFe;, Oy 5
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 D, and the
surface exchange coefficient k, 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 '80 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, whichis inherent in tracer methods, isnot 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 Dg and the chemical oxygen exchange
coefficient 4%, which are found by relaxation methods,
are related to the tracer oxygen diffusion coefficient D{;
and the tracer oxygen exchange coefficient £*, which are
determined by tracer oxygen exchange methods, through
the thermodynamic factor wy, [33] under the condition
that the oxide be predominantly an electronic conductor
and the correlation effect be negligible:

6 _ *
kO =k wo| _, 3)
DY = Dywy| _, - 4)
wherein
8ln(p )
1 (0]
: (5)

M om(-s)

Thethermodynamic 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 w, |x= o and the surface
thermodynamic factor wy| _, ~ 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 wp| _ = 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 wy| _, . 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 (k;) and tracer (k*)
oxygen exchange coefficients, estimate the surface
thermodynamic factor wj, |x= . » and compare its value
with the bulk thermodynamic factor w0|x: , 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 Ba St sCo, gFey, O 5
(BSCF), Bay 551 sCoy 105F€) 10518 15 05 5 (BSCFTals),
and Ba sSr, sCo 1sFe) , Wy 1,05 5 (BSCFW2)  oxides.
All oxides were synthesized by the solid-phase
method [37]. BaCO,, SrCO;, Co;0,, Fe,05, 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 Pm3m ). 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

112 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(1):109-119



Surface and bulk thermodynamic factors
of Ba 5Sr; 5(Coq gFeq »)1,Me,05_g (Me = Ta, W) oxides

Albert R. Akhmadeev,
Vadim A. Eremin, Maxim V. Ananyev

1.0 0.0
-0.5 1
0.8 -1.0

Normalized oxygen pressure

90

0 100 200 300

400 500 600 700

Time, s

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]

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, BSCFTal5, 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 k% can be calculated.

RESULTS AND DISCUSSION

The calculated values of the chemical oxygen exchange
coefficients k9, 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 4%, as well as exponents 7
in the pressure dependencies kS ~ po, for the BSCF
and BSCFTal5 oxides (n = 0.5), diffef from those for
BSCFW?2 (n = 0.25).

The observed differences between the values of
exponents 7 of pressure dependencies for the BSCF and
BSCFTal5 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 0 during oxygen pressure equalization on
Po. will be directly proportional to the dependence
[6 ;1= f( poz) of the degree [0 j] of surface coverage
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Fig. 3. Dependencies of chemical oxygen surface exchange coefficient k5 on oxygen pressure: (a) BSCF, (b) BSCFTal5,

and (c) BSCFW?2 [38]

by ionized oxygen species Oy, 03,4, or O%,_ad on
Po,> j is the type of particles that cover the surface.
Then,

o c[0;]. (6)

The oxygen exchange rate 70 is related to k% via the
formula
R —ps e (7)

ng Nap
wherein M, is the molar mass of the oxide; nd* is the
oxygen content in the oxide, including the oxygen
species on the surface; N, is the Avogadro constant; and
p is the crystallographic density.

The exponent of the dependence of k% on oxygen
pressure thus correlates with the exponent of the
dependence of [0 j] on oxygen pressure. Thus, at the
exponent n = 0.5 for the BSCF and BSCFTal5 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 BSCFTal5 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 4%, let us compare the tracer (k*) and
chemical (k%) exchange coefficients for the BSCF,
BSCFTal5, and BSCFW?2 oxides (Fig. 4).

Figure 4 shows that the oxides under study are divided
into two groups: for the BSCF and BSCFTal5 oxides,
the difference between 4° and k* is more than three
orders of magnitude, while for BSCFW?2 this difference
is significantly smaller. As we previously noted in [17],
the kinetics of oxygen exchange with the BSCF
and BSCFTal5 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 BSCFW?2 differs from
that for BSCF and BSCFTal5.

Table presents the surface thermodynamic factor
W |x: 1l calculated using Eq. (3) and the bulk
thermodynamic factor w,, 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 w0|x: in the order from BSCF to BSCFW?2 to
BSCFTal5. 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 BSCFTal5 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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Fig. 4. Comparison of the tracer and chemical oxygen exchange coefficients for (a) BSCF, (b) BSCFTal$5, and (c) BSCFW2
at an oxygen pressure of 6.7 mbar. The open circles connected by dashed lines represent the chemical oxygen exchange coefficients

k% calculated from the bulk thermodynamic coefficient W0|x: o under the assumption W0|x=0 = W0|x: 4 [38]

Table. Calculated values of the bulk (W0|x:0) and surface (w0|x= N L) thermodynamic factors

Thermodynamic factor
Oxide T,°C Surface Bulk
90l #0)cg
600 (6.3+0.9)-103 (1.3£0.1) - 102 [26]
BSCF 700 (15+£04)- 103 (1.4£0.1)- 102 [26]
800 2.4£0.6)-10° (1.2£0.1) - 102 [26]
650 (2.5£0.7)- 103 (0.8£0.1) - 102
BSCFTal5 700 (3.4+0.8)-10° (0.8£0.1) - 102
750 (3.5+0.8)- 10 (0.7+0.1) - 102
650 (2.0+0.5) - 10! (1.1£0.1)- 102
700 (1.8+0.5) - 10! (1.1£0.1)- 102
BSCFW2
750 (1.3+0.5) - 10! (1.0£0.1) - 102
800 (1.6£0.5) - 10! (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 w, |x=+ I Higher values of
(1.5-6.3) - 10> are characteristic of the BSCF and

BSCFTal5 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 BSCFTal5 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 BaCO,. Conversely, the surface
of BSCFW2 is completely covered with BaCO,.

Therefore, the observed difference in the values of
surface thermodynamic factors for the BSCF, BSCFTals5,
and BSCFW?2 oxides clearly correlates with the difference
in the slope of the dependence of k% on Po, - This
observation reflects the difference in the mechanism of
surface oxygen exchange. Specifically, for the BSCF and
BSCFTal5 oxides, for which the dissociative oxygen
adsorption stage and the oxygen incorporation stage
compete and the dependence of the surface coverage with
peroxide ions O%,_ad on po, 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 O,y on pg_ is proportional
to the surface oxygen exchange rate, tﬁe 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 BSCFTal5 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 k® 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 £* and
the chemical oxygen exchange coefficient &% via the bulk
thermodynamic factor wy| _, 1is inaccurate. A more
accurate approach would be to introduce the surface
thermodynamic factor W0|x= ;> 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 wj, |x: .7 Was calculated
from the ratio of the chemical (k%) to the tracer (k*) oxygen
exchange coefficients for the BSCF, BSCFTal5, and
BSCFW?2 oxides. For the BSCF and BSCFTal5 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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06 aBTOpax

AxmazieeB AjbOept PycremoBmuu, acnmpant, PI'BYH ®enepanbHbiii nccnenoBarenbcKuil HEHTP NPoOIeM XUMHYECKOW (BHU3MKH
u MenunuHCcKoil xumun Poccuiickoii akagemun Hayk (OUL[ [IXD u MX PAH) (142432, Poccusi, MockoBckast 001., . UepHOronoBka,
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