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ABSTRACT

Practically applicable approach for the fabrication of ABOj; perovskites with high rates of ionic transport is developed. The
ionic transport in perovskites with transition metals at B — site is considered in terms of the theory of coordination compounds.
It is shown that the structure of these materials is sensitive to the values of the effective charge of the ions of transition metals
(Z*) and to the electronegativity () of the surrounding cations. The magnitudes of Z* and x can be varied by choosing the
appropriate elements at sites A and B to induce a distortion of the short range order. This leads to reduction of potential barriers
for formation and migration of structural defects including oxygen vacancies. In typical perovskites a correlation between the
rates of the ionic transport and the estimated values of Z* and y is found. Copyright © 2013 VBRI press.
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Introduction

The oxygen incorporation and migration in the perovskite
cathode is an important stage of SOFC (solid oxide fuel cells)
operation [1-3]. The simple perovskites did not allow
achieving the desirable parameters of SOFC cathodes.
Therefore nowadays the mixed perovskites are used. To
fabricate the ABO; mixed perovskites with necessary
properties it is important to find the appropriate combinations
of ions and also their fractional amounts at sites A and B. For
this purpose the semi-empirical approaches based on
concepts of Goldschmidt tolerance factor [4], critical radius
and lattice free volume [5, 6], Pauling rules [7] and also the
descriptor approach [10] are used. A lot of theoretical works
are carried out to find a correlation between the atomic
composition and physical properties of perovskites (see, for
example, [8, 9]). Nevertheless the ways of purposeful varying
the composition of perovskites to improve their
characteristics in cathodes applications still remain unclear.
Last time the descriptor approach [10] is finding ever
more wide application to improve the properties of
perovskites and other materials. This approach consists in
prediction of service parameters of materials by
determination of correlations between calculated descriptors
and measured material properties. Successful applications of
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the descriptor approach for improving the quality of metal
ORR (oxygen reduction reaction) catalysts, activities of
hydrogen oxidation, CO oxidation and oxygen surface
exchange are demonstrated in [11-15]. The electronic
structure descriptor for the ORR activity of electron-rich
perovskites for their application in SOFC cathodes is
described in [10]. This descriptor is the position of the
oxygen p-band center calculated in perovskites with respect
to Fermi energy. It was found that this theoretical descriptor
correlates with the overall ORR activity. In above mentioned
works ab initio calculations were performed to get the
theoretical descriptors.

In this sense the semi-empirical approaches (Goldschmidt
tolerance factor, critical radius, lattice free volume, Pauling
rules) present descriptors that do not demand time consuming
ab initio calculations for each specific composition of the
mixed perovskite but operate with well tabulated data linked
to the structure and the constituents of materials.

We applied the ideas of the theory of coordination
compounds (TCC) to develop an approach for fabrication of
perovskites with large rates of the ionic transport. The
advantage of our approach is that the suggested descriptor
can be obtained via simple and not time-consuming
estimations based on well tabulated data. Our descriptor
contains the parameters that are linked with the electronic
structure of ions at A and B sites. It can be used as a
predictive tool to regulate properties of perovskites by
varying elements at both A and B sites.

Experimental

TCC-based descriptor for improvement conducting
properties of perovskites

A considerable part of ABO; perovskites contains transition
metals (TM) at B-site inside polyhedrons that consist of
oxygen ions and different types of cations. These structures
could be studied using TCC approaches [16, 17]. In [18] it is
shown that on the basis of constructs of TCC a theoretical
forecast for structural stability of different phases containing
TM is possible. In this study we follow the methodological
scheme that was used in [18].

In the framework of TCC, a stability of structures with
TM inside atomic polyhedrons with some summary
electronegativity depends on the parameter A that is
determined by the degree of the degeneration of energy
levels of d-electrons of TM atoms [17]. A characterizes a
magnitude of splitting of degenerated d-levels and is
influenced by the effective charge of TM ions and by the
field of surrounding atoms or molecules (ligands). This
parameter shows a stability of the structure: the larger the
value A, the more stable is the system with the given
symmetry. It is important for our consideration that changes
of A do not result by all means in changes of the
thermodynamically stable structural phases, but cause a
formation of small structural imperfections (SSI). SSI arises
at initial stages of structural transformations and can be
interpreted as a precursor stage forgoing the transition from
one thermodynamic stable state to another. According to
the definition, SSI corresponds to such changes of A that
lead only to the destabilization of the local structure
(distortion of a short range order). It is known that a

structural disordering leads to significant (several orders of
magnitude) increase of the rates of atomic transport in
crystals. This result is obtained on the basis of the model of
random probability distribution of energy barriers for
diffusion and is confirmed experimentally [19]. The
analogous result is obtained using the percolation theory
[20]. Below we describe how to implement practically the
limited distortion of a short range order through variation
of A.
The splitting parameter A can be estimated using Eq. (1)

[17]:

A=pQF, M)

where f is a coefficient depending on the crystal
structure, Q is proportional to the summary electronegativity
[21] of surrounding atoms, ¥, and the function F depends on
the positions of atoms in the coordination polyhedrons.

The simplified form of the function F for the atomic
coordination possessing cubic symmetry can be expressed as
[17]:

F =a[N/(cR)* —e?®f (aR)] . 2

where R is the mean distance between TM ion and ions of
the nearest coordination shells; o is proportional to Slater
effective charge, Z*, for d-electrons in the TM atom, N is a
numerical parameter, f(aR) is a polynomial function. The

function F gradually increases with increasing o. Thus it
depends on Z* in the same manner. The magnitude of Z* can
be estimated using semi-empirical Slater rules [22].

Analyzing Eqg. (1) and (2) one can conclude that A is
determined, in particular, by Z* for d-electrons in TM ions
and by yx of surrounding atoms. For higher values Z* and y
the larger magnitudes of A are expected. Thus proceeding
from TCC we can influence the perovskite structural
changes through the splitting parameter A managing the
values Z* and y by changing the TM ions at the site B and
cations at the site A in the mixed ABO; perovskites. For
combinations of elements 1 and 2 at site A or B the average
values of Z* and y were estimated in the form:

Z'=cZ +(1-c)Z, 3

r=cz+(@L-c)z, 4)

where ¢; and (1 — ¢;) are the atomic fractions of the
TM atoms 1 and 2 at site B and ¢, and (1 — c,) are the
atomic fractions of the cations 1 and 2 at site A. To estimate
X we account two coordination shells. For cubic ABOj;
perovskites the summary electronegativity was estimated as:

y=6y,+87. ©)

where y, =3.44 is the electronegativity of the oxygen

atom [21].

Using available experimental and theoretical data for the
ionic transport in some perovskites we analyzed the
influence of parameters Z* and 7y on their ionic
conductivity, o;, and diffusion coefficients for oxygen
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vacancies, Dy. Since A becomes larger when each of
parameters Z* or yx increases, we introduced a new
parameter & = Z* - x and found the correlations between the
ionic transport rates (o, Dy) and parameter &.

y=47.04x-0.03
5°=0.96

-Log 6 (5, S/cm)

000 002 004 006 008 010 012 014  0.16
k= |AgE |

Fig. 1. Dependence of (- Log o) on k=|A§/§O|. The numbers

correspond to perovskites: 1.Sr(Cog7Fegs)Os.s [23], 2. La(CopsFep2)O03.8
[23], 3.(LaosSroz)(CoosFenz)Os-5 [24], 4.(LaosSros)(CoosFeo2)Os-5 [25, 26],
5. (Prospbos)Mn03.5 [27], 6. (Laossl'os)Mn03.5 [28, 29], 7. Ca(TimAlog)Og.a
[30], 8. (BioaSros)FeOs-5 [31].
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Fig. 2. Dependence of (- Log ASR) on k= |A§/§O|. The numbers

correspond  to  perovskites: 1.  (BagsSros)(Coo7sF€025)Os, 2.
(Smo.5Sr0.5)C00s3, 3. (Lag.e255r0.375)(C00.25F€0.75)O3, 4. (Lao.755r0.25)C003, 5.
(Lao.7sSro.25)Mn0s, 6. LaMnOs. The Area Specific Resistance (ASR) data
are from [10].

Results and discussion

Starting with the assumption that the desirable ionic
conductivity for SOFC cathodes is 107-10% S/cm at
temperatures 400 - 800°C [1], we found that for the
considered group of perovskites the best values of o; are
obtained for the compounds with & around 200.

It is known that a considerable improvement of the
electrochemical performance was observed when Mn in
LSM perovskites (LaSrMnO3z) was substituted partly or
fully for Fe (LSF) [1]. Herewith & changed from ~175
(LSM) to ~194 (LSF). For BSCF and LSCF perovskites

(BaSrCoFeO; and LaSrCoFeO3) & is equal to ~194 and
~203 consequently. The detailed statistical data for
quantitative correlations between & and the rates of ionic
transport for some mixed perovskites are presented in Fig.
1-3. Fig. 1 displays the dependence between the ionic
conductivity of perovskites listed in the caption and relative
deviation, k, of parameter & from the value & = 200 (k

:|A§/§O|). In Fig. 1, a strong tendency of the increase of

ionic conductivity, when k decreases is seen. The
complementary results are shown in Fig. 2 for the group of
perovskites listed in the caption to this Figure. The
correlation between diffusivities of oxygen vacancies and
parameter k is shown in Fig. 3 for perovskites listed in the
caption.
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Fig. 3. Dependence of (- Log D) on k:|A§/§O|. The numbers

correspond to perovskites: 1. (LagsSros) MnO3.5, 2. (LagsSro2)CoOs.s,
3.(LagsCaos)(CoosFeq2)O3.s, 4.(LaosSros)(CoosNio2)O3-5,
5.(Laoesl’o4)(C005Nio4)O3.5, 6. (Laossro4)(COo4Ni06)03.5, .
(LaosCaos)(FeosC002)O3.5. The data for diffusivities are from [32].

Note once more that the suggested criterion for the
choice of composition of perovskites to improve their
conductance properties is applicable to ABO; perovskites
with TM at site B. It should be applied together with
existing approaches [4-7]. In many cases the adopted
approaches are not effective enough, and our approach can
play a decisive role. For example, authors of [3] estimated
a tolerance factor for a set of perovskites. Analysis shows
that in a lot of cases we do not get a correspondence of the
tolerance factor to the perovskite quality, in particular for
the conductance properties. For example, for the compound
Lay 4SrosMnO; the tolerance factor has a suitable value ~1,
but service characteristics of this material are
unsatisfactory. Indeed, in this case the introduced above
parameter § is equal 167 that should give low rates of ionic
transport according to suggested &-criterion. Another
compound LagsSrysCoq5Feq 505 is also characterized by the
tolerance factor ~1 but has good conduction properties. In
this case we obtained & = 200 that is quite good according
to &-criterion. It means that &-criterion indicates an
optimal composition for considered group of perovskites
and can serve as an additional useful approach to create
new perovskites with improved conductance properties.
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Mechanisms of ionic transport in perovskites are

intensively studied. Authors of a fundamental review [33]
discussed in details the microscopic models for oxygen
transport paths in perovskites including non-traditional
compounds developed last time as SOFC cathodes and
electrolyte materials. They underline the role of the modern
approaches based on the computer modeling and simulations

at

the atomic level to create cathodes and electrolyte

materials with improved conductance properties. Semi-
empirical approaches, however, in many cases determine the
directions for creation of novel perovskite materials. Fig. 1-3
show that the ionic transport rates surely correlate with
atomic characteristics Z* and y through parameter &.

Conclusion

Correlations between the rates of the ionic transport in ABO;
mixed perovskites with TM at B site and atomic

characteristics Z* and y of constituents at sites A and B are
established. These correlations allow choosing combinations
of ions at A and B sites that provide high rates of ionic
transport in such perovskites. It means that &-criterion can

serve as an additional useful approach to create new
perovskites with

improved conductance and diffusive

properties.
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