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ABSTRACT

A descriptor is constructed to predict the composition of ABO; perovskites that do not contain transition metals and have a high
level of ionic conductivity (o). The descriptor consists of two parts: the ratio of ionic radii, RA/RB and the ratio of ionization
potentials, VB/VA for A- and B- cations. Parameters for 100 perovskite compounds were considered to find the correlation
dependences between the descriptor and the magnitude ofc. Correlation selection approach is proposed to reveal a suitable
correlation series. This approach allows determining the composition of perovskites that has a desirable ionic conductivity.
Copyright © 2016 VBRI Press.
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Introduction

Perovskites have been intensively studied due to their
numerous applications today and wide perspectives of new
applications in future [1-5]. Service characteristics,
physical and chemical properties of these materials are
extremely sensitive to their composition. Even slightest
changes of composition of perovskites dramatically alter
their  properties. Therefore the improvement and
modification of these materials require a long and work-
consuming experimental and theoretical search. Ab initio
calculations [6-10], and also semi-empirical methods (see,
for example, [11]) are used to predict the best parameters of
perovskites.

In [12] the descriptor based on the parameters of
electronic structure of perovskite compounds was proposed
and calculated to optimize the oxygen reduction reaction
(ORR) in SOFC cathodes. This descriptor was determined
as the position of center of the oxygen p-band calculated
with respect to Fermi energy. It was found that this
descriptor correlates well with the overall ORR activity.
However, the calculation of this descriptor is considerably
time-consuming.

As a rule the semi-empirical methods lead faster to
practically useful results. The most well-known semi-
empirical approaches are based on concepts of
Goldschmidt tolerance factor [13], critical radius and lattice
free volume [14, 15], Pauling rules [16]. In all these cases
either geometric or energy-based empirical parameters are
used. The choice of the descriptor is dictated by the
necessity of the strong sensitivity of considered properties
of material with respect to the parameters that are chosen
for the construction of a descriptor.

Authors of [17] obtained criteria for the improvement of
the formability of perovskite-type oxides using a structure-
map technology. The map is based on two geometric
parameters: octahedral factor (Rg/Ro) and tolerance factor t
[18] (Rg and R are ionic radii of B — atom and Oxygen
atom in the perovskite lattice). The model was developed
considering 173 ABO3; compounds. It was found that the
octahedral factor is as important as the tolerance factor [18]
with regards to the formability of perovskite type oxides.

Series of works were directed to find the so-called
Global Instability Index (GII) [19]. Authors of [20] applied
the artificial neural networks (ANNs) modelling to predict
GIl. They showed a significant role of the bond-valence
tolerance factor tgy [21] in the determination of GlII. Earlier
the application of ANNs modelling to predict structural
stability and formability of ABO; - type perovskites was
realized in [22].

There are strong experimental evidences concerning the
dependence of the structural stability of perovskites on the
sizes of their constituent atoms. Authors of [23] studied
R,BaCuOs compounds, with R = rare earth atom from Sm
to Lu, by neutron and X-ray powder diffraction. A
systematic variation of structural stability was found
depending on the size of the rare earth atom.

The above mentioned and others results [24,25] show
that the geometric factors as well as the energy
characteristics of crystal can be used to construct the
appropriate descriptor for prediction of a structural stability
or a formability of perovskites. In this context we would
like to note two points. The first one is that in most cases
the simultaneous use of geometric and energy parameters
for the construction of descriptor are almost no found. The
second one is that the constructed descriptors are mainly
aimed to predict the structural stability or the formability of
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perovskites but not their and service
characteristics.

In [26] we described an approach for the search of
ABO; perovskites with high rates of ionic transport. The
ionic transport in perovskites with transition metals (TM) at
B - site was considered in terms of the theory of
coordination compounds. The stability of these materials is
sensitive to the values of the effective charge of the ions of
TM (Z*) and to the electronegativity (y) of the surrounding
cations (ligands). This is because the stability is determined
by the splitting parameter A for degenerated d-levels, which
in turn is proportional to Z*-y. Thus the transition element
determine to considerable extent the stability of perovskite
lattice and hence the processes of defect formation
including the formation of vacancies.

On the basis of these considerations the descriptor for
the ionic transport rate in perovskites with TM was defined
as product Z*-y.

At the same time the perovskites with only non-
transition elements also exhibit useful properties such as,
for example, a high ionic conductivity. Analysis of
published works showed that in this case the energy
characteristics of valence electrons of cations at both A and
B sites determine the bonding and stability of perovskites.
For some compounds the promotion of s-and p-electrons to
d-states occurs. For example, this effect is observed in
perovskites, which include Bismuth. These perovskites
attract attention due to their wide practically important
applications [27-32]. In [27, 31] a theoretical model is
presented for electronic structure of BaBiOz compound. By
treating two types of Bi with different electron
configurations  (6s%6p6d°(1) and  7s°6p’6d°(1l)), i.e.
differently ionized Bi atoms, Bi** and Bi**, and using
LMTO-ASA approach total and partial densities of states
for electrons were obtained for Ba,Bi,O5, supercell [31].
The promotion of electrons to Bi (I)-6d and less
pronounced promotion in the case of Bi (I1)-6d was
revealed. This example demonstrates that for perovskites
with non-transition elements the stability of the lattice
should be determined by the energy characteristics of
valence electrons of cations both at A- and B- sites that are
responsible for the bonding in these compounds. Keeping
in mind the fact that atomic radii mismatch may lead to the
decomposition of the solid solutions the geometry
characteristics of these cations should be also included in
consideration.

The earlier descriptor (based on effective charge and
electronegativity) designed for ABO; type perovskites
having transition metals at B site does not work for the
ABO; materials with non-transition metals.

In the present work, unlike [26], we studied ABO;
perovskites that contain only non-transition elements. A
new descriptor that includes the ionization potentials for
valence electrons of A and B cations and their ionic radii is
constructed.

Applying this descriptor we found a good correlation
for predicting the composition of compounds with high
ionic conductivity.

physical

Table 1. Parameters for the descriptor A and the ionic conductivity of
perovskites (Ra and Rg are in pm, Va and Vg are in eV).
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No Compound Ra Va Rg Vg Log ¢ sy Py A
1 LagsSreGagsMgoi0s 195 802 134 17364 05[33] 004 016 024
2 g;a“ 72Ndors)o 551026205 Mg 2 199 802 134 17364 -06[34] 002 0.6 0.2
3 NdssCao1AlssCop1 O; 1845 7946 125 16621 -10[33] 003 01 016
4 NdosCao1AlssSio1 Os 196 7231 134 14176 -10[33] 004 004 012
5 NdgsCagiAlysBeo) O; 196 750 133 15523 -10[33] 003 007 013
6 LagsSro1GaosMgo20s 1955 803 134 17364 -10[33] 004 016 024
7 (LaosNdoiosSr2GapsMge203 1952 7658 134 16564 -11[34] 004 016 024
8 NdosCao1AlosZno, Os 1845 7946 126 16736 -12[33] 004 011 023
9 (LaosCdo1)osSroaGaosMgo2Os 1948 762 134 16564 -13[34] 005 017 027
10 (LaosYo1)osSro2GaosMgo2 Os 194.8 753 134 16564 -14[34] 005 017 027
11 LagsSro1Gaoslngs O 1955 823 1325 17834 -14[33] 002 017 021
12 BaTboslng10s 235 635 160 11273 -14[33] 003 023 029
13 SmosCap1AlOs 1845  §133 125 1813  -15[35] 002 023 027
14 YbosCao1AlOs 1755 887 125 1713 -15[35] 01 007 027
15 GdossCao1sAlOs 180 8796 125 1713  -15[36] 006 005 023
16 (LaosYborosSto2GaosMgn20s 1944 767 134 16564 -16[35] 005 016 036
17 LaosSto1Gaoslio 105 195 813 133 18254 -17[371 002 024 028
18 LaysSro,Ga;s 196 8034 130 1840  20[38] 001 029 031
19 LaosSre1ScooMgy10s 195.5 803 140 15262 -20[371 041 01 032

20 NdosCag1AlysGags 1845 7946 1275 18765 20[33] 005 024 034

21 (LagsSro2)(Ga0sMeo 115CO00ss)0s 196 8034 1355 17953 -20[37] 005 023 033

22 NdysCagsAlysNi, O 184 7846 128 16962 20(33] 007 016 03

23 NdosCao1AlosBeo1 O; 1855 7946 115 16745 20[33] 011 011 033

24 LagsSre;Ga0; 1955 803 130 1340  20[38] 001 029 031

25 LaosSrosGaoZros Opss 187.5 804 1388 1574 -20[39] 045 008 038

26 LagsSrg,In0, 55 1955 803 145 1694  2.1[39] 015 011 041

27 LaosSre1GaosAlo, Os 1955 803 125 18253 -21[33] 006 027 039

28 LagsSre;GagsMgp 105 1955 803 12§ 17882 -21[33] 006 023 035

29 PrysCap+AlOs 1745 7828 125 1713 21(40] 041 019 041

30 LagsSrosGagsZr; Ozs 197.5 804 1375 1826  2.1[39] 006 027 039

31 LagsSrosGaossZross Oy sz 1975 804 139 1788  -21[39] 008 015 031

32 BaZryslng0s 215 7126 155 14923 21[39] 011 009 031

33 BaZroslngsO7s 215 7326 155 1324 22[39] 041 02 035

34 BalngsCap.0s 215 7326 1355 16113 23[39] 009 02 038

35 CaCeosEro10s 1745 8676 1255 16115 -23[33] 011 014 036

36  BaZrylngsOs 215 7326 155 1620 24[39] 011 021 043

37  BaZrlngeOs 215 7426 155 1398  24[39] 011 012 036

38  NdosCao1AlssGa1 Os 1745 7346 125 17257 24[41] 01 035 045
390 NdgsCao1GaOs 180 7946 125 1840  24[41] 006 032 044

40 NdosCao1AlssCuos 1845 7946 136 16968 -24[42] 015 014 044

41 NagsCagAlg5GagsOs 180 7632 1275 17265 24[43] 009 026 044

42 BaCer,Y,0; 215 735 154 12966 -24[39] 01 024 044

43 SITigsAly,0s 185 955 1385 1711  -25[40] 016 021 052

44 LagsSro 1o sMgo 103 1955 803 1455 17168 -25[39] 0.6 014 046

45 NagsCag;Aly1Gags0s 180 7532 1265 17511 26[41] 008 032 048

46 NagsCao1Aly2GaosOs 180 7332 129 1714 26[41] 01 034 044

47 LagsSty Al 1955 800 125 1890  26[33] 006 036 048

48 LagsCag1GaOzss 1935 739 130 1840 27[33] 001 049 051

49 BayinyCeOs 197 7956 125 1840  27[33] 008 031 047
50  NdosSre1GaOs 196 8326 135 1840 27[39] 015 02 05
51 NdGagsMgy10s 185 7865 132 18482 27[44] 01 034 054
52 BaZroalngsOs 215 7326 155 1746  27[45] 041 038 05
53 BaCen.yZr.Y,0: 215 732 159 1288  -28[45] 015 025 055
54 BaCeqsymZ:YsPr0s 215 735 159 12884 -28[45] 045 025 055
55  NapsCapiAlO; 180 733 125 1770 -28[44] 006 041 053
56 NagsCao1AlysGao20s 180 7332 126 17504 29[45] 007 039 053
57  NdosCao1AlO2ss 184 784 128 1893  29[39] 006 041 053
58 LagsSrosGagZros Ozss 1975 804 145 13882 29[39] 014 027 056
59 NdosCaosAlosBeo10s 1955 803 115 1493  -30[33] 02 014 054
60 LagsBagiAl O 197 7056 125 1713 30[39] 008 043 059
61 SrosBao1ScosAlosMg10s 197 800 1455 1366  -30[39] 045 029 059
62 BaCeqsGdy10; 215 735 1505 1140  -30[46] 007 045 059
63 SrScossAloss AlosOns 180 955 125 14775 -30[39] 006 045 057
64  BaZrslngs0s 215 7466 155 1225  31[39] 011 036 058
65 BaZrogingsOs 215 7526 155 1217 34[(39] 011 038 06
66 NapsCap1Gao; 180 7532 133 1740 31[47] 015 031 061
67 LaosCao1Al O1ss 1935 725 125 1813 -32[39] 005 05 0.6
68  SrysBanScosAlpsAl05 > 0y5 191 800 133 1245  -32[39] 007 045 059
69  Lao;BaosAl O 1905 7057 125 1813  -33[47] 002 057 061
70 NdosCas1AlosMgn 105 184 7306 1275 18224 -34[33] 006 049 061
71 NdosCao1AlosZry10s 184 721 128 18012 -34[39] 006 049 061
72 NdosSte1AlO) 05 1865 7126 125 1866 34[39] 001 062 064
73 SrScosAlos AlosOns 155 945 107 1369  -34[39] 005 055 065
74 StScosAlos Mgy10s 165 945 113 1356  -34[39] 004 056 064
75 BaZroslng20s 215 7326 155 1148 -35[39] 041 043 065
76 SnScAlosZng20ss 185 7813 136 1840  36[39] 014 036 064
77 NiosBao1GaOyss 195.5 843 135 12203 -36[39] 005 055 065
78 LaosSrosGao ssZro 45 O3 197.5 844 1265 12484 -37[39] 006 052 064
79 StScosAlps Zng10s 155 955 1085 1420 -37[39] 007 051 065
80  SrScosAlyss MgoosOs 155 955 1125 15335 -38[39] 043 039 065
81  SrScosAlyss Mgo1sOs 155 955 1095 14545 -3.8[39] 09 048 066
82 SrScosAlous ZnoosOs 155 955 111 14889 -38[39] 011 044 066
83 SrSegsAlp4sYoosAlpsOss 155 055 1042 14908 -38[39] 011 043 065
84  SrScosAlosYo1AlosOss 155 955 105 1350 -38[39] 003 059 065
85  SrysBaoiScosAlosOss 203 798 143 1213 -39[39] 009 048 066
86  NdosCao1AlosSio1 Os 1835 753 1285 18955 -40[33] 008 051 067
87  SrScossAloss AlosOrs 225 955 1442 13841 -40[39] 006 055 067
88  NdgsBag1AlOyss 188 7213 120 1813 40[39] 007 051 065
89  BaZroslng 1005 215 7226 155 1129 -41[39] 006 044 066
90  SrysBag.SeosAlpsOss 191 800 143 1323  43[39] 017 034 068
91  SrSegsYoos AlosOzs 155 955 134 18005 -44[39] 026 012 064
92 8rScosYo1AlsOrs 175 955 135 1618 -45[39] 021 031 073
93 SrScosAlysOrs 175 035 1425 1995 -47[39] 0027 013 067
94  NdAlO; 170 7665 130 1913 -50[33] 019 049 087
95 CdosCaoi1AlOs 175 9885 135 1413  -50[47] 021 057 099
96  StZros 200 8068 155 1955  -5.4[33] 021 042 105
97 YooCapsAIO, 170 1689 125 1713 6.0[47] 006 099 111
98  BaZnO3 163.5 709 125 1913 -60[39] 049 069 107
99  BaZrO; 215 7226 165 1955 -61[39] 02 07 110

100 BaCe(yY;Pr;03 215 735 184 10994 -70[45] 033 05 116
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Experimental

Goal seek of descriptor for perovskites with only
non- transition metals

The descriptor approach allows speeding up a creation of

new materials with desired properties. The main

requirements to descriptors are:

e A descriptor should be closely related with the property
of interest;

e The descriptor changes and the changes of the material
property should be well correlated:;

e The above correlation should be kept for a certain
interval of the material property changes;

e The calculations for the construction of descriptor
should be as easy as possible.

In fact all geometry parameters in descriptors indirectly
linked to energy characteristics of crystal. Interatomic
distances linked to the bonding energy through the overlap
integrals. Goldschmidt tolerance factor, critical radius and
lattice free volume are determined indirectly by the
parameters of the corresponding potentials of interatomic
interaction.

In this work we propose a combined descriptor starting
from the fact that in all cases the geometric parameters
(sizes of A and B — cations, interatomic distances) as well
as energy characteristics (ionization potentials of A and B —
cations, parameters of band structure) in conjunction
determine the perovskite properties. Constructing this
descriptor we have chosen as the main parameters the ionic
radii (RA and RB) and the mean potential of valence
electrons (VA and VB) for cations A and B. In the case of
mixed perovskites (if there is more than one A or B cations)
the values of radii and potentials are taken as a weighted
sum with the atomic fractions of constituents on the specific
sites. For each cation the ionization potential is taken as the
average for all electrons involved in the valence bonds. For
predicting the composition of compounds with high level
ionic conductivity (c) we have constructed a descriptor
containing two parts: the ratios RA/RB and VB/VA.
Parameters for 100 perovskite compounds that were
considered are presented in Table 1. The source for
conductivity data is cited in the brackets in Table 1. The
ionic radii and ionization potentials of the components of
complex perovskites that are necessary to calculate RA,
RB, VA and VB presented in Table 1 are taken from
[48, 49].

One can see that the largest values of ionic conductivity
(o) correspond to the cases when RA/RB=1.5 and
VB/VA=2. We denote the deviations from these optimal
values as: A; and Ap. Ay = [ 1.5 - RA/RB|; A = |2 -
VB/VA | . The proposed descriptor is introduced as A = kA;
+ A, where k is a fitting parameter that accounts the
unequal role of geometric and energy parameters of A and
B — cations in formation of compound properties.

We show that this descriptor allows a forecasting the
composition of perovskites with a large value of ionic
conductivity.

Results and discussion

In Fig. 1 a good correlation between ¢ and A (for k = 2) is
demonstrated in a wide range of ¢ (logo: -7 + — 0.5). To

Adv. Mater. Lett. 2016, 7(4), 307-311
-

Advanced Materials Letterg

compare the role of the energy and geometric parameters in
descriptor we analyzed separately the correlations “c - A;”
and “oc - A,”. It was found that these correlations in the
same interval of o are much worse in comparison with
correlation “c - A”. Moreover, we obtained that a
correlation “c - A,” is better than a correlation “c - A;”.
Hence, it follows that the influence of energy parameters of
A and B cations on ionic conductivity of considered
perovskites is stronger in comparison with geometry
parameters.

" y =-5.591x - 0.0009
R*=0.9501
7 .
0 0.2 0.4 0.6 0.8 1 1.2
A ({Rel.Un.)

Fig. 1. Correlation dependence between log ¢ and A.

To get a better value for correlation coefficients in cases
“log o - Ay” and “log o- A,” we excluded a part of
compounds from the list in Table 1. It turned out that we
had to exclude more compounds in the case “log ¢ - A;” in
comparison with the case “log ¢ - A;”. As a result of this
selection procedure the good correlation dependences
shown in Fig. 2 were obtained. The correlation graphs are
intersected, and the intersection point corresponds to
log o = -0.82. It means that the best values of ¢ should be
expected for compounds in the vicinity of the intersection
point for two lines A; and A,.

Table 2. Division of the list of compounds (Table 1) into the intervals of
A.

No A R?
1 0.24 - 0.38 0.3352
2 0.38 - 0.50 0.6821
3 0.50 - 0.73 0.7887
4 >0.73 0. 8097

The list of compounds in Table 1 was analyzed with
respect to the ratio of correlation coefficients for different
intervals of A. The correlation coefficients were calculated
for intervals A shown in Table 2. One can see that for the
region of larger magnitudes of o the obtained correlations
are worse. It follows that the correlation series should be
selected based on the desired values of . For example in

Adv. Mater. Lett. 2016, 7(4), 307-311
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the first interval of A (Table 2) to improve the correlation
the number of compounds in the given interval A should be
increased or some compounds should be excluded as shown
in Table 3.

‘ A1, A2 (Rel. Un.)

-3.00

-4.00

-Log 6 (6, S/cm)

Yy =-5.7757x - 0.7585
R?=0.9026

-5.00

Yy =-21.868x - 0.6351
R?*=0.9039

Fig. 2. Correlation dependences “log o - A1” (circles) and “log o - A2”
(squares).

Table 3. Correlation selection of perovskites for interval 1 from Table 2.

No Removed compound R?
2 (Lao.72Ndo/0g)0.sSro.2GagsMgo. O3  0.3903
9 (Lao.9Cdo.1)0.6Sro0.2GagsMgo.2 O3 0.9066
16  (LaosYbo1)o.sSro.2GagsMdo., Os 0.9476

In Table 3, as an example, we present a list of
compounds that had to be excluded in order to increase the
correlation coefficient in the first interval from Table 2. It
can be seen that these compounds include the largest
number of elements: two A — elements and three B —
elements. We can assume that in these cases the averaging
of parameters (RA, RB, VA, and VB) in the calculation of
the descriptor is not quite correct.

Conclusion

A descriptor which allows selecting perovskites with large
values of ionic conductivity is constructed. This descriptor
is a combination of radii and potentials of ionization of A
and B cations in ABO; perovskites with only non-transition
elements.

An approach of the correlation selection of perovskite
compounds is proposed for the improvement of the
correlation series and revealing compounds with deviating
properties. Two ways to realize the proposed approach are
demonstrated: lengthening the correlation series and
exclusion of inappropriate compounds. The resulting
correlation series allows determining a composition of
perovskites with the desirable ionic conductivity.
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