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Abstract

The desire to use novel functional materials in electrochemical devices stim-
ulates significant research in materials science. Complex oxides with a per-
ovskite-like structure occupy a large niche among such materials. Solid so-
lutions based on LaInO; exhibit promising ionic conductor properties
(0?7, H*) combined with high chemical stability. This review presents a com-
prehensive analysis of the physicochemical properties of doped LaInO; ma-
terials. The structure and hydration processes of parent and doped com-
pounds are discussed. The transport properties data were collected and sum-
marized. Both the pure and the doped materials exhibit mixed ion-hole con-
ductivity in dry air. All solid solutions based on LalnOj; are capable of re-
versible incorporation of water vapor due to their effective oxygen vacancy
size close to ran~1.4 A. Under elevated humidity conditions, proton transfer
is observed in the samples. The data indicates a correlation between an in-
crease in free cell volume and an increase in ionic conductivity. The results
on chemical stability and TEC for the pure and doped materials are analyzed.
The strategy for selecting dopant cations is shown. The presented data show
the potential for applications of LaInO;-based materials in electrolyte mem-
branes for solid oxide fuel cells, pumps and sensors.

Key findings
e Pure LalnO3 and the majority of solid solutions are characterized by a perovskite
structure with orthorhombic symmetry.

e Doped LaInO; materials are able to dissociatively incorporate water vapor at tem-
peratures below 500 °C, with the experimental degree of hydration reaching 90% of
the theoretical value.

e A significant enhancement in electrical conductivity (~3 orders of magnitude) in
comparison to pure LaInOj3 results from the A sublattice substitution.

e A general tendency is towards an increase in electrical conductivity accompanied
by an increase in the free volume cell.

e The proton conductivity of doped LalnO3 materials is comparable to the data for
the known protonic conductors LaScO3 and BaZro.8Yo.203-5.
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1. Introduction

The latest developments in the electric power sector indi-
cate a growing interest in solid oxide fuel cells (SOFCs) as
a potential alternative to conventional energy sources
[1-4]. SOFCs operating in an intermediate temperature
range (500-700 °C) demonstrate the greatest potential, be-
cause their electrolytic membranes can be used as proton

conductors based on complex oxides [5-7]. The main task
of the materials science is to identify a technologically via-
ble, chemically stable, and cost-effective solid electrolyte
with high ionic conductivity.

In the context of proton conductors, complex oxides
with perovskite structures are a subject of extensive re-
search [7-9]. The presence of hydrogen in the structure of
complex oxides is ensured by equilibrium with the H.O/H--
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containing atmosphere, which is described as a process of
dissociative incorporation of water vapor [10, 11]. Materials
based on doped perovskites ABO3 with alkaline earth cati-
ons, such as BaCeOs and BaZrOs, are among the most exten-
sively studied materials due to their best proton conductiv-
ity [9,12,13]. A notable limitation of BaZrOs-based materials
is their considerable grain boundary resistance [14-16].
Furthermore, BaCeOs-based materials exhibit low chemical
stability towards CO. and water vapor, [17-20], which is
usually associated with the presence of an alkaline earth el-
ement.

Consequently, in recent years, the search for new strat-
egies in achieving a compromise between chemical stability
and high ionic conductivity has become a relevant field of
investigations [21, 22]. A promising way of research is the
development of new materials that do not contain an alka-
line earth component in their chemical formula - “alkaline
earth elements-free strategy” [23-25]. In this regard, the
perovskite-like compounds demonstrate remarkable pro-
spects, since their structure is capable of adapting various
charge combinations of elements [26], for example, the per-
ovskites of the composition A3*B3*0O3 that do not contain al-
kaline earth elements. Among the perovskites of the com-
position A3*B3*03, the compounds containing lanthanum ex-
hibit considerable potential, as La3* has a large ionic radius
[27], as a consequence a highly symmetrical crystalline lat-
tice [28], which is a favorable factor for high ionic conduc-
tivities. The number of acceptor-doped lanthanum-contain-
ing perovskites, LaB3*03; (B3*=Al, Ga, Sc, In, Yb, Y), display
a high level of ion (0% or H*) transport [29-31]. The doped
perovskites LaGaOs; [32, 33] and LaAlO3 [30, 34] are de-
scribed as oxygen-ion conductors, whereas doped LaYOj3;
[35, 36] and LaYbOs3 [37, 38] can exhibit predominantly pro-
ton transport in wet atmospheres. The doped scandates
LaScO3 [39-42] and indates LaInOs [43-45], are capable of
exhibiting co-ionic transport depending on the conditions.

The doped LaScO; materials have been the subject of
more extensive study due to their superior proton conduc-
tivity. The substituted LaInO3 indates have not yet been ex-
tensively studied with regard to their potential as proton
conductors. However, LaInOs-based materials are of signifi-
cant interest due to their chemical stability and lower cost in
comparison with LaScO; materials. Moreover, the results of
conductivity studies are contradictory and unsystematic. In
this article we have systematized the data on the structure
of doped LaInO; and its influence on electrical properties.

2. Structural features of pure and doped
LaInO;

The structure of lanthanum indate (LaInOs) has been inves-
tigated since as early as the mid-twentieth century [46, 47].
Subsequently, the structure of LalnO; was subjected to
comprehensive analysis in [48-50]. The orthorhombic per-
ovskite LaInOs (sp. gr. Pnma [49,51] or Pbnm [52,53]) is
composed of chains of [InOs] octahedra, as illustrated in
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Figure 1. The ionic radius of La3* (for XII-fold coordination)
and In3* (for VI-fold coordination) is 1.36 and 0.80 A, re-
spectively [27]. A discrepancy between the In-O and La-O
layers can result in lattice distortion, such as the tilting of
the [InOs] octahedra. This distortion can lead to an In-O1-
In bond angle that is less than 180° [51]. The distortion is
well visualized when the structure is plotted as a network
of [InOs] octahedra, which are commonly used to describe
ideal cubic perovskite (Figure 1).

The lanthanum indate system exhibits two distinct crys-
tallographic orientations of the oxygen atom. These are ob-
served as two apical (O1) positions located at opposing cor-
ners of the octahedron along the b-axis and four equatorial
(02) positions within the a-c plane of the octahedron. The
existence of multiple O-O distances is of significant im-
portance with regard to the migration of hydrogen, as the
reduction in symmetry can impede proton transport as a
result of the concerted movement of oxygen required for
the jump [54].

The orthorhombic structure of lanthanum indate re-
mains stable even when doped, although the structure ac-
commodates small concentrations of dopants. When lantha-
num is replaced by other rare earth elements, for example
Sm3*[55, 56], Nd3* [57], Dy3* [51], Tb3* or Eu3* [58, 59], the
dopant concentration reaches 5-10 mol%. For instance, gal-
lium is able to substitute lanthanum in these positions up to
20 mol% [60]. The available structural data for the various
doped phases based on LaInOs; (LIO) are presented in Table
S1 (Supplementary). Table S1 includes the unit cell parame-
ters (abc), volume cell (V = a-b-c), unit cell volume divided
by the formula unit (Veex = a-b-c/Z), free volume cell (Vjree),
and anion radius (ran), discussed in section 3.

The “free volume cell” (Vfre) parameter was first pro-
posed in the 1990s to explain alterations in the transport
properties of materials. This approach has since been sup-
ported by numerous reviews [61-64]. The free cell volume
parameter is defined as the volume of the cell that is not
occupied by all the constituent atoms, according to:

. 4 3
Veree = Veen — Z m; (5) nry, (1)

where Veen is the unit cell volume divided by the number of
formula units (Z = 4), mi is index of the atom in the oxide,
and r; is ionic radius of the i-th element in the oxide.
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Figure 1 Transformation from a cubic symmetry to an orthorhom-
bic structure.
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An ideal cubic perovskite structure with a space-filling
ion is presented in Figure 2a. The corner of the structure
was removed. The cutting plane projection is presented in
Figure 2b. The free volume is shown in yellow in Figure 2.

A correlation is observed between the enhanced ionic
conductivity and the increased free volume of the unit cell
in doped LaInOs; materials, which are discussed in detail in
Section 4.3.

The most common doping strategy in lanthanum-con-
taining perovskites is the substitution with an alkaline
earth elements [31, 54, 61, 65, 66]. In the LaInO3 matrix,
the possibility of substituting both the lanthanum and in-
dium sites was investigated. Figure 3 shows the dissolution
energy of alkaline earth metals in LaInO; in La3* and In3*
sites [48]. The lowest values of the dissolution energy in
the A-sites are observed for strontium and calcium, which
can be attributed to the close ionic radii of the host and do-
pant cations for the XII-fold coordination [27].

The La;-xCaxInOs-5 solid solution [43, 67] was synthe-
sized by replacing lanthanum with calcium. The solubility
limit in this system is x = 0.10. As the concentration of Ca?*
is increased up to 10 mol%, the lattice volume displayed a
corresponding increase. An increase in the calcium content
(15-20 mol%) results in the formation of the second phase
(Calnz0y4).

a) b)

Vfree

@ o o

A-cation B-cation Oxygen

Figure 2 An ideal cubic perovskite structure as space-filing ion
model with a cut corner (a); A section view of the unit cell fragment
(b); the ions are shown in the corresponding color; the border of
the unit cell is represented by the black line, and the free volume
of the cell as space not occupied by any of the constituent ions is
shown in yellow.
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Figure 3 The solution energy of alkaline earth metals in LalnO,.
Reproduced from ref. [48]. Copyright 2002, Elsevier.
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A similar trend was observed in the case of the
La:-xSrxIn03-5 solid solution [52, 68, 69]. As the Sr2* content
increases from 0 to 10 mol%, the orthorhombic structure is
distorted, and the unit cell volume increases; with a further
increase in x up to 0.2, the cell volume remains unchanged.
Furthermore, an impurity phase of the composition SrIn.O4
is formed. Consequently, the maximum Sr2?* content in
LaInO3z was determined to be 10 mol% [52]. The introduc-
tion of a dopant with a concentration below 0.1 has not been
explored in the existing literature.

As can be seen from Figure 3 the highest solution ener-
gies are observed for magnesium and barium dopants,
which can be attributed to their size characteristics. In the
case of Mg?*, no ionic radius values are provided for the
XII-fold coordination [27], and the question arises as to
whether it can be considered a dopant of the A-sublattice.
Conversely, the ionic radius of barium (1.61 A for the XII-
fold coordination) is significantly larger than that of lan-
thanum (1.36 A for the XII-fold coordination) [27]. While
barium is indeed capable of replacing lanthanum in
such structures, its solubility limit does not exceed
5 mol% [66, 70].

It is important to note that the La;-xBaxInOs-5 complex
oxide exhibits a different crystal symmetry when the Ba
content is varied [66, 70-74]. In a solid solution with
x<0.05, the system exhibits orthorhombic symmetry. A
higher dopant concentration (x = 0.1-0.3) leads to the for-
mation of a mixture of cubic and orthorhombic phases. As
the fraction of Ba?* ions increases, the tolerance factor t
approaches 1 [70], and the formation of the cubic phase
becomes the predominant process. Ultimately, the mate-
rial crystallizes in a cubic monophase when the concentra-
tion of barium is high (x = 0.4-0.70) and in a tetragonal
phase when x = 0.8 [66, 71]. It was demonstrated that a
cubic modification could be obtained through the simulta-
neous doping of barium and strontium at concentrations
of 30 mol% and 20 mol%, respectively [75]. Except for
these works, no other studies confirmed the formation of
structures with cubic symmetry. But, similarly, alteration
of the crystal structure was observed in Ba-doped lantha-
num scandate materials [76, 77]. As the ionic radii of in-
dium (0.800 A, for the VI-fold coordination) and scandium
(0.745 A, for the VI-fold coordination) are similar [27],
analogous trends in the structural features of lanthanum
indate and scandate may be anticipated. For example, a
cubic modification can be achieved for LaScO; for the sub-
stitution by Sr?* ions at an elevated dopant level
(x = 0.35) [78].

The quasichemical reaction of dissolution of the alkaline
earth metal oxide MeO in the lanthanum sites with for-
mation of the acceptor defects Me;, can be written as fol-
lows:

La; 05 / o X 2)
2Me0 — 2ZMe;, + V' + 203

where Mej, is the dopant on lanthanum site, V3" is the oxy-
gen vacancy, and O} is the oxygen atom in the regular
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position. Most studies on LaInO3 have focused on the effects
of substitutions in the A-sublattice. However, there are
some studies on the effect of doping in the B-sublattice on
the physico-chemical properties. The solubility limits when
replacing the In3* cation, for instance, with polyvalent ions
Mn3* [53, 571, Cr3*[57, 79], Sb3* [53] or Sn*" [80] did not
exceed 3-5 mol%. The introduction of a heterovalent do-
pant of Zn* into In3* was first reported in [80] and was
subsequently subjected to comprehensive investigation in
work [45], wherein a dopant concentration of 5-7 mol%
was established. The introduction of zinc into the indium
sites in a 1:1 ratio was investigated in the work [81]; how-
ever, this substitution did not lead to the stabilization of the
cubic structure. This can be explained by the close ionic ra-
dii of indium and zinc. The substitution for Zr4* as a donor
was investigated in [44], wherein the concentration of do-
pant was found to reach 10 mol%.

The B-cation can be replaced by any alkaline earth
metal, as shown in Figure 3 [48]. It was observed that the
solution energy of CaO in the In3*-position exhibited the
lowest value, although such substitution was not described
in the literature. Typically, indium substitutions were im-
plemented as joint doping involving both the A- and B-sub-
lattices.

The effects of co-doping strategy on LalnOs; structure
were investigated in the works [44, 52, 74, 82]. The pri-
mary objective of these studies was to investigate stron-
tium-containing phases. The Sr?* ionic radius is slightly
larger than that of the La3* host atom for the XII-fold coor-
dination [27], resulting in an expansion of the crystal lattice
of the phases. This expansion may contribute to the widen-
ing of the region of homogeneity of systems with co-doping
cations, as it was observed for Mg?*- and Ca?* co-dopants in
the works [82, 83]. Consequently, a high dopant concentra-
tion results in an increase in oxygen vacancy concentration,
thereby enhancing the functional characteristics of the ma-
terial.

The co-doped solid solution with Ca?* in La-sites has not
been described in literature. Similarly, there is a scarcity of
information regarding barium-containing co-doped solid
solutions with orthorhombic symmetry. Although the inves-
tigations [74, 84] were devoted to co-doped cubic phases
with a Ba2* concentration of around 40-50 mol%, this was
due to their high proton conductivity.

Consequently, the structural characteristics of pure and
doped LalnO3; materials can be summarized as follows:

i. The solubility limit for dopants in both A- and B-
sublattices was found to be narrow, with a maxi-
mum of 10 mol% for the majority of dopants.

ii. The undoped phase and most solid solutions based
on lanthanum indate crystallize in a perovskite
structure with orthorhombic symmetry. This is ap-
plicable to dopants with ionic radii that are close
to those of the host cations and to solid solutions
with narrow homogeneity regions (i.e. when x is
no more than 10-20 mol%).
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iii. The doping of materials with a large cation, either
Ba?* or Sr?*, at concentrations that are relatively
high (x=0.4) can result in the stabilization of cubic
symmetry.

iv. The lattice parameters change in accordance with
the radius of the introduced metals.

3. Hydration processes

Pure lanthanum indate cannot incorporate water due to the
complete oxygen sublattice [45, 48]. Doped LalnO3; materi-
als are capable of dissociative incorporation of water vapor
from the gas phase at temperatures below 500 °C [29, 48,
85]. In a complex oxide with impurity disordering, the in-
teraction with water molecules in the gas phase results in
the filling of oxygen vacancies with oxygen from the water
molecule. A quasi-chemical approach can be employed to
describe the process of oxygen vacancy filling during disso-
ciative water molecule incorporation into the structure of a
complex oxide. The reaction can be written by the Kroger-
Vink notation as follows [86]:

Vg + 0% + H,0 < 20H;, (3)

where OHg is the hydroxyl group in the oxygen sublattice.

In accordance with the quasi-chemical reaction of filling
oxygen vacancies with oxygen from water molecules, it is
possible to calculate the value of the maximum water up-
take, or the theoretical limit of hydration of compound.
Since the dopant concentration is relatively low (less than
10 mol%), the theoretical hydration limit is also small. The
experimental values of the degree of hydration for solid so-
lutions reach 88-90% of the theoretical value [29, 45, 84].
The theoretical hydration limit of the complex oxide has not
been reached, which can be explained by the following fac-
tors:

e The oxygen vacancies are not equivalent at the ap-
ical and equatorial oxygen positions in the crystal
lattice, which makes them difficult to access.

e Doping by acceptor impurities and the formation of
negatively charged defects A}, or By, leads to their
interaction with V{3 oxygen vacancies, which
makes it impossible for oxygen vacancies to inter-
act with water [87, 88].

An alternative approach to the hydration processes can
be taken from a crystalochemical point of view. The hydra-
tion process of complex oxides is accompanied by the intro-
duction of water molecules (that is OH™-groups) into the
structure. Consequently, this process requires sufficient
space for the placement of additional O%- atoms (or OH™-
groups). In order to estimate the available space within the
structure, one may apply the “effective vacancy size” strat-
egy as developed in the works [89-93]. In this approach,
the primary calculation parameters are the effective va-
cancy of oxygen size (rv) and the anion radius (ran). The
value of the effective radius of a vacancy of oxygen is
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related to the radius of the anion by the following expres-
sion [92]:

3—-0.5x— 0.5y 0.5x + 0.5y
Tan = 3 To 3 v

(4)

where ro is the ionic radius of oxygen (1.4 A), ran is the total
anion radius, which denotes the average radius of all oxy-
gen sites, including both occupied and vacant sites, and x, y
are the dopant concentrations.

It was found that doped aluminates and gallates LaB3*O3
exhibit low rv values and that these phases do not exhibit
proton transport. In contrast, proton-conducting doped
scandates and indates display elevated rv values [45, 92]. It
is evident that there is a limit in the values of rv below
which the OH™-groups are not incorporated into the lattice.
It seems reasonable to assume that this boundary is deter-
mined by the size rv = 1.35 A, which is consistent with the
size of the OH™-group rom = 1.35 (IV) — 1.37 (VD) A [27].
Since the calculated parameter rv depends on the size of the
oxygen ion, this parameter can be used as a criterion for the
ability to hydrate for the phases with different cations in
the A- and/or B-sublattices. The value of anion radius (ran)
for doped LalnO3; materials varies depending on the nature
of the cations and can be calculated based on the structural
data available and included in Table Si. If the values ran are
greater than 1.4 A then there is enough space to place OH™
groups.

The hydration processes of doped LalnO3 phases were
investigated in comparison with a series of other doped
LaB3*03-5 systems (B3* = Al, Sc, In, Yb, Y) [28-30]. The hy-
dration processes in these materials exhibit non-monotonic
behaviour. The substituted aluminites and gallates are un-
able to undergo significant hydration. The scandates and
indates display a high hydration level, reaching up to 90%
of the theoretical maximum. Nevertheless, upon analysis of
the data from ytterbates and ytrates, it was found that the
hydration limit is reached at 10% of the theoretical level.

The possibility of incorporation of water is directly cor-
related with the potential of the compound to exhibit pro-
ton conductivity.

4. Transport properties

4.1. Undoped perovskite LaInO;

The band structure of the LaInO; perovskite is shown in Fig-
ure S1. Pure lanthanum indate is an emerging wide bandgap
semiconductor with a bandgap of ~5.0 eV [49, 94]. The
electrical properties of LaInO3; were initially investigated in
1967 by D. Rogers [95]. Subsequently, the electrical conduc-
tivity was subjected to comprehensive analysis [44, 66, 96],
which was complemented by theoretical calculations [72].
However, there is no convergence in data regarding the
electrical properties of the LaInO; phase. Figures S2-S4 re-
produce the original temperature dependencies of total
conductivity from Ref. [43, 52, 66]. A decrease in conduc-
tivity is observed with increasing temperature for all
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curves, which is a typical behaviour of semiconductor ma-
terials. The conductivity dependences (see Figures S3-S4)
exhibit inflections in the low-conducting area at approxi-
mately 300 °C, which is not discussed in detail in works
[52, 66]. The plot log (o) vs 1000/T for the LalnOs phase,
measured in the works [43-45, 80, 97], is shown
in Figure 4.

The Figure 4 illustrates a significant data scatter, alt-
hough most of the temperature-dependencies of conductiv-
ities (lines 1, 2, 3, and 4) are within half an order of magni-
tude. It is evident that dependence 5 is overestimated.

The conditions for the preparation of LaInO; ceramics
and the conductivity data are summarized in Table 1.

In general, the sintering conditions of the ceramic sam-
ples were similar, although the conductivity differences
were significant. It should be said that the data for a single
crystal are presented by dependence 1 in the Figure 4,
which is probably the most reliable conductivity data set.

The conductivity of pure LaInO; was examined as a func-
tion of the partial pressure of oxygen in works [30, 45, 80].
The ionic transport numbers calculated for the LIO sample
were approximately 0.8 [45] over the entire temperature
range studied, indicating that the LaInO3; sample is a mixed
(ionic-electronic) conductor with a high share of ionic con-
ductivity (80 %) [45, 48]. The humidity change did not af-
fect the conductivity.

The migration of oxygen ions in the LaInOsj structure
was investigated using molecular dynamics methods [72].
Figure 5 illustrates the octahedron [InOs], demonstrating
that the migration of oxygen ions does not occur in a linear
trajectory between two adjacent oxygen atoms, but rather
in a curved trajectory.

900 800 700 600 500t, °C

_3_
~ 5
g-44 3

Q
g
N

& -6 1 e

- T T T T T T T T T
0.9 1.0 11 1.2 1.3
-1
1000/T, K
Figure 4 The temperature dependencies of electrical conductivity
for LaInOs: 1 - [97], 2 - [80], 3 - [45], 4 - [43], 5 - [44].

Table 1 Synthesis conditions of LaInO5 ceramic materials.

11971 - - - 2.5-10°°
2 [80] - 1400 2 2.7-107°
3 [45] 97 1450 24 3.910°5
4 [43] 95 1400 12 7.8.10°
5[44] 1450 12 3.8:10°5
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Figure 5 A distorted octahedron [InOg] with the In in the center
and six oxygen atoms in the corners; The symbols o, B, v, 6, €, C
indicate the trajectory of the jump. Reproduced from ref. [48]. Cop-
yright 2002, Elsevier.

The different O-O and In-O distances observed in the
LalnOj; structure, especially at the apical (O1) and equato-
rial (O2) oxygen positions, result in changes in the migra-
tion activation energy values. The oxygen atom O1 has the
possibility to undergo four distinct types of atomic transi-
tions. While some of these pathways exhibit similar
lengths, they possess distinct activation energies. Most of
the migration process from O1 entails migrating to the
nearest O2. The migration of the 02 atom through the a-c
plane can occur in two distinct pathways. Considering the
interconnectivity of the two pathways, they must traverse
each other. Furthermore, at elevated temperatures, transi-
tions may occur between the O1 positions of neighboring
octahedra. All calculated activation energy values values
were within the range of 0.70-0.84 eV [48].

4.2. Electrical properties of mono-doped LaInO;
materials

The electrical properties of pure LalnO3 can be enhanced
through the introduction of acceptor dopant in the A-site.
The effect of doping with alkaline earth metals (10 mol.%)
on electrical conductivity (Figure S2) was considered by He
et al. [52]. The nature of the dopant proves to be a signifi-
cant factor influencing the electrical conductivity of
Lao.gMeo.1In03-5. The composition Lao.gSro.1In02.95 is charac-
terized by the highest conductivity value, 7.6-1072 Q™ *-cm™
at 900 °C, in comparison with other alkaline earth metals.
This result is probably due to the favorable combination of
free migration volume and lattice expansion, with cation
replacement occurring without much distortion, in compar-
ison to other dopants.

The influence of the dopant concentration of calcium
[43] and barium [66] substituted solid solutions is illus-
trated in Figure S3 and Figure S4, respectively. No previous
reports have described similar data for strontium-contain-
ing solid solution. The data presented in literature focused
the
Lao.gSro.1In02.95 sample. In all substituted indates, an in-

on the electrical properties of mono-doped
crease in conductivity in comparison with LaInO;3 is ob-
served, resulting from the formation of oxygen vacancies as

postulated by Equation 2.
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The highest conductivity among calcium-containing
phases (Figure S3) is observed for the sample LCI-10 from
the homogeneous region. The activation energy of the sub-
stituted samples is within the range of 0.69-0.86 eV, which
indicates that the predominant contribution to the conduc-
tivity in these samples is due to oxygen-ion transport.

The homogeneity region is markedly narrow (x<0.05)
when barium doping was used [66]. The Lao.gsBao.osInO3-5
(LBI-5) sample exhibited the conductivity of
3:1075 Q*'xcm™ at 500 °C (Figure S4). Nevertheless, a slight
increase in conductivity is observed for the samples with
higher concentration of barium. It can be reasonably as-
sumed that the formation of a more symmetrical cubic
structure in phases with x>0.1 will result in an increase in
electrical conductivity. Conversely, the decrease in electri-
cal conductivity of the (LBI-15) sample may be correlated
with the critical radius parameter of the oxygen migration
channel rer [98]. In the perovskite structure, the migration
of oxide ions is enabled by the oxygen pathway. The oxygen
pathway is constrained by two A-site ions and one B-site
ion, the radius of the inscribed circle of the oxygen pathway
is referred to as the critical radius (see Figure 6).

The larger ionic radius of barium compared to that of lan-
thanum [27] leads to a narrowing of the critical radius of the
O2-migration path, thereby explaining the decrease in ionic
conductivity with increasing dopant concentration. Therefore,
the increase in oxygen vacancies is compensated for by the de-
crease in effective pathways and ion transport. Consequently,
the ionic conductivity of Ba-substituted LalnOs is strongly de-
pendent on the distribution of the dopant [54, 71].

The transport properties of cubic lanthanum indates
were subjected to the comprehensive study in the literature
[70-74]. In the Lai-xBaxInOs3-s (0.4<x<0.8) system, the
Lao.sBao.4In02.8 sample exhibits the highest conductivity of
3.16:1072 Q*xcm™ at 350 °C (Figure S5), a value that is
higher than those observed for compounds with greater ox-
ygen deficiency. The observed decrease in conductivity with
increasing barium concentration can be attributed to two
main factors. First, the symmetry is reduced from cubic to
tetragonal crystal system. Second, there is an association
between dopant cations and oxygen vacancies. The experi-
mental data were confirmed using classical molecular dy-
namics methods [73].

Figure 6 Illustration of the two-dimensional curved pathway for
oxygen migration. Reproduced from ref. [99]. Copyright 2018,
American Chemical Society.
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The substitutions in the B-sublattice were described in
only a small number of studies [44, 45, 80]. In work [44],
the composition Lalne.gZro.103+5 was obtained, exhibiting a
conductivity even lower than that of the base composition
(illustrated in Figure 7). Furthermore, the authors observed
that at low partial oxygen pressures the material undergoes
decomposition. The electrical characteristics were improved
by the introduction of the Sn?* ion with a concentration of
3 mol% [80]. The conductivity of the Zn-doped (5-7 mol%)
samples [45] was approximately two orders of magnitude
higher than that of the parent system.

4.3. Electrical properties of co-doped LaInO;
materials

The substitution of lanthanum with strontium significantly
enhances the electrical conductivity of lanthanum indate,
thereby stimulating further interest in identifying an ap-
propriate B-sublattice co-dopant. The influence of double
replacement by alkaline earth metals [52, 82], specifically
Sr?* — La3* and Ca?*"/Mg>* — In3*, acting as acceptor do-
pants within the A- and B-sublattices, respectively, was
considerable (~3 orders of magnitude). This effect is
achieved by the formation of twice as many oxygen vacan-
cies. In the case of joint acceptor and donor substitution of
Sr2*/Zr4* [44] with the same concentration of dopants, the
oxygen vacancy concentration is smaller in comparison to
that observed in double acceptor doping. Consequently, the
conductivity of these materials may be slightly lower than

REVIEW

that of acceptor-co-doped materials. The conductivity of the
co-doped samples is presented in Figure 7, where a compar-
ison with the mono-doped materials is also shown.

Figure 7 demonstrates that acceptor doping effectively
improves electrical properties. All the presented solid solu-
tions exhibited enhanced electrical conductivity in compar-
ison to the matrix compound LalnOs;. Among all investi-
gated phases with
(10 mol%) [31] and barium-containing (40 mol%) phases
exhibited the highest conductivity. Among the B-doped
phases, zinc-containing compounds exhibited the greatest
increase in electrical conductivity [45]. The highest level of

substituted A-cation, strontium-

conductivity among co-doped phases is observed for the
Lao,4Pro,4SI'o,211’10,8Mgo,203—8 [83]
Lao.oSro.1Ino.9Can.103-5 [52]. The introduction of zirconium

compositions and
into the B-sublattice, specifically via the donor doping
method, proved to be an ineffective strategy. The resulting
conductivity of the sample was even lower than that of the
parent compound.

An increase in ionic conductivity depends on two fac-
tors: the concentration of defects and their mobility. As an-
ticipated, the conductivity increased with increasing do-
pant concentration. This was demonstrated for the calcium-
doped Lao.gsCao.05In03-5 and Lao.gCao..InO3-5 samples (Fig-
ure S3). A comparable behavior is observed in co-doped
phases, wherein the total concentration of dopants reaches
20-30 mol% in Lao.gSro.1lno.gCaon.103-5s (LSIC) [52] and
Lao.8Sro.2IN0.9Zro.103+5 (LSIZr20) [44].

900 800 700 600 500 400 t, °oC
'1 ,O L e T T T T T T T T T =] —0— Li-lI:I'lO3 [45]
_1 5_ < LamsBan_aslnoz_975 [66]
i -- 'Lan‘gBanl‘ln(}!a_95 [52]
-2.0A La Ba O , [73]
_2 5_ ] === 'Laﬂ.s’CamInOL95 [43]
—_— T === .Lan.gsronlnoa.gs [52]
TE _3 'O_ Lao 951'0 lInClz o [31]
%() -3 '5_ bl 'LamMgM]nOL95 [52]
- b —k— Laln_ ngn l03 o [44]
G -4'0- LaIn Sn O [80]
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Figure 7 Temperature dependencies pure [45] and doped LaInO; materials: La, 4Ca,.,In0;-5 (LCI10) [43]; Lao.oMgo.InO5_5 (LMI10) [52];
La, ¢Sr6.,In0;5 (LSI10) [31, 52]; Lag.gsBac.osIn0;-5 (LBIOS) [66]; Lao.gBas. In0; -5 (LBI10) [52]; LagsBao.4In03-5 (LBI40) [73]; Lalne g;SNe.0303-
s (LISno3) [80]; Lalne¢Zro,03+5 (LIZr1io) [44]; LalnegsZne.os02.975 (LIZ05) [45]; LalnegsZne.os02.975 (LIZ07) [45]; Lao sSro.2Ine ¢Zr6.,05:5
(LSIZr20) [44]; LaooSroilne¢Zry 05.s (LSIZrio) [44], LagoSroiIng Cay 055 (LSIC) [52,82], Lag¢SroiIngsMgo.05-5s (LSIM) [83] and

LaoA4ProA4sroA21noASMg0A203—6 [83] .
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The most significant effect of increase of conductivity is
the Lao.gsBac.osIn0O3-5 (LBIO5) [66]
Lao.sBao.4In03-5 (LBI40) [73] phases (Figure 7). Moreover,
the observed increase in conductivity can be attributed to

evident in and

the formation of a high-symmetry cubic structure.

The mobility of the defect may be dependent upon the
geometric parameters of the structure. To illustrate a gen-
erally accepted approach, the “free volume cell” value
(Vfree) can be employed as a geometric parameter. The re-
lationship between the electrical conductivities and the
calculated values of cell volume and free cell volume for
solid solutions based on LaInO; are presented in
Table S2. Figure 8 shows the electrical conductivities at
650 °C for solid solutions based on LaInOs3 as a function of
the free volume of the cell Vfree. The ionic radius for XII-
fold coordination in the case of Lao.gMgo.1InO3-5 was ob-
tained using an approximation to the dependence of
(rxu/rvi) versus (rvi/rvi) for Me2*-cations, as shown on the
Figure S6.

In the case of phases doped on the A-sublattice with the
composition Lao.gMeo.1InO3-5 (Me = Ba2*, Sr?*, Ca2*, Mg?*),
the general trend of conductivity behavior remains the
same for both volume and free volume of the cell. The sam-
ple with the composition Lao.gMgo..InO3-5 exhibited the low-
est level of conductivity, which can be attributed to the fact
that this phase is characterized by the smallest lattice vol-
ume [52].

The introduction of zinc into the indium sublattice was
shown to result in a relatively high level of conductivity
among B-sublattice dopants, in comparison to other sub-
stituents. This is confirmed by the calculated values of

Vfree.
'2 T T b 7 T 7 T
15:4 o

=31 o 13 65 14?
g 177 . 4
$-4 _ 7 3 6 |
b =54 ,’,' Z
60 10 T
2 _

-6

94
-7_
22|.o ' 22'.4 ' 22|.8 ' 23;.2 ' 231.6 ' 24|.o
Vfree’ &

Figure 8 Conductivity values for initial (2) LaInO; and solid solu-
tions: (2) - Lag ¢sBao.05In055 [66]; (3) -Laoy oBaoy.InO55 [52];

(4) -Lao.gCao,In05-5 [43]; (5) - Lao.gSro.In05 5 [52];

(6) -La, gMgo.In055 [52]; (7) -Laln gsZNo.0502.975 [45],

(8) - Lalne.g3Z2n4.070.965 [45], (9) - Laln, ¢Zr,.:0345 [44]1;

(10) - LaoAgerJInoAgcaoAloyﬁ [52]; (11) - LaoAgsroJInoAgcaoJo}S [82];
(12) - Lao.¢Sro.Ing ¢Zr, .03 [44]; (13) - La,.gSro.2IN6.9Zr6.:05 5 [44],
(14) - Lao.qSro.1Ing sMgo..03-5 [83] and

(15) _LaoA4ProA4sroA21noA8MgoA202,S [83]
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These results demonstrate the success of acceptor dop-
ing as a method for producing oxygen-deficient and highly
conductive compounds based on LalnOs. A general trend of
increasing electrical conductivity with increasing free cell
volume Vjree of lanthanum indate-based samples was iden-
tified.

4.4. The nature of conductivity of doped LaInO;
materials

The solid solutions based on LalnOs, as the parent com-
pound, exhibit a mixed conductivity that is ionic and hole
contributions. This behavior was observed for both mono-
doped [31, 45] and co-doped materials (Figures S7-S8)
[82].

However, as the temperature decreases, ionic transport
becomes the dominant mechanism in most known lantha-
num indate-doped materials. It is notable that in the study
[68] n-type conductivity was also observed at low partial
pressure of oxygen values.

4.5. Proton transport in doped LaInO;

This section presents a summary of the experimental data
on proton conductivity in substituted LaInOs. As shown in
Table S1, the doped phases are characterized by an effective
anion radius exceeding 1.4; this criterion allows assuming
the possibility of absorbing water from the gas phase and
exhibiting proton conductivity (unlike aluminates and gal-
lates). The total conductivity as a function of oxygen partial
pressure in dry air and in 4.2% H.0O atmosphere presented
in Figure S8 for the examples Lao.gSro.iIn0O..9s [31] and
Lalne.g3Zno.0702.97 [45]. At elevated temperatures (700-
800 °C), the samples exhibited a mixed type of conductivity
in both dry and humid atmospheres [31, 45]. However, as
the temperature decreases, a tendency towards a decrease
in the positive slope of total conductivity at high pO- is ob-
served, indicating an increase in the ionic contribution to
the conductivity.

A comparison of the total electrical conductivity in dry
that in (at
pO2 = 0.21 atm) the samples exhibit a relatively weak re-
sponse to changes in humidity [31, 45]. The presence of hole
defects and subsequent decrease in their concentration dur-
ing proton incorporation does not make it possible to ob-
serve the effect of increasing the total conductivity in a hu-
mid atmosphere. However, this effect is observed in the in-
termediate and low pO- region (areas of low hole concen-
trations). The decrease in the concentration of more mobile
hole carriers compared to proton defects occurs in accord-

and humid atmospheres reveals air

ance with the equation:

H,0 + 2h* + 20% & 1/, 0, + 2(0H)3. (5)

The proton conductivity of doped LaInO3; was investi-
gated in several works [29-31, 45, 74, 84, 85]. Figure 9 pre-
sents the data on proton conductivity for mono-doped
phases, namely Lao.gSroiInO2.9s [29, 31, 85], Lao.sBao.4In0s-5

[74], [45] and

LaIno,93Zno,o702,975 LaIno,SZno,502,75.
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Furthermore, the data include co-doped
Lao.9Sro.1IN0.9Mgo0.103-5 [30], Lao.6Bao.4INo.75Ybo.2503-5 [74]

and Lao.sBao.sIno.sYbo.s03-5 [84] samples. The activation en-

samples

ergy of proton conductivity was estimated within the tem-
perature range of 300-600 °C, and the resulting values are
presented in Table S3. A comparison of relative densities is
also presented in Table S3. As can be seen, the investiga-
tions were performed under different conditions, thus the
comparative analysis demonstrates the general trends.

The Lao.gSro.1In0-2.95 sample exhibits one of the highest
proton conductivity values. Moreover, the proton conduc-
tivities of LSI10 (lines 1, 2 and 3) described in the works
[29, 31, 85] are in agreement with one another. These
phases exhibit the typical Ea. (~0.5 eV) values associated
with the Grotthuss mechanism of proton transport [101,
102]. The incorporation of strontium as a dopant into the
lanthanum positions is complete due to the lowest dissolu-
tion energy (Figure 2). As a result, La3* (r = 1.36 A for the
XII-fold coordination [27]) and Sr?* (1.44 A, for the XII-fold
coordination) are the most suitable A-site ions for improv-
ing conductivity [103]. The observation that the Sr**-doped
samples exhibit the highest proton conductivity among al-
kaline earth dopants is a common property for many
LaB3*0; systems.

The introduction of Ba?* into La-sites was performed at
a high concentration of the dopant, leading to the creation
of a high concentration of oxygen vacancies capable of in-
corporation of water. Moreover, Lao.éBao.4In03-s sample is
characterized by high-symmetry cubic structure. Therefore,
it can be expected that these factors will result in an even
higher level of proton conductivity. However, the Ba2*-
doped sample (line 4 on Figure 9) exhibits a lower proton
conductivity than the strontium-doped sample, and its Ea
value is the highest among the samples. As shown in Table
S3, the conductivity was measured in a humid nitrogen at-
mosphere.

1000800 600 400 200 t, °c
T T T T T T T

0:8 1.Io 1,l2 1.l4 1.‘6 1:8 2.lo 212 2?4
1000/T,K

Figure 9 The proton conductivity for La, ¢Sro,In0, 5 (LSI10):
1 -[29], 2 -[85], 3 -[31]; 4 - Las.cBao 4In0;.5 (LBI40) [74];
5 - LalN,.g3ZN0.0705.675 (LIZ07) [45]; 6 - Laln, 521650575 (LIZ50)
[100]; 7 - Lao.oSro.1Ine oMgo.105-5 (LSIM10) [30],
8 - Lag.eBao 4Ing ;5Ybo 2503-5 (LBIY40) [74], and
9 - Lao.sBaosIng sYbo s05-5 (LBIY50) [84] samples.
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In contrast, the conductivity of other samples was meas-
ured in a hydrogen-containing atmosphere. As a result, the
proton transport level cannot be compared.

Additionally, the incorporation of a substantial quantity
of negative charged acceptor defects may lead to defect as-
sociation and consequently decrease the concentration of
available oxygen vacancies, thereby reducing the proton
conductivity [87, 88] A similar effect is observed in the case
of samples containing zinc (line 5, 6).

The co-doping Sr?*/Mg2* (line 7 on the Figure 9) re-
sulted in a decrease in proton transport, initially induced
by Sr?*-doping. These results are difficult to interpret due
to the absence of comprehensive data related to the exper-
iment description. Additionally, the authors [30] have
claimed that the LSIM sample exhibited degradation during
the measurements.

The co-doped samples Ba?* —La3* /Yb3* —In3* (line 8
and 9 on Figure 9) exhibit high proton conductivity. The
Yb3* is an isovalent dopant that does not affect the concen-
tration of oxygen vacancies. However, the ionic radius of
the Yb3* cation (r = 0.868 A for the VI-fold coordination) is
larger than that of the In3* cation (r = 0.800 A for the VI-
fold coordination) [27], resulting in an expansion of the
unit cell, which is a favorable factor for enhanced proton
transport.

As shown in Figures 7-9, the use of various acceptor
dopants, especially alkaline earth elements, led to a no-
ticeable increase in the conductivity of LaInOs;. However,
the presence of alkaline earth elements is undesirable
from the point of view of possible deterioration of chemi-
cal stability, as was observed for A>*B4*O3; perovskites. A
detailed discussion of the chemical stability of doped
LaInOs is presented in Section 5. Nevertheless, the LaInO3
system is doped at relatively low concentrations, which
will have a minor impact on chemical stability compared
to the benefit of a significant impact on electrical conduc-
tivity levels.

The proton conductivity of substituted lanthanum in-
date was compared with that of other LaBOs; perovskites.
The most commonly discussed solid solutions containing
Sr?* in the La-sites were selected for comparison. Figure 10
shows the temperature dependence of the proton conduc-
tivity of Lao.oSro.1B3*03-5 (B3* = Sc, In, Yb, Y) materials. Ta-
ble S4 compares proton conductivity activation energies,
relative densities,
Lao.gSro.1B3*03-5 phases. Furthermore, the data for known

and measurement conditions for
proton conductors, doped BaCe(Zr)Os, are provided in Fig-
ure 10 for additional comparison.

As seen in Figure 10, the proton conductivity of known
proton conductors based on BaCe(Zr)Os is higher than that
of LaB3*Os. the proton conductivity of
Lao.9Sro.1In03-5 to that for
BaZr,sY,.0;-6 materials (line 7) and even exceeds it (line 6)
at T < 400 °C. Thus, Sr-substituted LalnO3 phase have ac-

Nevertheless,

samples is comparable

ceptable level of proton conductivity.
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Figure 10 The proton conductivity for (1) - BaCe, ;Zr,1Y0.205-5
[104]; (2) - BaCe;.8Y0.205.5 [104]; (3) - BaZr,sYo.2055 [104];
Las.9S16.5¢02.95: (4) - [105], (5) - [29]; Lao.gSro.In0,45 : (6) -[29],
(7) - [85], (8) - [31]; La4Sro.,Yb02 o5t (9) - [37], (10) - [106]; and
La, ¢Sro,Y0, o5 (11) - [29], (212) - [31] samples.

The protonic transport of Lao.gSro.1B3*0s3.5 samples in-
the following
The relationships between the proton

creased in series of substituents:
Y = Yb<In<Sc.
transport of lanthanum-containing perovskites and their
composition were discussed in the works [28-30].

Figure 11 shows the protonic transport numbers of the
Lao.oSro.1B3*05.5 (B3* = Al, Ga, Sc, In, Yb, Y) samples [29] and
their correlation with anion radii values. The radii anion
values were calculated from the available unit cell parame-
ters outlined [31, 35, 37, 82, 92, 105] and are presented in
Table 2.

It can be discerned that a set of lanthanum-containing
perovskites LaB3*O3 (where B3* = Al, Ga, Sc, In, Yb, Y), ex-
hibit a tendency towards certain regularities. The proton
transport is absent from the phases characterized by a
smaller anion radius, ran, including those observed in alu-
minates and gallates, where the size of the B-cation is rela-
tively small. Materials based on LaYO3; and LaYbO;3; exhibit
a predominantly proton transport nature and are charac-
terized by increased ran values and a large ionic radius of
cations (Yb, Y). The remaining phases are typified by co-
ionic transport, in which the role of proton transport be-
comes increasingly significant as the ionic radius of both
the B cation and ran increases.

Table 2 Structural characteristics and protonic transport numbers
[29] for the La, oSr,,B3*0;, (B3 = Al, Ga, Sc, In, Yb, Y) materials.

B* rB*A) V(@) a4 ram(@) Stu. [Ref]
Al 0.535 54.39(1) 3.788(9) 1.383(3) o.01 [31]
Ga 0.620 58.93(2) 3.891(5) 1.395(7) o0.01 [92]
Sc 0.745 66.98(2) 4.061(2) 1.425(3) 0.88 [105]
In 0.800 70.04(3) 4.122(1) 1.430(1) 0.67 [82]
Yb 0.868  73.99(5) 4.198(2) 1.436(4) 0.99 [37]
Y 0.900  75.52(5) 4.226(9) 1.435(2) 0.99 [35]

2 Equivalent cubic unit cell parameter was calculated as the cube root of
the Veen.
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Figure 11 The protonic transport numbers [29] as a function of the
ran values for various Lag oSro.,B3"0;, (B3 = Al, Ga, Sc, In, Yb, Y),
calculated with using XRD data from the works [31, 35, 37, 82, 92,
105].

5. Chemical stability in CO. and H.

The pure LalnOj; complex oxide, as well as other lantha-
num-containing perovskites, is chemically stable towards
to components of the gas atmosphere. The introduction of
an alkaline earth element as a dopant, even at compara-
tively low concentrations, can result in the degradation of
the LaInO3; materials. He et al. [31] investigated a chemical
stability Lao.gSro.1In02.95 sample in reducting atmosphere.
The peaks of indium metal in the XRD pattern were ob-
served after exposure to 1% H. atmosphere. When the
concentration of H», reached 20% H., an additional phase
of La.SrOx was formed. In addition, the sample demon-
strated poor chemical stability in a carbon oxide atmos-
phere comprising 80% CO / 20% CO.. That is, at certain
concentrations of alkaline earth metal dopants, the oxides
lose chemical stability [52].

In contrast to alkaline earth elements, a the presence of
zinc as a dopant does not lead to a deterioration in chemical
resistance [45]. The chemical stability of Zn-doped samples
treated in a carbon dioxide (50% CO> /50% air) atmos-
phere at temperatures up to 500 °C was confirmed by var-
ying pO- and pH-0 conditions.

Therefore, it is important to determine the optimal com-
position of the material in order to achieve the desired
chemical resistance and ensure its suitability for practical
applications; for example, an acceptable strategy is to use
two dopants with minimal concentrations: Sr>* — La3* and
Zn?* — In3*. Doping with strontium increases the conduc-
tivity of the material, while the introduction of zinc pre-
serves its chemical composition and structure.

6. Thermomechanical properties

The LalnOs-based materials have the potential to work ef-
fectively as electrolytes in SOFCs. For optimal and long-
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term functionality of electrochemical devices, it is critical
to achieve appropriate thermomechanical compatibility be-
tween the electrolyte and electrode materials.

Table 3 lists the TEC values for LaInOs-doped materials
[43, 66, 69, 113, 114] in comparison with other electrolytes,
including LaB3*03 [33, 36, 37, 41, 115-117], BaCeOs3 [33], Ba-
ZrO3 [104] and 8YSZ [118]. As seen, LalnO; materials are
distinguished by their low values of thermal expansion co-
efficients (TEC, a), which is in the range between 6 and
10-10°% K. In general, these values are similar to those of
both the other lanthanum-containing perovskites and the
well-known oxygen-ion electrolytes. These TEC values are
in the range required for SOFC applications.

7. Limitations

One of the limitations of this study is the unavailability
of data on the relative density for doped samples in the
literature, which would facilitate a more detailed analy-
sis of conductivity. Furthermore, there is a scarcity of
data in the existing literature on the limits of hydration
in doped samples and their proton conductivity. A com-
prehensive analysis of studies on proton transport, in-
cluding proton conductivity and proton mobility, is pos-
sible since the investigations were carried out under dif-
ferent conditions.

Table 3 Average thermal expansion coefficients values for LaInO,-
materials and a set of known electrolytes.

REVIEW

8. Conclusions

The review summarizes the data on the structure, hydra-
tion processes, transport and thermomechanical proper-
ties, as well as the chemical stability of solid solutions
based on LaInOs. The use of a wide range of acceptor do-
pants, including alkaline earth elements, was demonstrated
to enhance the transport properties. It was found that there
is a general trend of increasing electrical conductivity with
an increase in the value of the free cell volume. The highest
conductivity is observed in mono- and co-doped materials
containing strontium in the A-sublattice. Further prospects
for the development of the materials based on LalnO3; may
be associated with the development of co-doped strategy,
whereby the optimal balance between high conductivity
and chemical stability can be achieved.
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