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Abstract

The oxide-ion conducting phases La0�95Sr0�05GaO3ÿd
(LSG), La0�95Sr0�05AlO3ÿd (LSA) and Y0�95Sr0�05
AlO3ÿd (YSA) have been synthesised, either by solid
state reaction or through a chemical route. Structural
and microstructural characterisation was carried out
using XRD and SEM/EDS techniques and a.c. impe-
dance spectroscopy (250±1000�C) was employed to
determine the electrical properties. Although low-
temperature impedance results were strongly
dependent on phase purity and microstructure, high
temperature electrical conductivity data could be
used to compare the electrical conductivities of LSG,
LSA and YSA. Chemical modi®cation from the well-
known Sr-doped lanthanum gallate via replacement
of di�erent cations on the A and/or B site decreased
the conductivity, increased the activation energies
and decreased the ionic conductivities. From the
results, there is no simple correlation between oxygen
ion conductivity and geometric aspects related to unit
cell parameters and cation radii. Instead, cation
polarisability seems to play an extremely important
role in designing improved oxygen ion conductors
based on the perovskite structure. # 1999 Elsevier
Science Limited. All rights reserved

Keywords: electrical properties, perovskites,
microstructure: ®nal, lanthanum gallate, ionic
conductivity.

1 Introduction

Potential applications of oxygen ion conductors
are numerous, including uses such as components

in oxygen sensors, oxygen pumps and oxygen-
permeable membranes. They have also been studied
for application in solid oxide fuel cells (SOFC),
which o�er a clean, pollution-free alternative
energy source for the electrochemical generation of
electricity at high e�ciency.
The most widely researched oxide ion con-

ductors are those with the ¯uorite structure which
contain tetravalent cations, such as zirconium
(ZrO2) and cerium (CeO2).

1 Currently, Y2O3-sta-
bilised ZrO2 (YSZ) is the most common electrolyte
used in SOFCs, however, the oxide ion con-
ductivity in YSZ is rather low for fuel cell applica-
tions. Due to the low conductivity, SOFCs which
use YSZ electrolytes must operate at around
1000�C, which leads to problems associated with
high costs and the ability of the materials to func-
tion at the operating temperature. In particular,
there are problems associated with phase stability
of the various component materials and their
compatibility at ca 1000�C.
These constraints have led to the investigation of

other possible oxide-ion conducting materials,
including ABO3 oxides based on the perovskite
structure. Perovskites o�er numerous advantages,
including the stability of the crystal structure, the
variety of elements which can be accommodated in
the crystal lattice, and the ease with which oxygen
vacancies can be produced by partial substitution
of the A- and/or B-site cations with lower valence
cations. The suitability of a wide range of per-
ovskitic oxides as potential oxide ion conductors
have been analysed.2±7 Recently, LaGaO3-based
perovskite-type oxides have been shown to exhibit
extremely high oxide-ion conductivity.2±6 Before
this discovery, research into oxide ion conducting
perovskite-based materials had led to disappoint-
ing results.7 The LaGaO3-based perovskite-type
oxides have ionic transport numbers close to unity,
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exhibit large electrolytic domains and are insensi-
tive to moisture, all of which are essential char-
acteristics for an electrolyte material in high-
temperature fuel cells.2±6

The electrical conductivity of LaGaO3 depends
strongly on the alkaline earth cation which is
doped on the La site, and increases in the order:
Sr>Ba>Ca. A-site doping with a cation of lower
oxidation state can lead to a large number of oxide
vacancies being formed and, therefore, to an
increase in oxide-ion conductivity. The electrical
conductivity increases with the level of Sr-doping
and reaches a maximum value at x=0.1 in
La1ÿxSrxGaO3.

5

The in¯uence of B-site doping on the electrical
properties of LSG-based materials has also been
studied. The electrical conductivity of La0�9Sr0�1
GaO3 increases with partial substitution of Mg, Al
or In for Ga, with Mg producing the largest
increase in the conductivity. The solid solution
limit and maximum value of oxide ionic con-
ductivity in La0�9Sr0�1Ga1ÿyMgyO3 was observed
for y=0.2.5

Doped-LaGaO3 materials are promising oxide
ionic conductors, with conductivity values higher
than that of the ¯uorite-type ZrO2- or CeO2-based
materials. However, there are problems associated
with using LSG-based materials as solid electro-
lytes in SOFCs. In particular, the high cost of gal-
lium compounds and their low mechanical
strength, especially at fuel cell operating tempera-
tures, means that replacement of Ga in these
materials is highly desirable.
In this paper, we describe the synthesis of La0�95

Sr0�05GaO3ÿ� (LSG), La0�95Sr0�05AlO3ÿ� (LSA) and
Y0�95Sr0�05AlO3ÿ� (YSA), their structural and
microstructural characterisation and the measure-
ment of their electrical properties using, for the
most part, a.c. impedance spectroscopy in air
(250±1000�C). The central objective was to observe
the e�ect, if any, of di�erent A and B site cations
on the electrical conductivity of these perovskite-
based materials. An A site Sr-doping level of 5%
was chosen in order to generate a reasonable con-
centration of oxygen vacancies and to avoid the
formation of secondary phases as the solubility
limit of Sr in lanthanum gallate occurs at 10% Sr.5

The other host cations were chosen in order to,
preserve electroneutrality, have similar chemical
characteristics (Al and Ga are both in group XIII
of the periodic table and Y3+ is a common repla-
cement for trivalent rare earth cations such as
La3+ and Dy3+) but have di�erent ionic radii. In
order to obtain a comparative analysis of the role
of A- and B-site cations on the electrical properties
in this series of perovskites, we consider LSA as a
reference material; LSG and YSA then provide

examples of materials containing larger B-site and
smaller A-site cations, respectively.

2 Experimental

2.1 Sample preparation
LSG was prepared by the conventional ceramic
route from appropriate stoichiometric amounts of
La2O3, SrCO3 and Ga2O3. The reagents were
mixed, wet-milled in ethanol with zirconia balls in
a Te¯on container. The dried mixture was then
calcined at 1100�C for 12 h, ball-milled again, dried
and screened through a mesh in order to obtain a
powder fraction with an average particle size of less
than 30�m. The powder was pressed into pellets
using a 20mm die and sintered at 1500�C for 4 h in
order to obtain dense pellets.
LSA was initially prepared by the conventional

ceramic route from stoichiometric amounts of the
reagents La2O3, SrCO3 and Al2O3. The experi-
mental procedure was the same as described for the
LSG sample, but due to incomplete reaction at
1500�C, sintering was repeated at 1675�C for a
further 4 h. As the sintered pellets were of low
density, an alternative synthetic route via a chemi-
cal precipitation method was employed in an
attempt to obtain higher surface area powders
which could then be sintered into high density
ceramics.
The chemical precipitation route involved pre-

paring solutions of La3+ and Al3+ (of known
concentrations) from the addition of HCl to La2O3

and Al(OH)3, respectively. The precipitation
method involved mixing the metal cations in
appropriate stoichiometric proportions, followed
by addition of NH4OH solution, in order to obtain
the La(OH)3 and Al(OH)3 precipitates with mixing
on a micron scale. This precipitate was ®ltered,
washed and dried overnight at 60�C, ball-milled
with a stoichiometric amount of SrCO3, then dried
and calcined at 1100�C for 12 h. The mixture was
then ball-milled again, screened through a 30�m
mesh and pelletised as before; ®nal ®ring took
place at 1700�C for 4 h.
YSA was also initially prepared by the conven-

tional ceramic route using the reagents Y2O3,
SrCO3 and Al2O3 in stoichiometric proportions.
The reagents were mixed, ball-milled and calcined
at 1100�C for 12 h but limited reaction had taken
place at this temperature, so the mixture was
re®red at 1500�C for 12 h. Considering the exces-
sively high temperature required to achieve reaction
between precursors, sintering of these powders
to produce dense pellets was di�cult; YSA was,
therefore, also prepared by the chemical precipita-
tion route.
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The chemical precipitation route involved using
YCl3 and the previously prepared Al3+ solution in
appropriate stoichiometric proportions. The solu-
tions were mixed as before and excess NH4OH
solution was added to raise the pH in order to
obtain a precipitate of Y(OH)3 and Al(OH)3. This
precipitate was treated in the same manner as the
chemically prepared LSA sample, with unreacted
pellets ®red at 1700�C for 4 h.
Characterisation of samples initially involved

XRD analysis of both calcined and sintered mate-
rials, over a 2� range from ca 0±80�. Further
characterisation was obtained from SEM and EDS
analysis, which were used to determine the degree
of homogeneity, average grain size and porosity of
the samples. Samples for SEM and EDS analysis
were polished with diamond paste (7�m) and
thermally etched by heating to 90% of their sin-
tering temperature for 30min. All samples were
carbon coated prior to SEM and EDS analyses.
Electrical measurements were carried out by a.c.

impedance spectroscopy in air with an HP 4284A
impedance analyser over a frequency range of 20 to
106Hz. Measurements were recorded over a tem-
perature range of 250±1000�C, with readings taken
every 50�C at temperatures below 500�C and every
100�C above 500�C. Measurements were taken 1 h
after changing the furnace temperature, to ensure
the samples had attained thermal equilibrium.
Complementary electrochemical measurements
(conductivity versus oxygen partial pressure and
ion-blocking) were also performed to separate
ionic and electronic conductivities. Details on the
latter measurements are presented elsewhere.8

Samples for electrical measurements were pre-
pared by polishing pellets with a series of increas-
ing ®ner grade SiC grinding papers, before the
application of platinum paste to pellet surfaces.
Platinum paste (approximately 5mm in diameter)
was applied to the centres of both major faces of
the pellets before being ®red at 1000�C to remove
all organic matter.

3 Results and Discussion

3.1 Sample characterisation
The XRD powder pattern of LSG, shown in
Fig. 1(a), indicated that the phase has the GdFeO3-
type orthorhombic perovskite structure, iso-
structural with LaGaO3 (I.C.D.D. no. 24-1102). A
small amount of unidenti®ed impurity phase was
present (<5%). Rietveld re®nement of the crystal
structure of the orthorhombic phase in S.G. Pnma
with the program FULLPROF9 gave the following
unit cell: a=5.5225(6), b=7.7683(5), c=5.4589(9)
AÊ (unit cell parameters for all phases are presented

in Table 1. LSG pellets were mechanically strong
and dense, with a density value of over 94% of the
theoretical density. SEM analysis con®rmed the
high density of the sample, and indicated a uniform
composition and grain size, with an average grain
diameter of around 1�m (Fig. 2). EDS analysis
indicated that the chemical composition was close
to that of the desired phase.
The LSA samples prepared by both chemical and

ceramic routes have simple cubic perovskite struc-
tures (S.G. Pm3m). Re®nement of the structure by
the Rietveld method indicates that, within the e.s.d.
limits, the magnitude of the unit cells prepared by
chemical and ceramic methods are equivalent:
3.7914(4) and 3.7915(4) AÊ , respectively [Fig. 1(b)
and Fig. 1(c)] LSA samples prepared by the con-
ventional ceramic route were of low density,
around 77% of the theoretical density, whilst those
prepared by the chemical route had greater
mechanical strength and density, over 89% of the
theoretical density. Although XRD indicated that
LSA prepared by the two methods have identical
structures, SEM and EDS analyses indicated that
there were large di�erences in microstructure
between the two samples. The sample prepared by
the ceramic route was con®rmed to be a highly
porous, ®ne grained material, with an average
grain size of less than 1�m (Fig. 3). SEM analysis
indicated that the material was single phase, whilst
the EDS analysis indicated that the chemical com-
position was close to that of the desired phase.
In contrast, SEM and EDS analyses of the phase

prepared by the chemical route indicated the pre-
sence of three phases (Fig. 4). SEM analysis
revealed a dense sample, composed of two phases
with large grains and a third phase with a ®ne grain
matrix. EDS analysis indicated that the large, dark
grains (grain A, Fig. 4) were extremely rich in Al
(ca 88 atm%), with a low La content (ca 9 atm%)

Fig. 1. XRD powder di�raction patterns of (a) LSG (ceramic
route), (b) LSA (chemical route), (c) LSA (ceramic route),
(d) YSA. (chemical route)Ðthe perovskite peaks are identi-
®ed with the mark & and the major garnet peak is marked

with a ~.
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and a signi®cant level of Sr (ca 3 atm%). The large
lighter grains (grain B, Fig. 4) were found to con-
tain a high level of La (ca 64 atm%) with a lower
level of Al (ca 36 atm%), and virtually no Sr (ca
0.3 atm%). The ®ner grainedmatrix (grain C, Fig. 4)
had a composition close to that of the desired phase,
but with slightly less Sr than expected. The grain
size of the main phase (®ne grained matrix) was ca
2±3�m and therefore slightly larger than that of
the LSA prepared via the mixed oxide route.
The refractory nature of the reagents made it

di�cult to achieve phase purity and to sinter dense
pellets of LSA via the mixed oxide route. Failure to
produce single phase materials from the chemical
precipitation route was probably associated with
the poor control of the stoichiometry of the pre-
cursor La(OH)3±Al(OH)3 powder. In order to try
and produce phase-pure, chemically precipitated
LSA material, the preparation route was altered
slightly; a solution of LaCl3 and AlCl3 was added

to an excess of NH4OH, rather than adding the
NH4OH to the chloride solution. This method was
employed in order to prevent problems associated
with the pH slowly increasing as the NH4OH
was added, thus avoiding problems associated with
the precipitation of La3+ and Al3+ at di�erent pH
values. a.c. impedance measurements on this LSA
sample showed similar behaviour to the LSA sam-
ples prepared via the other routes.
The XRD powder pattern of YSA, Fig. 1(d),

indicated the presence of two phases: the orthor-
hombic GdFeO3-type perovskite structure (I.C.D.D.
no. 34-41) and a cubic phase of similar composition
with the garnet structure (I.C.D.D. no. 38-222).
Re¯ections from the perovskite phase are indicated
in Fig. 1. Re®nement of the more dominant
orthorhombic phase gave the following unit cell:
a=5.328(6), b=7.417(9), c=5.208(6) AÊ . The YSA
pellets prepared by the chemical precipitation
route were mechanically strong and dense. SEM

Table 1. Phase identi®cation and cell parameters for LSG, LSA and YSA

Nominal compositions La0�95Sr0�05GaO3ÿd
(ceramic)

La0�95Sr0�05AlO3ÿd
(ceramic)

Y0�95Sr0�05AlO3ÿd
(chemical)

Major phase Perovskite Perovskite Perovskite

Symmetry Orthorhombic Cubic Orthorhombic

Lattice parameters a=5.5225(6) a=5.328(7)
(AÊ ) b=7.7683(5) a=3.7915(4)a b=7.417(9)

c=5.4589(9) c=5.208(6)

Unit cell volume (AÊ 3) 234.19(2) 54.51(1) 205.81(6)

Theoretical Densityb (g cm3) 7.19(1) 6.42(3) 5.25(2)

Equivalent `cubic'
lattice parameter (AÊ )

3.9000 3.7915 3.719

Secondary phase Unidenti®ed Unidenti®ed Cubic garnet

aA similar value was found for the chemically processed LSA [a=3.7914(4) AÊ ].
bAssuming the nominal compositions and that Sr in the A-site is compensated by oxygen vacancies, i.e. [SrLa

0]=2 [Vo
**

].
cTo estimate the critical radius shown in Table 2. For orthorhombic symmetry, the equivalent `cubic' parameter (`a') was estimated
by calculating the volume (V) which one perovskite formula unit would occupy in the orthorhombic unit cell (`a'=V1/3).

Fig. 3. Scanning electron micrograph of polished and ther-
mally etched surfaces of LSA (ceramic method).

Fig. 2. Scanning electron micrograph of polished and ther-
mally etched surfaces of LSG.
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con®rmed the density of the sample, and also
revealed the presence of two distinct areas, one of
large grain size, and the other a matrix of small
grain size (Fig. 5). The larger areas had grain sizes
ranging from around 5±20�m, whereas the matrix
had an average grain size of 2±3�m. EDS analysis
indicated that both the large- and small-sized
grains had chemical compositions similar to that of
the desired phase. The large- and small-grain
regions are most likely to be associated with garnet
and perovskite forms, respectively, in accordance
with the XRD data.

3.2 Electrical characterisation
The a.c. impedance data of LSG (see Fig. 6) in air
showed two distinct arcs: a small, high frequency
arc attributed to the bulk response (associated
capacitance value around 10ÿ12 F) and a larger
grain-boundary arc (associated capacitance value
10ÿ11±10ÿ8 F); there was also an electrode spike at
low frequencies (associated capacitance value
10ÿ7±10ÿ5 F) which became more apparent with
increasing temperature. Bulk and grain boundary

conductivities as a function of temperature are
shown in the form of an Arrhenius plot (Fig. 7).
Activation energies for each component were cal-
culated from the Arrhenius plots at both high and
low temperatures.
The bulk activation energy (Ea) is usually the

sum of a migration enthalpy (�Hm) and an asso-
ciation enthalpy (�Ha) term. At low temperatures,
both are present, but with increasing temperature
the Coulombic forces between positive (oxygen
vacancies) and negative defects (A-site dopant)
decrease due to increased thermal energy, leaving
only �Hm at elevated temperatures.10 The obvious
change in slope between the low temperature bulk
conductivity (Ea=72.4 kJmolÿ1) and the high
temperature total conductivity (governed by the
bulk transport, with �Hm=60.3kJmolÿ1) is con-
sistent with this general trend (Fig. 7), and provides
an estimate for the association enthalpy (�Ha) of
12.1 kJmolÿ1. For 10% Sr-doped LSG, similar
values were reported for the high temperature
migration enthalpy (55.0 kJmolÿ1) and low tem-
perature bulk conductivity (66.6 kJmolÿ1.11 Over-
all, the association enthalpies are small in both
cases and similar (or even lower) than those repor-
ted for oxides with the ¯uorite-type structure.10

The resistive nature of the grain boundary, with
a high activation energy (ca 90 kJ/molÿ1), prevents
the material exhibiting the high conductivity asso-
ciated with the bulk response. This highly resistive
grain boundary response has been attributed to the
formation of a Sr-rich liquid phase which forms
during high temperature sintering11 and is located
at the grain boundaries.

Fig. 4. Scanning electron micrograph of polished and ther-
mally etched surfaces of LSA (chemical method).

Fig. 5. Scanning electron micrograph of polished and ther-
mally etched surfaces of YSA (chemical method).

Fig. 6. Impedance spectrum of LSG (ceramic method), in air.

Fig. 7. Arrhenius plots of total, bulk and grain boundary
conductivities of LSG.
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Impedance analysis was carried out on LSA pel-
lets prepared by both the ceramic and chemical
precipitation routes. The ceramic LSA was found
to be more resistive than the LSG sample (Fig. 8),
with only one discernible arc present in the impe-
dance plots with an associated capacitance value of
around 10ÿ10 F. This behaviour is typical of a
poorly sintered ceramic. The porosity (slightly
higher than 20%) can also account for a relatively
small drop in conductivity with respect to a dense
pellet. In the case of zirconia-based electrolytes, an
approximate relationship is observed between por-
osity (up to ca 30% porosity) and a decrease in
conductivity. For every 10% increase in porosity, a
drop in bulk conductivity of about 20% (from the
value observed for the fully dense material) is
observed.12 This observation is relevant to the
conductivity values observed for the materials
under study because although the conductivities of
LSA are more than one order of magnitude lower
than for LSG, such large di�erences in con-
ductivity cannot be rationalised only by sample
porosity.
The LSA samples prepared via chemical pre-

cipitation were observed to be very resistive mate-
rials, with a single, large arc only becoming
apparent around 500�C. The arc had an associated
capacitance value of around 10ÿ9 F. The relaxation
frequency of this arc was di�erent to that observed
for LSA samples prepared via the mixed oxide
route. The presence of secondary phases in these
samples is likely to have a considerable e�ect on
the measured electrical properties, especially at low
temperatures. Due to the poor quality and inho-
mogeneous nature of the LSA samples prepared
via the precipitation route, all subsequent mea-
surements for LSA materials relate to the samples
prepared via the mixed oxide route.
Impedance analysis of YSA indicated that these

samples were the most resistive of all the materials
studied (Fig. 9) with a single, large unsymmetrical
arc only appearing at temperatures above 600�C.
This arc is likely to be a complex combination of
the bulk and grain boundary responses, together
with a composite e�ect due to the presence of the
garnet phase. The presence of insulating phases

dispersed in a solid electrolyte is known to be able
to change dramatically the shape of the complex
impedance plane plots due to ion-blocking e�ects
associated with the dispersed phase.13 No attempt
was made to resolve this arc into di�erent con-
tributions. However, as the perovskite was the
dominant phase and the garnet a dispersed phase,
the general behaviour of the sample is believed to
be governed by the perovskite phase, albeit with
conductivity values which might be lower than for
the pure perovskite. Comments similar to those
already made for the LSA samples concerning the
role of porosity are also relevant in this case, based
on the known role of insulating phases (e.g. alu-
mina) dispersed in solid electrolytes (e.g. yttria
stabilised zirconia).13 A small arc with an asso-
ciated capacitance of ca 10ÿ7 F was also present at
low frequencies, and was attributed to an ion
blocking, electrode response.
The conductivities obtained from the LSA and

YSA impedance plots were used to produce
Arrhenius plots from which activation energies
were calculated. The values were higher than for
LSG, and the conductivities were lower. As men-
tioned previously, in doped non-stoichiometric
oxides, defect association commonly takes place
between the dopant cations and the compensating
oxygen vacancies. Due to the di�culty in separat-
ing bulk and total conductivities at low tempera-
tures, association enthalpies in LSA or YSA could
not be estimated from the data. Improved proces-
sing routes leading to better microstructures may
provide better quality ceramics from which data on
the correlation between ion size and association
enthalpies in these families of materials can be
obtained. Considering the problems encountered in
the preliminary characterisation of the di�erent
samples, only the electrical properties of two sam-
ples prepared by the ceramic route (LSG and LSA)
and one chemically prepared sample (YSA) are
considered in the following discussion.
Although the total conductivity could be deter-

mined from the impedance spectra, it was not pos-
sible to separate the ionic and electronic
conductivities in these materials via impedance
spectroscopy measurements conducted in air. This

Fig. 9. Impedance spectrum of YSA (chemical method), in air.Fig. 8. Impedance spectrum of LSA (ceramic method), in air.
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is often a major problem when attempting to cor-
relate the structural characteristics of these materi-
als with their electrical properties. An associated
problem is that this lack of information makes it
more di�cult to identify relevant criteria which may
be of use when designing new solid electrolytes with
the perovskite structure.
In order to obtain more information on the ionic

and electronic conductivity of these materials, a
detailed additional electrochemical characterisa-
tion was carried out.
This consisted of high-temperature constant-fre-

quency (10 kHz) conductivity measurements as a
function of oxygen partial pressure and ion-block-
ing measurements.14 The value of these techniques
in determining mixed conduction in similar systems
is well documented.8,15 The former technique
usually provides enough information to separate
ionic from electronic contributions when the ionic
transport number is clearly lower than unity. The
appropriateness of these constant frequency mea-
surements has already been demonstrated for a
variety of materials,8,15 and was checked in the
present study. Ion-blocking measurements are, on
the other hand, especially useful for electrolytes
with only minor electronic conductivities.8,15

A typical set of results obtained for constant
frequency measurements at 900�C is shown in
Fig. 10. Separation of ionic from electronic con-
ductivity contributions was easily performed in the
case of LSA and YSA because of the dominance of
ionic conductivity under reducing conditions
(almost constant conductivity) and the clear onset of
p-type conductivity in more oxidising conditions.
The ¯atness of the LSG curves justi®ed the need
for the ion-blocking technique. Details of the
experimental results and procedure adopted in the
treatment of these data are described elsewhere.14

A summary of relevant data necessary for the fol-
lowing discussion is shown in Table 2.

3.3 Correlation between structure and ionic
conductivity
In perovskite compounds, migration of anions is
via a vacancy mechanism that takes place most
readily along the h110i edges of the anion octahe-
dra. A parameter, rcrit, can be calculated, which is
the critical radius between two A-site cations and a
B-site cation (Fig. 11) through which an anion can
pass without disturbing the surrounding cations.
Large values of rcrit result in less disturbance of the
surrounding lattice as the anion migrates through
the saddle point, and thus lower the saddle point
energy. Using a simple geometric calculation, the
value of rcrit can be calculated for any perovskite
material from the ionic radii and unit cell values.
The reported trends are; (a) an increase in B-site
cation size increases rcrit, and (b) a decrease in A-
site cation size increases rcrit. In previous work, rcrit
has been identi®ed as a relevant parameter to cor-
relate with migration enthalpies.10

From the lattice parameters given in Table 1 and
reported ionic radii, Table 2, it is possible to cor-
relate the critical radius with the ionic conductivity
and activation energy for ionic conduction in LSG,
LSA and YSA; details are given in Table 2. Some-
what surprisingly, the ionic conductivity increases
with decreasing rcrit and the activation energy
decreases with decreasing rcrit. The conclusions
extracted from the rcrit model are contradictory to

Fig. 10. Conductivity versus Po2 for LSG, LSA and YSA, at
900�C. The dashed lines correspond to the best ®t to a model
behaviour where the ionic conductivity is assumed constant
and the p-type conductivity proportional to Po2

1/4. Ionic con-
ductivities and activation energies (800±1000�C) obtained

from this ®tting are shown in Table 2.

Table 2. Critical radii, ionic conductivies (at 1000�C) and
activation energies

Critical radius
(rcrit)(AÊ)

Ionic conductivity
(S cmÿ1)

Migration enthalpy
(kJmolÿ1)

LSG 0.7511 3.6�10ÿ2 60.3
LSA 0.9028 2.4�10ÿ3 111
YSA 1.0273 1.4�10ÿ4 93.6

Fig. 11. Saddle point con®guration showing critical radius
(rcrit) for anion migration in the perovskite structure.
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our experimental evidence. The only parameter
which may explain such unexpected behaviour is
the ionic polarisability of the cations, which was
not considered in the original model. We can pos-
tulate that small cations act like rigid spheres and
the critical radius might be dominant in such cir-
cumstances. However, large cations with large
polarisabilities (Table 3) are likely to accommodate
the migration of a large anion more easily.
Although the relevance of this parameter in deter-
mining the performance of solid electrolytes with
the perovskite structure had already been pointed
out, it was not accounted for in the model.10 When
the rcrit model was originally proposed, there was
also a lack of experimental results on materials
with signi®cantly di�erent and well-de®ned ionic
conductivities and activation energies. This restric-
ted the authors to consider only the in¯uence of ion
size on the ionic conductivity in perovskite-based
materials. Our results show that the geometric
model is an oversimpli®cation and that, other
factors such as the polarisability of the ions need to
be considered when attempting to develop a model
to explain the factors which in¯uence the migration
of oxide ions in solid electrolytes.

3.4 Final remarks
The major di�culties in the present work are asso-
ciated with poor microstructure and lack of phase
purity in the LSA and YSA samples, respectively.
The in¯uence of these factors on the electrical
measurements deserve some additional comments.
Impedance spectroscopy can be used to study the

total conductivity of a given material, to separate
grain boundary from bulk contributions and even
to con®rm the presence of relevant microstructural
features (e.g. porosity or dispersed insulating pha-
ses) which may in¯uence the electrical properties of
a ceramic. These microstructural features can
usually be detected through changes in the shape
and capacitance values associated with the bulk
and/or grain-boundary arcs. In some cases, the
blocking e�ect of porosity and dispersed secondary
phases may cause substantial overlap of the bulk
and grain-boundary arcs.12,13 We believe that this
explanation can be used to rationalise the impe-
dance spectra for the LSA and YSA samples under
investigation in this study. The shape of the impe-
dance spectra observed for these materials is con-

sistent with high porosity (LSA) and the presence
of an insulating secondary phase (YSA).
While the low-temperature impedance spectra

are strongly in¯uenced by the presence of such
microstructural features, the situation at high tem-
perature (e.g. 800±1000�C), within the frequency
range used in this work (20Hz to 1MHz), is com-
pletely di�erent. In fact, it is well known that at
high temperatures, impedance spectra usually con-
sist of only a small portion of the entire spectrum
(commonly only part of the electrode response),
and due to stray inductance e�ects, cross the real
axis at some intermediate frequency, e.g. 105Hz.
The cross over point on the real axis corresponds
closely to the total ohmic resistance of the cell. The
approach used in the previous discussion was to
assume that this value is closely related to the
materials intrinsic behaviour. To emphasise this,
the most common deviations from ideal behaviour
will be brie¯y outlined.
For materials with relatively large grain boundary

impedances (see LSG, as an example), it is common
knowledge that the high temperature behaviour is
controlled by the bulk response rather than by the
grain boundaries, because of the high activation
energy of the grain boundary conductivity. How-
ever, the presence of signi®cant percentages of
porosity (e.g. LSA), or secondary phases (e.g. the
presence of garnet phase in YSA), could be extre-
mely in¯uential on the high temperature char-
acteristics in two circumstances: (i) if the secondary
phase was continuous and had a conductivity
much higher than the dominant phase, in which
case there would be an easy parallel pathway for
electrical charge transport; (ii) if the insulating
secondary phase (e.g. liquid along the grain
boundaries) blocked all contacts between the
grains of the dominant phase. Neither of these
conditions were found in this work.
Porosity is certainly continuous but is insulating,

and percolation of LSA grains is obvious (see
Fig. 3). The garnet phase is believed to be insulat-
ing but there is also no evidence for percolation of
this phase or for a systematic blocking e�ect (inter-
grain) with respect to the perovskite phase as the
small perovskite grains are clearly interconnected
(see Fig. 5). Thus, although all conductivity values
are in¯uenced by these poor microstructures, the
role of secondary phases is only likely to in¯uence
the high temperature conductivities in a small and
systematic manner. From existing knowledge on
the role of insulating phases dispersed in a con-
ductive matrix,12,13 it has been observed that
volume fractions lower than 25% only cause an
apparent decrease in conductivity to one half or
one third of the ideal value of a phase-pure matrix.
This means that di�erences in conductivity of over

Table 3. Ionic radii and polarizabilities of cations

Radius (AÊ)16 Polarizability (10ÿ30 m3)17

La3+ 1.36 1.04
Y3+ 1.10 0.55
Ga3+ 0.62 Ð
Al3+ 0.535 0.05
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one order of magnitude at high temperatures, as
found in this work, are unlikely to be caused by
such microstructural features. The oxygen partial
pressure dependence is also una�ected by the pre-
sence of these phases, for the same reasons.
One last comment on deviations from nominal

composition should be made. The presence of sec-
ondary phases with signi®cantly di�erent composi-
tion was only observed for the chemically prepared
LSA (see Fig. 4). This pellet was not used for fur-
ther electrical characterisation (� versus Po2 or
ion-blocking measurements). In all other cases, and
within the accuracy of the EDS analysis per-
formed, only small deviations in Sr-content of the
LSG, LSA and YSA samples were observed.
Lower Sr-dopant content (with respect to the
nominal composition) may explain a small abate-
ment in ionic conductivity between the various
phases due to the role of the Sr-dopant in
the formation of oxygen vacancies. For a 5%
dopant level, however, neither the dominant ionic
defects nor the transport mechanism would su�er
signi®cantly from small deviations in Sr-content
between the various samples. Although the
reported conductivity values are certainly in¯u-
enced by all these factors, the overall trends remain
valid.

4 Conclusion

LSG has the highest conductivity of all the samples
studied and the lowest activation energy. This
material has been widely studied and the results
obtained in this project are in agreement with those
in the literature. Results for the LSA samples indi-
cate that these materials have poorer conductivities
and higher activation energies compared with
LSG. YSA samples have the lowest conductivity
of all the samples measured. Preparing single
phase materials and processing dense ceramics of
LSA and YSA remains a di�cult and challenging
problem.
High temperature electrical measurements show

that di�erent A- and B-site cations clearly in¯uence
the ionic conductivity and activation energies in
these perovskite-based materials. The results in the
present study contradict the trends expected from
the rcrit model and demonstrate that although
cation size in¯uences the conductivity in these
materials, other factors, such as the polarisability
of the ions may be more important.
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