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Abstract

The maximum solubility of aluminum cations in the perovskite lattice of Sr0.7Ce0.3Mn1−xAl xO3−δ is approximately 15%. The incorporation
of Al3+ increases oxygen ionic transport due to increasing oxygen nonstoichiometry, and decreases the tetragonal unit cell volume and
thermal expansion at temperatures above 600◦C. The total conductivity of Sr0.7Ce0.3Mn1−xAl xO3−δ (x = 0–0.2), predominantly electronic,
decreases with aluminum additions and has an activation energy of 10.2–10.9 kJ/mol at 350–850◦C. Analysis of the electronic conduction
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nd Seebeck coefficient of Sr0.7Ce0.3Mn0.9Al 0.1O3−δ, measured in the oxygen partial pressure range from 10−18 to 0.5 atm at 700–950◦C,
evealed trends characteristic of broad-band semiconductors, such as temperature-independent mobility. The temperature depe
harge carrier concentration is weak, but exhibits a tendency to thermal excitation, whilst oxygen losses from the lattice have a
ffect. The role of the latter factor becomes significant at temperatures above 800◦C and on reducingp(O2) below 10−4 to 10−2 atm. The
xygen permeability of dense Sr0.7Ce0.3Mn1−xAl xO3−δ (x = 0–0.2) membranes, limited by both bulk ionic conduction and surface exch

s substantially higher than that of (La, Sr)MnO3-based materials used for solid oxide fuel cell cathodes. The average thermal ex
oefficients of Sr0.7Ce0.3Mn1−xAl xO3−δ ceramics in air are (10.8–11.8)× 10−6 K−1.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Electrical power generation in solid oxide fuel cells
SOFCs) provides substantial advantages with respect to tra-
itional energy conversion systems including high efficiency,
eliability, modularity, fuel adaptability, low noise and low
nvironmental impact.1–4 One of the most important chal-

enges in SOFC developments relates to decreasing operation
emperatures, which improves long-term performance due
o suppressing interaction between different ceramic layers,
nhances microstructural stability of electrodes, increases

hermodynamic efficiency and enables to use cheaper ma-
erials for stack components and SOFC interconnects.2,3,5,6

s the activation energy of the electrode polarization is

∗ Corresponding author. Tel.: +351 234 370263; fax: +351 234 425300.
E-mail address: kharton@cv.ua.pt (V.V. Kharton).

higher than that of the ionic transport, the performanc
intermediate-temperature (IT) SOFCs is typically limited
the electrode overpotentials.7,8 Conventional cathodes bas
on perovskite-type La1−xSrxMnO3−δ have a poor oxyge
ionic conductivity and insufficient electrocatalytical activ
at intermediate temperatures.9,10

Recently, a new group of manganites, Sr1−xCexMnO3−δ,
was suggested as promising cathode materials
SOFCs.11,12 SrMnO3−δ has a perovskite-type lattice
temperatures above 1400◦C, but undergoes phase transit
to hexagonal 4L structure on cooling below 1035◦C.13

Partial substitution of strontium with Ce cations stabilizes
perovskite phase down to room temperature and incre
the total conductivity by two to three orders of magnit
at 600–1000◦C.11,12 The use of Sr1−xCexMnO3−δ may
be advantageous due to higher level of the oxygen
conductivity with respect to La1−xSrxMnO3−δ.14 Although

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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this level is still lower than for other promising SOFC
cathodes, such as La1−xSrxFe1−yCoyO3−δ,14,15 the ionic
transport of (Sr, Ce)MnO3-based materials can be enhanced
by partial substitution of manganese. In particular, as oxygen
diffusion in perovskite-type phases occurs via the vacancy
mechanism,16,17 an enhancement in the ionic conduction
may be achieved incorporating acceptor-type cations (e.g.
Al3+), thus increasing oxygen vacancy concentration.
Doping with aluminum may also suppress the interac-
tion between Sr1−xCexMnO3−δ and stabilized zirconia
electrolytes.11,18Moreover, heating of the cathode materials
is often accompanied with oxygen losses from the lattice,
resulting in so-called chemical contribution to the thermal
expansion.19 This may cause interface instability. The substi-
tution of manganese with cations having a constant oxidation
state is expected to suppress oxygen stoichiometry varia-
tions, as for other transition metal-containing perovskites.
19

The present work was focused on the study of
Sr1−xCexMn1−xAl xO3−δ system, with particular attention to
the properties important for high-temperature electrochemi-
cal applications, namely thermal expansion, oxygen transport
and electronic conduction.

2. Experimental
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3. Results and discussion

3.1. Phase composition, microstructure and thermal
expansion

XRD studies of Sr0.7Ce0.3Mn1−xAl xO3−δ ceramics
showed the formation of single-phase perovskite forx = 0 and
0.1 (Fig. 1). Further doping leads to segregation of impurity
phases, including CeO2 and SrMn3O6; the intensity of the
impurity peaks increases with increasing aluminum content.
This indicates that the maximum solubility of Al3+ cations in
the B-sublattice of Sr0.7Ce0.3MnO3−δ is close to 15%. The
crystal structure of Sr0.7Ce0.3Mn1−xAl xO3−δ was identified
as tetragonally-distorted perovskite, in agreement with data
on undoped Sr0.7Ce0.3MnO3−δ.11,12Therefore, although the
substitution of manganese with aluminum increases the oxy-
gen vacancy concentration as evidenced by the oxygen per-
meation data presented further, no destabilization of the per-
ovskite lattice occurs. The unit cell parameters decrease with
increasingx (Table 1) as the ionic radius of Al3+ is smaller
than that of manganese cations.24 Fig. 1also shows that struc-
tural collapse occurs under strongly reducing conditions, be-
cause reduction of Mnn+ to lower valence yields significant
ionic size changes; the approximate phase stability limits are
discussed further.

SEM/EDS inspection of Sr Ce Mn Al O
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The powders of Sr0.7Ce0.3Mn1−xAl xO3−δ (x = 0–0.3)
ere prepared via the standard solid-state synthesis

rom high-purity Sr(NO3)2, Ce(NO3)3·6H2O, Mn2O3 and
l(OH)3. The stoichiometric amounts of reagents were

ially dissolved in dilute nitric acid, followed by drying
he solution and thermal decomposition of the nitrate m
ure at 400◦C. The solid-state reactions were conduc
t 900–1350◦C in air with multiple intermediate grindin
teps. After ball milling, disk-shaped ceramic samples w
ressed at 150–200 MPa and then sintered at temper

rom 1320◦C (x = 0) up to 1450–1500◦C (x = 0.1–0.3). The
ensity of sintered ceramics was higher than 93% of

heoretical density calculated from X-ray diffraction (XR
ata; the samples for electrical and oxygen permeation
urements were additionally tested for gas-tightness. Ge
haracterization of the ceramic materials included scan
lectron microscopy coupled with energy dispersive s

roscopy (SEM/EDS), dilatometry, determination of Seeb
oefficient and total conductivity (four-probe dc) as fu
ion of the oxygen partial pressure, and steady-state
en permeability measurements. Description of the ex
ental techniques and equipment used for characteriz

an be found elsewhere (Refs. 19–23 and references
herein). The Seebeck coefficient and total conductivity w
tudied in thep(O2) range 10−19 to 0.5 atm, as describe
n Refs. 22,2322, 23. The steady-state oxygen permeab
as measured at 900–975◦C; the feed-side oxygen part
ressure (p2) for all oxygen permeation measurements
.21 atm.
0.7 0.3 1−x x 3−δ

x = 0–0.1) ceramics showed no presence of phase impu
nd/or essential compositional inhomogeneities at the
oundaries. The grain size varies in the range 1–7�m;
epresentative examples of SEM micrographs of fract
r0.7Ce0.3Mn0.9Al0.1O3−δ are given inFig. 2.
The dilatometric studies of Sr0.7Ce0.3Mn1−xAl xO3−δ

x = 0–0.2) materials demonstrated that their expansio
00–830◦C in air is almost linear (Fig. 3). For x = 0, a
light increase in the thermal expansion coefficient (T
s observed at temperatures above 610–630◦C. This be
aviour may be associated with the transition of Al-
omposition from tetragonally distorted to cubic perovs

ig. 1. XRD patterns of Sr0.7Ce0.3Mn1−xAl xO3−δ in air and after annealin
t 1173 K in a H2–H2O–N2 flow.
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Table 1
Properties of Sr0.7Ce0.3Mn1−xAl xO3−δ ceramics

Composition Unit cell parameters Activation energy for total conductivity Thermal expansion coefficients

a (nm) c (nm) T (◦C) Ea (kJ/mol) T (◦C) α (×106 K−1)

Sr0.7Ce0.3MnO3−δ 0.3838(4) 0.3860(7) 350–850 10.4± 0.2 190–830 11.8± 0.3

Sr0.7Ce0.3Mn0.9Al0.1O3−δ 0.3830(8) 0.3854(9) 360–850 10.2± 0.2 100–820 10.8± 0.2
190–360 11.9± 0.5

Sr0.7Ce0.3Mn0.8Al0.2O3−δ 0.3820(6) 0.3832(8) 340–850 10.9± 0.2 100–820 10.8± 0.1
180–340 12.3± 0.7

Fig. 2. SEM micrographs of fractured Sr0.7Ce0.3Mn0.9Al0.1O3−δ ceramics.

Fig. 3. Dilatometric curves of Sr0.7Ce0.3Mn1−xAl xO3−δ ceramics in air.

polymorph, which occurs near 600◦C11; another possi-
ble reason relates to minor oxygen losses on heating.19,25

The average TEC values are listed inTable 1. The sub-
stitution of manganese decreases TEC values down to
10.8× 10−6 K−1, which provides a good compatibility with
commonly used solid electrolytes based on zirconia and
ceria.26,27 Note that the TEC values of alternative mixed-
conducting cathodes, including (La, Sr)(Fe, Co)O3−δ, are
significantly higher than that of Sr0.7Ce0.3Mn1−xAl xO3−δ

and close to incompatibility with stabilized zirconia solid
electrolytes.

3.2. Oxygen permeation

Selected results of the oxygen permeation measurements
are summarized inFigs. 4 and 5. As expected, the steady-
state permeation fluxes (j) through Sr0.7Ce0.3Mn0.9Al0.1O3−δ

membranes decrease with increasing membrane thickness
(d) (Fig. 4A). However, such a decrease is considerably
lower than predicted by the integral form of Wagner
equation.28 This is accompanied with increasing specific

F c oxy-
g n
p

ig. 4. Dependencies of the oxygen permeation fluxes (A) and specifi
en permeability (B) of Sr0.7Ce0.3Mn0.9Al0.1O3−δ ceramics on the oxyge
artial pressure gradient.
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Fig. 5. Dependencies of the oxygen permeation fluxes through
Sr0.7Ce0.3Mn0.8Al0.2O3−δ ceramics on the oxygen partial pressure
gradient.

oxygen permeabilityJ(O2) (Fig. 4B) calculated as

J(O2) = jd

[
ln

(
p2

p1

)]−1

(1)

wherep1 andp2 are the oxygen partial pressures at the mem-
brane permeate and feed sides, respectively. Such a behaviour
unambiguously indicates that the overall oxygen transport is
limited both by the bulk ambipolar conductivity and oxy-
gen surface exchange kinetics; the role of the latter factor
decreases when the membrane thickness increases.20,21,28A
significant surface effect is also characteristic for undoped
Sr0.7Ce0.3MnO3−δ membranes.14

Fig. 6 presents the temperature dependencies of the per-
meation fluxes through Sr0.7Ce0.3Mn1−xAl xO3−δ under fixed
oxygen chemical potential gradient. Increasing aluminum
concentration increases oxygen transport, whereas the ap-
parent activation energies are essentially independent of Al
content. This suggests an increase in the oxygen nonstoi-
chiometry, caused by the incorporation of acceptor-type Al3+.
As a result, the ionic (σ0) and ambipolar (σamb) conductiv-
ities increase on doping, whilst the energetic barrier for ion
migration seems essentially unchanged. On the other hand,
an enhancement in the surface exchange kinetics might also

F ation
fl
L ient.

be expected due to well-known correlations between the ex-
change currents and bulk oxygen diffusion.28

The relative roles of the bulk ambipolar transport and sur-
face exchange may be estimated decomposing the overall
driving force, expressed as ln(p2/p1), into three contributions
associated with membrane bulk and surfaces. The contri-
butions to overcome limitations of surface exchange kinet-
ics can be written as ln(p2/p

′
2) for the feed side, with an

oxygen partial pressure drop fromp2 to p′
2, and ln(p′

1/p1)
for the permeate side, with a drop fromp′

1 to p1. The
driving force to overcome the resistance to bulk ion trans-
fer is, respectively, ln(p′

2/p
′
1). One may express the flux

asj = kf
ex ln(p2/p

′
2) = k

p
ex ln(p′

1/p1), wherekex is the ex-
change coefficient, and the superscripts “f” and “p” denote
the feed and permeate sides, correspondingly. Under steady-
state conditions, the permeation flux through the membrane
bulk, j = (RT/16F2d)σamb ln(p′

2/p
′
1), is equal to the fluxes

through the membrane/gas boundaries. This yields

ln(p2/p1)

j
=

[
16F2

RTσamb

]
d + [kf

ex]
−1 + [kp

ex]
−1

=
[

16F2

RTσamb

]
(d + dc) (2)

where the critical thicknessdc corresponds to the transi-
tion from exchange control, for thin samples, to bulk trans-
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ig. 6. Temperature dependencies of the oxygen perme
uxes through Sr0.7Ce0.3Mn1−xAl xO3−δ, La0.7Sr0.3MnO3−δ

9 and
a0.8Sr0.2Fe0.8Co0.2O3−δ

14 ceramics under fixed oxygen pressure grad
ort control, for thicker samples. Eq.(2) was used to ex
ract the estimates of critical thicknessdc (Fig. 7) and ionic
onductivity (Fig. 8) from the data shown inFig. 4. The
alues ofdc are close to 1 mm, thus confirming that
ffects of both permeation-determining factors are sig
ant. The critical thickness increases on reducing perm
ide oxygen pressure due to a decrease in the surfac
hange coefficient; this trend is typical for most perovsk
ype mixed conductors under oxidizing conditions.28 The es
imates of ambipolar conductivity were found 104–105 times
ower than the total conductivity (Fig. 9), which shows tha
amb≈ σ0. Fig. 8compares the levels of ionic conductivity
r0.7Ce0.3Mn0.9Al0.1O3−δ and other selected mixed cond

ors. Note that, contrary to the surface exchange coeffic
he bulk ionic conduction increases on reducing oxygen
ure, corroborating that theσ0 values are determined by t
xygen vacancy concentration (inset inFig. 8).

ig. 7. Temperature dependencies of the critical thickness
r0.7Ce0.3Mn0.9Al0.1O3−δ membranes (see text).
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Fig. 8. Temperature dependence of the oxygen ionic conductivity of
Sr0.7Ce0.3Mn0.9Al0.1O3−δ ceramics under fixed oxygen pressure gradient,
as calculated from the oxygen permeation data (see text). Data on other
mixed-conducting materials,14,41 shown for comparison, all correspond to
atmospheric oxygen pressure. The inset shows isothermal variations of the
ionic conductivity of Sr0.7Ce0.3Mn0.9Al0.1O3−δ as function of the oxygen
partial pressure gradient.

3.3. Total conductivity in air

The total conductivity (σ) in the system Sr0.7Ce0.3
Mn1−xAl xO3−δ decreases with increasing dopant content
(Fig. 9). The difference between total and ionic conduc-
tivity values (Figs. 8 and 9) unambiguously shows that
the electronic contribution is predominant; the ion trans-
ference number values are lower than 10−4. The substi-
tution of Mn cations with Al3+ having a constant oxida-
tion state, leads to partial blocking of electronic transport,
which occurs via the Mn4+ O Mn3+ bonds.29,30 As a re-

F of
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b

sult, the total conductivity decreases almost linearly with
aluminum additions (inset inFig. 9). The incorporation of
20% Al3+ into the manganese sublattice lowers the conduc-
tivity by a factor of about 0.5. Nevertheless, the level ofσ

values for Sr0.7Ce0.3Mn1−xAl xO3−δ is still in the order of
120–250 S cm−1 at 700–950◦C, which is sufficient to pro-
vide low Ohmic losses at the cathode.31

In the low-temperature range, the values of activation en-
ergy (Ea) for the total conductivity are relatively low and
nearly independent of Al content, within the limits of experi-
mental uncertainty (Table 1). The activation energy decreases
with increasing temperature, and an apparent transition from
semiconducting to pseudo-metallic behaviour is observed at
temperatures above approximately 800◦C. The negligible de-
pendence of the activation energy on aluminum concentra-
tion suggests that Al3+ cations do not alter significantly the
electronic transport mechanism.

3.4. Total conductivity and Seebeck coefficient versus
p(O2)

The negative sign of the Seebeck coefficient of (Sr,
Ce)MnO3−δ has been interpreted as an indication that elec-
tronic transport is n-type.12 However, the pseudo-metallic
conductivity behaviour at high temperatures (Fig. 9) suggests
a tly for
p 0

M ans-
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( nsity
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n f
s when
C e-
d con-
c
H se
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E n is
i an
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o these
ig. 9. Temperature dependencies of the total conductivity
r0.7Ce0.3Mn1−xAl xO3−δ in air. The inset illustrates relationsh
etween the conductivity and composition at 1073 K.
decrease in charge carrier concentration, as found mos
erovskite compounds with p-type behaviour.8,17,21,23,29,3

oreover, when a single mechanism of the electronic tr
ort is prevailing, the Seebeck coefficient (α) can be de
cribed by a generic approximate solution using the
CR) between charge carrier concentration and the de
f states32,33

≈ ±k

e
ln

(
1

CR
− 1

)
(3)

ith positive sign for p-type (CR = p/N) and negative fo
-type (CR = n/N) behaviour, whereN is the density o
tates. Obviously, one cannot distinguish the cases
R = n/N < 0.5 or CR = p/N > 0.5. For manganites with pr
ominant p-type conduction, one usually ascribes the
entration of electron holes to Mn4+ content,29,30 whereas
ashimoto and Iwahara12 considered trivalent mangane
ations as n-type charge carriers in (Sr, Ce)MnO3−δ, ne-
lecting the contributions of Ce3+/4+ and Mn2+ formed due

o disproportionation. In these two cases, the correspon
R values arep/N ≈ [Mn4+]/[Mn] or n/N ≈ 1− [Mn4+]/[Mn],
here [Mn] is the total manganese concentration. Both
otheses yield

Mn4+] = [Mn]

1 + exp(αe/k)
(4)

q. (4) shows that considering the thermopower sig
nsufficient to distinguish n-type or p-type behaviour;
nalysis of the charge carrier concentration as a fun
f temperature and oxygen pressure is necessary for
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Fig. 10. Oxygen partial pressure dependencies of the total conductivity of
Sr0.7Ce0.3Mn0.9Al0.1O3−δ under oxidizing conditions.

goals. In particular, whilst the n-type electronic conductiv-
ity is expected to increase on reducingp(O2), the experi-
mental data on total conductivity (Fig. 10) exhibit the op-
posite trend at 800–950◦C. The thermopower is negative,
decreases with increasing temperature and increases on re-
ducingp(O2) (Fig. 11). No simple interpretation of the ob-
served trends is possible if assuming n-type behaviour. If the
conduction is dominated by the p-type charge carriers, these
trends can be interpreted in terms of two processes determin-
ing hole concentration, namely thermal excitation and oxy-
gen losses from the lattice. The first seems to play a key role
at 700–750◦C, when the conductivity increases with tem-
perature and the electrical properties are essentiallyp(O2)-
independent, suggesting that the oxygen nonstoichiometry
is almost constant. Heating up to 900–950◦C results in ex-
tensive oxygen losses; consequently, the hole concentration
becomes apparently temperature-independent at fixedp(O2)
and decrease when the oxygen pressure decreases. The cor-
responding variations ofp/N ratio calculated by Eq.(3) are
illustrated inFigs. 12 and 13. At the same time, one should

F ient of
S

Fig. 12. Temperature dependencies of thep/N ratio and estimated
mobility for the p-type and n-type electronic charge carriers in
Sr0.7Ce0.3Mn0.9Al0.1O3−δ at p(O2) = 1.58× 10−3 atm.

mention that the variations of total conductivity and Seebeck
coefficient, shown inFigs. 10 and 11, are rather weak, which
may lead to substantial uncertainties in their analysis.

Important information on the electronic conduction mech-
anism may also be obtained considering the temperature de-
pendencies of charge carrier mobility (µ), which can be es-
timated using the definition32

σ = eµCRN (5)

whereCRN is the concentration of predominant charge car-
riers. Combining Eqs.(3) and (5)yields

µ = σ

eN

[
1 + exp

(
±αe

k

)]
(6)

with negative sign for p-type and positive for n-type be-
haviour. These estimations are presented inFigs. 12 and 13.
Despite the type of electronic charge carriers, the mobility is
almost independent of temperature, exhibiting tendency to a
slight decrease on heating above 800◦C. Such a behaviour
is indicative for broad-band mechanism34,35 rather than for
hopping conduction, for which thermally-activated mobility
is typically observed.36,37 Also, the values ofµ, calculated
assuming the density of states to be equal to the total Mn
concentration, lie within the range 0.10–0.11 cm2 s−1 V−1

for p-type behaviour, and 0.17–0.19 cm2 s−1 V−1 for n-type
electronic transport. This level of mobility is higher than

F -
m rs in
S

ig. 11. Oxygen partial pressure dependencies of the Seebeck coeffic
r0.7Ce0.3Mn0.9Al0.1O3−δ under oxidizing conditions.
ig. 13. Oxygen pressure dependencies of thep/N ratio and esti
ated mobility for the p-type and n-type electronic charge carrie
r0.7Ce0.3Mn0.9Al0.1O3−δ at 1173 K.
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Fig. 14. Total conductivity of Sr0.7Ce0.3Mn0.9Al0.1O3−δ as function of the
oxygen partial pressure. Solid lines are for visual guidance only. The arrows
show approximate phase stability limits. The inset illustrates hysteresis phe-
nomena after phase decomposition, with arrows showing the direction of
p(O2) changes.

expected for a small-polaron mechanism.34–37 At 900◦C,
the µ values tend to increase slightly with increasing oxy-
gen chemical potential, probably due to increasing aver-
age oxidation state of Mn cations, with a corresponding
decrease in their size and crystal lattice contraction. As a
result, greater overlapping of manganese and oxygen elec-
tron orbitals causes a stronger covalence of the MnO Mn
bonds and higher degree of the electron delocalization. Sim-
ilar trends are well known for other perovskite oxides.
23

3.5. Phase stability

The perovskite phase stability limits under reducing con-
ditions can be estimated from the abnormal drop in the total
conductivity at lowp(O2) (Fig. 14). For example, at 900◦C,
such a drop starts atp(O2) ≈ 2.6× 10−14 atm and is max-
imum at approximately 10−15 atm. After reduction, strong
hysteresis effects on further redox cycling are observed, as
illustrated by the inset inFig. 14. These variations of the
conductivity indicate decomposition of the perovskite-type
phase, confirmed by XRD. One example of the XRD pattern
of Sr0.7Ce0.3Mn0.9Al0.1O3−δ quenched after annealing in re-
ducing atmosphere at 900◦C, is presented inFig. 1. When
temperature decreases, the decomposition occurs at lower
o

nd-
a n-
d lim-
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o tion
o n
p
w ida-
t of
S e

Fig. 15. Low-p(O2) stability limits of Sr0.7Ce0.3Mn0.9Al0.1O3−δ. The sta-
bility boundary for Mn3O4

38 and LaMnO3−δ,39 and iso-composition lines
for CeO2−y

40 are shown for comparison.

estimations of Mn4+ fraction from the Seebeck coefficient
using Eq.(4), in combination with the crystal electroneutral-
ity and site conservation conditions, suggest that no less than
60% cerium cations are trivalent even under oxidizing con-
ditions. Also, the ionic radii of Ce3+ and Mn4+ yield better
geometrical matching for A- and B-site cations in the per-
ovskite structure, i.e. a tolerance factor closer to unity, when
compared to smaller Ce4+ cations in the A sublattice and
larger Mn3+ in the B sites. The decomposition of doped stron-
tium manganite is therefore associated with changes of the
manganese oxidation state on reduction, as for LaMnO3−δ.
Most likely, the formation of substantial amounts of Mn2+

leads to excessive stress in the lattice, followed by structural
collapse.

4. Conclusions

Aluminum-substituted Sr0.7Ce0.3MnO3−δ exhibits a com-
paratively high oxygen ionic conduction, phase stability in a
relatively wide range of conditions, sufficient level of the
electronic transport, and thermal expansion compatible with
that of common solid electrolytes. These properties are at-
tractive for possible application of Sr0.7Ce0.3Mn1−xAl xO3−δ

for SOFC cathodes. Partial substitution of Mn by Al enhances
t , as
t ite
i ay
b con-
d The
d cient
o ative
o in-
c n-
d bove
8

xygen chemical potentials, as expected.
Fig. 15 shows the approximate phase stability bou

ry of Sr0.7Ce0.3Mn0.9Al0.1O3−δ, evaluated from the co
uctivity and Seebeck coefficient data. The stability

ts of Mn3O4,38 LaMnO3
39 and two iso-concentration lin

f CeO2−y
40 are given for comparison. The decomposi

f Sr0.7Ce0.3Mn0.9Al0.1O3−δ perovskite occurs at oxyge
ressures close to the iso-nonstoichiometry line of CeO2−y

ith y = 0.009, suggesting that the change in the ox
ion state of cerium cations within the stability domain
r0.7Ce0.3Mn0.9Al0.1O3−δ should be minor. Moreover, th
he oxygen permeability and ionic conductivity. However
he solubility of Al3+ in the lattice of strontium mangan
s quite low, additional doping with aliovalent cations m
e desirable in order to achieve higher oxygen ionic
uctivity, closer to that the solid-electrolyte materials.
ependencies of total conductivity and Seebeck coeffi
n oxygen partial pressure and temperature are indic
f prevailing hole transport, with a slight conductivity
rease on increasingp(O2) and a transition from semico
ucting to pseudo-metallic behaviour at temperatures a
00◦C.
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