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Abstract

Composite ceramics made of two perovskite-type compounds, (LagoSrg1)o.9sGagsMge-0s_s (LSGM) and
Lag gSrg,Fey sCop,05_5 (LSFC) mixed in the ratio 60:40 wt.%, possess relatively high oxygen permeability limited by both bulk
ionic conduction and surface exchange at 700—950 °C. Sintering at elevated temperatures (1320-1410 °C) necessary to obtain dense
materials leads to fast interdiffusion of the components, forming almost single perovskite phase ceramics with local inhomogene-
ities. This phase interaction decreases the oxygen ionic transport in the composites, where the level of ionic conductivity is inter-
mediate between those of LSGM and LSFC. The scanning electron microscopy (SEM) suggests a presence of Ga-enriched domains,
probably having a high ionic conductivity. The size and concentration of these domains can be increased by decreasing sintering
temperature or using preliminary coarsened LSGM powders. The maximum oxygen permeability is thus observed for the composite
prepared under minimum sintering conditions sufficient to obtain gas-tight ceramics, including the use of LSGM, preliminary pas-
sivated at 1150 °C, and sintered at 1320 °C. The activation energy values for total conductivity, which is predominantly p-type
electronic and slightly decreases due to component interaction, vary in the narrow range from 24.0 to 26.2 kJ/mol at 25-575 °C. The
average thermal expansion coefficients (TECs) of LSGM-LSFC composites, calculated from dilatometric data in air, are (12.4—
13.5)x107¢ K~! at 100650 °C and (17.8-19.8)x10~% K~! at 650-1000 °C.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction show attractive oxygen permeation fluxes, but often are

thermodynamically unstable under large oxygen chemi-

Ceramic materials with mixed oxygen ionic and elec-
tronic conductivity are of great interest for high-tem-
perature electrochemical devices, such as solid oxide
fuel cells (SOFCs), electrocatalytic reactors, oxygen
separation membranes and sensors.!> However, for
practical applications mixed-conducting ceramics
should satisfy to numerous criteria, including appro-
priate transport properties, thermodynamic and dimen-
sional stability under operation conditions, and
moderate thermal expansion coefficients compatible
with other components of electrochemical cells.?? In
particular,  perovskite-like  phases (A,Ln)MO3_;
(A=Ca, Sr, Ba; M=Fe, Co; Ln is rare-earth element)
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cal potential gradients; ordering in the oxygen sublattice
of such materials and high reactivity with gaseous spe-
cies, such as CO,, leads to a degradation of oxygen
transport properties with time.*°

One interesting group of mixed-conductive ceramic
membranes relates to dual-phase composites, where a
solid electrolyte phase is mixed with a material showing
high electronic transport.>’ In this case, optimisation of
transport and physicochemical properties may include
variations in the compositions of both phases and in
their ratio. At the same time, the resultant properties
may be strongly dependent of the interaction between
the components. For example, the ionic transport in
CepsGdo20,-5 (CGO)-  Lag;Srg3sMnOz_s  (LSM)
membranes was found to decrease due to cation inter-
diffusion between phases.?® In addition, CGO-LSM
composites comprising significant volume fractions of
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CGO may be unstable under large oxygen pressure
gradients due to significant volume changes of ceria on
reducing. A better performance of dual-phase mem-
branes could be expected using a more stable solid-
electrolyte phase instead of CGO, and also substituting
LSM with a mixed conductor, which may contribute to
ionic transport. Therefore, in this work composite
materials COHSiStng of (La()‘9sr().1)0A98G3018Mgo_203_5

(b)

Fig. 1. SEM micrographs of LSGM-LSFC powders obtained by
Method 1 (A) and Method 2 (B).

Table 1
Abbreviations and processing conditions

(LSGM) as an ionic conductor and mixed-conducting
LaggSrg,FeysCo0205_5 (LSFC) were examined. The
perovskite-type solid electrolytes based on lanthanum
gallate are well known for their high oxygen ionic con-
duction and stability in a wide range of oxygen partial
pressures; the advantages of La(Sr)Fe(Co)O;_s per-
ovskites include a significant ionic contribution to the
total conductivity, predominantly p-type electronic in
oxidising conditions, and moderate thermal expansion
coefficients (TECs).>4¢

2. Experimental

Dense ceramic samples of LSGM-LSFC composites
were produced wusing commercial powders of
(Lag.oSro.1)0.908GapsMgo 2035 and LaggSrg2FeosCoo.2
O;_s (Praxair Speciality Chemicals, Seattle). Taking
into account data on CGO-LSM ceramics® showing
that the fraction of the ion-conducting phase may be
critical for the oxygen permeation level, the LSGM/
LSFC ratio was selected as 60:40 wt.%. To study the
influence of the interaction between initial phases on the
final product properties, the LSGM-LSFC mixtures
were prepared by different procedures. One series of
composite ceramics, marked as LL, was fabricated via
ball-milling of the commercial powders for 6 h in etha-
nol medium (Method 1). For another series (LLc), the
LSGM powder was coarsened by annealing at 1150 °C
during 4 h and then mixed with LSFC powder in an
agate mortar (Method 2). Fig. 1 compares SEM micro-
graphs of LSGM-LSFC powders obtained by these two
techniques. Both mixtures were uniaxially pressed (250—
300 MPa) into disks and sintered in atmospheric air
with heating/cooling rates of 10 °C/min. The sintering
conditions and corresponding abbreviations are listed in
Table 1. As an example, LLc1320 relates to composite
ceramics prepared by Method 2 and sintered at 1320 °C.
After sintering, the samples were annealed at 1000 °C in
air for 4 h and then slowly furnace-cooled in order to
achieve oxygen nonstoichiometry as close as possible to
the equilibrium at low temperatures.

Composition Abbreviation Pre-annealling of LSGM Sintering Gas-tightness
T, °C Time, h T, °C Time, h

(La0_9Sr0_1)0_98Ga0_8Mg0_203,5 LSGM - - 1400 4 +
LaO.gsro_zFCOBCOO‘zO:;,,; LSFC - - 1400 4 +
Composite 60% (wt.) LL1240 - - 1240 1 -
LSGM/40% (wt.) LSFC

LL1320 - - 1320 1 +

LLc1320 1150 4 1320 1 +

LL1410 - - 1410 4 +

LLc1410 1150 4 1410 4 +




Table 2
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Properties of LSGM, LSFC and composite ceramics
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Composition  Space Unit cell parameters Pexp» Pexp/ Thermal expansion Activation energy for
group g/cm? Ptheors /0 coefficients total conductivity
a, nm b, nm ¢, nm T, °C ax10°, K1 T,°C E,, kJ/mol  In(4),
S*K/em
LSFC R3c 0.5521 - 1.3376 6.14 94.0 100-800 12.94+0.2 150-620 12.3+0.5 13.54+0.1
LSGM 12/a 0.7829 0.5546 0.5528 6.24 95.2 100-1000 11.1£0.1 370-950 96+7 15+1
LL1320 R3¢ 05525 - 13394 625 946 100-650 12814001  25-575 262405  12.1+0.1
650—-1000 18.96+0.01
LLc1320 R3c 0.5525 - 1.3385 6.18 93.5 100-650 13.48+0.01 25-575  24.0+£0.3 12.240.1
650—-1000 17.79+0.01
LL1410 R3c 0.5526 - 1.3392 6.22 94.2 100-650 12.36+0.01 25-575  25.1+£0.5 11.940.1
650—-1000 19.754+0.02
LLc1410 R3c 0.5527 - 1.3385 6.33 95.9 100-650 12.63+0.01 25-575  249+0.2 12.140.1
650—-1000 18.98+0.01
The prepared LSGM-LSFC composites were char-
acterised by X-ray diffraction (XRD), dilatometry,
scanning electron microscopy combined with energy
dispersive spectroscopy (SEM/EDS), and by measure-
ments of total conductivity by 4-probe DC technique.
The XRD patterns were collected at room temperature ,
using a Rigaku D/MAX-B diffractometer (Cuk,, z: 93 94 95 965 97 98
20 =20-80°, step 0.02°, 1 s/step). Structural parameters .
were refined from XRD data using the Fullprof pro- g
gram.'? The density of ceramic materials was 94-96% s
of their theoretical density calculated from XRD results E
(Table 2). Thermal expansion and shrinkage were mea- i i y LSFC
sured using an alumina Linseis L70 dilatometer with a —— S NN | S| W | G NS
constant heating rate of 5 °C/min, in air. SEM studies LLc1320
were performed using a Hitachi S-4100 microscope -~ LJ\-—‘L—-—J\-—J—'\AAJ\‘—
equipped with a Rontec UHV Detection system for the A L A h LSGM
EDS analysis. The oxygen ionic transport properties —JL-—J L A J\-——
were evaluated using the measurements of steady-state 20 ' 0 ' 60 ' %0 0
oxygen permeation fluxes, as described elsewhere.!! 20,°

Only gas-tight samples were used for the permeation
studies. All data on oxygen permeability presented in
this work correspond to the membrane feed-side oxygen
partial pressure (p,) maintained at 21 kPa (atmospheric
air); the permeate-side oxygen partial pressure (p;) var-
ied in range 0.2-20 kPa. Detailed description of the
equipment and techniques, used for ceramics character-
isation and oxygen permeation measurements, was
published earlier.!!=13

3. Results and discussion
3.1. Phase composition and microstructure

XRD analysis of all LSGM-LSFC composite cera-
mics indicated an apparent formation of one single per-
ovskite-type phase with a rhombohedral distortion,
typical for LSFC. The unit cell parameters (¢ and ¢) are

Fig. 2. XRD patterns of LSGM, LSFC and composite LLc1320.

given in Table 2. Fig. 2 compares XRD patterns of
LSGM, LSFC and LLcl1320 composite, where the
component interaction was minimum compared to
other gas-tight ceramics. The solid-state interaction
between these phases occurs considerably faster than
that in LSM—-CGO composites where the components
have different lattices. In the latter case, sintering at
1500-1600 °C resulted in moderate reaction, mainly
associated with diffusion of A-site cations of LSM into
ceria.®?

At the same time, for complete reaction the result
would be a single perovskite phase having the total
composition
Lag.849510.130G20.476F€0.324Mg0.119C00.08103 5. Fig. 3
compares the theoretical unit cell volume of this phase,
estimated assuming a linear volume dependence on the
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Fig. 3. Unit cell volume of LSGM, LSFC and LSGM-LSFC perov-
skite phases. Volume of monoclinic unit cell of LSGM is normalised
to six formula units, as for rhombohedrally-distorted perovskite in
hexagonal settings. The vertical arrow shows the theoretical volume
estimated from the molar fractions of the components, assuming linear
dependence of the volume on composition.

2.80x1m

~

LZ1321 25.0kV X15.8K 2.00sm

composition (Vegard’s rule), with the experimental
values calculated from XRD data. Although a simple
Vegard-type relation cannot be observed in this case as
the lattice of LSGM is monoclinically-distorted (space
group 12/a),'® data in Fig. 3 unambiguously shows that
the average lattice parameters in LSGM-LSFC compo-
sites are far from the level expected in the case of com-
plete interdiffusion. In fact, the apparent unit cell volume
of all composite materials is close to that of the LSFC
phase. This suggests that the interaction in the course of
sintering occurs primarily via diffusion of iron and
cobalt cations into LSGM grains. If the mobility of
these ions is higher than that of Ga3™, one might expect
an existence of Ga-enriched domains, whereas the
remaining volume of composite materials should be Fe-
enriched with respect to the equilibrium composition.
The microstructures of polished LSGM-LSFC sam-
ples are compared in Fig. 4. SEM studies confirmed a
relatively good quality of the ceramic materials, in par-
ticular low porosity. The sintering temperature and
preliminary annealing of LSGM powder have no sig-

25.0kV X30.0K 1.8Bsm

(b)

LzL131 295.

Fig. 4. SEM micrographs of composite ceramics: LL1410 (A), LLc1410 (B), LL1320 (C) and LLc1320 (D). The micrograph D was obtained in

back-scattering mode.
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Fig. 5. Back-scattered SEM micrographs of LL1410 (A) and LLc1410
(B) ceramics.

Fig. 6. SEM micrograph of LL1320 ceramics. The atomic Ga/Fe
ratios in several points were evaluated by EDS analysis.

nificant influence on the average grain size, varying for
all LSGM-LSFC composites in the narrow range 1-3
pum. The use of SEM back-scattering mode showed local
inhomogeneities visible as dark regions of ceramic
grains (Fig. 4D). The size and content of these domains

0.0
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Fig. 7. Differential shrinkage curves for LL and LLc green compacts.

increased when using coarsened LSGM and when the
sintering temperature decreases. This is illustrated in
Fig. 5, comparing back-scatter SEM micrographs of
two composites, LL1410 and LLc1410, both sintered at
the 1410 °C. The EDS analysis indicated that the che-
mical composition in these domains is certainly different
from the average composition. As an example, Fig. 6
presents the distribution of the Ga/Fe concentration
ratio in several positions; the dark domain is enriched
with gallium, while the neighbouring grains are Ga-
depleted. Hence, as expected, the solid-state reaction of
LSGM and LSFC phases in the course of sintering is
not complete. The prepared composites are not homo-
geneous; the level of inhomogeneity may increase by
decreasing sintering temperature and preliminary coar-
sening of LSGM. One should note, however, that for
the LL1320 and LLc1320 series the sintering temper-
ature and time were close to the minimum necessary to
obtain gas-tight ceramics. Attempts to obtain dense
materials with low level of interaction between LSGM
and LSFC, particularly by sintering at 1240 °C for 1 h
and by coarsening both components, failed.

3.2. Dilatometric studies

As described before, different powder preparation
procedures were used for the LL and LLc series (Meth-
ods 1 and 2, respectively). After sintering of ball-milled
powders resulted in almost complete solid-state reaction
between the phases, the latter procedure was employed
in order to decrease LSGM reactivity. However, despite
of coarsening and shorter sintering periods, the phase
interaction detected by XRD and SEM/EDS was still
significant. Dilatometric tests of green compacts
(Fig. 7) confirmed that the active shrinkage processes,
probably associated with cation interdiffusion, start at
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approximately 850-1000 °C. Although the use of coar-
sened LSGM powder (Method 2) results in lower
shrinkage, it has no essential effect on the starting sin-
tering temperature. This suggests, in particular, that

0.015
0.013F+ A LL1320
* LL1410
0.011F * LLc1320
A LLc1410
< 0.009F
=
— 0.007F
o
0.005
0.003
0.001

200 400 600 800 1000
T, °C

Fig. 8. Thermal expansion of LSGM-LSFC composite ceramics in air.
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Fig. 9. Temperature dependence of total conductivity in air.

interaction between the LSGM electrolyte and per-
ovskite cathodes based on LaMO; (M =Fe, Co), used
for intermediate-temperature SOFCs,'”-!® may occur at
the cell fabrication temperatures, 1000—-1150 °C.

The dilatometric curves of dense LSGM-LSFC
materials are non-linear, with a break at 600-700 °C
(Fig. 8). At 100-650 °C, the average thermal expansion
coefficients (TECs) vary in the range (12.4-13.5)x10¢
K~!, which is quite similar to the TEC of single-phase
LSFC ceramics (Table 2). Further heating leads to
increasing TEC values up to (17.8-19.8)x107¢ K1
Such a behaviour is typical for Fe-containing ceramic
materials and results from oxygen losses on heating,
providing an additional chemical contribution to the
lattice thermal expansion.'®2° It should be mentioned
that the TEC values of LSGM-LSFC ceramics are
considerably higher than that of the LaGaOj-based
solid electrolyte, although the starting content of
LSGM in the composites is 60 wt.% (approximately 59
mol%). This enhances the role of inhomogeneous cation
distribution on the overall materials performance. Most
probably, the high TECs of these composite ceramics
are associated with the Fe-enriched volume, while the
Ga-rich domains possess lower expansion. As a result,
lower sintered temperatures and use of coarsened
LSGM powder, which provides larger Ga-enriched
domains (Fig. 5), lead to decreasing TECs in the high-
temperature range (Table 2).

3.3. Total conductivity

Fig. 9 presents the temperature dependencies of total
conductivity (o) of LSGM-LSFC ceramics in air. Data
on oxygen permeability, discussed below, suggests that
the oxygen ion transference numbers are lower than
0.03; the total conductivity is predominantly p-type
electronic. As expected, the general trends in behaviour
of LSGM-LSFC ceramics are similar to LSFC, whilst
the values of ¢ are 10-30 times lower (Fig. 9B). At 25—
600 °C, the conductivity of composites follows an
Arrhenius dependence; further heating leads to oxygen
losses, decreasing electron-hole concentration and, thus,
decreasing o. These tendencies are in excellent agree-
ment with literature on LaFeOs- and SrFeOs-based
systems,>!°72! where the dominant p-type electronic
transport occurs via small-polaron mechanisms and
increasing oxygen nonstoichiometry on heating results
in apparent pseudometallic behaviour.

The values of activation energy (E,) for the total
conductivity in low-temperature range, calculated by
the standard Arrhenius equation

o:ﬂexp[—ﬂ} (D

where A, is the pre-exponential factor, are listed in
Table 2. For LSGM-LSFC ceramics, the activation
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energy varies from 24.0 to 26.2 kJ/mol, which is higher
than the corresponding value for LSFC (12.3 kJ/mol),
but four times lower than the activation energy for the
ionically-conductive LSGM (96 kJ/mol).

Increasing interaction level between LSGM and
LSFC phases results in a moderate decrease of the total
conductivity. With respect to other composite materials,
the highest total conductivity values were observed for
LLc1320, where the inhomogeneity of ceramics is max-
imum. It is well known for LaGaOs-LaMO; (M =Fe,
Co, Ni) systems!>!313 that incorporation of insulating
Ga’" cations, having stable oxidation state, blocks
electronic transport in transition metal-containing per-
ovskites. Therefore, as for thermal expansion, the total
conductivity of LSGM—-LSFC composites is determined
by iron-enriched fraction.

3.4. Oxygen ionic transport

The oxygen permeation fluxes (j) through dense
LSGM-LSFC membranes are plotted in Fig. 10A as a
function of the oxygen partial pressure gradient and
membrane thickness (d). The corresponding values of

& T 950 °C
g _
X q4L * 900°C
[ | *
% I *
g -17F 850 °C
N’
— | $
D 8ot
L e LL1320
83k <o 1.00 mm
' L 2 1.40 mm

]

o

[\
1

log J(O,) (molxs'xcm™)
IRe A

L L 1 L
0.0 0.4 0.8 1.2 1.6
log p,/p,
Fig. 10. Dependence of the oxygen permeation fluxes (A) and specific

oxygen permeability (B) of LL1320 membranes on the oxygen partial
pressure gradient. Feed-side oxygen pressure (p,) is 21 kPa.

specific oxygen permeability, J(O,), shown in Fig. 10B
were calculated as*8:!!

j= J(Si)z) In (%) @)

The quantity J(O») is suitable to identify a limiting
effect of surface exchange rate on the oxygen permea-
tion.* This quantity is, by definition, proportional to
jxd, and should thus be independent of thickness in the
case when surface limitations are negligible. In this sit-
uation, J(O,) is proportional to the so-called ambipolar
conductivity (o.mp), averaged for a given oxygen partial
pressure range:

16F% x J(Oy) _ 00 0e
RT - oo + 0.

Oamb =

=to(l—10) xo (3)

where ¢, is the oxygen ionic transference number, o, o,
and o, represent the total, oxygen ionic and electronic
conductivities, respectively. When oxygen exchange
limitations are considerable, J(O,) should increase with
increasing membrane thickness, for a given oxygen che-
mical potential gradient, due to a decreasing role of the
surface exchange.

The latter situation is observed for LSGM-LSFC
ceramics (Fig. 10). At 900-950°C, the values of J(O,)
increase and the oxygen fluxes decrease with increasing
membrane thickness. This unambiguously indicates that
the overall oxygen transport is affected by bulk ambi-
polar conductivity and surface exchange rate. When the
temperature decreases, the role of exchange kinetics as
permeation-limiting factor increases; the oxygen fluxes
tend to be thickness-independent. A similar behaviour,
which is typical for single-phase La(Sr)Ga(M,Mg)O;_;
(M=Fe, Co, Ni) heavily doped with acceptor-type
cations,?>?3 was observed for all LSGM-LSFC compo-
sites studied in this work.

Fig. 11 compares the oxygen permeation fluxes
through LSGM-LSFC membranes under a fixed oxy-
gen pressure gradient. As for the total conductivity, a
maximum oxygen permeability is observed for LLc1320
ceramics, where the interaction degree between LSGM
and LSFC phases is minimum compared to other com-
posite materials. The permeability of LLc1320 is quite
high; for example, an oxygen flux of 1.1x1077
molxcm~2xs~! was measured through a 1.0 mm thick
membrane placed under a p(O,) gradient of 21/2.1 kPa
at 950—C. This level of oxygen permeability is similar to
that of single-phase materials having similar cationic
composition, such as LaggSry-GagesMgooMg,03_5
(M=Fe, Co)* or LaGage Nig,Mgg 505>
(Fig. 11B).

The estimates of oxygen ionic conductivity which can
be obtained using Eq. (3), are lower than the true values
due to significant surface exchange limitations to oxy-
gen permeation fluxes (Fig. 10). Nonetheless, such an
estimation might be of interest in order to reveal factors
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Fig. 11. Temperature dependence of the oxygen permeation fluxes
through LSGM-LSFC composite ceramics at fixed oxygen partial
pressure gradient. Membrane thickness is 1.00 mm. Data on single-
phase  Lag §Sro>Gag sMg2C00.0;5_5; (LSGMC),?  Lag¢Sr92Gag.g
Mg 2Feg205_5 (LSGMF)?? and LaGag 65 Nig:Mgo.1503-s (LGNM)
are shown for comparison.

affecting the level of bulk ambipolar conduction. Fig. 12
presents the temperature dependencies of apparent ionic
conductivity in LSGM-LSFC composites, calculated
from the oxygen permeation fluxes through 1.0 mm
thick membranes. Data on LSGM and LSFC, shown
for comparison, correspond to the true ionic con-
ductivity of these compositions. In the latter case, the
ionic conductivity was directly measured by impedance
spectroscopy as the oxygen ion transference numbers
measured by the faradaic efficiency technique are higher
than 0.99. For LSFC membranes, no surface effect on
the oxygen permeation fluxes was observed. The appar-
ent ionic conductivity of LLc1320 ceramics, exhibiting
maximum oxygen transport with respect to other
LSGM-LSFC composites, is 4-50 times lower than the
conductivity of LSGM. The level of ionic conduction in
LSGM-LSFC ceramics is, therefore, presumably the
result of the contribution of Ga-rich domains and
decreases due to phase interaction, with dissolution of
gallium cations in the lattice.

In summary, the cation interdiffusion between LSGM
and LSFC perovskite phases has a deteriorating influ-
ence on the transport properties. In the case of electronic
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Fig. 12. Comparison of ionic conductivity in LSGM, LSFC and
LSGM-LSFC ceramics (see text).

conduction, this effect is rather small (Fig. 9); the influ-
ence of phase interaction on the oxygen ionic transport
may be critical (Fig. 12). The processing conditions of
solid oxide fuel cells, made of LaGaOs-based solid elec-
trolytes and perovskite cathodes based on LaMOj;
(M =Fe, Co),'”-!3 should hence be optimised in order to
prevent interdiffusion between electrolyte and electrode
materials. For oxygen separation membranes, sintering
of dual-phase composite ceramics consisting of LSGM
and LSFC is inappropriate as the resultant properties
are strongly dependent on phase interaction. Even for
optimised membrane microstructures with maximum
oxygen transport, this may lead to degradation pro-
cesses in the course of long-term operation at elevated
temperatures. These problems can be solved using
vapour deposition techniques for the preparation of film
membranes operating at temperatures below 800 °C.

4. Conclusions

The perovskite-type solid electrolyte,
(Lag.oSrg.1)0.08Gag sMgo,03_s (LSGM), and mixed-
conducting LaggSrg,FegCop-,0;5_5 (LSFC) phases
possess similar thermal expansion coefficients (TECs)
and were thus combined in composites with weight
LSGM/LSFC ratio of 60:40. The fast cation interdiffu-
sion between these phases was found to decrease both
ionic and electronic conductivities and to increase thermal
expansion. Sintering of the composites at 1320—1410 °C,
which is necessary to obtain dense ceramics, leads to for-
mation of almost single-phase materials with local inho-
mogeneities, such as Ga-enriched domains. Since the ionic
conductivity level of LSGM-LSFC composites varies
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between those of parent compounds, local enrichment
with gallium is supposed to increase the local ionic
transport. Indeed, the maximum oxygen permeation
was observed for composite membranes prepared under
conditions providing minimum interaction, but suffi-
cient to obtain gas-tight ceramics. These conditions
include the use of LSGM powder, preliminary passi-
vated at 1150 °C, and sintered at 1320 °C for 1 h. The
total conductivity of LSGM-LSFC materials is pre-
dominantly p-type electronic, with activation energy of
24.0-26.2 kJ/mol at 25-575 °C. The oxygen permeation
fluxes through LSGM-LSFC membranes at 700-950 °C
are limited by both bulk ionic conduction and surface
exchange kinetics.
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