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Abstract

The linear thermal expansion coefficients (TECs) of perovskite-type Lag 3Sry,Fe;_Ga,O3_5 (x=0-0.4), determined by dilato-
metric and high-temperature X-ray diffraction techniques, are in the range (19-41)x107¢ K~! at 770-1170 K, decreasing when the
oxygen partial pressure or gallium concentration increases. At oxygen pressures from 10~ to 1 atm, the isothermal chemically
induced expansion of Lag 3Srg 7Fe(Ga)O;_s ceramics is a linear function of the oxygen nonstoichiometry. The magnitude of changes
in § and, thus, chemical expansion both are reduced by gallium doping. The ratio between isothermal chemical strain and non-
stoichiometry variations, (ec/A8), follows an Arrhenius-type dependence on temperature and varies in the range (1.7-5.9)x 1072,
The drastic increase in the thermal expansion at temperatures above 700 K, typical for ferrite-based ceramics, was shown to be
mainly apparent, resulting from the chemically-induced expansion of the lattice due to oxygen losses. The TEC values, corrected for
the chemical strain on heating, are close to the TECs at low temperatures and increase with gallium content. The observed corre-
lations between the thermal and chemical expansion and ionic conductivity of Lag3Srg,Fe;_,Ga,O;_s are discussed in terms of

their relationships with the oxygen deficiency and cation composition.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Dense ceramic membranes with mixed oxygen—ionic
and electronic conductivity are of great interest for
applications in electrocatalytic reactors for oxygen
separation and conversion of light hydrocarbons to
value-added products, particularly the conversion of
natural to synthesis gas.!™ Conventional technologies
for natural gas conversion are based on steam reforming
and/or partial oxidation processes. Whilst steam
reforming of methane is energy-intensive due to highly
endothermic nature of reaction, the most significant cost
associated with partial oxidation is that of an oxygen
plant. Technologies based on ion-conducting mem-
branes may have considerable economic benefits due to

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

the possibility to combine oxygen separation from air
and partial oxidation in a single reactor.*>

The ceramic membrane materials should satisfy to
numerous requirements, including high oxygen semi-
permeability, chemical and structural integrity within a
wide range of temperature and oxygen partial pressure,
and suitable thermomechanical properties. However,
mixed-conducting ceramics known at present exhibit
various specific disadvantages, which limit their applic-
ability for the membrane reactors. In particular, stron-
tium ferrite-based perovskite-like solid solutions exhibit
attractively high oxygen permeation fluxes, but are
thermodynamically and/or dimensionally unstable
under large oxygen chemical potential gradients.®!3
Losses of lattice oxygen under reducing environments
and subsequent changes in the oxidation state of iron
cations result in unfavorable expansion of the lattice and
differential strain across the membrane. This, in turn,
induces mechanical stresses that may cause fracture of
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the membrane ceramics. To some extent, the stability of
SrFeO;_s-based materials can be improved by partial
substitution of iron with metal cations having a more
stable oxidation state under the reactor operation con-
ditions, such as Cr,''=!3 Ti'3!4 or Ga.”!° For example,
Lag»Srg sFep gCry»,03_s membranes were successfully
tested for 500 h at 1373 K in synthesis gas generation
simulating experiments.'' However, doping with either
chromium or titanium leads to a decrease in the ionic
conductivity and, hence, a lower oxygen permeability of
strontium ferrite-based materials.'*!?

One alternative approach to enhance the membrane
stability refers to incorporation of stable trivalent
cations, such as Ga or Al, into the iron sublattice of the
perovskite-like ferrites. As shown in previous work,'*1?
perovskite-related Lag 3Srg,Fe;_.Ga,O3_s phases exhi-
bit a noticeable level of oxygen-ion conductivity at 923—
1223 K in a wide range of oxygen partial pressure
varying from 107! to 0.21 atm. In oxidizing conditions
[p(05)> 107> atm] these compounds possess a cubic
perovskite-type structure, whereas decreasing oxygen
chemical potential leads to various types of oxygen-
vacancy ordering.!®!® The oxygen ionic conductivity of
Lag3Srg 7(Fe,Ga)Os;_s was found essentially indepen-
dent of the oxygen nonstoichiometry and vacancy
ordering.!” The present work continues our study of
Lag3Srg ,Fe(Ga)O;_s ceramics as potential membrane
materials and is focused on the study of thermal and
isothermal chemically-induced expansion. Particular
emphasis is given to analysis of the effect of Ga doping,
which suppresses lattice strain on oxygen chemical
potential variations.'®!” Data on thermal expansion in
air, presented in this work, are refined with respect to
preliminary experiments!”

2. Experimental

Dense ceramic samples of Lag3Srg-Fe;_,Ga, O3_;
(x=0-0.4) were prepared by a standard solid state
synthesis route as described elsewhere.!” Before weight-
ing of the stoichiometric amounts of high-purity SrCOs;,
La,03, FeC,04-H>O and Ga,0s;, binary oxides of lan-
thanum and gallium were annealed in air at 1270 K for
3—4 h. The starting mixtures were dissolved in a solution
of nitric acid, dried and then calcined at moderate tem-
perature to form fine, homogeneous powders. The solid
state reactions were conducted in air at 1470 to 1640 K
for 2040 h with multiple intermediate grinding steps.
Dense ceramic samples were pressed at 250-400 MPa
and then sintered in air for 3-5 h. Sintering of
Lag 3Srg 7Fe;_.Ga, O5_s ceramics with x=0, 0.2 and 0.4
was performed at 1560, 1650 and 1690 K (+10 K),
respectively; the sintering temperatures were selected
empirically, from the results on the density and gas-
tightness vs. sintering conditions. After sintering, the

samples were annealed in air at 1170 K for 4-5 h and
slowly furnace-cooled in order to obtain oxygen content
as close as possible to equilibrium at room temperature.
The density of the ceramic materials determined by the
standard picnometric technique was in the range
92.5-93.5% of their theoretical density, calculated from
the results of X-ray diffraction (XRD) studies. The
cation composition of selected ceramic samples was
verified by ion-coupled plasma (ICP) spectroscopic
analysis; scanning electron microscopy combined with
energy dispersive spectroscopy (SEM-EDS) suggested
uniform distribution of cations along grains and grain
boundaries. Examples of SEM micrographs, reflecting
microstructures typical for the Lag3Srg,Fe(Ga)Os_s
ceramics, are presented in Fig. 1. The average grain size
was found to increase with gallium additions from 7-10
pum (x=0) to 18-30 um (x=0.4). SEM also indicated
liquid phase formation at the grain boundaries of
Lag3Srg7Fe;_,Ga,O;5_s ceramics at x>0.2. Most
probably, both features are due to the increase in the

23,

Fig. 1. SEM micrographs of Lag;Sry;Fe;_.Ga,O;_s ceramics with
x=0 (a) and 0.4 (b).
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Table 1

Linear thermal expansion coefficients (TECs) of
Lag3Srg,Fe;_,Ga,Oz_s in air, calculated from high-temperature
XRD and dilatometric data

X @ x 10°, K-!
XRD Dilatometry
(7731173 K) (773-1148 K)
0 25.18 24.89
0.2 23.64 23.76
0.4 21.79 21.47

sintering temperature necessary to obtain gas-tight
ceramics of Ga-doped lanthanum-strontium ferrites.
The results of structural characterization of
Lag 3Srg 7Fe;_.Ga,O5_;5, performed using XRD and
neutron diffraction data, were reported elsewhere.!'8:!°
Detailed data on the physicochemical and transport
properties of Lag 3Srg;Fe;_,Ga,Os_s, including partial
ionic and electronic conductivities, transference numbers
and oxygen permeability, were also published earlier.!®1°
Thermal expansion measurements in air were carried
out on heating from room temperature to 1170 K using
a quartz dilatometer DKV-5A and an alumina Linseis
dilatometer, with a constant heating rate of 3 K/min.
For these two dilatometers, the size of rectangular
ceramic samples was 2x2x30 mm? and 6x5x5 mm?,
respectively. The reproducibility error of the thermal
expansion coefficient (TEC) values was lower than 5-7%.
The measurements of the thermal expansion in Ar-O,
mixtures with various p(O,) and the isothermal chemi-
cally-induced expansion were performed at 700-1160 K,
using a quartz dilatometer equipped with mechanical
sensor 6MH4S and bar-shaped samples (2x2x30 mm?).
The experiments were carried out in flowing Ar—O, mix-
tures (flow rate of 4 1/h), where the oxygen partial pres-
sure varied from 1x10~* to 1.0 atm by supplying
appropriate gases and electrochemical oxygen pumping
using a solid-electrolyte cell made of yttria-stabilized
zirconia (YSZ) with Pt electrodes. The p(O,) values in
gas mixtures supplied to the dilatometer were measured
by an electrochemical YSZ sensor. In addition to the
standard calibration procedures, thermal expansion

data at p(O,)=0.21 atm (atmospheric air) were verified
by comparison with results from two other devices.

The values of TECs obtained in this work were also
validated by the high-temperature XRD method. The
XRD patterns were collected in air at 773-1173 K using
a Philips X’Pert diffractometer (Cuk, radiation, step
0.02°, 3 s/step). The heating/cooling rate was 3 K/min;
at each temperature the samples were equilibrated for
30-120 min before data acquisition. The results of
structure refinement of LagsSry,Fe;_,.Ga, Oz_s are
found elsewhere.!®!° Table 1 compares the values of
linear thermal expansion coefficients (@), calculated
from dilatometric and high-temperature XRD data.
Within the limits of experimental uncertainty, the TEC
values obtained by the different techniques are similar,
which validates these results and indicates that the
heating rate in the dilatometric experiments was small
enough to provide equilibration. Similar conclusion was
drawn from the good reproducibility of TECs for sam-
ples with different prehistory; an example is given in
Table 2. The TEC values, measured at temperatures
above 700 K when the oxygen exchange between the
ceramics and gas phase is fast enough, were essentially
independent of the thermal prehistory, within the limits
of standard experimental error.

The oxygen nonstoichiometry values used in this
work for the analysis of chemical expansion as a func-
tion of the oxygen partial pressure, were obtained by
coulometric titration.!” Detailed results on the oxygen
deficiency of Lag 3Sry;Fe(Ga)O;_; (so-called p(O,)-T-§
diagrams), an example of which is shown in Fig. 2, can
also be found in Ref. 19. In the course of the strain
analysis, data points on chemical expansion are com-
pared to nonstoichiometry data points measured in the
same external conditions, namely temperature and oxy-
gen partial pressure. When the nonstoichiometry values
at given T or p(O,) were unavailable, approximation of
the experimental data on the oxygen deficiency was
used. A linear model was used for this purpose to
describe the log p(O,) vs. 1/T experimental dependen-
cies, in agreement with basic thermodynamic relations
in oxides.?® The approximation to (3—38) vs. log p(O,)
dependencies was empirically selected as orthogonal 3rd
degree polynomial. The quality of the approximation is

Table 2

Comparative examples of average TECs for Lag 3Srq;Fe;_Ga,O;_s ceramics with different prehistory, calculated from the dilatometric results
X Oxygen pressure in Prehistory a@ x 106, K-!
measurement atmosphere (773-1148 K)

0 I1x10~* atm Cycle in O, (298 — 1150 —298 K) 41.07

1x10~* atm Cycle in air (298 — 1150 —298 K) 41.05

0.4 0.21 atm As prepared 21.47

0.21 atm Cycle in Ar-O, mixture with p(O,)=10"% atm 21.55

(298 — 1150 —298 K)
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illustrated in Fig. 2 by solid lines connecting experi-
mental data points.

3. Results and discussion

Fig. 3 presents one example of typical dilatometric
data in air. As for other atmospheres with a fixed oxy-
gen partial pressure, the dilatometric curves of
Lag3Srg,Fe(Ga)O;_s ceramics consist of two parts,
which may be approximated by straight lines. This
behavior is typical for numerous Fe- and Co-containing
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Fig. 2. Oxygen nonstoichiometry of Lag3Srg-FeysGag4O03_5 per-
ovskite as a function of temperature and oxygen partial pressure. The
solid lines were obtained by approximation using linear (A) and poly-
nomial (B) models.
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Fig. 3. Dilatometric curves of Lag 3Sr( ;Fe;_,.Ga,O3_s ceramics in air.

perovskites.!*21=23 As shown later, the drastic increase

in the thermal expansion at temperatures above 600—750
K is mainly due to increasing oxygen nonstoichiometry
on heating. The average thermal expansion coefficients,
calculated from the dilatometric results in different
atmospheres, are listed in Table 3. Taking into account
oxygen losses from the lattice, these coefficients should
be understood as apparent, resulting from a combined
effect of the true thermal expansion and chemical strain
of the lattice. Another necessary comment is that in the
low temperature range the oxygen content and, there-
fore, apparent TEC values may be affected by a slow
oxygen exchange with the gas phase, stagnated due to
kinetic reasons. For this reason, main emphasis was
given to studies of thermal and chemical expansion at
temperatures above 770 K, where equilibrium with the
surrounding atmosphere is more likely.

Dilatometric curves of LagsSrg7FeOs;_s and
Lag 3Srg 7Fep ¢Gag40;5_s samples in atmospheres with
different p(O,) are shown in Figs. 4A and 5A; the cor-
responding values of the oxygen nonstoichiometry cal-
culated from coulometric titration data !° are presented
in Figs. 4B and 5B, respectively. Within the studied
range of oxygen partial pressure, the apparent thermal
expansion of undoped lanthanum-strontium ferrite is
higher than that of the Ga-containing composition.
However, the oxygen nonstoichiometry variations with
temperature or oxygen pressure are also considerably
larger in the case of Lag3Srg-,FeO;_s ceramics. For
example, when the temperature increases from 923 to
1123 K, the changes in & values of LagsSry5
Fe;_,Ga,O5_s in air are approximately 0.078 and 0.033
for x=0 and 0.4, correspondingly. When p(O,) increa-
ses from 1x10~* to 0.21 atm at 1123 K, the oxygen
content variations in these two materials are 0.127 and
0.039, respectively. This suggests that the great differ-
ence in TEC values for the undoped and Ga-containing
ferrite ceramics, especially at low oxygen pressures
(Table 3), is partly due to larger variation in oxygen
deficiency and, hence, greater contribution of the che-
mical expansion to the apparent thermal expansion of

Table 3

Average TECs of Lag;Srq-Fe;_.Ga,O3_5 ceramics in atmospheres
with different oxygen partial pressures as calculated from the dilato-
metric data

X p(0,), atm T,K @ x 10%, K~!
0 0.21 298-773 12.98
1.0 773-1148 20.92
0.21 773-1148 24.89
1x10~* 773-1148 41.07
0.4 0.21 298-773 11.65
1.0 773-1148 19.08
0.21 773-1148 21.47
I1x10~# 748-1148 26.14
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Fig. 4. Temperature dependencies of the relative elongation (A) and
oxygen nonstoichiometry (B) of Laj3Sry,FeO;_s at various oxygen
partial pressures. Solid lines are for visual guidance.
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Fig. 5. Temperature dependencies of the relative elongation (A) and
oxygen nonstoichiometry (B) of Lag3Sr,FeysGag403_5 at various
oxygen partial pressures. Solid lines are for visual guidance.

Lag3Srg7,FeO;_s. At the same time, the equilibrium
nonstoichiometry of LagsSry;FegsGag403_5 is sig-
nificantly higher than that of undoped ferrite (Figs. 4
and 5). Taking into account the correlations between
oxygen-vacancy concentration and true thermal expan-
sion, which are well known in the literature for materi-
als with temperature-independent oxygen deficiency
(e.g. Refs. 24,25), one can expect that at fixed oxygen
content the lattice expansion of Ga-containing deriva-
tives might be higher or, at least, comparable to that of
La0.3Sr0_7FeO3,5.

The data on isothermal chemically induced expansion
of LagsSry-Fe;_,Ga,O;_s ceramics as a function of
oxygen pressure are given in Fig. 6. For comparison, the
scale in the chemical expansion plots is chosen the same
for materials with x=0 and 0.4. As expected from the
nonstoichiometry variations, the chemically induced
strain of undoped ferrite is 1.5-2.5 times greater than
that of Ga-doped composition. When discussing these
data, one should also mention that, due to partial oxygen-
vacancy ordering and complex defect relationships in
Lag 3Srg s Fe(Ga)O5_s, the lattice parameter variations
in these materials cannot be described as a simple func-
tion of the B-site cation radii.!” Therefore, the simplified
model for the chemical expansion as a quantity deter-
mined mainly by the cation size changes®®?’ cannot be
applied in this case, in agreement with the conclusion
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Fig. 6. Chemically-induced expansion of Lag3Sry,Fe;_,Ga,O;_;
ceramics as determined by the dilatometric measurements. Solid lines
are for visual guidance only.
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drawn from the analysis of literature data on LaCrOs-
based materials.?®

Fig. 7 compares chemically-induced strain of
Lag3Srg,Fe(Ga)O;_s ceramics with data on another
group of mixed-conducting membrane materials,
Sr(Fe,Co)05_5.2°  Perovskite-type  SrFeq,Cogs05_s,
which exhibits one of the highest levels of oxygen ionic
conductivity among known mixed conductors,!-3%-3!
shows the maximum chemical strain; the expansion of
Lag3Srg7FeqsGag40;5_5 1s approximately 2.5 times
lower. As a first approximation, this behavior may be
attributed to a higher oxygen deficiency and greater &
variations with changing p(O,) due to the high con-
centration of cobalt in SrFe;,CoygO03_s phase. A lower
stability and a higher nonstoichiometry are typical for
Co-containing perovskites in comparison with the oxide
compounds where most B sites are occupied with
iron.?!3! The relations of the chemically-induced
expansion in Lag;Srg7(Fe,Ga)O;_s and other types of
mixed conductors, based on CeO,_; and LaCrO;_g, are
briefly discussed below.

The common approach, used in the literature
describe chemical expansion of a crystal lattice, is based
on the assumption that the strain (ec) is a linear func-
tion of the oxygen nonstoichiometry variations. This
means that, if the lattice expansion mechanism is the
same within a given oxygen pressure range, the ratio
(ec/Aé) should be constant. Here, the chemical strain is
defined as?®

28,32 to

ec =AL/Ly (1
0.6
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05k v - La, 381 ;Fe  4Ga, ;05 5
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Fig. 7. Comparison of the chemically-induced strain of
Lag3Srg,Fe;_,Ga,Os_s and SrFe;_,Co,0;_s ceramics. Data on
Sr(Fe,Co)O;_s are taken from Ref. 29.

and a suitable reference state (L) can be chosen, in
particular, at unit oxygen pressure and the same tem-
perature. Although this approach can be considered as a
first approximation only,*? this simplification enables to
quantitatively compare chemically induced expansion in
materials with different nonstoichiometry and defect
chemistry.?® Note that in some cases, the length at room
temperature is taken as the reference state.’® In this
work the state at room temperature is denoted as L
(e.g. Figs. 3-5); the reference length at the temperature
of a given isothermal expansion test and unit oxygen
pressure is labeled as L, (Figs. 6 and 7).

Fig. 8 shows data on chemical strain of
Lag 3Srg 7,Fe;_.Ga, O;_s5 ceramics as a function of the
oxygen deficiency. For visual guidance, these results are
related to the room-temperature length, Ly. As no
phase transitions occur in the studied range of the oxy-
gen partial pressure and the structure remains cubic
perovskite-type,'%!° the nonstoichiometry dependencies
of the chemically-induced expansion can be described
by a linear model, in agreement with.”?® Though the
range of relative length variations is larger for the com-
position with x=0, the slope of AL/ Ly vs.§ dependen-
cies is higher for Lag3Srg;FeqsGag403_s ceramics
(Fig. 8). This slope is proportional to the parameter (ec/
AS8), which is used as a measure of the chemical strain®
and plotted in Fig. 9 vs. reciprocal temperature. For
materials with x=0 and 0.4, the temperature dependen-
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Fig. 8. Relative chemical expansion of Lag;Srq,Fe;_.Ga,O3_s as a
function of the oxygen nonstoichiometry. The strain is calculated with
respect to the reference length at room temperature.
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Fig. 9. Temperature dependence of the (ec/AS) coefficient of
Lag3Srg,Fe;_Ga,Oz_s ceramics.

cies of (ec/Ad) are quite similar due to the similar crys-
tal structure and composition. The absolute values of
(ec/AS) parameter are, however, higher for Ga-con-
taining material. Exact reasons for such behavior are
still unknown. One possible explanation may refer
to increasing level of structural disorder in
Lag 3Srg 7Fe(Ga)O5_s when iron is substituted with gal-
lium/." Data on Seebeck coefficient and partial ther-
modynamic functions of oxygen in the lattice of
Lag3Srg sFe(Ga)O;_s showed that Ga doping leads to
local inhomogeneities in the lattice, such as local dis-
tortions or defect clusters near gallium cations.!® Due to
cation disorder in the B sublattice, this phenomenon
suppresses long-range ordering and formation of
vacancy-ordered microdomains, which is consistent
with data on ionic conduction in Lag;Srg,Fe;_,
Ga,O;_; in oxidizing atmospheres.!” Greater level of
structural disorder may also explain the larger lattice
chemical expansion of the Ga-containing material, rela-
ted to the oxygen vacancy concentration.

Another hypothesis, which may qualitatively explain
the behavior illustrated by Fig. 8, refers to a decrease in
the binding energy of oxides when the oxygen non-
stoichiometry increases.”* Such an assumption was
introduced to explain the experimentally-observed
correlation between the oxygen vacancy concentration
and thermal expansion of La(Sr)Ga(Mg)Os;_s per-
ovskites and confirmed by molecular dynamics simula-
tions.?* In general, the 8@ correlations are known in the
literature?!-2>-333% and may be explained by various fac-
tors (for example, an increase in the atomic vibration
unharmonicity when the vacancy concentration increa-
ses). Nevertheless, all these factors are related to the
lattice expansion via different energetic parameters;*?
the binding energy is one representative example. As the

thermal and chemically-induced expansion have similar
nature, both being determined by the lattice chemical
bonding, the higher values of (ec/AS) coefficient for
Lao,3Sr0A7Feo.6Gaol4O3_3 with respect to Lags
Srg 7FeO;_s (Fig. 8) may thus be considered to result
from a lower binding energy due to the higher oxygen
nonstoichiometry of the former composition (Figs. 4
and 5). The decrease in the binding energy is reflected by
decreasing absolute values of the partial molar enthalpy
of oxygen when gallium concentration in
Lag 3Srq ,Fe(Ga)O;5_; increases.!”

Comparison of the (ec/A8) parameter of Lags
Sro 7Fe(Ga)Os_s with literature data?’-%3* shows that
lanthanum-strontium ferrite- based ceramics exhibit
significantly higher chemical expansion with respect to
LaCrO;-based materials. In particular, for B-site doped
La;_,A.CrO;_s (A=Ca, Sr), the ratio (ec/Ad) at 1273
K varies in the range (1.2-3.6)x1072. In the case of
gadolinium-doped ceria, Ce;_,Gd,O,_s, the relative
chemical strain has values comparable with that of
Lag3Srg sFe(Ga)O5;_s at temperatures above 1120 K,
but is up to 7-8 times higher than that of the ferrite-
based ceramics at lower temperatures.”® The (gc/Ad)
parameter in doped ceria increases with increasing Gd
concentration.”® These trends are likely to agree with
the above hypothesis on the correlation between (sc/AS$)
and § values.

The  fact that the chemical strain of
Lag 3Srg 7 Fe;_.Ga,O5_s ceramics at a fixed temperature
is a linear function of the oxygen nonstoichiometry
(Fig. 8), enables an estimation of the true thermal
expansion coefficients (1) from the apparent TECs
affected by the chemically-induced expansion on heat-
ing. On heating a sample with a fixed oxygen non-
stoichiometry (§ =4), the expansion can be described by
the coefficient

Ly— L

= T ©

where the physical meaning of the quantities used is
illustrated by Fig. 10. For the apparent TEC

i L—1L
0@ = ————— 3
L'o(T> — T1) ®)

Combining Egs. (1)—(3), one can easily obtain for the
true TEC (ar)

_ a@-AT — y-AS
T (yAS + 1)-AT

“)

aT

where v = (ec/Ad). The average at values at 920—1150 K,
estimated in such a manner, are listed in Table 4. In spite
of large errors associated with the limited number of
experimental data points and use of linear approximation
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L0 (T29 6]) L (T27 82)

gc/Ad

-log p(O,)

Fig. 10. Schematic illustration of the length variations on heating,
explaining the suggested correction of the apparent thermal expansion
coefficient for the chemical expansion due to oxygen losses.

models, the estimates of ar in air are quite close to
TECs in the low-temperature range (Table 3). This sug-
gests that the apparent increase in TEC values, observed
on heating at a fixed oxygen pressure (Fig. 3), is mainly
due to the chemical strain. Also, it should be mentioned
that, except for the data at p(O,)=1x10"% atm, the &t
values increase when the gallium content increases or
the oxygen pressure decreases. This behavior may be
ascribed to the correlation between lattice expansion
and oxygen vacancy concentration, similar to the (ec/
AS) parameter.

Summarizing the earlier discussion, Fig. 11 compares
oxygen nonstoichiometry dependencies of the TECs,
corrected for the chemical strain on heating, the (ec/AS)
coefficient, and the oxygen ionic conductivity of
Lag 3Sro 7Fe;_,Ga,O5_s ceramics in air.!”-!8 Notice that
due to surface exchange-affected oxygen permeability
and faradaic efficiency of Lag;Sry sFeO;_s membranes,
the apparent ionic conductivity of the undoped ferrite is
slightly lower than the true values; on the contrary, no
surface effect was found for the two Ga-containing

Table 4

Thermal expansion coefficients of Lag3Srq ;Fe;_.Ga,O3_s ceramics in
different atmospheres at 920-1150 K, corrected for the chemical
expansion due to oxygen loss in the course of heating at constant
p(02)

X p(0O»), atm ar x 100, K1
0 1.0 9.8

0.21 11.7

I1x10~* 26.3
0.4 1.0 11.5

0.21 13.8

I1x10—* 22.5

2 0.20
0.05
H10.18 &
g 0.04 S
2 A
N 1 -
o 1 ——
o) 1 o
0.02 F loga ©
La ;Sry ,Fe; \Ga, O 5]
0.01*~ 1073 K
14 - air 4 0.050
13k 10045
- <
kS < 40.040 —
— 12 + Q
* = —>
i 40.035
I3 nt -
L L ! 10.030

015 020 025 030
d

Fig. 11. Oxygen nonstoichiometry dependence of the ionic con-
ductivity, o,/8 ratio, corrected TECs and (ec/A8) parameter in the
Lag 3Srg 7Fe;_.Ga,O;_s system at 1073 K in air.

compositions.!” The coefficients @t and (ec/A8) both
increase with increasing oxygen deficiency when x
increases. Similar tendencies are found for the ionic
conductivity (o,) and the ratio 0,/8. As oxygen trans-
port in perovskites occurs via the vacancy mechanism,
the latter quantity is proportional to the oxygen
vacancy mobility and in theory should be independent
or slightly decrease with increasing § due to lower con-
centration of sites available for the vacancy jumps.®
Increasing o,/8 ratio with § indicates, hence, energetic
facilitation of ionic conduction when gallium is incor-
porated into the B sites.

The correlations between ion diffusivity and thermal
expansion are well known;?!-?2-232%:31 the phenomeno-
logical theory of ionic conduction®’ explains them by
decreasing interaction of ions in the lattice as the crystal
expands. One analogous explanation is applicable to the
correlation between chemical strain and ionic con-
ductivity (Fig. 11). The observed increase in the vacancy
mobility, thermal expansion and ec/Ad coefficient with
increasing § might also be attributed to a decrease in the
binding energy of perovskite phases, resulting from
greater vacancy concentration.’* At the same time, one
should briefly mention that all these correlations,
including the increase in § with x, reflect the changes in
thermodynamic properties of lanthanum-strontium fer-
rite, which occur on Ga doping. Substitution of iron for
gallium was shown to affect the equilibrium of the per-
ovskites with the gas phase, making oxygen incorpora-
tion energetically less favorable.'”
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Finally, both the apparent thermal expansion in
atmospheres with a fixed oxygen pressure and the iso-
thermal chemically-induced strain of Lag3Srg7
Fe;_,Ga,O;_s ceramics are found to decrease with Ga
additions. This enhances the stability of these materials
under the oxygen-membrane operating conditions.
However, the thermal expansion of LagsSrg~
Fe(Ga)O;_; is still very high, limiting the compatibility
of Ga-doped ferrites with other materials of electro-
chemical cells at elevated temperatures. In comparison
with other mixed conductors promising for membrane
applications, such as La(Ga,Ni)O3_s- and La,NiOy 4 5-
based solid solutions,?’3! the TECs of Lag3Srg-;
Fe,_.Ga,O;_s are 50-100% higher. Taking into
account the results®® showing that chemically-induced
stresses in tubular- and planar-type membranes are
similar, one can suggest that the tubular-type membrane
geometry with hermetization in a low-temperature zone
is preferable for Lag3Sry ;Fe(Ga)O5_s ceramics. The use
of these materials in planar-type membranes, sealed at
high temperatures, seems problematic.

4. Conclusions

The linear thermal expansion coefficients of
Lag3Srg7Fe;_.Ga, O;_s5 (x=0-0.4) ceramics in air,
determined by the dilatometric and high-temperature
XRD measurements, vary in the range (11.6—
13.0)x10=® K~ at 300-770 K and (21.4-25.2)x10~°
K~ at 770-1170 K, decreasing with gallium content.
The drastic increase in TECs at 700-800 K was found to
be mainly apparent, resulting from chemically-induced
expansion of the lattice due to oxygen loss on heating.
At oxygen partial pressures from 10~* to 1 atm, the
chemical strain is a linear function of the oxygen non-
stoichiometry variations. The coefficient (ec/AS), a
quantitative measure of the chemically-induced expan-
sion, varies for Lag3Srg-,Fe;_.Ga,O;_s in the range
(1.7-5.9)x 1072 and follows an Arrhenius-type tempera-
ture dependence at 920-1150 K. The TEC values, cor-
rected for the chemical strain on heating, are close to
TECs at low temperatures. Both thermal and chemical
expansion coefficients were shown to increase with gal-
lium additions. As for the increase in TECs with redu-
cing oxygen pressure, this behavior is associated with
greater oxygen nonstoichiometry of Ga-containing
materials.

Doping with gallium decreases the apparent thermal
expansion of Lag3Srg-,Fe;_Ga,O;_s at fixed oxygen
pressures and suppresses total chemical strain of the
ceramics due to decreasing oxygen nonstoichiometry
variations. In comparison with other group of mixed-
conducting membrane materials, perovskite-like
Sr(Fe,Co)O5_s, the chemical strain in LagsSrg7
Fe(Ga)Os;_; perovskites is significantly lower. However,

both thermal and chemical expansion coefficients of
Lag 3Srg 7Fey ¢Gag403_s ceramics are still high, which
makes the tubular-type membrane geometry preferable
for these mixed conductors.

Acknowledgements

This research was partially supported by FCT, Por-
tugal (PRAXIS and POCTI programs), the INTAS
(project 00276), the Russian Foundation for Basic
Research (grant 01-03-96519), and the Belarus Ministry
of Education. The authors are sincerely grateful to V.
Vashook, M. Avdeev and R. Soares for helpful discus-
sions and assistance in the isothermal expansion and
high-temperature XRD experiments.

References

1. Bouwmeester, H. J. M. and Burggraaf, A. J., Dense ceramic
membranes for oxygen separation. In Fundametals of Inorganic
Membrane Science and Technology, ed. A. J. Burggraaf and
L. Cot. Elsevier, Amsterdam, 1996, pp. 435-528.

2. Kilner, J., Benson, S., Lane, J. and Waller, D., Ceramic ion con-
ducting membranes for oxygen separation. Chemistry & Industry,
1997, No. 17, 907-911.

3. Mazanec, T. J., Prospects for ceramic electrochemical reactors in
industry. Solid State Ionics, 1994, 70/71, 11-19.

4. Dyer, P. N., Richards, R. E., Russek, S. L. and Taylor, D. M.,
Ion transport membrane technology for oxygen separation and
syngas production. Solid State Ionics, 2000, 134, 21-33.

5. Mazanec, T. J., Get your O,’s—high temperature electroceramic
oxygen separation and reaction. Electrochem. Soc. Interface,
1996, 6(4), 46-49.

6. Pei, S., Kleefisch, M. S., Kobylinski, T. P., Faber, J., Udovich,
C. A., Zhang-McCoy, V., Dabrowski, B., Balachandran, U.,
Mieville, R. L. and Poeppel, R. B., Failure mechanism of ceramic
membrane reactors in partial oxidation of methane to synthesis
gas. Catal. Lett., 1995, 30, 201-212.

7. Armstrong, T., Prado, F., Xia, Y. and Manthiram, A., Role of
perovskite phase on the oxygen permeation properties of the
SryFes_Co,O134 5 system. J. Electrochem. Soc., 2000, 147, 435—
438.

8. Bredesen, R., Norby, T., Bardal, A. and Lynum, V., Phase rela-
tions, chemical diffusion and electrical conductivity in pure and
doped SryFeqO;3 mixed conductor materials. Solid State Ionics,
2000, 135, 687-697.

9. Tsuruta, Y., Todaka, T., Nisiguchi, H., Ishihara, T. and Takita,
Y., Mixed electronic-oxide ionic conductor of Fe-doped La(Sr)-
GaO; perovskite oxide for oxygen permeating membrane. Elec-
trochem. Solid-State Lett., 2001, 4, E13-E15.

10. Schwartz, M., White, J. H. and Sammells, A. F., Solid State
Oxygen Anion and Electron Mediating Membrane and Catalytic
Membrane Reactors Containing Them. US Patent 6214757, 10
April 2001.

11. Mazanec, T. J., Electropox gas reforming, vol. PV95-24. In
Ceramic Membranes I, ed. H. U. Anderson, A. C. Chandar and
M. Liu. The Electrochemical Society, Pennington, NJ, 1997,
pp. 16-28.

12. Atkinson, A., Chater, R. J. and Rudkin, R., Oxygen diffusion
and surface exchange in Lag gSry,FeygCrg,05_s under reducing
conditions. Solid State Ionics, 2001, 139, 233-240.



1426

13.

16.

17.

18.

19.

20.

21.

22.

V.V. Kharton et al. | Journal of the European Ceramic Society 23 (2003) 1417-1426

Mazanec, T. J., Cable, T .L., Frye, J. G. and Kliewer, W. R.,
Solid-Component Membranes Electrochemical Reactor Compo-
nents Electrochemical Reactors use of Membranes Reactor Com-
ponents and Reactor for Oxidation Reactions. US Patent 5591315,
7 January 1997.

. Kharton, V. V., Kovalevsky, A. V., Viskup, A. P., Jurado, J. R.,

Figueiredo, F. M., Naumovich, E. N. and Frade, J. R., Transport
properties and thermal expansion of Sry¢;Ti;_ Fe Oz_s (x=0.2—
0.8). J. Solid State Chem., 2001, 156, 437-444.

. Ming, Q., Hung, J., Yang, Y. L., Nersesyan, M., Jacobson, A. J.,

Richardson, J. T. and Luss, D., Combustion synthesis of
Lag»Srg3Crg-Feq3Os_ . Combustion Sci. Tech., 1998, 138, 279.
Leonidov, I. A., Kozhevnikov, V. L., Mitberg, E. B., Patrakeev,
M. V., Kharton, V. V. and Marques, F. M. B., High-temperature
electrical transport in Lag;Srg,Fe;_.Ga,O;_s (x=0-0.5).
J. Mater. Chem., 2001, 11, 1201-1208.

Kharton, V. V., Yaremchenko, A. A., Viskup, A. P., Patrakeev,
M. V., Leonidov, I. A., Kozhevnikov, V. L., Fiqueiredo, F. M.,
Shaulo, A. L., Naumovich, E. N. and Marques, F. M. B., Oxygen
permeability and ionic conductivity of perovskite-related
Lag3Srg,Fe(Ga)Os_s. J. Electrochem. Soc., 2002, 149, E125-
E135.

Kharton, V. V., Shaulo, A. L., Viskup, A. P., Avdeev, M. Yu,
Yaremchenko, A. A., Patrakeev, M. V., Kurbakov, A. 1., Casa-
nova, J. R., Naumovich, E. N. and Marques, F. M. B., Per-
ovskite-like system (Sr,La)(Fe,Ga)Ojz_s: structure and ionic
transport under oxidizing conditions. Solid State Ionics, 2002,
150, 229-243.

Patrakeev, M. V., Mitberg, E. B., Lakhtin, A. A., Kozhevnikov,
V. 1., Kharton, V. V., Avdeev, M. Yu. and Marques, F. M. B.,
Oxygen nonstoichiometry, conductivity and Seebeck coefficient
of Lag 3Srg;Fe;_,Ga,0,65+s perovskites. J. Solid State Chem.,
2002, 167, 203-213.

Kofstad, P., Nonstoichiometry, Diffusion and Electrical Con-
ductivity in Binary Metal Oxides. Wiley-Interscience, NY, 1972.
Ullmann, H., Trofimenko, N., Tietz, F., Stover, D. and Ahmad-
Khanlou, A., Correlation between thermal expansion and oxide
ion transport in mixed conducting perovskite-type oxides for
SOFC cathodes. Solid State Ionics, 2000, 138, 79-90.

Kharton, V. V., Figueiredo, F. M., Kovalevsky, A. V., Viskup,
A. P., Naumovich, E. N., Jurado, J. R. and Frade, J. R., Oxygen
diffusion in, and thermal expansion of, SrTiO;_s- and CaTiO3z_s-
based materials. Defect and Diffusion Forum, 2000, 186-187, 119—
136.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Kharton, V. V., Yaremchenko, A. A., Kovalevsky, A. V.,
Viskup, A. P., Naumovich, E. N. and Kerko, P. F., Perovskite-
type oxides for high-temperature oxygen separation membranes.
J. Membrane Sci., 1999, 163, 307-317.

Hayashi, H., Suzuki, M. and Inaba, H., Thermal expansion of Sr-
and Mg-doped LaGaOs. Solid State Ionics, 2000, 128, 131-139.
Kharton, V. V., Naumovich, E. N., Yaremchenko, A. A. and
Marques, F. M. B., Research on the electrochemistry of oxygen
ion conductors in the former Soviet Union. IV. Bismuth oxide-
based ceramics. J. Solid State Electrochem., 2001, 5, 160-187.
Bieberle, A. and Gauckler, L. G., Thermal and isothermal
expansion. In Oxygen Ion and Mixed Conductors and Their
Technological Applications, ed. H. L. Tuller, J. Schoonman and
I. Riess. NATO ASI Series, Kluwer Acedemic Publ, Dordrecht-
Boston-London, 2000, pp. 347-358.

Zuev, A., Singheiser, L. and Hilpert, K., Defect structure and
isothermal expansion of A-site and B-site substituted lanthanum
chromites. Solid State Ionics, 2002, 147, 1-11.

Atkinson, A. and Ramos, T. M. G. M., Chemically-induced
stresses in ceramic oxygen ion-conducting membranes. Solid
State Ionics, 2000, 129, 259-269.

Vashook, V. V., Synthesis and Physicochemical Properties of
Compounds with Perovskite and Perovskite-like Structure, Based
on Cobalt and Nickel Oxides. DSc. Thesis, Institute of General
and Inorganic Chemistry, National Belarus Academy of Sciences,
Minsk, Belarus, 2000 (in Russian).

Kharton, V. V., Naumovich, E. N., Nikolaev, A. V., Astashko, V. V.
and Vecher, A. A., Electrochemical properties of mixed conductors
SrCo(Fe,Cu)Os. Russ. J. Electrochem., 1993, 29, 1039-1047.
Kharton, V. V., Yaremchenko, A. A. and Naumovich, E. N.,
Research on the electrochemistry of oxygen ion conductors in the
former Soviet Union. II. Perovskite-related oxides. J. Solid State
Electrochem., 1999, 3, 303-326.

Atkinson, A., Chemically-induced stresses in gadolinium-doped
ceria solid oxide fuel cell electrolytes. Solid State Ionics, 1997, 95,
249-258.

Novikova, S. 1., Thermal Expansion of Solids. Nauka, Moscow,
1974 (in Russian).

Boroomand, F., Wessel, E., Bausinger, H. and Hilpert, K.,
Correlation between defect chemistry and expansion during
reduction of doped LaCrO; interconnects for SOFCs. Solid State
Tonics, 2000, 129, 251-258.

Chebotin, V. N. Physical Chemistry of Solids. Khimiya, Moscow,
1982 (in Russian).



	Thermal and chemical induced expansion of La0.3Sr0.7(Fe,Ga)O3-delta ceramics
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgements
	References


