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In this work, La0.4Sr0.4TiO3-based ceramics intended for use as anode materials in solid oxide fuel
cells were investigated. The material was found to preserve its cubic structure throughout testing
across a range of conditions, although slight signs of phase segregation were also identified under
extreme conditions. The thermal expansion coefficient measured on differently processed samples
predicts a good thermomechanical compatibility with yttria-stabilized zirconia (YSZ). Conductivity
measurements indicated that the material exhibits a fast surface reduction, unlike the bulk reduction,
which progresses very slowly. An increase of the prereduction temperature was found to significantly
increase the extent of the reduction and, therefore, the conductivity. Samples sintered under a 5%
H2/Ar flow, at 1400 �C, showed high conductivities of up to 96 S cm-1 at 880 �C and oxygen partial
pressures of pO2

= 10-20 atm. Correlations between the oxygen deficiency, conductivity, porosity,
reduction temperature, and cell parameter are also presented. An equation that accounts for the
expansion of the cell parameter on reduction has been adapted from the literature and is discussed.

1. Introduction

Solid oxide fuel cells (SOFCs) are electrochemical
devices that produce electricity directly from the oxida-
tion of fuels. Because of their fuel flexibility and very high
potential efficiency, they are regarded as one of the most
attractive solutions for clean, future power generation.1

Most of the difficulties faced in the improvement of the
current state-of-the-art SOFCs are related to finding a
suitable replacement for the current anode, the Ni-YSZ
cermet. Although this anode exhibits excellent catalytic
activity and current collection, it also suffers from serious
limitations, such as nickel sintering, carbon deposition,
sulfur poisoning,2 or low tolerance to redox cycles, which
are usually associated with its characteristic two-phase
architecture. Therefore, several materials and approaches
are being considered to address these problems and find a
suitable all-ceramic anode. A viable anode material should
fulfill some basic requirements, such as good chemical
and mechanical stability under SOFC operating condi-
tions, high electronic and ionic conductivity over a wide
range of oxygen partial pressures (pO2

), good chemical
and thermal compatibility with electrolyte and intercon-
nect materials, high surface exchange kinetics, and good
catalytic properties for the anode reactions.3 Because of
these demanding requirements, it is often necessary to
reach a compromise in physical and chemical properties,
usually in terms of stability and electrical properties.4

In this context, much of the effort has been directed
toward perovskite materials (ABO3), because of the gen-
eral stability and doping flexibility of this system.1,4-6

Perovskite structures are also of interest because they can
incorporate cations with multiple oxidation states, which
facilitate electrocatalytic processes and provide mechan-
isms for electronic conductivity. Several doping scenarios
have been envisaged and investigated to manipulate the
structure, defect chemistry, and, therefore, the properties
of perovskites. Among some of the doping strategies that
have yielded materials with unique features, we mention
perovskites that exhibit oxygen excess (ABO3þδ), oxygen
deficiency (ABO3-δ), and A-site deficiency (A1-xBO3),
where A and B denote the sites of the perovskite and each
can be occupied by one or more suitable cations. Some of
these features will be briefly described and discussed
below for the case of titanates (B = Ti).
Among the numerous other perovskite systems that

have been explored, those containing titanium continue
to attract attention, because titanium remains mixed-
valent Ti4þ/Ti3þ in the reducing atmosphere at the anode,
and this redox couple can accept electrons from a hydro-
carbonorH2, thus promoting their dissociation.1 Because
the formation of Ti3þ is favored by the reducing condi-
tions, the atmosphere used during the sintering stage
plays a crucial role in determining the final properties of
thesematerials.Usually, the higher the sintering temperature
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and the stronger the reducing conditions, the higher the
final conductivity will be, because of the higher concent-
ration of Ti4þ/Ti3þ couples created. For example, lantha-
num-doped strontium titanates (Sr1-xLaxTiO3þδ) exhibit
conductivities of 1-16 S cm-1, when sintered in air and
measured at 1000 �C and low pO2

, and 80-360 S cm-1,
when sintered in H2 at 1650 �C and measured under the
same conditions.7 However, the compositions sintered in
air have been shown to accommodate extra oxygen between
the perovskite blocks, which accounts for their oxygen-
rich structure.Forδ<0.167, these extendeddefectsbecome
disordered and the perovskite is more easily reduced.8

However, the ionic conductivity remains low and does
not sustain a good catalytic activity,9 despite the promis-
ing results in terms of stability, compatibility with YSZ,7

or sulfur poisoning.10

The oxygen-deficient compositions can be obtained by
doping on the B-site with a cation of lower valence than
the valence of the nominal B-site ion or by reducing a
stoichiometric composition. The first approach led to the
discovery of the compound with the highest known oxide
ionic conductivity, La1-xSrxGa1-yMgyO3-δ.

11,12

A-site deficiency has been recently used in various
systems to prepare materials that are suitable for SOFC
anodes. Sr1-(3x/2)LaxTiO3 compositions sintered in air
havebeenshowntoexhibit conductivityvaluesup to7Scm-1

upon reduction at 930 �C and pO2
= 10-20 atm.13,14 The

optimized composition of Sr0.86Y0.08TiO3-δ presents a
conductivity of 82 S cm-1 at pO2

= 10-19 atm and 800 �C,
after being prereduced in 7%H2/Ar at 1400 �C,15,16 which
does not greatly increase when further doped on the
B-site.17 The effect of A-site deficiency has also been
found to increase the electronic conduction of Sr1-xTiO3

under reducing conditions.18 However, the increase is not
significant and phase segregation was also observed.19

In this paper, we report on a more-extensive study on
the synthesis, structure, and properties of the x = 0.4
composition belonging to the series Sr1-(3x/2)LaxTiO3.
Experiments were carried out to better understand the
correlation between electronic conductivity and oxygen
deficiency in these compounds.
Previous work carried out by Slater et al.13 recom-

mended this material as a possible candidate for use as

anode material in SOFCs, because of its tolerance to redox
cycles and sufficiently high conductivity values.5 Also,
this material is easily synthesized in air, which makes it
attractive from amanufacturing point of view. Although,
in this series, the conductivity of the samples increased
with increasing La content up to x = 0.67, the x = 0.4
composition was chosen for this study, based on structural
and phase-purity considerations. It has been reported
that the phase purity of the samples with x>0.4 is
questionable, because very small amounts of pyrochlore
phase were found in these compositions, although it is not
clearwhether the synthesismethod or phase stability itself
is the cause.20 Also, because of the increased concentra-
tion of the vacancies on the A-site as x increases, cation-
vacancy ordering has been shown to occur for composi-
tions with xg 0.4.21 For 0< x<0.4, the structure of the
materials is cubic, followed by a tetragonal distortion
for 0.4 < x < 0.55, leading to an orthorhombic struc-
ture for 0.55 < x < 0.67, for temperatures higher than
300 K.22 As shown previously for the doped titanates
containing oxygen excess,8 the compositional domain
where ordering occurs should be avoided, because it can
inhibit the reduction of the material. Moreover, the high
A-site deficiency of the x= 0.4 composition has been
suggested to positively influence the removal of oxygen
from the structure by limiting the intrinsic Schottky
defect concentration.4

2. Experimental Section

La0.4Sr0.4TiO3 (LST) ceramics have been prepared via solid-

state synthesis using high-purity La2O3 (dried at 800 �C), SrCO3,

and TiO2 (both dried at 300 �C). The dried powders were mixed

in the corresponding amounts in a beaker, using acetone. An

ultrasonic probe was used to produce a fine suspension of the

starting powder mixture. The acetone was evaporated under

stirring, and the powder was calcined at 1000 �C for 12 h. The

calcined powder was then ball-milled, pressed into pellets, and

fired at 1400 �C for 10 h. The obtained pellets were reground,

mixed with pore formers (glassy carbon and/or graphite), and

fired slowly to 1450-1500 �C for 7-10 h to obtain porous

ceramics. Experiments that required a reducing environment

were performed in a tubular furnace under a continuous 5%

H2/Ar flow.

The crystal structure of the samples was analyzed using X-ray

diffraction (XRD) performed on either a Stoe Stadi transmis-

sion diffractometer (Cu KR1 radiation) or a Philips PW 1710

reflection diffractometer (Cu KR1, KR2 radiation). The ob-

tained XRD patterns were analyzed with STOE Win XPOW

software to determine the crystal structure and the cell para-

meter. Some of the cell parameters were also refined using the

Rietveld method (using FullProf software).

A JEOL JSM-5600 scanning electron microscopy (SEM)

system was used to analyze the microstructure of the pellets.

Energy-dispersive X-ray analysis was performed to confirm the

stoichiometry of the samples.
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Thermogravimetric analysis was performed using a Netzsch

Model STA 449C instrument that was equipped with Proteus

thermal analysis software.

The thermal expansion of the pellets in various atmospheres

was investigated using a Netzsch Model DIL 402 C instrument

that was equipped with Proteus analysis software.

The DC conductivity of the samples was measured using

either a conventional four-probe DC technique or a van der

Pauw setup.23 Both setups consisted of a vertical furnace with

controlled atmosphere, equipped with zirconia sensors to moni-

tor the pO2
data. A continuous 5% H2/Ar flow was used to

achieve low pO2
values. The pO2

value can also be increased by

allowing air into the furnace through a controlled leak. The

difference between the two setups resides in the principle of

measuring the conductivity and, therefore, the placement of the

metallic contacts on the samples. For the four-probe method,

four platinum foil contacts were attached parallel to each other

on the surface of the pellets, using platinum paste. For the van

der Pauw measurement, four gold mesh contacts were attached

at the periphery of the sample, using gold paste. The contacts

were consolidated by firing at 800-900 �C for 1 h.

3. Results and Discussion

3.1. Phase Development and Microstructure. Powder
XRDconfirmed that La0.4Sr0.4TiO3 (LST) forms a single-
phase cubic structure (Pm3m) when sintered either in air
or 5%H2/Ar at 1400 �C (see Figure 1), which is consistent
with a random distribution of the vacancies, as discussed
earlier. The cell parameters obtained for the two situa-
tions can be compared in Table 1. The cell parameter for
the sample sintered in reducing environment is larger than
the cell parameter of the sample sintered in air. This is due
to (i) the higher volume of the Ti3þ ions (compared to the
Ti4þ ions) that form under reducing conditions and (ii) the
removal of oxygen anions from the lattice that accompanies
this reduction. Generally, a lattice that has a lower content
of oxygen than the stoichiometric valuewill tend to expand,
because of the decrease of the Coulombic forces in the unit
cell. The expansion of the unit cell was also observed when
reducing samples that had previously been sintered in air.
The expansion of the unit cell also will be addressed in a
quantitative manner toward the end of this paper.
The type of atmosphere used upon sintering does not

affect only the cell parameter; it also seems to have a
strong influence on the microstructure of the samples, as
can be seen from Table 2. The sample sintered in air
develops a microstructure with large well-defined poly-
gonal grains ∼60-80 μm in diameter. The sample sin-
tered at lower pO2

(in argon) shows smaller polygonal
grains that do not exceed 20-30 μm in diameter. The
sample sintered in a very reducing environment (5%
H2/Ar) has an even smaller grain size with many curved
grain boundaries and some pores as well. The different
microstructure is also reflected in the relative densities
calculated for the considered samples, showing a decrease
of the relative density with decreasing pO2

. Also note that
the samples sintered in air and argon have a dark green
color, while the sample that was sintered under extremely

reducing conditions is black, because of the increased
concentration of the charge carriers (electrons).
Since anodes used in SOFCs must be porous, it is

interesting to study the possibilities of obtaining porous
LST ceramics. To obtain these ceramics, pore formers (PFs)
were used. In this work, a mixture of equal quantities of
glassy carbon and graphite was used in this scope. This
type of mixture was found to provide the best porosity, in
terms of pore distribution and size. Because LST tends to
densify very well in air, thus yielding pellets with low
porosity, and the amount of pore formers that can be
added is limited by the mechanical stability of the pellets
before firing, another method was proposed to achieve
pellets with higher porosity. Powder of presintered LST
was mixed with calcined powder and pore formers in
different ratios and fired in air at 1450-1500 �C for 7-12 h.
The influence of the percentage of the added PFs and
already-sintered LST on the microstructure and relative
density is shown in Table 3 and Figure 2, respectively.

Figure 1. PowderX-ray diffraction (XRD) patterns for powders sintered
(a) in air and (b) in 5% H2/Ar.

Table 1. Refined Cell Parameters for La0.4Sr0.4TiO3 (LST) Ceramics

Sintered in Air and 5% H2/Ar

sintering conditions air 5% H2/Ar
temperature (�C) 1400 1400
dwell time (h) 12 12
heating/cooling rate (�C/min) 5/5 5/5
space group Pm3m Pm3m
cell parameter (Å) 3.8891(2) 3.9009(3)

Table 2. Influence of the Sintering Atmosphere on the Microstructure of

LST Dense Pelletsa

aAt 900 �C, the pO2
value ofAr is∼10-3.5 atm, and the pO2

value of 5%
H2/Ar is ∼10-20 atm.

(23) Kasl, C.; Hoch, M. J. R. Rev. Sci. Instrum. 2005, 76, 033907.
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Obtaining porous pellets via sintering in 5% H2/Ar
and using the pore formers mentioned above was found
to be impossible. The XRD pattern of such a pellet does
not show cubic symmetry, probably because of the ex-
tremely reducing environment in the pellet due to the
carbon. However, perhaps a different approach could be
found to produce porous structures under these condi-
tions.
3.2. Stability.The cubic perovskite phase was found to

be very stable in air, in terms of crystal structure and
microstructure. However, it is more important to evaluate
its stability in a reducing atmosphere, because this
material is intended for use at the anode side of the fuel

cell. TheXRDpatterns show that reducing the perovskite
phase at temperatures in the range of 1100-1300 �C does
not affect its symmetry: it only affects the position of the

peaks that shift to higher d-spacing values (see Figure 3).

However, signs of possible stability issues have been

observed via SEM. It seems that, after reducing the

material at high temperatures or after prolonged testing

in 5% H2/Ar, some sub-micron crystals are formed (see

Table 4). This might be due to the locally occurring inho-

mogeneities associated with solid-state synthesis; how-

ever, there is no evidence of submicrometer-sized cry-

stals in unreduced samples. It has not been possible to

identify the nature of these crystals so far, because they

are very small and therefore evade typical structure

analysismethods such as energy-dispersiveX-ray analysis

(EDX) or XRD. Although their presence may cause

concern regarding the stability of the material in a redu-

cing atmosphere, they could also bring benefits by acting

as catalytic centers or promoting electrochemical reac-

tions. Also note that the general appearance of the grains

seems to be retained, even after prolonged testing, so the

material could prove to be sufficiently stable under work-

ing conditions. It ismost likely that the exsolution of these

submicrometer-sized crystals is linked to the inability of

the A-site-deficient lattice to accommodate the degree of

oxygen deficiency induced on reduction and, hence, the

small particles are TiO2 or a reduced titanium oxide. The

presence, shape, size and distribution of these exsolu-

tions seems to indicate an association of the strontium

and oxygen vacancies in pairs, (VSr
00 VO

••), as it has been

Table 3. Array of Microstructures of the LST Pellets Sintered in Air and Containing Various Amounts of Presintered LST and Pore Formers

Figure 2. Relative densities obtained for samples sintered in air and
initially containing a mixture of calcined powder, presintered LST (%
LST), and pore formers (PFs).
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suggested by theoretical calculations for other perovskite

system.24 The exsolution occurs after an oxygen defi-

ciency limit (xlim) is reached:

A0:8TiO3s
Reduction

A0:8TiO3-xlims
FurtherRed

A0:8Ti1- yO3-xlim - yn þ yTiOn ð1Þ

A0:8Ti1- yO3- xlim - yn

� A0:8=ð1- yÞTiOð3-xlim - nyÞ=ð1- yÞ ð2Þ

3.3. Compatibility with the Electrolyte. It is important
that no chemical reactions take place between the electro-
lyte and the anode material during operation of the cell.
To confirm thatno chemical interactions takeplacebetween
LST and the usual electrolyte material, 8-mol%-yttria-
stabilized zirconia (8YSZ), a fine mixture of the two
materials was pressed into a pellet and fired for 12 h at
1400 �C. No secondary phase was observed in the XRD
patternperformedon thismixture after firing. (SeeFigure 4.)
Equally important to the functioning of the cell is a

good match between the thermal expansion coefficients
(TECs) of LST and YSZ. Because the anode must be
porous, only porous pellets have been tested (Figure 5).
Table 5 gvies a list of the most relevant TEC values that
have been measured. All of the TEC values are very close
to the reported value of YSZ (TEC ≈ 1.05 � 10-5 K-1);
therefore, good thermomechanical compatibilitywithYSZ
should be expected in air or 5% H2/Ar for pellets with
30%-40% porosity within the temperature range of 50-
1000 �C.

Figure 3. (a) XRD-reflection mode patterns performed on LST porous
pellets (density (Fr) of∼63%)prereducedat 1100 �C(spectruma), 1200 �C
(spectrum b), and 1300 �C (spectrum c) for 10 h in 5% H2/Ar. Asterisk
symbols (/) denote peaks from the aluminum holder. (b) Plot of the cell
parameters of the samples described in panel (a) versus the reduction
temperature; the increase in the cell parameter, relative to the starting
value (air-sintered sample), is also shown. The errors are smaller than the
symbols used for plotting.

Table 4. Microstructure of LST Pellets before and after Reduction

Figure 4. XRDpattern of a finemixture of 8YSZ and LST after firing at
1400 �C.

Figure 5. Thermal expansion coefficients measured from 50 �C to
1000 �C in air on pellets with Fr∼ 70% (a) and Fr ∼ 60% (b); in 5%H2/Ar,
on cooling, on a pellet sintered in air,Fr ∼ 60% (d) and on a pre-reduced
pellet at 1050 �C, Fr ∼ 60% (c).

(24) Islam, M. S.; Davies, R. A. J. Mater. Chem. 2004, 14, 86.



Article Chem. Mater., Vol. 22, No. 17, 2010 5047

3.4. Electrical Properties. Because the anode of a
SOFC must be porous, this study focused more on the
properties of pellets with controlled porosity rather than
on the properties of dense pellets. In the following four-
probe conductivity experiments, a pellet having a relative
density of∼65%was used. Upon heating in air, LST that
has been sintered in air behaves like a semiconductor,
reaching a conductivity of ∼10-2 S cm-1 at 900 �C (see
Figure 6). The activation energy for the conduction is
rather high (1.07 eV).
At this point, a flow of 5% H2/Ar was passed through

the testing furnace, reducing the pO2
value. InFigure 7, the

response of the material, in terms of conductivity, upon
this sudden change in pO2

, is plotted against time. This
plot shows that the conductivity of the material increases
by∼2 orders of magnitude, within amatter of minutes, to
∼0.3 S cm-1. After this initial step, the conductivity
continues to increase, but very slowly (see Figure 8).
Approximately 15 h were needed for the material to
increase its conductivity by another order of magnitude.
The plot in Figure 8 also shows that the lower the pO2

value, the higher the maximum (equilibrium) conductiv-
ity achieved. However, it is important to emphasize the
slow increase in conductivity at constant pO2

and tem-
perature, which is in contrast to the initial jump in
conductivity upon a decrease in pO2

. One could therefore
distinguish twomain stages in the reduction of this material
at a constant temperature: an initial stage, where the
conductivity of the material increased very rapidly on

switching to reducing atmosphere, and a second one, in
which the conductivity increased very slowly with time, at
constant pO2

. This approach provides us with an interest-
ing insight into the properties of this material. Previous
studies have shown that the conductivity of this material
is due to the Ti4þ ions reducing to Ti3þ, which is accom-
panied by the formation of oxygen vacancies (eq 3):13

2TixTi þOx
O T 2TiTi

0 þV ••
O þ 1

2
O2 ð3Þ

The material will exhibit metallic-type conductivity
when the electron concentration increases sufficiently.There-
fore, the conductivity will mainly depend on the extent of
the reduction, which is determined by the concentration
of the oxygen vacancies. The fact that the conductivity of
the material increases rapidly when exposed to a reducing
atmosphere suggests that the surface reaction between the
gas phase and the grain surface is very fast at this temper-
ature (900 �C), and, thus, a thin film of reduced material
covers the surface of the grains rapidly. This thin film of
reduced—and, thus, conductive—material provides a
first flow path for the electrons, accounting for the initial

Table 5. Thermal Expansion Coefficient (TEC) Values of Porous LST
Pellets in Different Atmospheres

Conditions

TEC
(� 105K-1) atmosphere

temperature
range
(�C)

relative
density,
Fr (%)

pellet
history

1.035 air 50-1000 ∼60 sintered in air
1.297 air 50-1000 ∼70 sintered in air
1.189a 5% H2/Ar 50-1000 ∼60 sintered in air
1.160 5% H2/Ar 50-1000 ∼60 sintered in air and

reducedat1050 �C

aMeasured upon cooling.

Figure 6. Arrheniusplot of the conductivityuponheating anLSTporous
pellet (Fr ≈ 60%, previously sintered in air) to 900 �C in air.

Figure 7. Conductivity and pO2
versus time, at an early stage of the

reduction of an LST pellet having 35% porosity at 900 �C.

Figure 8. Conductivity versus timeupon reductionofanLSTpellet (35%
porosity) at 900 �C: (a) data recorded just after the initial sudden change in
pO2

, when the pO2
value stabilized to∼10-18.6 atm; and (b) data recorded

after cooling and reheating in 5%H2/Ar, after the pO2
value had stabilized

at 10-19.4 atm.
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rapid initial increase of the conductivity. However, this
also implies that the grain-boundary regions are subject
to the same fast reduction upon atmosphere change, acting
also as fast conduction paths and not as blocking features.
In the second step, the reduction process will continue via
the further removal of oxygen anions from the bulk of the
grains. This is equivalent to the vacancies diffusing into
the bulk. Gradually, the thickness of the reduced layer of
the phase will increase, providing the electrons with wider
flow paths, and making the material more conductive.
Similar to most of the diffusion processes that take place
in the bulk of the grains, this will be a very slow and diffi-
cult process, mainly dependent upon temperature and time.
The reduction of the material slowly progresses until the
entire grain has been reduced. A schematic view of the
proposed mechanism is presented in Figure 9. A similar
behavior has been reported and interpreted in a similar
manner for yttrium-doped strontium titanate.15

The redox behavior of the reduced pellets has also been
investigated. In Figure 10, the conductivity is plotted
against time, upon oxidation followed by reduction at
900 �C (Figure 10a) and 670 �C (Figure 10b). The pellets
employed in this example have ∼35% porosity and were
previously reduced in 5%H2/Ar at 1100 �C for 10 h. The
conductivity loss associated with the oxidation process
strongly depends on the oxidation temperature. The sample
exposed to air at 900 �C needed only 2 h to decrease its
conductivity to ∼10-2 S cm-1, whereas the sample oxi-
dized at 670 �Cneeded 12 h to reach the same value. It can
therefore be assumed that the oxidation process takes
place in reverse, compared to the reduction process. In the

first stage, the surface of the grains will be oxidized.
Depending on the surface exchange coefficient and the
bulk diffusion coefficient of the oxygen at the oxidation
temperature, the oxidation will proceed at different rates.
The oxygen ions will gradually reoccupy the vacant
atomic position in the oxygen sublattice, causing the
oxidation of Ti3þ ions and thus reducing the conductivity.
When the atmosphere was changed back to low pO2

, the
same fast initial response was noted for both tempera-
tures (see Figure 10). It was, however, surprising to find
that the material exhibited this type of behavior at the
lower temperature of 670 �C. This finding suggests sur-
face reactivity and conductivity are still very good at this
temperature. It is also interesting to note that the con-
ductivity of both samples is >1 S cm-1, just after the
initial stage, suggesting that a fraction of the bulk has not
been oxidized. If all the bulk would have been oxidized,
then the conductivity value should have been ∼0.3 S
cm-1, as reported in the first reduction experiment dis-
cussed (recall Figure 7). As expected, recovering the initial
conductivity of the samples is strongly hindered by the
slow bulk reduction kinetics, as can be seen in Figure 11.
It is also important not to neglect the influence of the

microstructure on the redox behavior of the material. A
microstructure with relatively large grains will have a
higher probability of the grain core being still reduced
after thematerial hasbeenexposed toair.Themicrostructure

Figure 9. Schematic viewof the proposedmechanism for the reductionof
LST ceramics at high temperatures, at a given pO2

value. (1) In the first
stage, a layer of reducedmaterial covers the surface of the grains, because
of fast reaction between the gas phase and the solid surface. This layer
provides a first flow path for the electrons, accounting for the initial jump
in conductivity immediately after the decrease in pO2

. (2) Gradually, the
oxygen vacancies start diffusing into the bulk, increasing the thickness of
the reduced layer that covers the grains. The flow path available to the
electrons broadens and conductivity slowly increases. (3) The reduction
process proceeds until the bulk of the grains has been reduced completely.
The conductivity reaches a stable plateau and does not increase further.

Figure 10. Conductivity and pO2
, as a function of time during a redox

cycle performed on LST pellets at (a) 900 �C and (b) 670 �C. The pellets
used (35% porosity) were previously prereduced in 5%H2/Ar at 1100 �C
for 10 h.
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of the pellets employed in this experiment had micro-
structures similar to those presented in Table 4.
This interpretation of the observed behavior leads to

some consequences. First, the fact that the surface of the
material is so reactive and can become readily conductive
suggests that it can have good catalytic properties and
possess the appropriate sites to promote electrochemical
reactions. Second, the bulk diffusion of the oxygen va-
cancies seems to be the rate-determining process in
achieving conductivities in excess of 0.5 S cm-1 in a
shorter time. Bulk diffusion could be enhanced either by
performing the reduction at higher temperatures or by
increasing the oxygen anions mobility via doping. The
first approach will be presented in the remainder of this
paper.
A simple experiment was used to study the influence of

the porosity and reduction temperature on the extent of
the reduction and conductivity. LST pellets with relative
densities of ∼57%, ∼63%, and ∼68% with controlled
microstructure were prepared by sintering in air. Their
weight was recorded before and after a reduction process
that was carried out in a tubular furnace, in a continuous
5% H2/Ar flow at 1100, 1200, and 1300 �C for 10 h. It is
generally accepted that, in this material, conduction takes
place because of the reduction of the Ti4þ ions associated
with oxygen loss13 (eq 3). Assuming that only oxygen loss
is responsible for the weight loss, the following equation
can be derived:

Δ ¼ mi -mf

mi
¼ AOðδ- δ0Þ

μLST -AOδ0
ð4Þ

If there is no significant oxygen deficiency that contri-
butes to conduction before the reduction process, mean-
ing that the sample has been prepared in air, its
conductivity is ∼10-2-10-3 S cm-1; then,

δO , δ w δ ¼ μLST
AO

ð5Þ

where Δ is the weight loss of the pellet,mi the initial mass
of the pellet (before reduction), mf the mass of the pellet

after reduction; δ0 the oxygen deficiency per formula unit
before reduction (La0.4Sr0.4TiO3-δ0

), δ the oxygen defici-
ency per formula unit after reduction (La0.4Sr0.4TiO3-δ),
and AO the atomic weight of oxygen.
Using eq 5, the oxygen deficiency for the reduced pellets

was calculated. The result is presented in Figure 12. The
experimental points (shown on this plot as points) were
used to create interpolating curves. The plot shows clearly
that the higher the reduction temperature, the higher the
oxygen loss. However, a very important effect on the
oxygen loss is due to the porosity of the samples. The
porous pellets are easier to reduce due to the higher
contact surface between the gas phase and material and
due to shorter diffusion distances. The samples with
higher relative densities show the same difficult oxygen
diffusion suggested by the conductivity measurements.
The conductivity of some of these pellets was also

measured and found to be strongly influenced by the
porosity and prereduction temperature. A list of these
conductivities is given inTable 6. For a given porosity, the
conductivity increases with the increase of the prereduc-
tion temperature. Conductivities of up to 44 S cm-1 for
samples having 68% relative density have been measured
at 880 �C, in 5% H2/Ar. The effect of the porosity on the
conductivity becomes more important as the extent of the
reduction of the material increases. For example, for the
pellets prereduced at 1100 �Cwhen increasing the relative
density from 57% to 68%, the conductivity increases
from 16 to 17 S cm-1, respectively. However, when
considering pellets prereduced at a higher temperature
(for example, 1200 �C), the increase is from 20 S cm-1 to
28 S cm-1, for the same increase in relative density.

Figure 11. Oxidation followed by reduction for a porous LST pellet
(35% porosity), at 900 �C. Conductivity and pO2

data are plotted versus
time. The pellet had been previously reduced in the testing jig, at 900 �C
(20 h) in 5% H2/Ar.

Figure 12. Oxygendeficiencyversus relativedensity for porousanddense
pellets prereduced at different temperatures (1100, 1200, and 1300 �C) for
10 h, under continuous 5% H2/Ar flow.

Table 6. Conductivity of Prereduced LST Pellets of Different Relative

Densities Measured at 880�C in 5% H2/Ar

Conductivity after
Prereduction (S cm-1)

Measurement
Conditions

relative
density,
Fr (%)

@
1100 �C

@
1200 �C

@
1300 �C

temperature
(�C) technique

68 17 28 44 880 four-probe
63 18 31 40 880 Vander Pauw
57 16 20 32 880 four-probe
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The form of the σ(T) dependences also deserves some
attention. It can be seen from Figure 13 that the samples
present a peak in conductivity at ∼100 �C. Similar
behavior was previously observed for some lanthanum-
doped strontium titanate ceramics, but not for the single
crystals as well, suggesting electron trapping at grain
boundaries.25 After this peak, the conductivity decreases
quickly with increasing temperature, indicating ametallic
behavior. This decrease in conductivity becomes more
significant as the prereduction temperature increases.
Of course, it is interesting to see whether these con-

ductivities can be maintained for a long period of time.
Surprisingly, the electrical properties do not seem to
degrade in time, but rather to improve slightly if the pO2

is extremely low. Figure 14 shows a slow decrease of the
conductivity at 880 �C when the pO2

value is higher than
∼10-19 atm. However, if the pO2

value is <10-20-10-21

atm, the conductivity increases slightly at high tempera-
tures and more significantly at temperatures lower than

350-400 �C (Figure 15, inset graph). This ismore likely to
be due to a decrease of the grain-boundary resistance
rather than a further bulk reduction of the material.
By plotting the conductivity of pellets with similar

porosity against oxygen deficiency, a linear dependence
was found (see Figure 16). As expected, the conductivity
increases with the oxygen deficiency. Because the differ-
ence in cell parameter between the three samples is not
significant, the charge concentration should be propor-
tional to the oxygen deficiency, assuming all the electrons
produced by oxygen loss are free electrons. Having in
mind that σ= neμ, this plot suggests that the conductivity
increase is due to an increase in the concentration of the
charge carriers, the electrons in samples having very
similar mobility in the three pellets.
To get an idea about the maximum conductivity achiev-

able for this compound, a dense sample was sintered in
5% H2/Ar for 12 h, at 1400 �C. The conductivity of the
dense pellet was measured and the results are plotted

Figure 13. Conductivity versus temperature for pellets having a relative
density of 63%, prereduced at 1100, 1200, and 1300 �C, measured in 5%
H2/Ar.

Figure 14. Conductivity against time for a porous prereduced pellet, show-
ing the degradation of the electrical properties when the pO2

is >10-19

atm at 880 �C. The inset plot represents the temperature dependence of
the thermal history shown on the main axes.

Figure 15. Conductivity versus time and temperature profile for a pre-
reduced porous sample, showing the improvement of electrical proper-
ties when kept at 880 �C and pO2

<10-20.5 atm. The inset plot represents
the temperature dependence of the thermal history shown on the main
axes.

Figure 16. Conductivity versus oxygen deficiency for pellets with a
relative density of Fr ∼ 63%, measured at 880 �C in 5% H2/Ar. The
pellets have been prereduced at different temperatures and thus possess
different oxygen deficiency. A linear dependence is observed between the
σ and δ. The errors are smaller than the points.

(25) Moos, R.; Hardtl, K. H. J. Appl. Phys. 1996, 80, 393–400.
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versus temperature in Figure 17. The curve shows the
same evolution as the prereduced samples, with a strong
drop of the conductivity versus temperature. However,
the conductivity is significantly higher at 880 �C, reaching
a value of ∼96 S cm-1.
If we consider the experiments presented above, where

the samples sintered in air have been prereduced at high
temperatures, then it becomes clear that, in this situation,
the conductivity of the material is mainly dependent on
two parameters: the extent of the reduction and the
porosity. The extent of the reduction is a direct measure
of the intrinsic conductivity of the material, while the
porosity affects conduction in the ceramic body.However,
the extent of the reduction is not actually an independent
variable either, because, for a given material, reduction
time, and temperature, it depends on the porosity (recall
Figure 12). Therefore, there are two antagonistic effects of
the porosity on the conductivity on reduction of a pellet
with a given microstructure, at a given temperature and
for a given duration. A higher porosity will favor a higher
extent of the reduction; however, at the same time, a
higher porosity will decrease the conductivity of the
material. Thus, a balance between the two effects should
be identified, that would correspond to the optimum
porosity that will provide the highest conductivity. A very
simplified way of describing this anticipated behavior is
presented in the equations below.
The conductivity will be given by

σðδ, FrÞ ¼ kδFr ð6Þ
where k is a constant and Fr is the relative density.
FromFigure 12, the oxygen deficiency can be described

by a polynomial, for Fr > 0.5:

δðFrÞ ¼ a0 þ a1Fr þ a2Fr
2 þ a3Fr

3 ð7Þ
The conductivitywill then be a function of relative density
only:

σðFrÞ ¼ kða0 þ a1Fr þ a2Fr
2 þ a3Fr

3ÞFr ð8Þ
As expected, Figure 18 shows that there is an optimum

porosity that favors a good reduction and sufficient

connectivity between grains so that, for a given tempera-
ture and duration of the reduction, the conductivity will
be maximum. Also, the maximum gets narrower as the
prereduction temperature increases. These facts should
be considered when evaluating the reduction rate of a
material in a specified duration, because one might not
only compare samples with different porosity but also
with different extents of reduction.
3.5. TGAStudies.To further investigate themechanism

for the reduction ofLST ceramics, TGAanalysiswas used.
Two powder samples of different specific surface areawere
used: 0.035 m2/g and 0.384 m2/g. The coarse powder was
prepared by crushing a dense LST pellet in a mortar,
consisting mainly of particles with diameters between
1mmand 50 μm.The specific surface area should be similar
to the specific surface area of pellets with a relative density
of 55%-65%. The fine powder was prepared from the
previous one by ball milling for 4 h. The particle size was,
on average, <20 μm. The samples were heated in a 5%
H2/Ar flow to 1000, 1100, 1200, and 1300 �C, with a dwell
time of 4 h at each temperature step (see Figure 19a).
As can be seen from Table 7, the weight loss after 4 h at

900 �C is very small, even for the fine powder. This shows
how slow the bulk diffusion/surface exchange is in this
material, at this temperature. At higher temperatures, the
weight loss becomes easily detectable, exceeding the
detection limit of the instrument and providing consistent
data. Also, it is interesting to note that the oxygen defici-
ency achieved is preserved upon cooling (“frozen”). This
might be due to the relatively high cooling rate, but some
of our experiments point out that, even for usual cooling
rates (such as 5 �C/min), this still holds true. In Figure 19b,
the oxygen deficiency per temperature step is plotted for
each temperature.Theplot shows that the rate of theweight
loss (increase of the deficiency) reaches a plateau after
1200-1300 �C, suggesting the material reaches a limit for
the rate of extraction of the oxygen from its structure.
The data recorded for each temperature step were fitted

using a kinetic model from the literature26 that should

Figure 17. Conductivity versus temperature for a LST dense sample
sintered in 5% H2/Ar for 12 h.

Figure 18. Calculated conductivity as a function of relative density (Fr)
for pellets reduced at different temperatures for a given time. The plot
combines the effect of the porosity on the reduction of thematerial and on
the conduction.

(26) McColm, T. D.; Irvine, J. T. S. Solid State Ionics 2002, 152-153,
615–623.
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reflect the kinetics of the two proposed processes, de-
scribed by the two exponentials:

mðtÞ ¼ k0 þ k1e
- k2t þ k3e

- k4t ð9Þ
The regression plot showed that the data can be fitted very
well by the proposed equation. The regression curves
suggest that the minimum time required for these samples
to achieve equilibriumabove 1100 �C is 10 h (see Figure 20).
The time constants confirm that one of the processes is
fast and one is slow (k2 > k4), and also that the latter has
the higher contribution on the weight loss (k3 > k1), as
suggested previously based on the reduction mechanism
derived from conductivity data (see Table 8). This holds
true for all calculated regressions at each temperature

step. However, interpreting the values of the regression
parameters, in relation to the corresponding tempera-
tures, ismore difficult, because of the fact that the samples
did not reach equilibrium at the isothermal steps.
XRD analysis has been performed on the reduced

powders to check if they preserved their crystal structrure
after such an extended exposure to reducing atmosphere
at high temperatures. Both of the powders did not show
any extra peak on the spectrum. However, it does seem
remarkable that the perovskite structure can accommo-
date an A-site deficiency of 0.2 and an oxygen deficiency
of almost 0.1.
The cell parameters at different extents of reduction

have been investigated (see Figure 21). The oxygen defi-
ciency, as derived in eq 4, was used as a measure of the
extent of the reduction, and, similar to powderXRD, is an
average property of the material. As expected, the cell
parameter increases with the extent of the reduction, as
explained earlier.
Previously, an empirical equation for the prediction of

the cell parameters based on the Shannon radii27 has been
proposed for fluorite materials:28

a ¼ a0 þ
X

k

xkðb0Δrk þ b1ΔzkÞ ð10Þ

where a is the cell parameter; a0, b0, and b1 are constants;
xk is the mole fraction of the cation k substituting for the
host cation; Δrk is the difference in the ionic radius
between the substituting cation k and the host; and Δzk
is the difference in charge between the substituting cation

Figure 19. (a) TGA analysis performed on LST powders with different
specific surface areas. The data were collected at isothermal steps of 4 h at
900, 1000, 1100, 1200, and 1300 �C, under a 5%H2/Ar flow. (b) Oxygen
deficiency reachedper temperature step against reduction temperature for
the two powders analyzed by TGA.

Table 7. Cumulated Weight Loss and Calculated Oxygen Deficiency for

the TGA Analysis of Two LST Powders (0.035 and 0.384 m2/g)

Cumulative Weight Loss (%) Cumulative δ (at/uc)

temperature
(�C)

coarse
powder

fine
powder

coarse
powder

fine
powder

900 0.01 0.01 0.001 0.001
1000 0.12 0.10 0.014 0.012
1100 0.30 0.31 0.035 0.036
1200 0.50 0.56 0.059 0.065
1300 0.71 0.82 0.083 0.096

Figure 20. Experimental data (points) and regression fit (continuous
line) for the TGA analysis of coarse LST powder.

Table 8. Fitting Parameters for Two of the Fitting Curves Presented in

Figure 20

temperature
(oC)

k1
(mg)

k2
(mg)

k3
(min-1)

k4
(mg)

k5
(min-1)

1000 685.526 0.20907 0.01633 2.06637 0.00119
1100 685.018 0.24691 0.03114 1.78939 0.00341
1200 682.346 0.29390 0.02653 3.13730 0.00143
1300 682.466 0.07701 0.01892 1.96929 0.00523

(27) Shannon, R. D. Acta Crystallogr., Sect. A: Cryst., Phys., Diffr.,
Theor. Gen. Crystallogr. 1976, 32, 751–767.

(28) Kim, D. J. Am. Ceram. Soc. 1989, 72, 1415–1421.
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k and the host cation. To the best of our knowledge, the
validity of this equation for perovskites has not yet been
proven. We have found that this equation works well at
least for cubic perovskites, with the coefficients b0 = 1
and b1 = 0.002. For the substitution of Ti4þ by Ti3þ, this
equation becomes

a ¼ a0 þ xTi3þ ½rTi3þ - xTi4þ þ 0:002ð- 1Þ�
or, using the Shannon radii (NC = 6),

a ¼ a0 þ 0:063xTi3þ

The value of the slope in the equation above (0.063) is
extremely close to that determined experimentally (0.069)
and shown in Figure 21. This suggests that the main
reason for the expansion of the unit cell of this titanate
upon reduction is the formation of the Ti3þ ion, which is
larger than the host cation, Ti4þ. However, the predicted
slope is slightly smaller than the experimentally deter-
mined one, suggesting that there is some expansion that
the Ti3þ substitution does not account for. Most likely,

this expansion is due to the formation of the oxygen
vacancies that accompanies the reduction process.

4. Conclusions

La0.4Sr0.4TiO3 (LST) ceramics have been investigated to
establish their potential application as anode materials in
solid oxide fuel cells (SOFCs). Thematerial has been shown
to form a primitive-type cubic structure when sintered either
in air or under strongly reducing conditions. The samples
sintered in air have semiconductor-type behavior, reaching a
conductivity of∼10-3 S cm-1 at 900 �C,whereas the sample
sintered in 5% H2/Ar shows metallic-type behavior, with a
conductivity of ∼102 S cm-1 at the same temperature and
pO2

≈10-20 atm.The conductivityof the samplesprepared in
air can be increased by prereduction at high temperatures,
reachinga conductivity of∼44S cm-1 at 900 �Cfor a sample
with 32% porosity. X-ray diffraction (XRD) patterns taken
after reduction at high temperatures donot showany change
in the symmetry of the material or formation of a secondary
phase.However,microstructural studies suggest a secondary
phase consisting of submicrometer crystalsmight developon
the main grains. The conductivity of the prereduced pellets
has been shown to increase linearly with the oxygen defi-
ciency. Thermogravimetric analysis (TGA) analysis and
conductivity experiments have indicated that LST ceramics
have a fast initial response to atmosphere-type changes,
rapidly increasing or decreasing its conductivity; however,
the completion of the reduction process is much slower. It
seems likely that the limiting process responsible for achiev-
ing conductivities above 0.5-1 S cm-1 is the diffusion of
oxygen vacancies through the bulk of the grains.
LST does not react with the usual choice of electrolyte

material, yttria-stabilized zirconia (YSZ), even at ele-
vated temperatures. Moreover, the thermal expansion
coefficients of the two materials are similar either in air
or a 5% H2/Ar environment.
An equation that relates the size of the B-site ions with the

cell parameter has been adapted from the literature. The
equation accounts well for the expansion of the cell on
reduction and suggests that this expansion is mainly due to
the increased sizeof theTi3þ ions, compared to theTi4þ ions.
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Figure 21. Plot showing the cell parameter against oxygen deficiency for
different samples: (a) sintered in air; (b) prereduced at 1200 �C for 10 h,
Fr ≈ 63%; (c) prereduced at 1300 �C for 10 h, Fr ≈ 63%; (d) the coarse
powder used in the TGA tests; (e) the fine powder used in the TGA tests.
The errors are smaller than the points.


