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Abstract

For application in solid oxide fuel cells La0.8Sr0.2CuO2.4+δ was synthesized and the phase evolution was characterized after quenching from
different temperatures and after slow cooling. A single phase perovskite was found after quenching from 950 °C. The electrical conductivity of the
La0.8Sr0.2CuO2.4+δ perovskite exhibited metallic behavior reaching values of about 270 S/cm at 800 °C in air. The thermal expansion between
30 and 800 °C gave a thermal expansion coefficient of 11.1×10−6 K−1.

At higher temperatures, the perovskite was transformed to the K2NiF4-type structure via an intermediate stage that can be best described as a
LaSrCuO4 phase with preferential growing of {020} lattice planes. After sintering at 1100 °C and slow cooling in the furnace a phase mixture of
(La,Sr)CuO4+δ and (La,Sr)CuO2.4+δ perovskite was obtained. This phase mixture showed higher electrical conductivity (400 S/cm at 800 °C) and
smaller thermal expansion coefficient (9.6×10−6 K−1) than the single phase La0.8Sr0.2CuO2.4+δ perovskite.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Partially substituted binary and ternary perovskites from the
series La1−xSrxMnO3−δ (LSM), La1−xSrxCoO3−δ (LSCo), La1−xSrx
FeO3−δ (LSF), La1−xSrxNiO3−δ (LSN) and La1−xSrxCuO2.5−δ
(LSCu) arewidely investigated as they exhibit electronic ormixed
conductivity as a function of composition, making them relevant
for application either as catalysts [1], giant magneto-resistors [2],
gas permeation membranes [3–5] and cathode or cathode/inter-
connect contact material in planar solid oxide fuel cells (SOFCs)
[3,4,6–12]. Among these materials, La1−xSrxCuO2.5−δ has been
studied for application as a high-temperature superconducting
material [13,14] and also as an SOFC cathode [14]. Thermal and
crystallographic stability of the La1−xSrxCuO2.5−δ perovskites is
required for their application as a cathode/steel contact layer in
planar SOFCs operating in the temperature range of 700–800 °C.
⁎ Corresponding author.
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They must also fulfil the requirements of high electrical
conductivity and matching thermal expansion. It is reported that
the stabilization ofmultivalent copper ions in the perovskite lattice
is critical in order to obtain stable crystallographic and physical
properties when considered for these applications [15,16].
However, during application in an SOFC no sophisticated
treatments (e.g. heat treatment in pure O2) can be tolerated and
therefore the properties of La1−xSrxCuO2.5−δ have to be evaluated
under ambient conditions.

Keeping this in mind, in the present work La0.8Sr0.2CuO2.4+δ

was investigated in more detail to obtain information on phase
transformations occurring at different temperatures from a series of
powder X-ray diffraction (XRD) analyses in order to define the
processing conditions suitable for the stabilization of copper in the
LSCu perovskite lattice. The A-site substitution with 20% Sr was
selected, because this composition showed good compatibility
with yttria-stabilized zirconia electrolytes [15] and it offers the
possibility to compare the physical datawith other La0.8Sr0.2MO3−δ
materialsM=Mn,Co,Fe,Cu [4–10,12,15].

mailto:f.tietz@fzuelich.de
http://dx.doi.org/10.1016/j.ssi.2006.07.041


Fig. 1. DTA and TG curves of the La0.8Sr0.2CuO2.4+δ powder after calcination at
600 °C for 3 h (a), after calcination at 950 °C for 6 h (b and c). The measurements
(a) and (b) were performed in air, themeasurement (c) was performed inAr/4%H2.
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2. Experimental

2.1. Powder synthesis

The La0.8Sr0.2CuO2.4+δ powder was synthesized by using the
Pechini technique [17,18]. This involved weighing the appropri-
ate quantity of the starting precursor salts La(NO3)3 · 6H2O, Sr
(NO3), and Cu(NO3)2 · 3H2O to obtain the targeted stoichiometry
La0.8Sr0.2CuO2.4+δ and dissolving them in de-ionized water. The
resulting solution was mixed with citric acid in the molar ratio of
4 mol of citric acid to 1 mol of metal cations and stirred well at
40 °C. The resulting blue-colored solution was continuously
stirred while being heated at 80 °C. After 3 h ethylene glycol was
added stepwise. The volume of ethylene glycol added to the
solution was a little more than the stoichiometric amount nece-
ssary to achieve complete polyesterification with the citric acid
present in the solution. This mixture was heated at 220 °C and
stirred continuously until most of the solvent had evaporated. The
viscosity of the hot solution increased with time and stirring
became difficult. The color of the solution turned to deep brown
and then to black. During the preparation process, ignition was
observed with the evolution of a deep brown stream of nitrogen
oxides. The black mass obtained after complete evaporation was
like resin and was dried in an oven in air at 230 °C for 6 h until it
became coarse powder. This raw powder was ground well and
subjected to calcination at 600 °C for 3 h in air.

2.2. Powder characterization

The powder obtained after calcination was analytically
investigated by inductively coupled plasma atomic emission
spectrometry (ICP-AES). The measured composition La0.791
Sr0.199Cu1.011O2.4+δ was within the experimental accuracy of
the method (±3 wt.%). The powder was also subjected to
differential thermal analysis (DTA) combined with thermo-
gravimetry (TG) in a Netzsch STA 409 to detect the melting
point and the crystallization behavior.

2.3. Quenching experiments

In order to investigate the crystallographic features and to
optimize the processing conditions of La0.8Sr0.2CuO2.4+δ for
application as electrically contacting material in an SOFC, the as-
calcined powder was annealed in air at different temperature
levels for 12 h each and quenched immediately in an ice bath for
further characterization by powder XRD using a Siemens
D5000 diffractometer with Cu Kα radiation. The annealing tem-
peratures were fixed according to the DTA curve obtained with
the as-calcined powder. Five different annealing experiments
followed by immediate ice quenching were performed at 795,
859, 950, 1033 and 1086 °C.

2.4. Electrical conductivity and thermal expansion
measurements

For DC electrical conductivity measurements rectangular bars
(40 mm length, 4 mm width, 5 mm thickness) were fabricated by
uniaxial pressing applying a pressure of 400 MPa for 120 s using
glycerine as a pressing aid. The pressed rectangular bars were
sintered in air at 950 °C for 6 h. The heating rate was 180 K/h.

The electrical conductivity of the sintered bars was measured
by a standard four-point DC technique using a computerized
set-up. Silver paste and wire were used to ensure good contacts
on the specimens. The measurements were carried out in air
between 50 and 900 °C. Considering the geometric uncertain-
ties of the rectangular bars and the distances of the silver wires
wrapped around them, the measured conductivity data have an
experimental error of about ±4%.

The thermal expansion measurements were carried out with a
Netzsch DIL 402 C dilatometer. The same sintered bars as for
the conductivity measurements were used after cutting the
length to 25 mm.

3. Results and discussion

3.1. DTA/TG Analysis

The DTA and TG curves obtainedwith the as-calcined powder
are shown in Fig. 1a. The TG steps at 790 and 854 °C display the
release of CO2 due to the presence of carbonates in the raw



Fig. 2. XRD patterns of the powder after heat treatments at different
temperatures: (a) 600 °C for 3 h and (g) 1086 °C for 12 h with subsequent
natural cooling in the furnace, (b–f) annealing for 12 h at 795 °C (b), 859 °C (c),
950 °C (d), 1033 °C (e) and 1086 °C (f) and subsequent quenching. Symbols
indicate the presence of La2O2CO3 (open squares), SrCO3 (solid circles), CuO
(open circles), Cu2O (open triangle), orthorhombic La2CuO4+δ (solid stars),
tetragonal LaSrCuO3.5+δ (K2NiF4-type, solid squares). The tetragonal perovs-
kites are indicated by the arrows in (b).
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powder after calcination at 600 °C. All the following steps can be
related to transitions or reactions between the phases formed.
Quenching experiments were performed to identify the crystal
phases formed after the endothermal DTA signals and to deter-
mine the temperature at which the targeted perovskite structure
crystallizes as a single phase. The annealing temperatures before
quenching were chosen according to the endothermal DTA sig-
nals detected and the samples were heat-treated at 5 K above the
peak temperatures as shown in Fig. 1a. The small peak at 1320 °C
indicates the melting temperature of the sample.

After calcination at 950 °C for 6 h the single-phase powderwas
analyzed again in air and in Ar/4% H2 to determine the oxygen
content related to the mixed valency of copper. In air the DTA and
TG curves show only signals at 1008, 1060 and 1289–1313 °C
(Fig. 1b) corresponding to the signals at 1028, 1080 and 1320 °C
Table 1
Weight losses during DTA/TG measurements and associated reactions (see also text

Powder history Atmosphere during measurement Temperatu

Powder after
calcination at 600 °C for 3 h

air 550–810
810–970
970–105
1050–111
1110–132

Powder after calcination at 600 °C
for 3 h and 950 °C for 6 h

air 850–100
1004–103
1036–106
1066–129
1290–140

Powder after calcination at 600 °C
for 3 h and 950 °C for 6 h

Ar 675–965
965–990
990–104
1043–130

Powder after calcination at 600 °C
for 3 h and 950 °C for 6 h

Ar/4% H2 300–640
after calcination at 600 °C. Although a temperature shift of about
20 °C is observed for the two differently crystallized powders, the
weight losses at these temperatures are very similar.

In Ar/4% H2, the weight loss is higher due to the reduction of
the copper ions to metallic Cu.

The steps of phase transition and reduction can be expressed
by the following reactions:

La0:8Sr0:2Cu
II
1−xCu

III
x O2:4þx=2→La0:8Sr0:2Cu

IIO2:4 þ x=4 O2

ð1Þ

4 La0:8Sr0:2Cu
IIO2:4→2 La1:6Sr0:4Cu

IIO3:8 þ Cu2O þ 1=2 O2

ð2Þ

2 La1:6Sr0:4Cu
IIO3:8 þ Cu2O→1:6 La2O3 þ 0:8 SrO

þ 4 Cu þ 1:7 O2 ð3Þ

Whereas the weight loss of Eq. (1) depends on the Cu3+

concentration, the other two weight losses related to the oxygen
release in Eqs. (2) and (3) can be calculated to the theoretical
values of 1.73% and 5.96%, respectively.

The initial oxygen content, i.e., the initial copper valence state,
can be derived assuming that

(1) the weight losses are only related to the oxygen release
during heating (Eqs. (1)–(3)),

(2) the small weight loss up to 1005–1030 °C is related to Eq.
(1),

(3) the sharp weight loss around 1060–1080 °C is related to
Eq. (2),

(4) the following slowweight loss up to 1290 °C in air is related
to a continuous phase decomposition of the K2NiF4 phase
and increasing content of Cu2O. The formation of Cu2O is
confirmed by XRD measurements (see Fig. 2).

The weight losses during different measurements are
summarized in Table 1. The total weight loss from Eqs. (2)
)

re range (°C) Weight loss (%) Process

4.61 Decomposition of lanthanum and strontium
carbonate2.31

0 0.21 Eq. (1)
0 1.43 Eq. (2)
0 1.07 Decomposition before melting
4 0.13 Eq. (1)
6 0.19 Eq. (1)
6 1.45 Eq. (2)
0 0.78 Decomposition before melting
0 0.82 Decomposition after melting

0.41 Eq. (1)
0.20 Eq. (1)

3 1.63 Eq. (2)
0 1.65 Decomposition before melting

7.5 Eqs. (1)–(3)



Fig. 3. Rietveld plot of the powder pattern after annealing at 1033 °C and
subsequent quenching. Upper window: measured pattern dark gray, fitted curve
black, lower window: differential plot dark gray, upper markers indicate LSCu
reflections, lower markers LaSrCuO4 reflections.

Fig. 4. Electrical conductivity as function of temperature and sintering
conditions: (●) after sintering at 1100 °C for 12 h, (▪) after sintering at
950 °C for 12 h, (□) after sintering at 900 °C for 12 h, data taken from [22] and
(▵) after sintering at 960 °C for 12 h, data taken from [23]. The arrows indicate
the quenching temperatures Tq=150, 400 and 800 °C to identify reasons for the
slope changes in the conductivity curve.
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and (3) of about 7.7% is confirmed by a DTA/TG measurement
in Ar/4% H2 (Fig. 1c). The peak at 1085 °C is the melting point
of metallic Cu. The theoretical weight loss of 1.73% of Eq. (2) is
not reached during the measurements in air. The measured
values of 1.44±0.01% (Fig. 1a and b) indicate that this reaction
is either not completed or the formed (La,Sr)CuO4−δ contains
mixed-valent Cu ions.

Taking into account the molar weight of La0.8Sr0.2Cu
(II)O2.4,

the weight difference between 850 and 1036 °C (0.32% for the
measurement in air, Table 1) gives an amount of oxygen of
0.045 mol/formula unit (f.u.). This leads to a sample stoichio-
metry of La0.8Sr0.2CuO2.445 and a copper valence state of Cu

2.09

under ambient conditions. The fraction of Cu3+ ions of 9% is
lower than 14.2% obtained in [15], probably due to the different
experimental conditions.

3.2. XRD data

The XRD results of the heat treated samples are presented in
Fig. 2. No perovskite was formed after calcination at 600 °C for
3 h (Fig. 2a). Due to the low calcination temperature, carbonates
like La2O2CO3 (open squares) and SrCO3 (closed circles) as
well as tenorite (CuO, open circles) can be detected. The major
crystal phase detected after calcination was the orthorhombic
La2CuO4-like compound (space group Fmmm, JCPDS file no.
30-0487, solid stars).

From this calcination temperature upwards, the evolution of
the crystal phases proceeds through several stages. (i) In the range
between 600 °C and 859 °C a gradual decrease in intensity of the
reflections of the La2CuO4+δ-like compound (L2Cu) was
observed. This trend was accompanied by the crystallization of
the tetragonal perovskites (LSCu) with an XRD pattern similar to
La0.75Sr0.25CuO2.44 (JCPDS file no. 46-0653, indicated by the
arrows in Fig. 2b) and by the disappearance of all carbonate
phases. After annealing at 859 °C for 12 h small amounts of L2Cu
andCuO can be detected as impurities andLSCu became themain
phase. (ii) At 950 °C only the tetragonal perovskite La0.8Sr0.2
CuO2.4+δ was detected as a single phase. (iii) At 1033 °C the
formation of the tetragonal LaSrCuO4 compound (space group I4/
mmm, JCPDS file no. 27-1132, solid squares) with K2NiF4-type
crystal structure was observed. This was accompanied by the
decrease in intensity of the reflections of the La0.8Sr0.2CuO2.4+δ

tetragonal perovskite phase indicating a phase transition of the
perovskite to the K2NiF4-type crystal structure. However, the
XRD pattern for the quenched sample after annealing at 1033 °C
for 12 h shows a sharp peak at 2Θ=48.29° with very high
intensity indicating a preferred orientation of the phase transition
from the tetragonal perovskite to the K2NiF4-type crystal struc-
ture. At 1086 °C cuprite (Cu2O, open triangle) was detected as an
impurity.

Rietveld refinement [19] was applied to elucidate the atomistic
processes taking place during the phase transformation from
tetragonal perovskite to tetragonal K2NiF4-type structure at about
1033 °C. The single-phase XRD pattern of the powder recorded
after annealing at 950 °C was used to calculate the unit cell of
LSCu. Starting with the crystal structure of tetragonal La4.4Sr3.6
Cu6Fe2O20 (ICSD collection code no. 79454) [20] and introduc-
ing site substitutions according to the actual composition, the unit
cell was refined with respect to its metric. This adopted structure
of LSCu allowed an easier splitting of the powder pattern at
1033 °C, which is a superposition of the two tetragonal sub-
patterns. The reflections of the second phase are best matched by
LaSrCuO4 (PDF 27-1132). The unit cell of this phase (ICSD
collection code no. 10525) has been described in [21]. A satis-
factory fit of the sub-pattern of this second phase was achieved by
only assuming pronounced preferential orientation. Several
orientations were checked with the result that an (020) texture
gave the best fit to the measured pattern. Fig. 3 shows a compa-
rison of the measured and the fitted patterns as well as the
difference plot. There is a good agreement within the limits of the
quality of the measured pattern, keeping in mind that only the
metric of the unit cell has been refined. This result indicates that
the phase transformation proceeds either via a preferential



Fig. 6. Enlarged part of the XRD patterns of samples sintered at 1100 °C for
12 h, slowly cooled to the quenching temperature (Tq) and subsequently
quenched from this temperature (see also arrows in Fig. 4).
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growing of {020} lattice planes, which might represent the nuclei
for further phase formation, or with the formation of an inter-
mediate and metastable phase with a pronounced texture.

3.3. Electrical conductivity and thermal expansion

The specific electrical conductivity values after correction for
porosity [12] of a sample sintered at 950 °C for 6 h in air (34% of
porosity) is shown in Fig. 4. These values are in good agreement
with measurements reported in [22], whereas the data reported in
[23] deviate from 550 to 800 °C. The sample, being single phase
according to Fig. 2, exhibited a metal-like behavior according to
the decrease of conductivity with increasing temperature reaching
values of about 270 and 350 S/cm at 800 and 600 °C in air,
respectively. The same behavior can be observed for the sample
sintered at 1100 °C for 12 h and cooled down at 3 K/min in air.
However, the measured electrical conductivity is significantly
higher reaching values of about 400 S/cm at 800 °C in air. Also
here the 14.6% of porosity of the sample was taken into account
for the calculation of the specific electrical conductivity. How-
ever, besides the porosity also the better grain connectivity leads
to an increase in conductivity. The slope changes of the curve,
however, can be attributed to the change of phase content in the
sample (Fig. 2g, see also further below). While in the sample
sintered at 950 °C the LSCu perovskite appears as a single phase,
the sample sintered at 1100 °C contains mainly a compound with
K2NiF4-type structure and LSCu as a secondary phase.

The thermal expansion of the sample sintered at 950 °C for 6 h
in air was determined at temperatures between 30 and 1000 °C in
air and is presented in Fig. 5 as curve a. Up to 950 °C the sample
shows a nearly constant slope and the thermal expansion coefficient
(TEC) between room temperature and 800 °C is 11.1×10−6 K−1.
This value is strongly deviating from the formerly reported TEC of
17.9×10−6 K−1 [15]. At 950 °C the slope is strongly increased up
to 1000 °C indicating a change within the sample that can be
explained according to Fig. 1 by the release of oxygen from the
perovskite lattice. It is interesting to note that during a subsequent
Fig. 5. Thermal expansion curves during heating and cooling at 3 K/min of
La0.8Sr0.2CuO3 after sintering at 950 °C. The first measurement was carried out
up to 1000 °C (solid line), the second measurement was extended to 1100 °C
(dashed line). After heating up, in both cases a dwell time of 0.5 h followed at
maximum temperature before the samples were cooled down again.
isothermal dwell time the lattice does not expand further whereas
during cooling this process seems to continue and the sample
further expands at high temperatures instead of showing a hys-
teresis. A more detailed investigation is necessary to understand
this anomaly. In a second measurement (curve b in Fig. 5) the
sample was heated up to 1100 °C in a similar manner to the heat
treatment for the electrical conductivitymeasurements. An increase
of the slope starting at 950 °C was also observed here. However, at
temperatures higher than 1000 °C the phase transformation
competes with a further densification and sintering of the sample
leading to a shrinkage of the sample during isothermal dwell time.
During cooling a phase transition is observed between 950 and
1000 °C, and in addition both cooling curves show a small change
of the slope at about 500 °C that coincides with the slope change
during the conductivity measurements (Fig. 4). The TEC between
room temperature and 800 °C, determined from the cooling curves,
is 10.2 and 9.6×10−6 K−1 after heating the sample to 1000 and
1100 °C, respectively.

To understand these slope changes, after the same heat
treatments as for the conductivity measurements, three samples
were additionally quenched from 800, 400 and 150 °C as indi-
cated by the arrows in Fig. 4. The XRD patterns indicate a
continuous variation of the crystallographic phases (Fig. 6).
Between 800 and 400 °C the relative intensity of the reflection at
47.5° ((440) reflection of the tetragonal perovskite La0.8Sr0.2
CuO2.4+δ) is significantly reduced, whereas between 400 and
150 °C the peak at 48.2 ((200) of the tetragonal LaSrCuO3.5+δ)
increased. Small changes in the phase composition seem to be
the reason for the slope changes of the electrical conductivity
curve (Fig. 4).

4. Conclusion

Information on the evolution of crystallographic stability in
La1−xSrxCuO2.4+δ perovskites was collected in order to determine
the applicability of these materials for SOFCs. Investigating the
temperature-dependent phase transformations from a series of
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powder XRD experiments after selected annealing conditions, it
was found that La0.8Sr0.2CuO2.4+δ can be obtained as a single-
phase tetragonal perovskite after annealing at 950 °C for 12 h in
air. This perovskite undergoes a continuous crystallographic
transformation to the K2NiF4 structure after annealing above
1033 °C via a highly oriented intermediate structure growing
along {020} lattice planes. DC electrical conductivity measure-
ments for this composition indicated a metallic behavior reaching
values of about 270 to 400 S/cm at 800 °C in air depending on the
annealing temperature and hence on the phase content in the
specimens, whereas the TEC from 30 °C to 800 °C varied bet-
ween 11.1 and 9.6×10−6 K−1, respectively.

The presented investigations on La0.8Sr0.2CuO2.4+δ show that
this compound is an attractive candidate for SOFC application as
long as the assembling and stack operation does not exceed a
temperature of 950 °C. In such cases, the perovskite is partially
transformed into a K2NiF4-type phase that shows a higher
electrical conductivity but also a small TEC, which is less
attractive with respect to thermal cycling.
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