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Abstract

Single phase materials of the La(2−x)SrxMnO4±δ (0.6≤x≤2.0) solid solution series were prepared via solid state reaction. The structure of each

material was examined at room temperature and determined to be tetragonal for all phases examined. An expansion in lattice volume was observed

on increasing lanthanum content. The stability and thermal expansion of each member of the solid solution series was determined via the use of in

situ high temperature X-ray diffraction. It was found that all materials remained stable up to a temperature of 800 °C. Thermal expansion

coefficients were found to be in the region of 15×10−6 K−1 for La(2−x)SrxMnO4±δ compounds where xN1.4. The electrical conductivity of each

phase was also determined over a similar temperature range with a maximum value of ∼6 Scm−1 at 900 °C for the x=1.8 phase.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of new mixed ionic–electronic conductors

(MIECs) is important for many high temperature (400–1000 °C)

applications such as sensors, oxygen pumps, separation mem-

branes and solid oxide fuel cells [1,2].With the increase in global

energy consumption, however, it is MIECs used as electrodes in

solid oxide fuel cells that are attracting greatest attention from

the scientific community. The main area of study is the

development of new materials that would allow the operation

of solid oxide fuel cells below 700 °C. This would have several

benefits including an increase in the thermodynamic efficiency,

longer device operating life and reduction in production costs.

To date, most investigations have concentrated on the develop-

ment of materials of the perovskite structure type [3]. However,

recent studies have also shown that K2NiF4-type oxides may

offer viable alternatives. The majority of these investigations

have concentrated on the suitability of Cu, Ni, Fe and Co sub-

stituted materials as possible electrodes [4–8]. These investiga-

tions have concluded that the La2NiO4+δ based phases show

great promise as possible cathode materials for solid oxide fuel

cells operating at temperatures below 700 °C [7]. Despite the

promising results little work has been reported on the closely

related cobalt and manganese substituted phases with studies

only recently revealing high levels of ionic diffusion

(∼2.5×10−8 cm2 s−1 at 500 °C) and promising levels of

electronic conductivity (∼25 Scm−1 at 500 °C) in the pure

La2CoO4+δ phase [9,10]. The purpose of this study is to carry

out a preliminary investigation of the structure, electrical

conductivity and high temperature stability (up to 800 °C) of

materials from the La2−xSrxMnO4 ± δ solid solution series,

enabling the evaluation of these materials as possible

electrode materials for solid oxide fuel cells.

2. Experimental

Materials were prepared through the solid state reaction of

La2O3 (Alfa Aesar 99.999%), SrCO3 (Alfa Aesar 99.999%) and

MnO2 (Alfa Aesar 99.999%). La2O3 was first dried at 1000 °C

for 16 h to remove any moisture. Stoichiometric amounts of

each starting material were then weighed out and mixed under
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acetone in an agate mortar and pestle until a fine homogeneous

grey powder was obtained. This powder was uniaxially pressed

into discs of approximately 10 mm diameter. Compositions

where xN1 were heated under flowing Argon for 12 h at

1300 °C. This process was repeated until a single phase ma-

terial, as determined byX-ray diffraction, was obtained. Samples

with higher lanthanum contents were prepared in a similar

manner but heated under flowing forming gas (5% H2/N2) at

1100 °C for 12 h.

Electrical conductivity was measured through the use of

standard 4 point DC Van der Pauw measurements at tem-

peratures of up to 900 °C. Each conductivity measurement was

carried out on a single ceramic plate approximately 20 mm

square. Each square was uniaxially pressed into shape and then

sintered for 12 h under identical conditions to that of the original

synthesis.

Thermogravimetric analysis of each material was carried out

at temperatures of between room temperature and 800 °C in

flowing air using a Stanton Redcroft STA-780 TG-DTA.

Samples were slowly cooled to room temperature and then

examined via X-ray diffraction.

In situ high temperature X-ray diffraction studies were

conducted on a Phillips X'pert system using Cu Kα radiation.

Samples were heated in a Bühler type furnace with a beryllium

window in static air up to 800 °C with measurements taken at

100 °C intervals. Heating and cooling rates were set at 60 °C/

min. Once cooled, the process was repeated to gain a true value

of thermal expansion of the oxidised material. Indexing and

lattice parameter determinations of the diffraction data were

carried out using the program DICVOL [11,12].

3. Results and discussion

3.1. Structure

X-ray diffraction data recorded from each sample confirmed

that single phase samples of La2−xSrxMnO4±δ (0.6≤x≤2.0) had

been produced, having been evaluated against reference

patterns. The calculated lattice parameters were also, where

possible, compared with values from the literature [13,14] and

were found to be in good agreement with previous data obtained

from samples prepared in a similar manner to those used in this

study. Variation in the lattice parameters reported by other

authors can generally be explained by the variation in sample

preparation technique which will lead to a variation in anion

stoichiometry. Direct chemical determination of the Mn

valence, and hence anion stoichiometry, has been precluded

by the insolubility of these materials in solvents up to and
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Fig. 1. Variation of lattice parameter with mol% lanthanum dopant of as synthesised La2−xSrxMnO4±δ (0.8≤x≤2.0).
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including conc. H2SO4. This also precludes the use of ICP-MS

to determine cation concentrations in the materials and, hence,

in combination with thermogravimetric analysis, the oxygen

stoichiometry and thus Mn valence.

The overall effect of the addition of lanthanum to the

structure was an increase in the lattice volume which is most

likely caused by the substitution of the divalent Sr with trivalent

La resulting in a reduction of the manganese, thus increasing the

atomic radius and resulting in an increase in the lattice

parameter. One point of interest is the manner in which the

expansion occurs. For the first three compositions (x=2, 1.8 and

1.6) the c-parameter remains relatively stable with only a slight

decrease observed, Fig. 1. Previous studies of the closely related

lanthanum nickel/cobalt system (La2Ni1−xCoxO4+δ, 0≤x≤1)

[9] and Sr2MnO4−δ [13] have both suggested that the c-

parameter in this structure type is largely dependant on the ionic

radii, and hence the oxidation state, of the transition metal ion.

Therefore the absence of a sharp increase in c-parameter

suggests that the oxidation state of the manganese ion remains

reasonably constant for these initial compositions. The increase

in a-parameter (over the initial three compositions) is most

likely a result of the filling of oxygen vacancies, which have

been shown to occupy the manganese planes within this

material [13]. The increase in the c-parameter from the 30%

lanthanum doped composition onwards suggests a reduction of

manganese on increasing lanthanum content. The sharp rise in

c-parameter on transition from the x=1.2 to x=1.0 composition

is not unexpected as phases containing 50% or more lanthanum

were synthesised under flowing forming gas, as opposed to

argon, thus the corresponding decrease in the a-parameter can

be attributed to the likely presence of oxide ion vacancies

forming in the manganese planes.

3.2. Stability

The stability and thermal expansion of each phase were

assessed through the use of high temperature X-ray diffraction.

It was possible to obtain thermal expansion coefficients for 0%,

10%, 20% and 30% lanthanum doped materials. The total

thermal expansion coefficient, referred to in Table 1, is the

combined average thermal expansion coefficient expected for a

randomly orientated polycrystalline sample. Materials with

higher lanthanum contents showed a considerable increase in

peak width making accurate determination of the lattice

parameters, and hence thermal expansion coefficients, impos-

sible from the data obtained in this study. The exact reason for

this peak broadening is unclear but it is likely to be a result of

either i) orthorhombic distortion, ii) decomposition or iii) mixed

phases due to the variable cation valence.

The first two options are unlikely as samples examined at

room temperature via X-ray diffraction after both thermogravi-

metric and electrical conductivity measurements do not display

similar levels of peak broadening. This leads to the most likely

explanation being that the material consists of several different

phases each with a unique oxygen stoichiometry. This would

not be unreasonable as the heating and cooling rates used in the

high temperature X-ray furnace are at least six times more rapid

than can be expected from a standard furnace used in the

electrical conductivity measurements or the thermogravimetric

analysis. It is therefore important that future work on these

compositions considers the collection and evaluation of rapidly

Table 1

Calculated thermal expansion values for selected compositions of the solid

solution series La2−xSrxMnO4±δ (0≤x≤1.4)

x TEC/K−1, a/b TEC/K−1, c TEC/K−1, total

2.0 17.8×10−6 14.0×10−6 16.5×10−6

1.8 16.5×10−6 13.9×10−6 15.6×10−6

1.6 13.2×10−6 15.7×10−6 14.0×10−6

1.4 13.5×10−6 18.3×10−6 15.1×10−6
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Fig. 2. Electrical conductivity variation with temperature for the phases La2−xSrxMnO4±δ (0.6≤x≤2.0).
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acquired high resolution diffraction data using synchrotron

diffraction techniques.

The overall stability of these materials below 800 °C was

found to be good with no decomposition products or processes

observed during any of the experiments carried out in this study.

3.3. Electrical conductivity

The electrical conductivity for each phase was determined in

air at temperatures of up to approximately 900 °C, Fig. 2. The

peak conductivity for the solid solution series examined was

determined to be ∼6 Scm−1 at 900 °C. All of the compositions

investigated displayed semi-conducting behaviour, with the

electrical conductivity increasing with temperature closely

mirroring the behaviour in the related La2Ni1−xCoxO4 + δ

(0≤x≤1) solid solution series [9]. Within the transition metal

doped series it would be expected that the electrical conduction

would be dominated by the transition metal–oxygen–transition

metal exchange interactions in the basal plane [9]. It was

therefore expected that on increasing the inter-atomic distances

within the a/b basal plane a loss in electron mobility and thus a

drop in electrical conductivity would be observed. Comparing

the lattice parameters obtained from the oxidised material after

thermogravimetric analysis, Fig. 3, shows that on increasing

lanthanum content there was indeed an expansion in the a/b

plane that corresponds to a decrease in the electrical conduc-

tivity across the same range. However, it should be noted that

although the atomic spacing appears to be an important factor in

controlling electrical conductivity in these materials it does not

explain the comparatively poor performance of the Sr2MnO4±δ

phase which, despite having a more compact basal plane, still

maintains a conductivity lower than other members of the solid

solution series with more diffuse a/b basal planes. In order to

gain a more in depth understanding of the electrical properties

of this material and a more detailed model of the conduction

process further study is obviously required.

4. Conclusion

Materials of composition La2−xSrxMnO4±δ (0.6≤x≤2.0)

show good stability over a wide range of oxygen partial

pressures and temperatures. The thermal expansion is also
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comparable to most commonly available electrolyte materials.

However, these materials do not exhibit high enough electrical

conductivity to be used as a cathode material in a solid oxide

fuel cell with the low levels of electrical conductivity ruling out

the use of this material for use in most applications where mixed

ionic/electronic conductivity is required.
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