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Stability and Reactivity of LSGM
Electrolytes With Nickel-Based
Ceramic Cathodes
The surface of La0.9Sr0.1Ga0.8Mg0.2O32d (LSGM 9182) has been examined through the
use of secondary-ion mass spectrometry before and after surface modification by me-
chanical polishing. It was found that the cation stoichiometry varied at the surface in
both cases. The effect of this change on the performance of the cathode material

La2NiO41d was assessed through ac impedance spectroscopy of symmetrical cells pre-

pared by depositing La2NiO41d on the surface of pellets of La0.9Sr0.1Ga0.8Mg0.2O32d. An

improvement in the cathode performance of these cells at temperatures above 500°C was
found on electrolytes with elevated levels of strontium and magnesium at the
surface. fDOI: 10.1115/1.1842780g

Introduction

After the discovery of fast oxide ion conduction in

LaGaO3-based materials f1–4g, there has been increasing interest

in the production of intermediate-temperature solid oxide fuel

cells sIT-SOFCd based on the doped gallates, particularly the

La0.9Sr0.1Ga0.8Mg0.2O3−d sLSGM 9182d composition f1g. This in-

terest is due to the reported fast oxide ion conductivity of this

material at temperatures below 800°C which shows a consider-

able performance improvement when compared to yttria-

stabilized zirconia electrolytes f4g. If this material is to be used for

the construction of a commercial product, then the long-term sta-

bility and the interaction of this material with other cell compo-

nents must be fully understood. Studies of the interaction of this

material with various electrode configurations have shown LSGM

to perform well under oxidizing conditions with little interdiffu-

sion of cation species f5–7g. Despite the slow interdiffusion of

cation species in these materials, there is evidence to suggest that

the gallium may be volatile at elevated temperatures sù1200°Cd

f8–10g, and it should also be noted that LSGM has been reported

to react with nickel-containing cermets at elevated temperatures

sù1250°Cd f11,12g. This is of relevance when considering the

processing of the complete fuel cell rather than its operation.

Materials of the K2NiF4-type structure, namely, La2NiO4+d,

have been shown to possess fast oxide ion conduction sD*

,10−8–10−6 cm2 s−1d f13g and electrical conductivity of up to

about 100 S cm−1 f14g at temperatures between 600 and 800°C.

These properties, combined with a thermal expansion coefficient

of 13.7310−6 K−1 f15g, make this a promising potential cathode

material for use in IT-SOFCs. It has been shown that La2NiO4+d

displays a considerable performance enhancement when tested as

a cathode on LSGM when compared with other electrolyte mate-

rials se.g., gadolinia-doped cerium oxided f15g, and from this it

was concluded that the improvement in performance was most

likely due to the interface, microstructure, or sintering character-

istics. The purpose of the current investigation is to examine the

surface of LSGM 9182 and the effect that this surface has on the

performance of the cathode material La2NiO4+d.

Experiment

La2NiO4+d was prepared via the standard citrate gel route and
the phase purity of the materials was investigated with x-ray pow-
der diffraction f14g. Electrolytes were prepared by pressing pellets

s10 mm diam and ,3 mm thickd of LSGM 9182, supplied by
Praxair, Inc., Danbury, CN, USA with a uniaxial press. These

pellets were then sintered at 1500°C for 2 h to ensure fully dense
electrolytes were produced. Phase purity of the dense electrolytes
was confirmed with x-ray diffraction on a Philips PW1700 series

diffractometer, with Cu Ka radiation and a graphite single-crystal
secondary monochromator.

Once dense, three different electrolyte surfaces were prepared.
For two of the surfaces the top layer of material was removed with
1200 grit SiC paper. Once the surface was removed, separate

samples were heated to 1000°C for 24 and 48 h, respectively. The
third surface was the untreated original sintered surface. For
samples that were to be used in symmetrical cell testing, both
surfaces were treated in an identical manner.

Surface Analysis. The surface analysis of the materials was
carried out on an Atomika 6500 secondary-ion mass spectrometry

sSIMSd microprobe with a 1.25 keV oxygen primary ion beam.
Depth profiles were carried out perpendicular to the surface of the

material. A raster scan was performed over an area of 5.76 mm2 to
ensure that a representative value for the bulk response of the

surface was obtained. The secondary ions Sr2+, Mg2+, Ga3+, and

La3+ were monitored as a function of sputter time. A standard

sample was prepared by the pressing of a 10-mm-diam pellet that
was left unsintered; this pellet was used to determine the response
of the bulk material.

Cathode Performance. Having produced single-phase cathode
materials and dense electrolytes, the cathodes were deposited on
both surfaces of the electrolyte. An ink was prepared from the
cathode composition and terpinol, which was then painted onto
the pre-treated LSGM electrolyte, dried, and sintered in argon at

1000°C for 2 h. Ac impedance spectroscopy measurements were
carried out on a Solartron 1260 Frequency Response Analyzer

over the frequency range 10 MHz to 0.01 Hz and a temperature

range of 430–820°C. This data was then normalized to give an
area-specific resistance sASRd for each cell.

Results and Discussion

Surface Analysis. The surface of the material was examined

through the use a reactive O2
− ion beam to give the best response

for the positive cations examined. A positive-ion mass spectrum of
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the surface from mass 6 to 135 confirmed the presence of only La,

Sr, Ga, and Mg ions, with minor peaks corresponding to SrO+ and

MgO+ also present. The use of a low-energy beam s1.25 keVd, a

large sputter area, and a relatively short sputter time s.1 hd in all

cases ensured that no more than the top 100 nm of material was
examined. Attempts to quantify the sputter depth were not pos-
sible due to the fact that the surface roughness of each sample was

considerably greater than the expected sputter depth srms

=0.335 mmd.

Results of the surface analysis can be seen in Fig. 1. The sputter
yield will vary for each of the four elements examined in this
material, so that the absolute intensity values do not relate directly
to the cation stoichiometry. For this reason, a standard unsintered
sample was used to determine the bulk response of this material

sFig. 1sadd. The variation during the first 200 s of the standard
sample can be largely discounted due to the considerable surface
roughness of the sample. After this time, the response of each
element becomes constant. This response is taken to be the bulk
response of the LSGM 9182 phase. It can clearly be seen that the
response of the elements separate into four distinct lines, the most
intense being for gallium, followed by magnesium, strontium, and
finally lanthanum. The response of the sample which has had its

surface removed after sintering sFig. 1sbdd, can be seen to be very
similar to that of the standard sample with the four different ele-
ments separating into four distinct lines of similar relative inten-
sities. This suggests that the stoichiometry of the surface of the
ground sample snot unexpectedlyd is similar to that of the bulk of
the material. The initial curvature of this response is considered to
be an effect of the instrument as it can be seen in all four of the
elements examined and is not uncommon when examining
samples with high surface roughness.

The response of the surface of the sintered sample, sFig. 1scdd is
considerably different to that of the standard and of the ground
sample. It can be seen that at the very near surface, the order of
the response of the gallium, magnesium, and strontium is re-
versed, with the strontium giving the most intense response, fol-
lowed by the magnesium and the gallium. The response of these
three elements then converges to give lines of similar intensity
that do not appear to diverge. This relates to either an increase in
the concentration of magnesium and strontium at the surface and
near surface, or to a depletion of gallium from the surface. Deple-
tion of gallium at the near surface of the material would be con-
sistent with previous studies examining this material f8–10g, and
is most likely. The outcome of either of these processes will lead
to the same surface stoichiometry. The response of the lanthanum
is not considered to vary greatly enough to comment on its rela-
tive concentration to the other three elements in this sample.

Samples annealed at 1000°C for 24 h showed behavior similar
to that of the untreated sintered surface sFig. 2d, although the layer
formed was very much reduced, with the strontium, magnesium,
and gallium responses falling rapidly back to the expected bulk
response. It is unclear at this time if this layer will increase in
thickness with time or whether it will self-passivate and remain
unchanged. However, it should be noted that the surface produced

on heating for 48 h gave an almost identical SIMS response to

that observed for the material annealed for 24 h. All that is clear is
that there is a variation of cation stoichiometry at the very near
surface of this electrolyte material after heating at relatively low
temperatures.

Cathode Performance. The performance of the cathode was
assessed through the use of ac impedance spectroscopy on sym-
metrical cells. Each cell was prepared from the same batch of ink,
and all cells were sintered in the same furnace to ensure that the
results were not affected by variations in the sintering temperature
of the individual cells. Measurements were recorded on the same
apparatus over the same temperature range and for identical time
periods, and the ASR values calculated. From the ASR data sFig.
3d, it is evident that there is a considerable variation in perfor-
mance between the two electrolyte surfaces considered: surface 3
and surface 4 ssee Table 1d. It can quite clearly be seen that,

especially at elevated temperatures s,800°Cd, the performance of

Fig. 1 Comparison of the SIMS responses of the surfaces of
differently treated samples: „a… standard, „b… ground surface,
and „c… untreated sintered surface

Fig. 2 SIMS response of sample heated to 1000°C for 24 h
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the untreated sintered sample ssurface 4d is superior to the sample
that had the surface removed ssurface 3d, with a difference of an
order of magnitude seen in the ASR sFig. 3d. The reason for this
difference in performance is still unclear, although it seems to be
related to the variation in the cation stoichiometry at the surface,
with the samples with a high concentration of both strontium and
magnesium at the surface producing the best cathode response.
The ac impedance response given by the untreated sintered
sample and the ground sample are shown in Fig. 4. The untreated
surface gives a single arc, whereas for the ground surface there is
a definite change in behavior, with two merged arcs being seen in

the response. The response of the surface annealed at 1000°C for

24 h ssurface 1d is very similar to that of the ground surface ssur-
face 3d, with the additional heat treatment appearing to have little
or no effect sFig. 5d. There was no notable difference in perfor-

mance between the electrolyte surfaces annealed for 24 or 48 h at

1000°C prior to the deposition of the cathode ssurfaces 1 and 2,
respectivelyd.

While it is interesting to note these differences in the cathode
behavior, it is, as yet, unclear as to the origins of these differences.
Several features of this cathode behavior require further investi-
gation, notably the cathode/electrolyte interface, to elucidate both
the composition and structure of this region. The possibility that a

new electrochemically interface when La2NiO4+d is sintered at

1000°C on to an LSGM electrolyte previously sintered at

1500°C, is potentially exciting. With further optimization of the

electrode deposition and microstructure, the use of the interstitial
oxygen-containing cathodes on LSGM electrolytes now looks
attractive.

Conclusion

It has been shown that the surface of LSGM 9182 appears to be

chemically active with respect to La2NiO4+d-type cathodes, after

the cathode has been sintered, at 1000°C, onto the electrolyte

previously sintered at 1500°C. It was found that thermal treat-

ment of the electrolyte, at 1000°C, both with and without prior
mechanical grinding, had an effect on the surface stoichiometry

Fig. 3 Comparison of the ASR of the untreated sintered surface „diamonds…
and the ground surface „squares…

Table 1 Summary of surface preparation. Samples 1–4 were
sintered at 1500°C for 4 h prior to surface preparation

Sample Thermal treatment

Standard No thermal treatment, pressed pellet,
unsintered

Surface 1 Surface removed with 1200 grit paper

Sample annealed at 1000°C for 24 h
Surface 2 Surface removed with 1200 grit paper

Sample annealed at 1000°C for 48 h
Surface 3 Surface removed with 1200 grit paper
Surface 4 Untreated sintered surface

Fig. 4 Comparison of the normalized ac impedance response
for the untreated sintered sample „open squares… and the
ground sample „open triangles… at È680°C
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and that this stoichiometry change adversely affected the cathode

performance. The best performance of the La2NiO4+d cathode was
observed on surfaces with elevated levels of strontium and mag-
nesium that had no mechanical or thermal treatment, other than

initial densification at 1500°C, prior to cathode deposition.
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