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Abstract

In the present work, the influence of the ageing process on the electrical properties of the oxyapatite La10Si5.5Al0.5O26.75/ Nd2NiO4

interface is studied. Samples were submitted to a thermal treatment at 1200 1C in air for different periods. X-ray diffraction and electron

microscopy micrographs show a significant morphological change occurring in both electrolyte and cathode components after 309 h. An

important degradation of electrical properties versus time was observed. Conductivity results show an increase of the activation energy

and a decrease of the pre-exponential factor for the bulk and the grain boundary of the La10Si5.5Al0.5O26.75 electrolyte. Diffusion

processes operating during the heat treatments might be involved to explain this behavior. Furthermore, an increase of the electrode

resistance by a factor of 5 is observed. Finally, it is worth mentioning that no degradation of this interface was revealed after several

periods of heat treatment at 1000 1C in air.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Many authors [1–5] have already reported detailed
studies showing the good electrical performances of oxya-
patites. The stoichiometry of these materials is pretty easy
to control, and their conductivity can be significantly
improved. Moreover they offer better electrical properties
in comparison with the classical Yttria Stabilized Zirconia
(YSZ) at intermediate temperature that makes them very
attractive as electrolyte in the Solid Oxide Fuel Cell
(SOFC) area. Among all the conducting oxyapatites,
La10Si5.5Al0.5O26.75 composition seems to be the most
promising material. However, before envisaging any indus-
trial application, stability of electrical properties with time
mainly at the cathode/electrolyte interface should be
investigated. It is a common knowledge that the develop-
ment of metal oxides based cathode materials in SOFC
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should take into account of their chemical and structural
stability versus time. Several factors can be considered as
responsible for instability: temperature, oxygen partial
pressure, formation of new impedant phases at the electro-
lyte/cathode interface, contact losses between the active
materials of the cell. All these factors can lead to the
decrease of the cell’s performance with time.
Oxyapatites with general formula La10Si6�xAlxO26.75 is

currently under study to be used for the development of
the SOFC. Moreover, the manufacturing processes of the
SOFC imply the deposition of the Nd2NiO4 cathode.
Furthermore, it has been proved recently [6] that associa-
tion between the apatite electrolyte and the nickelate
cathodes, exhibit an important results in terms of chemical
stability and high conductivity at 700 1C.
The main objective of the present work is to measure the

variation of bulk and grain boundary conductivities of
La10Si5.5Al0.5O26.75 versus time. Let us recall that
La10Si5.5Al0.5O26.75 corresponds to a maximum in con-
ductivity in the La10Si6�xAlxO26.75 family [1]. Thermal
ll rights reserved.
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Fig. 1. XRD spectra of La10Si5.5 Al0.5O26.75, (a) as prepared, after heat

treatment for 309 h at: (b) 1000 1C and (c) 1200 1C in air.

Fig. 2. XRD patterns of La10Si5.5Al0.5O26.75/Nd2NiO4 interface after heat

treatment for 309 h in air at: (a) 1000 1C and (b) 1200 1C.
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degradation of the Nd2NiO4, one of the most promising
cathode materials, was also studied in the same conditions
resulting from thermal treatment of the interface
La10Si5.5Al0.5O26.75/ Nd2NiO4. To increase the speed of
degradation, we have chosen to study the ageing effect at
temperature nearby1200 1C.

2. Experimental procedure

High purity La2O3, SiO2 (Prolabo 99.9%) and Al2O3

(Baikalox 99.9%) powders were used to prepare the
oxyapatites samples. Before weighting, La2O3 and SiO2

powders were dried at 1000 1C and 1200 1C respectively for
1 h. The powders with stoichiometric ratios were mixed,
ground with ethanol in equal quantity and calcinated at
1500 1C for 2 h [7]. The calcinated powders were ground
using attrition procedure and uniaxially pressed as pellets.
Finally, these pellets were isostatically pressed at 2.5 kbar
and sintered at 1600 1C for 3 h in air.

The cathode material Nd2NiO4 was prepared using the
usual nitrate–citrate route [8]. A stoichiometric mixture of
Nd2O3 (Prolabo 99.9%) and NiO (Aldrich 99.9%) was
dissolved in nitric acid solution. After that, citric acid
solution was added. The solution was evaporated leading
to a submicronic particles mixture of precursors. Several
annealings at 1000 1C for 12 h were carried out to obtain
the final powder. A slurry was prepared by introducing the
Nd2NiO4 powder in a solution containing ethanol, terpi-
neol, PVP (polyvinylpyrrolidone) and PVB (Polyvinylbu-
tyral). For electrical measurements, a symmetrical cell was
prepared by painting both sides of the oxyapatite disk with
the Nd2NiO4 slurry. In order to improve the electrical
contacts, samples were pressed between two platinum
grids. In order to investigate the influence of the ageing
processes on the properties of the studied materials, the
samples were submitted to a thermal treatment at 1200 1C
for 309 h. Ageing treatment was performed in air at
1200 1C during different cycles. After each thermal treat-
ment, the cell was cooled down to 200 1C and impedance
measurements were performed up to 700 1C. Electrical
properties were measured using a Hewlett Packard HP
4192 analyzer in the frequency range 5 Hz–13 MHz and an
Autolab analyzer in the frequency range 10 mHz–1 MHz.
Impedance spectra was recorded after every treatment,
analyzed and fitted using the Z view software.
To determine the samples crystallographic structure,

X-ray diffraction analysis (XRD) was performed at a
room temperature with a Pan Analytical diffractometer
using CuKa1 radiation. Microscopic examinations were
performed using a Jeol JSM.6400 scanning electron
microscope.
3. Results and discussion

3.1. Microstructural characterization

Diffraction patterns of oxyapatite sample before and
after heat treatment (309 h, 1200 1C) are shown in Fig. 1.
The crystalline phases were identified from a comparison
of the registered patterns with the international center for
diffraction data (ICDD) powder diffraction files (PDF).
Both samples of La10Si5.5 Al0.5O26.75 show a hexagonal
structure and no lines of secondary phase are observed.
Diffraction patterns associated to the electrolyte show a
decrease of the relative intensity of the diffraction peaks of
about 70% after heat treatment, compared to that of the as
prepared electrolyte. This intensity decrease could be
explained by a loss in crystallinity or in symmetry. A
similar behavior was observed in the literature with YSZ
[9,10]. Fig. 2b shows the XRD patterns of the cathode/
electrolyte interface after 309 h heat treatment at 1200 1C.
The typical reflections of oxyapatite La10Si5.5Al0.5O26.75

and cathode material Nd2NiO4 are present. Furthermore,
diffraction peaks at 2y¼31.791 and 46.481 are indicative of



Fig. 4. Temperature dependence of the bulk conductivity of oxyapatite

in air.

Fig. 5. Temperature dependence of the grain boundary conductivity of

oxyapatite in air.
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the X-ray reflections typical respectively of Nd2SiO5

(ICDD 00-040-0284) and La4Ni3O10 (ICDD 00-035-1242)
phases.

However, it is worth to mention that not all the
reactivities were observed between cathode and electrolyte
materials at 1000 1C after a heat treatment of more than
300 h in air (Fig. 2a). Such result has already been
observed in literature [6], where it is verified that no
chemical reactivity is detectable between the apatite elec-
trolyte, i.e., La9Sr1Si6O26.5, and Nd-deficient nickelate, i.e.
Nd1.95NiO4þd, over more than one month, even at
temperatures as high as 920 1C.

3.2. Electrolyte electrical properties

Fig. 3 shows the variation of the impedance diagrams
recorded at 261 1C in air as function of the heat treatment
time. A very important increase of the electrolyte resis-
tance is observed. Bulk conductivities sb and grain bound-
ary conductivitiessgb were calculated using the following
relation:

si ¼
1

Ri

L

S
ð1Þ

Ri (i¼bulk, grain boundary) is the resistance obtained
from impedance diagrams and S and L are the area and
the thickness of the sample respectively. The Arrhenius
plots of the electrical conductivity si are shown in Figs. 4
and 5 for bulk and grain boundary contributions respec-
tively. The observed linear behavior allows to express the
electrical conductivity as follows:

sT ¼ Aexp �
Ea

kT

� �
ð2Þ

where Ea is the activation energy, k is the Boltzmann
constant and A is the pre-exponential factor whose
expression in the usual treatment [11–13] of ionic con-
ductivity is:

A ¼ 2Ce2ul2

k
ð3Þ

where u is the jump frequency, l is the interatomic jump
distance, e is the electron charge and C is a constant
Fig. 3. Variation of impedance spectra recorded at 261 1C versus time of

heat treatment at 1200 1C of La10Si5.5 Al0.5O26.75 in air: (a) t¼0, (b)

t¼92 h and (c) t¼309 h.
related to concentration of the mobile oxide ion and to
geometric and entropy effects associated to the charge
carrier.
Conductivity results are analyzed through activation

energy and pre-exponential factor variations versus ageing
time. Table 1 and Figs. 4 and 5 show the change of the
activation energy and the pre-exponential factor resulting
from thermal treatment. These two factors act in the same
way leading to the decrease of the electrical conductivity.
So, after ageing, activation energy increases and the A pre-
exponential factor decreases in both bulk and grain
boundary. The origin of this difference could be very likely
attributed to the composition and/or structure changes
revealed by the analysis of the XRD patterns.
In Fig. 6, the variation of the total conductivity

(sbþsgb) as a function of ageing time t at 700 1C is shown.
These results are in agreement with those presented in a
previous work [1]. One observes an important variation of
conductivity, the decrease being more than a factor two of



Table 1

Variation of the pre-exponential factor A after a thermal treatment for

309 h at 1200 1C in air.

Before ageing After ageing

Pre-exponential factor A (bulk) 3.85� 104 3.36� 104

Pre-exponential factor A (grain boundary) 7.23� 104 6.54� 104

Fig. 6. Variation of total conductivity as a function of ageing time in air

at 700 1C.

Fig. 7. Variation of the relative change of bulk conductivity of La10Si5.5
Al0.5O26.75 versus the square root of the aging time t1/2.

Fig. 8. Variation of the relative change of grain boudary conductivity of

La10Si5.5 Al0.5O26.75 versus the square root of the aging time t1/2.
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magnitude. Furthermore, it can be seen that, at the
beginning of the ageing, the electrical conductivity
decreases rapidly with the ageing time; but after 100 h of
thermal treatment, this variation becomes less fast.

In the following, bulk and grain boundary conductivities
are treated in considering their relative changes defined as
(so�st)/so. so and st refer respectively to the initial
conductivity and the conductivity measured after a heating
treatment time t. Fig. 7 shows the variation of (so�st)/so

versus t1/2. A linear variation is clearly observed for the
first 100 h. For the later stage, no significant evolution is
detected. Conversely, for grain boundary, Fig. 8 shows a
linear variation of (so�st)/so versus t1/2 for the whole
investigated time of heat treatment. In addition, a lower
slope is observed in comparison with the bulk behavior
suggesting a lower kinetics in the grain boundary con-
ductivity change. Assuming that no chemical or structural
variations takes place when the sample is cooled down
after each heat treatment for impedance measurements,
Figs. 7 and 8 indicate that the heat treatment is responsible
for a chemical reaction proceeding very likely via an
atomic diffusion.
3.3. Cathode electrical properties

The impedance diagrams associated to the electrode
response were recorded at 700 1C in air. Their variation with
the heat treatment time at 1200 1C in air is shown in Fig. 9.
One observes that the electrode resistance is increased by a
factor 5 for a heat treatment period of 309 h. Here again, the
relative electrode conductivity is defined by the following
relation (soE�stE)/soE and its variation versus t1/2 and t is
shown in Figs. 10 and 11 respectively. Results suggest that a
diffusion-like phenomenon does not chiefly control the elec-
trode process. The increase of the electrode polarization could
be attributed to the progressive modification of the interface
La10Si5.5Al0.5O26.75/ Nd2NiO4. This modification might result
mainly from the two following factors:

Chemical reaction between the electrolyte and electrode
materials leading to their partial degradation and
the formation of new phases. XRD analysis revealed
the formation of Nd2SiO5 and La4Ni3O10 at the
La10Si5.5Al0.5O26.75/ Nd2NiO4 (see Fig. 12). Usually,
chemical reaction kinetic is mainly attributed to the
movement of cationic species. In our case, Ni2þ diffusion



Fig. 9. Influence of the heat treatment (1200 1C) time on the cathode

impedance spectra recorded at 700 1C: (a) 0 h, (b) 92 h and (c) 309 h.

Fig. 10. Variation of the relative electrode conductivity versus the ageing

time t.
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Fig. 11. Variation of the relative electrode conductivity versus the square

root of the ageing time t1/2.

Fig. 12. SEM micrographs of Nd2NiO4 layer (a) as deposited; (b) after a

working period of 309 h at 1200 1C.
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is very likely the most responsible species for the interfacial
chemical reaction due to the lower charge of this cation.
The new insulating phases affect the total cell impedance
(bulk and grain boundaries) and are responsible of the
lower efficiency in terms of electrochemical kinetics at the
electrode interface. Our results are not accurate enough to
determine the most affected electrochemical process:
activation, adsorption, migration y A more detailed
study has to be performed to elucidate this point.
The particle size increase, shown in Fig. 12. The mean
particle size increases from 1 to 10 mm. That reduces the
electrode porosity and the triple point line density where
the electrochemical reaction takes place at low current
density.

4. Conclusion

In this work, the influence of the ageing of the oxyapa-
tite/Nd2NiO4 interface on the electrical properties has been
studied. SEM and XRD analysis had shown the degrada-
tion of the cathode layer and the formation of impedant
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secondary phases on the electrode/electrolyte interface
leading to lower electrochemical performances. On the
other hand, conductivity results had shown a deterioration
of electrical properties through the cell following a t1/2

variation law. Such observations let suppose that ageing
mechanisms are very likely managed by diffusion
processes.

A better understanding of the causes of ageing could
suggest new solutions to avoid or, at least, minimize these
causes, and consequently improve the performance of the
La10Si5.5Al0.5O26.75/Nd2NiO4 cathode. Work is in progress
in order to study more accurately the changes in the
structure and composition of the investigated materials,
in particular by TEM analysis.
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