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Abstract

Apatite-type silicates are considered as promising electrolytes for solid oxide fuel cells (SOFC). However more studies on the chemical
compatibility of these materials with common SOFC electrodes are required. Here, we report the synthesis of single phase LagSr;SigOy¢ 5
composition by reactive sintering at 1650 °C for 10 h. Fully dense pellets showed very high oxide-anion conductivity, 25 mS cm ™" at 700 °C.
Furthermore, the chemical compatibility of LagSr;SigO56 5 with some selected cathode materials has also been investigated. The lowest reaction
temperatures were determined to be 1100 °C, 1000 °C and 900 °C for Lag gSrg ,MnO;_;, La,Nig gCug 04 and Lag ¢S1g 4Cog sFeq 03, respectively.
The segregation of minor amounts of SiO, seems to be a key limiting factor that must be overcome. Finally, these cathode materials were deposited
over dense oxy-apatite pellets and the area specific resistances in symmetrical cells were determined. These values, at 700 °C, were 14.4 and
2.6 Q cm? for LaggSro,MnOs5_s and Lag ¢St 4C00.sFeq 205, respectively. Furthermore, the area specific resistances are notably improved

0.6 O cm® when a 50 wt.% composite of Lag Srg4CoggFep,03_s and CeygGdy,0; ¢ is used.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Apatite-type electrolyte; SOFC; Chemical compatibility; Area-specific resistance

1. Introduction

Solid oxide fuel cells (SOFCs) are one of the most promising
types of fuel cell for large scale power generation and combined
heat and power applications. SOFCs offer many advantages
over classical combustion-based power generation technologies
and have been intensively studied for many years [1-4]. Yttria-
stabilized zirconia, YSZ, is the oxide-conducting electrolyte
used in the commercial systems. One significant disadvantage
of ZrO,-based SOFCs is the temperature of operation at which
ionic conductivity is sufficiently high for practical applications,
usually 800-1000 °C.

The oxy-silicates with apatite-type structure and compo-
sition Lajg_(Si04)60,.s have been proposed as alternative
electrolytes for SOFCs, exhibiting higher ionic conductivity
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compared to the YSZ in the intermediate temperature range
(500-800 °C), combined with moderate thermal expansion
coefficients and very low electronic conductivity [5-11].
Numerous works, including theoretical atomistic simulations
[12-14] and neutron powder diffraction [15,16], show that
the ionic conduction occurs mainly via interstitial oxide
migration both parallel and perpendicular to the channels
[14] and it increases with the oxygen concentration in the
lattice.

One of the limitations for the practical application of apatite-
type silicates as solid electrolytes is the high sintering
temperature, which usually ranges between 1600 and
1700 °C. Different synthesis routes have been used to obtain
dense ceramics, such as hot-pressing [17], sol-gel [18,19] and
freeze-dried precursors and spark-plasma sintering [20].
However, the densification route may alter the conducting
properties and the relationship between ceramic microstructure
and the grain boundary resistance to the oxide ion conductivity
remains to be established.
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On the other hand, chemical incompatibility between apatite-
type silicates and commonly used electrode materials has also
been reported. For instance, Tsipis et al., studied the electro-
chemical stability of La;oSisAljO,5 with several cathode
materials: LazNio_gcuO_204+5, LazNiO.gCu0,204+5—Ag cermet,
Lay gSrp.2Fe 8C00203_5~CeosGdg 20,5, and Lag 75193
MnO;_5Ce( gGdy -0, 9 composites [21]. Relatively low perfor-
mances of these electrodes were achieved in this work, mainly
associated with surface diffusion of silica from the electrolyte to
the electrodes. Ruddlesden—Popper phases, LaSr,Mn; ¢Nig 407 _s,
LazNiO,5Cu0,504+5, LaSrzMn1,6Ni0,4O7,3, La4Ni3,XCuXOIO,5 and
La3 95519 9sNi,CoOg_s; and perovskite phases, SrMngyg
Nbg 405_3, Sty 7Ceg 3Mng 9Crg 1035 and Gdy ¢Cap 4
Mng oNiy ;O5_5 have also been tested with La;¢SisAl;Os6s.
However, a poor electrochemical performance was again
observed, partly associated with a strong cation interdiffusion
between the materials [22,23]. Bonhomme et al. tested
LagSr;SigOy6 5 with Lag 75519 ,5Mng §C0g 205 _ s, and no reactivity
between apatite and perovskite materials was observed [24].
However the electrode resistance decreased by increasing the
cathode porosity and with the use of a perovskite—apatite
composite as a cathode material. The same electrolyte has also
been studied with Nd; ¢sNiO,4, s cathode and no apparent chemical
reactivity was found between both materials [25]. Recently,
Marrero-Lopez et al. carried out a compatibility study of
La;(Sis sAly 50,675 With several electrode materials commonly
used in SOFCs, i.e. LaggSrgoMnOs_s, Lag;Sry3FeO;_s and
Lag ¢St 4Coq 2Feq g03_s, as cathodes; and NiO-CGO composite,
Lag7551925CrgsMng sO5_5 and SroMgMoOg as anodes. In
general, bulk reactivity between the electrodes and the electrolyte
was not observed. However the area-specific polarisation
resistance (ASR) of these electrodes increased significantly by
increasing the sintering temperature, indicating some reactivity at
the electrolyte/electrode interface. This effect was minimised
using a ceria buffer layer between the electrolyte and electrode
materials, obtaining a SOFC with relatively high performance for
100 h of operation [26].

In this work, fully dense LagSr;SigO,¢5 ceramics were
prepared by reactive sintering in a single thermal treatment with
the total conductivity of 2.5 x 107>Scm™' at 700 °C.
Furthermore, its potential use as solid electrolyte for SOFC
has been evaluated. Chemical compatibility and area-specific
resistance, with several electrode materials, have been
investigated by X-ray powder diffraction, energy dispersive
spectroscopy and impedance spectroscopy measurements.

2. Experimental
2.1. Synthesis-sintering conditions

LaoSr;SigO,6 5 samples were prepared by reaction sintering,
RS, using high purity oxides: La,O5 (Alfa, 99.999%), SrCO;
(Alfa, 99.99%) and SiO, (ABCR, quartz powder, 99.31%).
Lanthanum oxide was precalcined at 1000 °C for 2 h in order to
achieve decarbonation. Reagents were ground for 30 min in an
agate mortar, pelletized (500 MPa, ~10 mm diameter and
~1 mm thickness) and heated in air at 1650 °C for 5, 10 and

20 h at a heating/cooling rate of 5 °C min~"'. These samples are
hereafter labelled as RS,T, where T and ¢ indicate the sintering
temperature (°C) and time (h) respectively. Compaction (%
theoretical density) was calculated taking into account the
mass, volume of the pellets and the crystallographic density
obtained from the powder diffraction study.

La,Nig gCup,03_s5 (LNC) and LageSrg4CogsFe 2035
(LSCF) cathode materials were prepared by sol-gel citrate
precursor methods. The synthesis procedure was similar to that
previously reported [27-29]. Commercial powders of
Lag gSro,MnO;_; (cathode) (LSM, Praxair specialty ceramics)
and Ce( gGd(,0 ¢ (electrolyte) (CGO, Rhodia) were also used.
Furthermore, a composite of 60 wt.% of LSCF and CGO was
prepared by mixing the corresponding powders in an agate
mortar using acetone as grinding/mixing improving agent.

2.2. Powder diffraction

X-ray powder diffraction (XRPD) patterns were recorded with
a X’Pert MDP PRO diffractometer (PANalytical) equipped with a
Ge(1 1 1) primary monochromator, using monochromatic Cu
Ka radiation (A = 1.54059 A) and the X’Celerator detector. The
overall measurement time was approximately 4 h per pattern to
have good statistics over the 10-100° (20) angular range, with
0.017° step size. XRPD studies were also performed to evaluate
the chemical compatibility of the apatite-type electrolyte with the
different electrodes. The electrolyte and electrodes powders were
ground in a 1:1 wt.% ratio in an agate mortar and then fired
between 700 and 1300 °C for 24 h in air. All Rietveld quantitative
phase analyses (RQPA) were carried out using the GSAS suite of
programs [30]. Final global optimised parameters were: back-
ground coefficients, zero-shift error, cell parameters and peak
shape parameters using a pseudo- Voigt function [31] corrected for
axial divergence [32]. The atomic parameters were not refined.

2.3. Microstructural characterization

The morphology of the sintered pellets was studied using a
JEOL SM 840 scanning electron microscope. The ceramic
surfaces were polished with diamond spray from 6 to 1 wm of
diameter and then thermally etched at 50 °C below the sintering
temperature for 15 min at a heating/cooling rate of 5 °C min~".
Finally, the samples were gold sputtered for better image
definition. Average grain size of sintered pellets was estimated
from SEM micrographs using the linear intercept method from
at least 30 random lines and three different micrographs with
the help of image-analysis software. In addition, the micro-
structure between the electrode and electrolyte layers and/or
any evidence of degradation after electrochemical tests were
studied using a JEOL SM-6490LV scanning electron micro-
scope combined with energy dispersive spectroscopy (EDS).

2.4. Conductivity and area-specific resistance
measurements

Platinum electrodes were made by coating opposite pellet
faces of the dense LaoSr;SigOs5 pellets with METALOR®
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6082 platinum paste and gradually heating to 950 °C for 15 min
at a rate of 10 °C min~ ' in air to decompose the paste and
harden the Pt residue. Successive treatments were made to
achieve an electrical resistance on both pellet faces lower than
1 Q. Impedance spectroscopy data were collected in air using a
HP4284A impedance analyser over the frequency range from
20 Hz to 1 MHz with an applied voltage of 0.1 V. Electrical
measurements were taken on heating and cooling in the
temperature range of 200-1000 °C every 25 °C (accuracy of
4+1°C) at 10 °C min~" with a delay time of 30 min at each
temperature to ensure thermal stabilization. Measurements
were controlled by the winDETA package of programs [33].

For area-specific resistance measurements, symmetrical
electrodes were coated on both sides of the dense LagSr;_
SigOy6 5 pellets using a suspension prepared with the different
electrode powders and Decoflux™ (WB41, Zschimmer and
Schwarz) as binder material. The symmetrical cells were fired
at 950 °C for LSCF, 1000 °C for LSCF-CGO composite and
1100 °C for LSM and LNC cathodes for 1 hin air. Afterwards, a
Pt-based ink was applied onto the electrodes to obtain a current
collector layer and finally fired at 950 °C for 15 min.

The area-specific resistance (ASR) values were obtained
under symmetrical atmospheres (air or humidified 5% H,—Ar)
in a two electrodes configuration [26]. Impedance spectra of the
electrochemical cells were collected using a Solartron 1260
FRA, at open circuit voltage (OCV), in the 0.01-10° Hz
frequency range with an ac signal amplitude of 50 mV. The
spectra were fitted to equivalent circuits using the ZView
software [34], which allows an estimation of the resistance and
capacitance associated with the different contributions.

3. Results and discussions

3.1. Sintering conditions, microstructure and conductivity
of LagSr;SisO26.5

Reaction sintering is a particular type of sintering process in
which both chemical reaction of the starting compounds and
densification are achieved simultaneously in a single heating
step. It has been employed to simplify the processing of the

successfully prepared/densified by reaction sintering [35—41].
However, this method may show some shortcomings including
the risk of chemically inhomogeneous products due to
incomplete reaction of the reactants and difficulties in
controlling the microstructure. In this study, three LagSr.
SigO,6.5 samples were obtained at a sintering temperature of
1650 °C and different dwell times: 5, 10 and 20 h. After
sintering, the pellets were ground and studied by XRPD and
their patterns were analyzed by the Rietveld method using the
structural description previously reported for LagesSry35(-
Sig054)O,, in P63/m space group [15], as starting model. The
occupation factors for the cation sites were conveniently
modified to account for the stoichiometry. Final Rietveld
refinements showed good figures of merit with Rg ranging
between 3% and 4%. Final refined unit cell parameters and
compactions are given in Table 1.

Samples sintered for 5 h, RS;“O, showed unreacted La,O3
and relative density of 88%. Excessive sintering times, i.e.
RS%gSO, led to single phase but fragile pellets with 93% of
relative density. The best sintering conditions were reached for
samples prepared at 1650 °C for 10 h (RSI$°) with relative
density of 96%. Fig. 1 shows a SEM micrograph obtained for
RS[$. The pellet has low porosity with no visible formation of
phase segregations. The SEM micrograph was analyzed to
evaluate the grain size distribution and the corresponding
average grain size. The grain size showed a Gaussian
distribution with an average grain size of 7 wm (inset of Fig. 1).

Impedance spectroscopy was used to determine the
electrical conductivity of the pellet with the highest relative
density, RS{SSO. Representative impedance data at 750 °C is
shown as an impedance complex plane plot in Fig. 2. At low
temperatures (not shown), a set of overlapping semicircles were
observed, likely due to the grain interior (bulk) and internal
interfaces (grain boundary and porosity contribution). Lower
frequency processes due to electrode contribution were
observed in the form of a spike. At 750 °C (inset Fig. 2) the
spike collapses to a semicircular arc, indicating that oxygen
molecules are able to diffuse through the entire thickness of the
electrode. In order to estimate bulk and grain-boundary
conductivities of the sample, complex impedance spectra were

ceramic pellets. Recently, ceramics such as BaTi Oo, analyzed by nonlinear least squares fittings of equivalent
BasNbsO;s, SrsNbsO;s and apatite-type materials were  circuits using the program ZView [34]. The errors obtained for
Table 1
Composition and cell parameters at room temperature for the different electrolyte and electrode materials. Relative density (% TD) of the sintered pellets are also
given.
Composition Abbreviation a (A) b (A) c (A) viZz (A3) % TD
LagSr;SigOx6. 5 *RS16%0 9.7076(4) - 7.2184(3) 589.11(6) 88
RSI8% 9.7056(1) - 7.2165(1) 588.72(4) 96
R 9.7047(1) - 7.2172(1) 588.66(1) 93
Lag gSrg,MnO3 LSM 5.4751(4) 7.7655(8) 5.5176(4) 234.59(2) -
La,Nig gCug 04 LNC 3.8563(1) - 12.7676(2) 189.87(1) -
Lag ¢Sro.4C00 gFe 203 LSCF 5.4422(1) - 13.2549(3) 339.98(1) -
Ce.9Gdo 101 05 CGO 5.4192(1) - - 159.15(1) -

? Presence of unreacted La,Os.
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Fig. 1. Scanning electron micrograph of the polished and thermally etched
surface of LagSr;SicOy6 5 pellet obtained by reactive sintering at 1650 °C for
10 h. The inset shows the grain size distribution.

the fitting parameters were high, and hence, these values are not
reported here. The Arrhenius plot of the overall conductivity is
shown in the inset of Fig. 2.

LagSr;SigO,¢ 5 prepared by reactive sintering at 1650 °C for
10h gave an overall conductivity of 2.5 x 107> Scm™"' at
700 °C and 4.3 x 1072S cm ™" at 800 °C. These conductivity
values are somewhat higher than those previously reported for
the same electrolyte composition with similar relative density.
For instance, Brisse et al. [42] and Bonhomme et al. [24]
reported 1.0 x 1072 S cm™ " at 700 °C, for samples prepared by
the ceramic method (98-99% TD) at 1575 °C for 2 h and

80 T(0) o
m‘so 990 7?0 6?0 750 C
£ N :
5 )
404 ] .
Nl 1000/T (K”)
20Hz 10.5uF-cm-"
| 262kHz 0.25nF-cm"’
\ / e —
0 T T T
40

80
Z’ (Q-cm)

Fig. 2. Complex impedance plane plot for LagSr;SigO,4 s measured at 750 °C.
Selected frequency and capacitance points are highlighted. The inset shows the
Arrhenius plot of the overall conductivity.

1500 °C for 8 h, respectively. Orera et al. [43] reported
1.0 x 1072 S cm™ " at 800 °C for a sample prepared by ceramic
method (92% TD) at 1600 °C for 2 h. Very recently, Zhang et al.
reported a value of 2.4 x 1072 S cm™" at 800 °C for a sample
(97% TD) prepared by a sol-gel method and sintered at
1600 °C for 4 h [44].

Two regimes with different activation energies are observed
in the Arrhenius plot, as found for related oxygen-excess oxy-
apatite materials [45-47]. This curvature is usually explained
by the presence of a critical temperature, T, [48], below which
the charge carriers are progressively trapped, which increases
the overall activation energies. The activation energy values are
0.41(1) eV and 0.94(1) eV, in the high and low temperature
regimes, respectively.

3.2. Chemical compatibility

The chemical compatibility of LagSr;SigO56 5 Was evaluated
by XRPD with the electrode materials listed in Table 1. Powder
mixtures of electrolyte and electrodes 1:1 wt.% were calcined
at different temperatures and then analyzed at room tempera-
ture (Figs. 3-6). The XRPD patterns corresponding to LSM—
silicate mixture do not show additional diffraction peaks,
associated to reaction products, up to 1000 °C (Fig. 3).
Conversely, tiny diffraction peaks are observed at 1100 °C and
higher temperatures, which could be assigned to different
polymorphs of SiO, (quartz and cristobalite). The unit cell
volume for the silicate oxy-apatite was determined by Rietveld
refinement and it varies from 588.72(4) A® from the initial
sample to 588.21(7) A3 after firing the mixture at 1300 °C for
24 h, see Table 2. In the same temperature range, the unit cell

m LaySr,(Si0,);0, 5
v LaggSry,MnO,
< sio,

1300°C

1200°C

|

1100°C

1000°C

20 25 30 35
20/°

Fig. 3. XRPD patterns for Lag gSrg,MnO3_s/LagSr;SigOo65 powder mixtures
(1:1 wt.%) at room temperature (RT) and after firing between 800 and 1300 °C.
The different reaction products when increasing temperature are highlighted.
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Fig. 4. XRPD patterns for La,;Nip gCug,03_s/LagSr;SigO,6 5 powder mixtures
(1:1 wt.%) at room temperature (RT) and after firing between 800 and 1300 °C.
The different reaction products when increasing temperature are highlighted.

B La,Sr,(Si0,)s0, 5
ALag ¢Srg €04 sFeg,0;
» Sr,SiO,

1100°C

1000°C

20/°

Fig. 5. XRPD patterns for Lag¢Srg4CoggFep205_s/LagSr;SigOs65 powder
mixtures (1:1 wt.%) at room temperature (RT) and after firing between 700
and 1100 °C. The different reaction products when increasing temperature are
highlighted.

B LagSr(Si0 ,)¢0,5

U CcGo

YCGO-2
1300°C M v
1200°C A N v

1100°C

MW

RT [ ]
H § -
20 ' 2I5 ' 3IO ' 35

20/°

Fig. 6. XRPD patterns for CGO/LagSr;SigO,¢ 5 powder mixtures (1:1 wt.%) at
room temperature (RT) and after firing between 700 and 1300 °C. The different
reaction products when increasing temperature are highlighted.

volume for LSM varies from 234.59(2) to 235.66(4) A3. The
small variation of cell volume for both phases seems to indicate
that cation interdiffusion between both materials is not very
significant, however the segregation of minor phases at the
electrode/electrolyte interface, such as insulating SiO,, might
negatively affect to the electrochemical performance of the this
electrode. It should be commented that SiO, was not detected
by XRPD between La;pAl;_,Sig_,O65 (x=0.5 and 1) and
LSM up to 1300 °C in previous works [21,26]. At temperatures
higher than 1000 °C a very tiny amount of crystalline SiO, is
detected which is not observed above 1300 °C. This thermal
behaviour may be due to reaction of SiO, and/or to
volatilization. It should be noted that diffusion of silica in
the electrode interface was indeed found by EDS which points
to the reaction of silica.

The LNC-silicate mixture after firing at 1000 °C shows the
presence of reaction products, identified as LayNi;O;q (PDF
035-1242) (Fig. 4). The LayNizO,y with Ruddlesden—Popper
type structure is usually used as cathode material in SOFC, and
hence, its segregation does not necessarily imply a detrimental
effect. The formation of this phase could be explained by
lanthanum migration from LNC to the apatite silicate. This
seems to be confirmed by the significant change of the cell
volume of the silicate with the temperature between
588.72(4) A> at RT to 592.35(4) A> at 1300 °C (Table 2).
The diffraction peaks ascribed to LayNizO;y disappear at
temperatures above 1200 °C and a significant fraction of silica
is observed at 1300 °C. Tsipis et al. [21] previously reported a
good compatibility between La;gAlSisO,6s and La,Nigg.
Cug,04 up to 1100 °C, however higher sintering temperatures
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Table 2

Unit cell volumes (AS) of LagSr;SigOy6 s/electrodes (italics) powder mixtures (1:1 wt.% ratio) obtained by Rietveld quantitative phase analyses after firing between

700 and 1300 °C for 24 h in air.

Mixture 700 °C 800 °C 900 °C 1000 °C 1100 °C 1200 °C 1300 °C
LagSr;SigOx6 5 589.10(6) 589.88(8) 590.03(4) 589.66(5) 589.03(7) 588.07(7) 588.21(7)
Lag Sro,MnO; 234.65(4) 234.94(4) 235.13(4) 234.97(3) 234.98(4) 235.58(4) 235.66(4)
LagSr;SigOx6 5 589.42(3) 589.54(3) 590.03(4) 589.98(2) 589.77(2) 590.56(3) 592.35(4)
La,Nip sCup 204 190.05(2) 190.05(1) 190.14(1) 190.05(1) 190.01(1) 189.97(1) 189.75(1)
LagSr;SisO0x6 5 589.28(5) 589.20(5) 589.55(7) 589.85(4) 589.57(4) - -

Lag 6Sr9.4Cop sFe( 203 340.21(3) 340.19(3) 341.14(4) 341.19(2) 340.70(2) - -
LagSr;SigOs6 5 589.12(3) 589.59(3) 589.63(2) 589.77(1) 589.95(2) 589.52(2) 590.63(2)
Ce 9Gdp 10 95 159.25(1) 159.32(1) 159.28(1) 159.31(1) 159.40(1) 159.38(1) 159.58(1)
Ce 9Gdy 10 .95-2 163.39(4) 164.59(4)

result in surface-spreading of silica in the electrode layers near
apatite electrolyte. This effect may produce a decrease of the
electrochemical reaction zones and consequently the perfor-
mance of this electrode would decrease. To avoid this drawback
the sintering temperature between both materials should be
lower than 1200 °C.

The XRPD patterns of the silicate and LSCF mixture show
additional diffraction peaks above 900 °C. The reaction product
has been identified as Sr,SiO, (PDF 024-1231) (Fig. 5). The
amount of reaction products increases with the firing
temperature, between 900 and 1100 °C, although its fraction
is relatively small compared to the majority phases. The cell
volume for the apatite electrolyte increases slightly with the
sintering temperature, evolving from 588.72(4) A® at RT to
589.57(4) A at 1100 °C (Table 2).

The chemical compatibility results obtained herein are very
similar to those found in related works [21,26]. The formation
of reaction products at the silicate/electrode interface was
mainly associated to silica diffusion. In most cases segregation
of silica or insulating silicates were observed by XRPD
analysis. Hence, the application of silicate-based ionic
conductors as solid electrolyte requires suppressing SiO,
diffusion. A possible alternative to overcome this drawback
would be to deposit a protective layer of ceria [26] on the

electrolyte surface to prevent interdiffusion of cations. For this
reason, the reactivity between the apatite electrolyte and CGO
was also investigated.

The XRPD patterns for apatite—CGO mixture do not show
any evidence of bulk reactivity below 1100 °C (Fig. 6).
However, the diffraction peaks for CGO become asymmetric as
the temperature increase and additional diffraction peaks were
observed between 1200 and 1300 °C, which were assigned to a
new fluorite type structure. The XRPD patterns were analyzed
by Rietveld method, considering three different phases: the
apatite and two fluorite-type structures with similar cell
parameters (see Table 2). The variation of the cell parameters in
the mixture as a function of the firing temperature shows that
the volume cell for the silicate increases by increasing the
temperature. On the contrary, it remains almost constant for the
main fluorite-type phase and increase for the minority fluorite-
type phase. A possible explanation for this behaviour could be
the interdiffusion of cations between CGO and the silicate.
Lanthanum migration from the apatite to the fluorite structure
would increase the dopant concentration in CGO with the
consequent cell volume expansion. Indeed, lanthanum diffu-
sion towards the CGO layer was observed by EDX in the
interface CGO/lanthanum silicate [26]. Considering these
results, the CGO protective layer should be deposited at

apatite

Fig. 7. Cross-section SEM images of electrolyte—electrode interfaces: (a) Lag gSrg,MnO;_s/LagSr;SigOs6 5, (b) Lag ¢Srp 4C00 gFep 203_s/LagSriSigOs4 5, and (c)

Lag 6510.4C00.8Fe 203 _s~CGO/LagSr;SisOz6 5.
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Fig. 8. Variation of the atomic fraction for (a) Lag gSrg,MnO;_s/LagSr;SigOs6.5 and (b) Lag Sro4Cog gFen 205 s/LagSriSigOy6 5 With the distance to the interface.

temperatures as low as possible to avoid cation interdiffusion
between the silicate and the CGO layers. Alternative methods
such as spray-pyrolysis would allow depositing a thin layer of
CGO on the apatite electrolyte at lower temperatures. This will
be studied in a forthcoming investigation.

3.3. SEM and EDS analyses

Combined SEM and EDS studies were performed to further
investigate the chemical compatibility between the apatite and
the electrode materials. The SEM images at the electrode/
electrolyte interface, after the electrochemical tests, reveal an
adequate adherence between both materials and no evidences of
chemical reactivity were detected (Fig. 7a and b). EDS analysis
are shown in Fig. 8a and b for LSM and LSCF electrodes,
respectively. The variation of the elemental composition across
the interfaces does not show a significant interdiffusion of
cations between the electrolyte and electrode layers. In
addition, the cation composition of the different layers gave
similar results to those expected from the nominal stoichio-
metries within the uncertainty of the technique. This indicates
that reactivity occurs very near the electrolyte/electrode
interface as previously discussed by Tspisis et al. [21].

3.4. Area specific resistance measurements

The dependence of the area-specific resistance (ASR) with
temperature for different electrodes deposited over the
LagSr;SigO,¢ 5 electrolyte is shown in Fig. 9. The processing
temperatures vary and were given in Section 2. The LSM
cathode exhibits the highest ASR in the whole studied
temperature range with a value of 2.3  cm? at 800 °C. This
value of ASR is comparable to those obtained previously for
related silicate oxy-apatites (e.g. 5.5 Q cm? for 40% CGO-
LSM [25] and 5.9 () cm? for LSM using La;gAl;_,Sig_O2.5
electrolyte). Note that the values of ASR for the Pt electrodes
are higher than those of LSCF which indicates that the
electrocatalytic effects of Pt for oxygen reduction are much
smaller. The LSCF cathode shows lower ASR values, i.e.
0.56 Q) cm? at 800 °C, and it could be ascribed to the highest

ionic-electronic conduction in cobaltite compared to manga-
nite-based cathodes and also the lower sintering temperature
necessary to obtain an adequate adherence between the
electrolyte and electrodes. The values of ASR are notably
improved when a composite of LSCF and CGO are used (i.e.
0.1 Qcm® was obtained at 800 °C for 50% CGO-LSCF
composite). This effect could be related to the lower reactivity
between CGO and apatite silicates at the low sintering
temperature used. However, the microstructure is also an
important factor to take into account in the electrode
performance. The LSCF electrode shows a microstructure
formed by particle aggregates with an average grain size lower
than 1 pum (Fig. 7b). On the contrary, the LSCF-CGO
composite is formed by lower agglomeration of particles and
possible better electrochemical performance (Fig. 7c).

In summary, the LaoSr;SigOs65 electrolyte exhibits rela-
tively high interfacial reactivity with the commonly used
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Fig. 9. Temperature dependence of the area-specific resistance (ASR) values
for the different cathode materials deposited over the apatite-silicate electrolyte
at open circuit voltage.
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cathode materials likely due to silica segregation in the
electrode/electrolyte interface. The same behaviour was
previously observed for related silicate apatites [21,26]. In
order to overcome this drawback, the deposition temperature of
the electrodes should be as low as possible, or the use of a
protective layer (i.e. CGO) between the electrolyte and
electrodes must be required. Alternatively, it would be
necessary to implement new electrode deposition methods
which yield good electrochemical and mechanical properties
after processing at lower temperatures.

4. Conclusions

LagSr;SigO,6.5 Oxy-apatite has been prepared in a single
heating step by reactive sintering. Fully dense pellets, obtained
at 1650 °C for 10 h, showed very high oxide-anion conductiv-
ity, 25 mS cm ™" at 700 °C. The chemical compatibility of this
oxy-apatite with three common SOFC cathode materials,
Lag gSrp2MnO3, La,NiggCug204 and Lag Srg4Cog sFeq 203,
has been investigated. The temperatures that lead to reaction, as
observed in the powder diffraction patterns by the appearance
of reaction products, were determined to be 1100 °C, 1000 °C
and 900 °C, respectively. The segregation of minor amounts of
SiO, seems to be a key limiting factor that must be overcome by
optimising the processing conditions. Furthermore, area
specific resistances were determined for these cathode
materials deposited over dense oxy-apatite pellets. The LSM
exhibits the highest ASR, 2.3 () cm? at 800 °C. LSCF shows a
lower ASR, 0.56 ) cm? at 800 °C. Finally, a 50 wt.% LSCF-
CGO composite shows the lowest ASR, 0.1 ) cm? at 800 °C,
which is justified by the lower reactivity between CGO and the
oxy-apatite as well as the low sintering temperature required to
fix this cathode.
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