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Apatite ceramics are interesting alternative solid oxide fuel cells (SOFCs) electrolytes because of their
open structure for the transportation of oxide ions and their good chemical stability. This study reports
the influence of barium doping on the microstructure, sinterability and oxide conductivity properties of
the aluminium lanthanum oxyapatite LagsBag5Sis5Alp50265. SEM results show that lanthanum substi-
tution with barium improves the sinterability of apatite ceramics. The barium doping also enhances the
conductivity of the aluminium lanthanum silicates. The oxygen ion conductivity of Lag sBag5Sis 5Alo5026.5
sintered at 1600°C is 2.21 x 102 Scm~! at 800 °C, higher than 9.81 x 10-3 Scm~! of La;¢SisAlO465 sam-
ple prepared under the same conditions. The results in the present study demonstrate that doping Ba on
the La site for aluminium lanthanum oxyapatite reduces the sintering temperature and improves the ion
conductivity. The enhancement of Ba dopant is mainly on the improvement of the densification and thus
substantially reduced grain boundary resistance of aluminium lanthanum oxyapatite particularly at low
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1. Introduction

Solid oxide fuel cell (SOFC) operating at intermediate temper-
atures of 600-800°C is attracting world attention owing to its
promising benefits of the increased long-term stability, wide range
of material selection and possibility of using low cost processing
techniques. However, reducing the operating temperature of SOFC
also increases the polarization losses associated with the electrode
and electrolyte reactions. Thus, one of the major challenges in the
development of intermediate temperature SOFCs is to develop a
solid oxide electrolyte material with a high conductivity to main-
tain the low electrolyte resistance during operation. Lanthanum
silicate oxyapatite is emerging as new class of oxide ion conduc-
tors and a substantial level of oxygen ionic transport has been
reported for apatite type phases Ajg_,SigO6.5, Where A corre-
sponds to rare-earth and alkaline-earth metal cations [1-13]. The
apatite lattice consists of covalent SiO,4 tetrahedra and ionic-like
La/O channels [4,7,14]. The A-site cations occupy cavities created
by SiO4 units with four distinct oxygen positions; additional oxy-
gen sites form channels through the lattice. The open structure
of lanthanum silicate apatite suggests that this material should
be appropriate for the electrolyte applications for intermediate
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temperature SOFCs. The apatite structured oxides have advantages
of lower activation energy for ionic conduction as compared with
conventional solid electrolytes [10,15,16]. High oxygen ion con-
ductivity (6=1.50 x 10~3Scm~! at 500°C and 3.46 x 10~2Scm™!
at 800 °C) was also reported for La;¢SigO,7 apatite electrolyte syn-
thesized by a water-based gel-casting technique [17]. However,
due to difficulties in sintering and different processing techniques,
the conductivity values reported in the literature vary greatly,
for example, from 8.4x 1075 to 4.3 x103Scm~! at 500°C for
LalOSi5027 [1,2,5]

The oxide conductivity in Lag33SigO6 is lower than that in
La;Sig037, but higher than LagSr,SigO,¢ [4,6,18]. The simulation
study [7] indicates that oxygen ion migration in LagSr,SigOy¢ is
via a vacancy mechanism with a direct linear path, however, for
Lag 33Sig0,6, 0OXygen ion migration is via an interstitial mechanism
with non-linear (sinusoidal-like) pathway along the c-axis chan-
nel. This suggests a significant role of interstitial migration and
a possible improvement in the conductivity when apatite phases
contain more than 26 oxygen ions per unit formula [5,7]. The
simulations also demonstrate the importance of local cooperative
relaxation of [SiO4] tetrahedral (towards the vacant La sites) to
assist in the facile conduction of oxygen interstitial ions. Slightly
doped oxygen stoichiometric composition has been found to be
favorable for the fabrication of highly conducting lanthanum sili-
cate apatite [19]. In particular, an enhancement of the sinterability
and ionic conduction was found in aluminium lanthanum oxyap-
atite, L39.33+x/35i5_xA]x025,5 [6,20—22]
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Doping of Lajg_x(Si,Al)s056.s with iron increased the total
conductivity and sinterability [22-26]. The studies show an
enhancement of the ionic conduction in the Lajg_x(Si,Al)gO26.s
series, where Al doping is compensated by the La-site vacancies
without oxygen content variations [6,22,24] or the oxygen excess
without La-cation vacancies [25,27]. Experiments on alkaline earth
doping studies in samples containing oxygen excess show that the
conductivity of barium doped LagBa(Si04)s05 5, which is cation sto-
ichiometric but contains an oxygen excess, is high [28-30]. There
are clear evidences that oxygen over-stoichiometry is responsible
for the good oxide conductivity properties. An increase of con-
ductivity was observed when lanthanum was partly substituted
with an alkaline earth element and the conductivity increases with
the dopant size. Arikawa et al. [31] reported the best conductivity
on Lag 75519 25Sig026.875 (0=3.7 x 10-2Scm~! at 800 °C), while for
Slater and Sansam [32], best results were obtained on LagBaSigO¢ 5
with 6=1.3x10"2Scm~! at 800°C. A substitute of La with Ba
(rBa%* (VII)=1.39A), whose radius is larger than Sr and La (rSr2*
(VI)=1.21A, rLa3* (VII/IX)=1.06/1.20A), would lead to enhanced
conductivity [32-34]. Thus it would be interesting to study the
effect of Ba doping on the sintering and conduction properties of
aluminium lanthanum oxyapatite.

As shown by Nojiri et al. [33], the conductivity of
Lajo_xBaxSigO27_x» exhibited a maximum around x=0.5-0.6.
Thus, Ba doped aluminium lanthanum apatite with composition
Lag 5Bag 5Si5.5Alp50265 was selected for this study. The undoped
aluminium lanthanum oxyapatite La;gSisAlO55 was also studied
under identical conditions. The effect of substitution of La with
Ba on the sinterability and conductivity were studied by SEM and
electrochemical impedance analysis. The results show that doping
Ba on the La site improves the sinterability and conductivity as
compared to the undoped aluminium lanthanum oxyapatite.

2. Experimental
2.1. Synthesis OfLﬂg_sBag,55i5_5Alg_5025,5 and Lﬂ]05i5A1025,5 powders

High purity La, 03, SiO2, Al,03 and BaCOs (all from Sigma-Aldrich) were used
as the starting materials. The powders were weighed in appropriate ratio to elabo-
rate the compounds LagsBag5Sis5Alg50265 and La;SisAlO26 5 and mixed in plastic
vessels for 24 h. Isopropanol and zirconia balls were used as solvent and media,
respectively. After drying, the powders were calcined between 1000 and 1400°C
for 10 h at 100 °C interval in air, and the powders were dispersed in isopropanol and
pulverized in a ball-mill using an Y, 03-stabilized zirconia (YSZ) ball medium.

2.2. Characterization

As-synthesized apatite powders were pressed uniaxially into pellets and bars
under a pressure of 150 MPa and sintered at 1450, 1500, 1550 and 1650°C, respec-
tively for 4 hin air. Phase formation of the apatite powders synthesized by solid state
reaction method was determined by X-ray diffraction (XRD, Philips MPD 1880) using
Cu K, radiation at room temperature. The microstructure of LagsBag5Sis5Alg50265
and La;0SisAlO,65 pellets was examined by scanning electron microscope (SEM,
JSM-5600/LV). The bulk densities of the sintered apatites were obtained from the
mass and geometric dimensions of the pellet samples.

The sintered pellets with ~9 mm in diameter and 1.5 mm in thickness were used
for the electrochemical impedance analysis. Silver paste (Ferro Corporation USA)
was painted onto both sides of the samples as the electrodes. For the impedance
measurements, a Solartron 1260 frequency response analyzer was used over the
frequency range of 1 MHz to 1 Hz. The measurements were made in 50°C interval
in air between 300°C and 800°C.

3. Results and discussion
3.1. XRD and microstructure analysis

The XRD patterns of La105i5A1026,5 and La9,5Ba0.55i5_5A10.5026.5
obtained at different temperatures (1000, 1100, 1200, 1300
and 1400°C) are shown in Fig. 1. As seen from Fig. 1, a sec-
ondary phase, La,;SiOs was found in both Lag5Bag 5Si55Al950265
and Lay(SisAlO,65 powders synthesized at the temperatures of
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Fig. 1. XRD patterns of (a) La;0SisAl026.5 and (b) La9.5Ba0.5Si5.5A10.5026.5 pow-
ders. The apatite electrolyte powders were calcined at 1000, 1100, 1200, 1300 and
1400°C for 10 h in air.

1000-1400°C by solid state reaction method. This indicates that
it would be difficult to obtain a homogeneous mixture of the oxide
precursors with solid state reaction route, consistent with that
reported by Tao and Irvine [5] and Jiang et al. [17]. The XRD data
also reveals that the intensity of the minor La,SiOs phase was
reduced with the increase of calcined temperature. According to
the La,03/SiO, phase diagram [35]: La,SiOs and La;Si; 07 phases
are more stable than apatite below 1600 °C. As shown by Tao et al.,
La,SiOs is difficult to remove once it is formed during the solid-
state synthesis [5]. Thus in the present study, apatite powders were
pre-calcined at 1300°C.

Fig. 2 shows the fractured cross-section SEM micrographs of
La;oSi5sAlO56 5 and Lag sBag 5Si5 5Alg 50465 apatite pellets sintered
at different temperatures. The powders were calcined at 1300°C
for 10h in air. SEM observation shows that La;gSisAlO,65 elec-
trolyte samples are very porous and the porosity of La;¢Si5AlO46 5
apatites decreases with the increase of sintering temperature
(Fig. 2a). On the other hand, LagsBag5Sis5Alg50265 apatite pel-
lets show a much denser and compact structures with low porosity
(Fig. 2b). The porosity of the Ba doped aluminium lanthanum oxya-
patite Lag 5Bag 5Si55Alg50265 is significantly smaller than that of
undoped La;oSisAlO,65 samples sintered at temperature ranges
from 1450 to 1600 °C. The significant difference of La;gSisAlO265
and LagsBag5Sis5Alg 50265 apatite in microstructure can also be
seen clearly from the thermally etched samples. Fig. 3 shows
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a) La;oSisAlO2.5

b) Laog sBag sSissAly5026.5

Fig. 2. SEM micrographs of fractured cross-sections of (a) La10Si5Al026.5 and (b) La9.5Ba0.5Si5.5A10.5026.5 apatite pellets sintered at 1450, 1500, 1550 and 1600°C for 4h

in air. The apatite powders were calcined at 1300 °C for 10 h in air.

the SEM micrographs of La1OSi5A1025.5 and Lag.5Ba0_55i5.5A10.5026.5
apatite pellets sintered at 1550°C. The powders were cal-
cined at 1300°C for 10h in air and samples were thermally
etched at 1500°C. There are significant number of pores formed
on the surface of LaySi5AlO.65 (Fig. 3a) as compared with
Lag 5Bag 5Sis 5Alp 50265 apatite (Fig. 3b). This indicates that doping

Baonthe La site of aluminium lanthanum apatite La;(Si5AlO4g 5 Sig-
nificantly benefits the sintering process. As seen from Fig. 3b, glassy
phase was found on the surface of the Lag 5Bag 5Si5 5Al550265 sam-
ple. The reasons of the formation of glassy phase are not clear at this
stage. However, from the conductivity measurements, the forma-
tion of such glassy phase on the electrolyte surface appears to have
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Fig. 3. SEM micrographs of the surface of thermally etched (a) La10Si5Al026.5 and
(b) La9.5Ba0.5Si5.5A10.5026.5 apatite pellets. The samples were sintered at 1550 °C
and thermally etched at 1500°C.

little effect on the oxide ion conduction (see following section). The
size of Lag5Bag5Sis5Alg50265 grains is in the range 1.7-2.5 wm,
significantly larger than that 0.8-1.1 pm of La;(Si5AlO2g 5. The rel-
atively large grains of Lag5Bag5Sis5Alg50,65 again indicate that
doping Ba on the La site of apatite-type La;gSisAlOy¢ 5 significantly
enhances the sintering and densification process.

The significant differences in the microstructure of the
Lag 5Bag 5Si55Alp 50265 and LajgSisAlO,65 ceramics are also indi-
cated by the bulk density of the LagsBagsSissAlg50.65 and
La;oSi5AlO5¢ 5 ceramics sintered at different temperature, as shown
in Fig. 4. At the sintering temperature of 1450 °C, the bulk density
of La1¢Si5sAlO565 is 3.51 gcm—3, which is significantly smaller than
5.10gcm3 of LagsBag5Sis5Alg50265. As evident from Fig. 4, the
bulk density increases with the sintering temperature. The bulk
density of LagsBag5Si55Alg50265 samples is significantly higher
than that of La;oSisAlO,65 samples sintered at the identical tem-
peratures. The results are consistent with the SEM observation. This
again indicates that doping Ba is advantageous in enhancing the
densification as compared to the undoped aluminium lanthanum
silicate La1Si5AlOy¢ 5.

3.2. Conductivity properties

The conductivities of Lag 5Bag 5Si5 5Alg 50265 and La;gSis AlOy6 5
sintered at different temperatures were investigated by elec-
trochemical impedance spectroscopy in temperature range of
300-800°C. Fig. 5 shows the complex impedance plots of
La;¢SisAlO265 and LagsBagsSissAlgs0265 apatites sintered at
1550°C, measured at 300, 500 and 800°C. The apatite powders
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Fig. 4. Bulk density of the La9.5Ba0.5Si5.5A10.5026.5 and La10Si5A1026.5 ceramics
sintered at 1450, 1500, 1550 and 1600°C for 4 h in air. The apatite powders were
calcined at 1300°C for 10 h in air.

were calcined at 1300°C for 10 h in air. The impedance responses
of apatite oxides change significantly with the measuring tem-
perature. And the impedance of La;(SizAlOys5 is significantly
higher than that of LagsBagpsSiss5Algs50,65 at the same test-
ing temperatures. The impedance response of La;oSisAlOyg5 and
Lag 5Bag 5Sis 5Alp 50,65 materials measured at 800 °C exhibits one
depressed semicircle. The impedance curves at 500°C consist of
two distorted overlap semicircles at high and low frequencies.
This distorted semicircle arises from a bulk contribution at high
frequencies overlapped by another semicircle at low frequencies,
characteristic of the grain boundary response. The impedance arc at
the low frequencies of the La;(SisAlO¢ 5 apatite oxides is substan-
tially bigger than that of Lag 5Bag5Sis5 5Alg 50565 apatite ceramics.
As shown in Fig. 3, the average grain size of La;oSisAlO,¢ 5 apatite
is significantly smaller than that of Lag 5Bag 5Sis5Alg 50265 apatite,
indicating the high grain boundaries of the undoped aluminium
lanthanum apatite La;gSisAlO,65. Thus the high grain boundary
resistance of La;(Si5AlO6 5 apatite oxide is most likely due to the
much smaller grain size of La;¢Si5AlO5¢.5 as compared with that of
Lag 5Bag 5Si5 5Alg 50465 apatite ceramics. At 300 °C, the semicircle
at high frequency almost disappears, which indicates that the domi-
nation of bulk resistance to the total resistivity of apatite electrolyte
isnegligible. As shown in Fig. 5 for the impedance curves at different
temperatures, the grain boundary resistance increases visibly with
the decrease of temperature, which suggests considerable grain
boundary contribution to the total resistivity of apatite electrolyte
at low temperatures. This in turn indicates that the enhancement
of lanthanum substitution with barium in aluminium lanthanum
oxygapatite is primarily due to the improvement of the densifi-
cation and thus substantially reduced grain boundary resistance
of the aluminium lanthanum oxygapatite particularly at low tem-
peratures. However, the separation of the bulk and grain boundary
contributions from the impedance curves is difficult due to the sub-
stantial overlapping of the impedance arcs. This appears to be a
general problem for the apatite systems [4]. Thus, the conductivities
reported in this paper are the total conductivity.

Fig. 6 shows the Arrhenius activation energy plots of
La;oSi5AlO565 and Lag5Bag5Sis5Alg 50565 apatite samples. From
the slope, activation energy of the oxide conductivity was cal-
culated. Table 1 lists the conductivity and activation energy
of Lag5Bag5Si55Alp50265 and LajgSisAlO,65 apatite ceramics as
a function of sintering temperatures. It can be seen that the
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Fig. 5. Complex impedance plots of (a) La10Si5Al026.5 and (b) La9.5Ba0.5Si5.5A10.5026.5 apatite electrolytes, measured at 300, 500 and 800 °C. The apatite samples were

sintered at 1550°C for 4 h in air and the numbers in the figure are frequencies in Hz.

conductivity of LajgSisAlOy65 is generally lower than that of
L3.9.5 BaO.S Si5_5A]0.5 026.5 and the COHdUCtiVity of both LamSi5A1026.5
and Lag 5Bag 5Si5 5Alg 50465 significantly increases with the sinter-
ing temperatures. For example, the conductivity of La;gSi5AlO265
sintered at 1600°C is 9.81 x 10-3Scm~! at 800°C, which is sig-
nificantly lower than 2.21 x10-2Scm~! at 800°C obtained on
Lag 5Bag5Si55Alg 50465 sintered at the same temperature. This

indicates that substitution of lanthanum with barium enhances the
conductivity properties of aluminium lanthanum oxyapatite oxide
electrolytes. The oxide conductivity of LagsBag5Si55Alg50265 in
this study (6=2.21 x 1072 Scm~! at 800°C) is slightly higher than
1.3 x 1072Scm~"! at 800 °C reported on LagBaSigO265 [32].

The activation energy for the ionic conductivity of
LagsBag5Si55Alg 50265 apatite electrolytes is in the range of
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Table 1
Conductivity and activation energy of Lag 5sBag5Sis 5Alg 50265 and La;SisAlO,6 5 apatite ceramics as a function of sintering temperatures.
Sintering temperature (°C) Conductivity (Scm~1) E, (Kfmol-1)
300 400 500 600 700 800
La10SisAlO265
1600 8.09 x 106 7.29x10°5 3.96 x 104 1.52 x 1073 4.91x1073 9.81x 1073 80.61
1550 3.92x10°6 3.49 x 1075 2.10x 1074 8.95x 104 4.54 %1073 8.84 x 1073 87.16
1500 231x10°6 250 x 103 1.57 x 104 6.06x 104 1.95x 1073 4,07 x 1073 83.89
1450 1.55 x 1076 1.85x 1075 1.27x 1074 527 x 1074 1.55 x 103 3.96 x 103 87.33
LagsBag5Sis5Alo 50265
1600 4.53x10°° 5.73 x 1073 5.18 x 1074 2.84x1073 1.16 x 102 2.21x 1072 97.27
1550 1.64 x 10~5 1.43x 104 8.44x 1074 317 %1073 8.82x 1073 1.82 x 1072 79.80
1500 3.58 x 106 432 %1075 3.49 x 104 1.73x 1073 6.49 x 1073 1.28 x 1072 93.26
1450 9.07 x 107 1.66 x 10-3 1.38x 104 8.22x 1074 3.40 x 103 9.50 x 103 102.18
a 4+ 4. Conclusions
, /X = 1450C Lag 5Bag 5Si5 5Alg 50465 and La;gSisAlO56 5 apatite samples were
a x x ., synthesized by using a conventional solid state reaction pro-
i . Y : 1500°C cess. SEM and density measurements revealed that doping
i a on the La site of aluminium lanthanum oxyapatite-type
o 1 2 1550°C B the La site of al lanth yapatite-typ
x 2 Y v 1600C La1¢Si5AlO.65 benefits significantly the sintering and densifica-
E 1 ‘ v tion process. LagsBagsSis5Alg50.65 apatite shows significantly
9 -2+ ‘ v better microstructure and high bulk density as compared
'; | ‘ v with that of La;oSisAlOys5 apatite prepared under identical
1 conditions. The effect of sintering temperatures on the con-
= 44 ‘ v ductivity of LagsBagsSissAlgs50265 was investigated in detail in
1 : the temperature range between 300 and 800°C by the com-
% ] X plex impedance spectroscopy. The conductivity studies show
° that LagsBagsSissAlgs0565 has a better conductivity than
1 u L310515A1026.5. The COIldU.CtiVity OfLag‘5B30.5Si5.5Alo.5 026.5 sintered
3 , . , . , . : : . at 1600°Cis 2.21 x 102 Scm~! at 800°C, significantly higher than
1.0 1.2 14 1.6 1.8 9.81 x 10-3Scm™! of La;¢SisAlOy6 5 sintered at the same temper-
1000/T/K" ature. The results in the present study demonstrate that doping Ba
b 4- on the La site for apatite-type La;¢SisAlO,g 5 significantly reduces
Ix the sintering temperature and improves the ion conductivity. The
[ ] ; ‘ B 1450C enhancement of lanthanum substitution with barium in aluminium
2 "] * ® 1500C lanthanum oxygapatite is most likely due to the improvement of
- e * A 1550°C the densification and thus substantially reduced grain boundary
0 e ’ v 1600°C resistance of the apatite particularly at low temperatures.
ke " e A
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