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Abstract: The co-doped lanthanum silicate oxyapatites, La9.5A0.5Si5.5Fe0.5O26.5 (A = 

Ba, Sr, Ca), are synthesized by the high-temperature solid state reaction process. The 

phase formation and structure properties of undoped lanthanum silicate oxyapatite 

(La9.67Si6O26.5, LSO), Fe-doped lanthanum silicate oxyapatite (La10Si5FeO26.5, LSFO) 

and co-doped lanthanum silicate oxyapatites (La9.5A0.5Si5.5Fe0.5O26.5, A = Ba, Sr, Ca) 

are characterized by X-ray diffraction (XRD) and scanning electron spectroscopy 

(SEM). The effect of co-doping of A (A = Ba, Sr, Ca) and Fe on the microstructure, 

sinterability and oxide ion conductivity of lanthanum silicate oxyapatites are 

investigated in detail. The results show that, as compared to LSO and LSFO 

oxyapatites, co-doping of A (A = Ba, Sr, Ca) and Fe significantly benefits the 

sintering and densification process, and enhances the oxide ion conductivity. For 

co-doped oxyapatites, the oxide ion conductivities are related to the dopant size, the 

best properties are obtained for the oxyapatite co-doped with Ca and Fe. The 

co-doped La9.5Ca0.5Si5.5Fe0.5O26.5 (LCSFO) oxyapatite is a good electrolyte for SOFCs, 

with the oxide ion conductivity of 1.39×10
-2

 S cm
-1

 at 800 
o
C and low activation 

energy of 90.71 kJ mol
-1

. The bulk density and oxide ion conductivities of co-doped 

oxyapatite ceramics increase significantly with the increase of the sintering 
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temperature. The grain bulk and grain boundary resistances of La9.5Ba0.5Si5.5Fe0.5O26.5 

(LBSFO), La9.5Sr0.5Si5.5Fe0.5O26.5 (LSSFO) and LCSFO oxyapatite ceramics are 

significantly smaller than that of LSO and LSFO oxyapatite ceramics sintered at the 

identical conditions. 

 

Keywords: Solid oxide fuel cells; Electrolyte; Lanthanum silicate oxyapatite; 

Co-doping; Oxide ion conductivity 

 

1. Introduction 

Oxide ion conducting materials are attracting considerable interest due to a range of 

environmental-friendly applications, e.g. oxygen sensors, solid oxide fuel cells 

(SOFCs) and oxygen separation membranes. There is huge amount of literature on 

materials with perovskite or fluorite-type structures, such as doped ceria, 

yttria-stabilized zirconia (YSZ) have being developed for applications as the 

electrolytes for SOFCs 
1-3

. Apatite-type lanthanide silicates (RE9.33+xSi6O26+3x/2, RE = 

rare earth) have been attracting considerable interest as a new class of oxide ion 

conductors 
4-16

. The oxyapatite lattice consists of covalent SiO4 tetrahedra and 

ionic-like RE/O channels 
17-19

. The RE-site cations occupy cavities created by SiO4 

units with four distinct oxygen positions, additional oxygen sites form channels 

through the lattice, which are considered as vital for the high oxide ion conduction in 

these materials 
20-22

. Subsequent studies focused on the La containing system, 

La9.33+x(SiO4)6O2+3x/2, due to the higher conductivities of this system in comparison to 

samples containing smaller rare earths. In order to identify strategies for the 

optimisation of the conductivities, a wide range of doping studies have been 

performed. These studies showed that nonstoichiometry in the form of either cationic 

vacancies or oxygen excess was required to achieve good oxide ion conductivities 
19, 

23-26
.  

The computer modeling studies have indicated the importance of the silicate 

substructure in aiding the motion of the oxide ions down the channels in the 

apatite-type oxide ion conductors. Detailed studies of the Fe-doped lanthanum silicate 
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oxyapatite systems, La10Si6−xFexO27−x/2, have been reported by Kharton et al. 
27-29

. T 

he results showed that as the Fe level increased, an initial increase in conductivity was 

observed, reaching a maximum value for x = 1.0 (La10Si5FeO26.5). Further Fe 

incorporation resulted in a decrease in the conductivity up to the fully stoichiometric 

sample La10Si4Fe2O26. These results were supported by similar studies on Al and B 

doping 
6, 24, 30, 31

. The doping results as shown above indicate clearly that oxygen 

over-stoichiometry is responsible for the good oxide-ion conductivity. For oxygen 

stoichiometric samples containing cationic vacancies 
17, 19, 32

, a similar doping strategy 

on the La site (La9.33−2x/3MxSi6O26, M=Mg, Ca, Sr, Ba) results in a general reduction 

in the conductivity (e.g. σ (500 
o
C) = 8.3×10

-5
 S cm

-1
 for La8.67SrSi6O26, versus 

1.1×10
-4

 S cm
-1

 for La9.33Si6O26) 
32

, because the number of cationic vacancies is 

decreased.  

Previous doping studies 
23, 33-35

 show that doping onto the La site with alkaline 

earth (La10-xMxSi6O27−x/2, M= Ca, Sr, Ba) enhances the conductivity of lanthanum 

silicate oxyapatites containing oxygen excess (e.g. σ (700 
o
C) = 1.16×10

-2
 S cm

-1
 for 

La9Ba(SiO4)6O2.5, versus 3.26×10
-4

 S cm
-1

 for La9.33□0.67Si6O26) 
33

. As shown by 

Nojiri et al. 
35

, the conductivity of La10−xBaxSi6O27−x/2 exhibited a maximum around x 

= 0.5–0.6. These results show that oxygen excess is more important than cationic 

vacancies to achieve good oxide-ion conductivity of lanthanum silicate oxyapatite. 

The conductivity and chemical stablity was investigated for the La-excess 

lanthanum silicate oxyapatite with an addition of iron oxide by Mineshige et al.
36-39

. It 

was revealed that Fe had a positive effect on the conductivity and chemical stablity of 

Al-doped lanthanum silicate oxyapatite (La10(Si5.8Al0.2)O26.9) when 0.5 mol% FeOγ 

was added. It was also found that no La2SiO5 and La(OH)3 secondary phases could be 

identified in the case of the 0.5 mol% FeOγ-added La10(Si5.8Al0.2)O26.9, though the 

content of the ion addition was an extremely low level, which indicating that the 

addition may suppress the secondary phase formation. Besides acting as a dopant into 

the Si-site, at least a part of Fe ions plays an important role on the mitigation of the 

degradation of La10(Si5.8Al0.2)O26.9. Iron oxide might react with the La2O3 phase, 

forming chemically stable LaFeO3 perovskite phase, which improved the chemical 
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stability of Fe-added La10(Si5.8Al0.2)O26.9. Thus it would be interesting to study the 

effect of co-doping of A (A = Ba, Sr, Ca) and Fe on the phase, sinterability and oxide 

ion conductivity of lanthanum silicate oxyapatite containing oxygen excess.  

Recently, La9.5Ba0.5Si5.5Al0.5O26.5 was synthesized by using a conventional solid 

state reaction process 
40

. Co-doping lower valent ions on La and Si sites significantly 

benefit the sintering and densification process. In this paper, La9.5A0.5Si5.5Fe0.5O26.5 

with A = Ba, Sr, Ca were synthesized by the high-temperature solid state reaction 

process. The undoped La9.67Si6O26.5 and doped La10Si5FeO26.5 oxyapatites were also 

studied under identical conditions. The effect of co-doping of A (A = Ba, Sr, Ca) and 

Fe on the microstructure, sinterability and oxide conductivity of lanthanum silicate 

oxyapatite were studied by SEM and electrochemical impedance analysis. The results 

show that co-doping of A (A = Ba, Sr, Ca) and Fe significantly improves the 

sinterability and oxide ion conductivity of lanthanum silicate oxyapatite. 

 

2. Experimental 

2.1. Synthesis of lanthanum silicate oxyapatites powders 

The powders were synthesized by a conventional solid state reaction process using 

high purity La2O3, SiO2, BaCO3, SrCO3, CaCO3and Fe(NO3)3·9H2O (all from 

Sigma–Aldrich) as the raw materials without further treatment. The raw materials 

were weighed in appropriate ratio to elaborate the compounds with compositions 

La10Si6.0O26.5 (LSO), La10Si5FeO26.5 (LSFO), La9.5Ba0.5Si5.5Fe0.5O26.5 (LBSFO), 

La9.5Sr0.5Si5.5Fe0.5O26.5 (LSSFO) and La9.5Ca0.5Si5.5Fe0.5O26.5 (LCSFO), and mixed in 

plastic vessels for 24 h. The details of the following process flow and procedures for 

the synthesis of apatite powders by solid state reaction can be found in our previous 

publications 
40

. 

2.2. Characterization 

As-synthesized apatite powders were pressed uniaxially into pellets and bars under 

a pressure of 150 MPa and sintered at 1500, 1550 and 1650 
o
C for 4 h in air. Phase 

formation of the apatite powders was determined by X-ray diffraction (XRD, Philips 

MPD 1880) using Cu Kα radiation at room temperature. The microstructure of LSO, 
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LSFO, LBSFO, LSSFO and LCSFO pellets were 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.  

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. A Solartron 1260 frequency 

response analyzer in conjunction with a 1287 electrochemical interface was used for 

the electrochemical impedance spectroscopy (EIS) measurement in the frequency 

range from 0.1 Hz to 10 M Hz. The EIS measurements were made in 50 
o
C interval in 

air between 300 and 800 
o
C. 

 

3. Results and discussion 

3.1. XRD and microstructure analysis 

Fig. 1 shows the XRD patterns of LSO, LSFO, LBSFO, LSSFO and LCSFO 

oxyapatite powders calcined at 1300 
o
C for 10 h. As lanthanum silica oxyapatites 

synthesized by solid state reaction route are often contaminated either with La2SiO5 or 

La2Si2O7 secondary phases 
10, 14, 40-42

, the samples are very difficult to obtain with a 

high purity level. As seen from Fig. 1, a secondary phase, La2SiO5, is observed in the 

XRD patterns of LSO, LSFO and LSSFO oxyapatite powders. And the intensity of 

La2SiO5 secondary phase decreases gradually. The intensity of the La2SiO5 phase in 

the XRD patterns of LSSFO oxyapatite powders is very low, indicating a very small 

amount of the La2SiO5 second phase. However, no La2SiO5 phase is observed in the 

XRD patterns of LBSFO and LCSFO oxyapatite powders. Doping Fe on the Si site 

for LSO oxyapatite significantly suppresses the the formation of La2SiO5 secondary 

phase, similar to the effect of the addition of 0.5 mol% FeOγ to La10(Si5.8Al0.2)O26.9 
38

. 

The added Fe ions might suppress formation of La-rich secondary phases due to 

additional dissolution of La ions into the oxyapatite phase through the incorporation 

of Fe ions into the Si-sites. The results also indicate that doping A (A = Ba, Sr, Ca) on 
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the La site for LSFO oxyapatite further prevents the formation of La2SiO5 secondary 

phase. 

As shown in Fig. 1, the peak positionsare are affected by the doped elements. When 

iron dopes lanthanum silicate oxyapatite, the radius of Fe
3+

 cations is larger than Si
4+

, 

which could result in the expansion of unit cell 
27

, indicating by the shift of the XRD 

diffraction peaks of LSFO to a lower value in comparison to LSO. The XRD 

diffraction peaks of LBSFO shift to a lower value in comparison to LSFO, because 

the ionic radius of Ba
2+

 is larger than that of La
3+

, which leads to increasing unit cell 

volume 
43

. The radius of Ca
2+

 cations is smaller than Ba
2+

 and the unit cell contracts, 

being indicated by the shift of the XRD diffraction peaks of LCSFO to a higher value 

in comparison to LBSFO. Such results on alkaline elements (Ba, Sr, Ca) doped 

lanthanum silicates in this study are in consistent with the shifts in lattice parameters 

observed in other studies 
33, 34, 44

. 

3.2. Microstructure and densification analysis 

Fig. 2 shows the surface SEM micrographs of LBSFO oxyapatite pellets sintered at 

different temperatures from the oxyapatite powders calcined at 1300 
o
C for 10 h. SEM 

observation shows that the porosity of LBSFO oxyaptites decreases with the increase 

of the sintering temperature. The grains size of LBSFO oxyapatites increase with the 

increase of sintering temperature. When the sintering temperature increased to 1600 

o
C, the microstructure of LBSFO oxyapatite shows denser structure with no porosity 

and larger grains. These indicate that the densification process of LBSFO oxyapatite 

depends strongly on the sintering temperature. 

Fig. 3 shows the surface SEM micrographs of (a) LSO, (b) LSFO, (c) LSSFO and 

(d) LCSFO apatite pellets sintered at 1550 
o
C from the oxyapatite powders calcined at 

1300 
o
C for 10 h. SEM observation shows that LSO electrolyte sample is very porous, 

however, LSFO oxyapatite sample shows much denser structures with less porosity. 

The microstructures of the co-doped oxyapatite samples show compact structures with 

substantially reduced porosity (Fig. 2b and 3). In addition to the increased 

densification, co-doping of A (A = Ba, Sr, Ca) and Fe also produces the oxyapatite 

pellets with uniform grain size. The results indicate that co-doping of A (A = Ba, Sr, 
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Ca) and Fe significantly enhances the sintering and densification process. 

The significant differences in the microstructure of the LSO, LSFO, LBSFO, 

LSSFO and LCSFO oxyapatite ceramics are also indicated by the bulk density of the 

oxyapatite ceramics sintered at 1550 
o
C, as shown in Fig. 4. As evident from Fig. 4, 

the bulk densities of LBSFO, LSSFO and LCSFO are 5.21, 5.14 and 5.43 g cm
−3

, 

respectively, which are significantly higher than 4.74 g cm
−3

 of LSFO, consistent with 

the SEM observation. On the other hand, the bulk density of of LSFO is higher than 

that of LSO (4.02 g cm
−3

). The bulk densities of the oxyapatite ceramics also indicate 

that co-doping of A (A = Ba, Sr, Ca) and Fe is advantageous in enhancing the 

densification of oxyapatite ceramics. 

3.3. Impedance and conductivity properties 

The conductivities of LSO, LSFO, LBSFO, LSSFO and LCSFO oxyapatite 

ceramics sintered at different temperatures were investigated by electrochemical 

impedance spectroscopy in temperature range of 300–800 
o
C. Fig. 5 shows the 

complex impedance plots of (a) LSO, (b) LSFO, (c) LBSFO, (d) LSSFO and (e) 

LCSFO oxyapatites sintered at 1550
 o

C. The EIS was measured at 800 
o
C. The 

impedance behaviors of LSO, LSFO, LBSFO, LSSFO and LCSFO oxyapatite 

ceramics are characterized by a large depressed curve, indicating the dominance of 

the electrode process. The impedance of LSFO oxyapatite is significantly lower than 

that of LSO, however, higher than that of LBSFO, LSSFO and LCSFO oxyapatites 

under identical test conditions. This indicates that co-doping of A (A = Ba, Sr, Ca) 

and Fe obviously enhances the oxide ion conductivity of lanthanum silicate oxyapatite, 

which is mostly due to the fact that co-doping of A (A = Ba, Sr, Ca) and Fe for 

lanthanum silicate oxyapatite significantly benefits the sintering and densification 

process and prevents the formation of La2SiO5 secondary phase.  

Fig. 6 shows the oxide ion conductivities of LSO, LSFO, LBSFO, LSSFO and 

LCSFO oxyapatite ceramics sintered at 1500, 1550 and 1600 
o
C, measured at 800 

o
C. 

The oxide ion conductivities of LBSFO, LSSFO and LCSFO oxyapatites are higher 

than that of LSO and LSFO oxyapatites sintered at the same temperature, which is 

most likely due to the higher densification and less or no La2SiO5 impurity of LBSFO, 
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LSSFO and LCSFO. As seen from Fig. 6, the oxide ion conductivity of the oxyapatie 

ceramics increases considerably with the increase of sintering temperature, which is 

likely due to the higher densification of the oxyapatite ceramics sintered at higher 

temperature (Fig. 2). For example, as the sintering temperature increased from 1500 

to 1600 
o
C, the oxide ion conductivity of LBSFO is increased from 1.05×10

-2
 to 

1.25×10
-2

 S cm
-1

.  

Fig. 7 presents the complex impedance plots obtained for LSO, LSFO, LBSFO, 

LSSFO and LCSFO oxyapatite ceramics sintered at 1550 
o
C. The EIS was measured 

at 500 
o
C. The oxyapatite powders were calcined at 1300 

o
C for 10 h. Fig. 8 shows the 

distribution of grain bulk and grain boundary resistances of LSO, LSFO, LBSFO, 

LSSFO and LCSFO oxyapatite ceramics sintered at 1550 
o
C, measured at 500 

o
C. As 

shown from Fig. 7, the complex impedance plots of the oxyapatite materials consists 

of two semicircular arcs from high to low frequency that can be identified with the 

grain bulk (Rg) and grain boundary (Rgb) resistances. The symbols are the 

experimental data and lines are the fitted results based on equivalent circuit with two 

RQ (R: resistance; Q: constant phase element) elements in series 
14, 34, 41, 45

. In 

addition, a diffusion-limited process leads to an impedance response (Warburg 

impedance Zw) that appear as a small tail or arc at lower frequencies 
14

. However, the 

grain bulk and grain boundary arcs disappear with further increasing the measuring 

temperature. As the measuring temperature is increased, the time constants of the 

relaxations resulting from the individual polarizations are reduced and hence the arcs 

are shifted to higher frequencies. Finally, only the electrode contribution is visible at 

higher measuring temperatures (Fig. 5). The impedance arcs of LBSFO, LSSFO and 

LCSFO are significantly smaller than that of LSO and LSFO sintered at the same 

temperatures. The grain bulk and grain boundary resistances of LBSFO, LSSFO and 

LCSFO oxyapatite ceramics are significantly smaller than that of LSO and LSFO 

oxyapatite ceramics. The reduction of grain bulk resistance of LBSFO, LSSFO and 

LCSFO oxyapatites is perhaps attributed to less or no La2SiO5 impurity (Fig. 1). 

Co-doping of A (A = Ba, Sr, Ca) and Fe significantly enhances the sintering and 

densification process, which results in denser structure and larger grains. Therefore, 

Page 8 of 25Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

the grain boundaries of the co-doped oxyapatites are reduced, which leads to the 

rduction of the grain boundary resistance. 

Fig. 9 shows the impedance curves of LBSFO oxyapatite ceramic sintered at 1550 

o
C. The EIS was measured at 300 

o
C. As shown from Fig. 9, the complex impedance 

plots of LBSFO consists of three different contributions. The high and medium 

frequency arcs can be clearly separated by the frequency range, and identified with 

the grain bulk (Rg) and grain boundary (Rgb) resistances, respectively. In addition, a 

small tail at low frequencies (below 1Hz) correspond to the electrode interface 

diffusion. As shown from Fig.7c and Fig. 9 for the impedance curves LBSFO sintered 

at 1550 
o
C, the grain bulk and grain boundary arcs move to the low frequency region 

at lower measuring temperature. And the grain boundary resistance increases visibly 

with the decrease of measuring temperature, indicating the dominance of grain 

boundary resistance to the oxide ion resistivity of LBSFO oxyapatite electrolyte at 

low measuring temperatures. 

Fig. 10 shows the activation energy plots of LSO, LSFO, LBSFO, LSSFO and 

LCSFO oxyapatite electrolytes sintered at 1550 
o
C. The oxide ion conductivities and 

activation energies of the lanthanum silicate oxyapatites are listed in Table 1. As seen 

from Table 1 and Fig.10, the activation energies of LBSFO, LSSFO and LCSFO 

oxyapatites are lower than that of LSO oxyapatite. On the other hand, the oxide ion 

conductivities of LBSFO, LSSFO and LCSFO oxyapatites are higher than that of 

LSO and LSFO oxyapatites under identical test conditions. For example, the oxide ion 

conductivities of LBSFO, LSSFO and LCSFO are 1.18×10
-2

, 1.37×10
-2

 and 1.39×10
-2

 

S cm
-1

 at 800 
o
C, respectively, which are higher than 5.30×10

-3
 S cm

-1
 of LSO and 

8.16×10
-3

 S cm
-1

 of LSFO. The best oxide ion conductivity at 800 
o
C and the lowest 

activation energy are observed for LCSFO (1.39×10
-2

 S cm
-1

 at 800 
o
C and 90.71 kJ 

mol
-1

). These results indicate that co-doping of A (A = Ba, Sr, Ca) and Fe obviously 

enhances the oxide ion conductivity and decrease the activation energy of lanthanum 

silicate oxyapatite.  
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4. Conclusions 

LSO, LSFO, LBSFO, LSSFO and LCSFO oxyapatite samples were synthesized by 

solid state reaction process. The comparison of undoped LSO oxyapatite, doped 

LSFO oxyapatite and co-doped La9.5A0.5Si5.5Fe0.5O26.5 (A = Ba, Sr, Ca) oxyapatites 

revealed that co-doping of A (A = Ba, Sr, Ca) and Fe significantly benefits the 

sintering and densification process, and enhances the oxide ion conductivity. For 

co-doped oxyapatites, the oxide ion conductivities and activation energy are related to 

the dopant size. The best properties are obtained for the co-doped 

La9.5Ca0.5Si5.5Fe0.5O26.5 (LCSFO) oxyapatite, with the oxide ion conductivity of 

1.39×10
-2

 S cm
-1

 at 800 
o
C and low activation energy of 90.71 kJ mol

-1
. Moreover, the 

sintering temperature has great effect on the oxide ion conductivity and 

microstructures. The oxide ion conductivity, bulk density and grain size of co-doped 

oxyapatite ceramics increase significantly with the increase of the sintering 

temperature. 

The grain bulk and grain boundary resistances of LBSFO, LSSFO and LCSFO 

oxyapatite ceramics are significantly smaller than that of LSO and LSFO oxyapatite 

ceramics sintered at the identical conditions. The reduction of grain bulk and grain 

boundary resistances for LBSFO, LSSFO and LCSFO oxyapatites is mostly attributed 

to no or less formation of La2SiO5 secondary phase and denser microstructure with 

larger grains. The results in the present study demonstrate that co-doping of A (A = 

Ba, Sr, Ca) and Fe improves the sinterability and oxide ion conductivity of lanthanum 

silicate oxyapatite.  
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Table 1 Conductivities and activation energies of LSO, LSFO, LBSFO, 

LSSFO and LCSFO oxyapatite electrolytes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples 
Conductivity (S cm

-1
) Ea 

(kJ mol
-1

) 300 500 700 800 

LSO 7.20×10
-7

 7.06×10
-5

 1.83×10
-3

 5.30×10
-3

 98.29 

LSFO 2.37×10
-6

 1.96×10
-4

 3.80×10
-3

 8.16×10
-3

 90.91 

LBSFO 2.62×10
-6

 4.03×10
-4

 4.84×10
-3

 1.18×10
-2

 92.58 

LSSFO 3.40×10
-6

 3.33×10
-4

 6.19×10
-3

 1.37×10
-2

 93.29 

LCSFO 4.09×10
-6

 3.87×10
-4

 6.28×10
-3

 1.39×10
-2

 90.71 
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Figure captions: 

1. XRD patterns of LSO, LSFO, LBSFO, LSSFO and LCSFO powders calcined 

at 1300 
o
C for 10 h in air.  

2. SEM micrographs of the surface of (a, b, c) LBSFO apatite pellets sintered at 

1500, 1550 and 1600 
o
C for 4 h in air, respectively. The oxyapatite powders 

were calcined at 1300 
o
C for 10 h. 

3. SEM micrographs of the surface of (a) LSO, (b) LSFO, (c) LSSFO and (d) 

LCSFO apatite pellets sintered at 1550 
o
C for 4 h in air. The oxyapatite 

powders were calcined at 1300 
o
C for 10 h. 

4. Bulk density of LSO, LSFO, LBSFO, LSSFO and LCSFO ceramics sintered at 

1550 
o
C for 4 h in air. The oxyapatite powders were calcined at 1300 

o
C for 10 

h. 

5. Complex impedance plots of (a) LSO, (b) LSFO, (c) LBSFO, (d) LSSFO and 

(e) LCSFO oxyapatite electrolytes sintered at 1600
 o

C for 4 h in air. EIS was 

measured at 800 
o
C. Numbers are frequencies in Hz. The oxyapatite powders 

were calcined at 1300 
o
C for 10 h. 

6. Plots of total conductivity values measured at 800 
o
C for LSO, LSFO, LBSFO, 

LSSFO and LCSFO oxyapatite electrolytes as a function of sintering 

temperature. The oxyapatite powders were calcined at 1300 
o
C for 10 h. 

7. Complex impedance plots of (a) LSO, (b) LSFO, (c) LBSFO, (d) LSSFO and 

(e) LCSFO oxyapatite electrolytes sintered at 1550 
o
C for 4 h in air. The 

oxyapatite powders were calcined at 1300 
o
C for 10 h. EIS was measured at 
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500 
o
C and numbers are frequencies in Hz. The symbols are the measured data 

and the lines are the fitting results.  

8. Grain bulk and grain boundary resistances measured at 500 
o
C of LSO, LSFO, 

LBSFO, LSSFO and LCSFO oxyapatite electrolytes sintered at 1550 
o
C for 4 

h in air. 

9. Complex impedance plots of LBSFO oxyapatites sintered at 1550
 o

C for 4 h in 

air. EIS was measured at 300 
o
C. Numbers are frequencies in Hz. The 

oxyapatite powders were calcined at 1300 
o
C for 10 h. 

10. Activation energy plots of LSO, LSFO, LBSFO, LSSFO and LCSFO 

oxyapatite specimens sintered at 1550 
o
C for 4 h in air. 
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Figure 1 
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