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Abstract. Apatite-type lanthanum silicates draw researchers’ attention due to their good 
performance as electrolyte materials for IT-SOFC (intermediate temperature solid oxide fuel 
cells). In this paper we present Sr-doping effect on La10Si6O27 (LSO) via experimental method 
and ab-initio calculation: the samples were prepared through an optimized water-based sol-gel 
process. High purity, crystallinity compounds with and without Sr-doping LSO are obtained 
and the resulting materials were characterized by scanning electron microscopy, X-ray 
diffraction and energy-dispersive X-ray spectroscopy. Ionic conductivities and activation 
energies have been measured after sintering at 1500 °C and the effect of the Sr-doping has been 
investigated. The results show that the ionic conductivity is thermally activated and values lies 
between 4.5×10-2 and 1×10-6 Scm-1 at 873 K as a function of the Sr-doping ratio. The ab-initio 
calculation work shows the lattice parameter and band structure affected by Sr-doping, leading 
to the change of macro scope properties. The calculation results of activation energies were 
consistent with those obtained by experiments.   
 
 
1. Introduction  
With various advantages to directly and efficiently convert chemical energy to electrical 
energy, fuel cells have been investigated and applied in many fields [1-3]. Among them, solid 
oxide fuel cells (SOFCs) draw much attention in a commercial application with a solid material 
as the electrolyte [4,5]. The electrolyte has excellent ionic conductivity negligible electronic 
conduction over a wide range of oxygen partial pressure. Nevertheless, the traditional SOFC 
has too high operating temperature (800 °C – 1000 °C). The high temperature causes many 
problems, such as the ageing of constituent components, the choice of the matched 
interconnectors or electrodes [6], and the maintenance of high temperature itself will cost 
much, which would restrict the application in many fields. Recently, some new solid electrolyte 
materials have been developed to overcome these problems. These materials have common 
features: high ionic conductivity and intermediate operating temperature. Among these, 
apatitetype lanthanum silicate, with a common formula La10Si6O27, has been considered as a 
promising solid electrolyte for intermediate temperature SOFC (IT-SOFC) since it was firstly 
reported to have higher conductivity than YSZ (Yttria-stabilized zirconia) below 600 °C by 
S. Nakayama et al [7,8]. This series material has significant characteristics of friendly operating 
temperature and high oxygen ion transportation efficiency under various oxygen partial 
pressures [9]. Multiple doping elements were also employed in the compound to improve the 
apatite La10Si6O27 performance as an electrolyte. Because of the similar chemical properties 
with La, Sr has been chosen as suitable element doping at La site. Recently, Sr-doped 
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LSO La9Sr1Si6O26.5 has been synthesized by Bonhomme et al with solid state reaction [10] and 
the ionic conductivity is 2.4 to 2.6 mS•cm-1 at 700 °C. As for the influence of different doping 
ratios, A. Orera et al. [11] has investigated the ionic conductivity of La8+xSr2-x(SiO4)6O2+0.5x 
(0 ≤ x ≤ 1.0) with 29Si NMR and Raman technologies. The solid state reaction is used to 
synthesize the apatite, however, there are still a small amount of La2SiO5 impurities was 
observed even with high sintering temperature.   

Ab-initio calculation methods was also widely used to analyze the material 
microstructure, properties and performances. As one of these methods, density functional 
theory (DFT) is normally regarded as a more efficient and economical way to get crystal 
parameters, electronic structures, formation energy, and magnetic properties [12,17]. 
Meanwhile, the oxygen diffusion in different types of electrolyte including LSO electrolyte has 
been summarized by Chroneos et al. [18], and the ionic transportation mechanism has been 
studied using atomistic simulation. However, only few studies focusing on the apatite 
electrolyte for SOFC using DFT are available.  

In this study, on one hand, a simple water-based sol-gel [19,20] method has been adopted 
to obtain LSO and Sr-doped LSO. We have obtained pure apatite composition with and without 
Sr-doping under moderate calcination temperature. The influence to the ionic conductivity also 
has been investigated with different doping ratios. On the other hand, based on DFT, systematic 
computational results of Sr-doped LSO apatite for SOFC electrolyte are presented and doping 
position effect on the ionic conductivity and activation energy are also studied. Calculation 
results are also compared to previous experimental results.  
  
2. Experimental and calculation details  
The La10-xSrxSi6O27-0.5x (x=0, 1, 2) powders are synthesized by a water-based sol-gel technique 
using La(NO3)3•6H2O, Sr(NO3)2 and TEOS (tetraethyl orthosilicate) (all from sigma-Aldrich, 
99.9%) as raw materials. Procedure involved in the synthesis of the apatite LSO powders are 
showed in Fig. 1. The obtained groups of sol are treated in a drying oven to get the dry gel. 
They are compressed with 200Mpa for 30s, and then, calcined in air at 900°C with a heating 
rate of 10 /min and then free cooled. The following sintering process are employed to density 
the samples with the temperature of 1500°C for 2h. The crystalline phase are identified by X-
ray diffraction (XRD) analysis (Bruker AXS D8 Focus) using the Cu Kα radiation 
(λ=1.5406 Å). The microstructure characterization of the obtained powders is performed by a 
JSM5800LV (JEOL, Japan) scanning electron microscopy (SEM) combined with EDX 
support.  
 

  
Fig. 1. Flow chart of the process used in the preparation of lanthanum silicate apatites. 
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Ultrasoft pseudo potential [21] method based on density functional theory (DFT) in the 
generalized gradient approximation (GGA) proposed by Perdew et al. [22] was used to perform 
the calculations. The Vienna ab initio simulation package (VASP) [23-25] was used to explore 
the influence of doping positions by applying a plane-wave basis within the projector 
augmented-wave method. As a first step, a single apatite cell was built to obtain the DOS 
calculation results through the structure optimization and static calculation. The Brillouin zone 
scale was set to 3×3×3 gamma centered k-point mesh in the Monkhorst– Pack scheme [26]. 
Nevertheless, the k-point was changed to 7×7×7 in the DOS calculation. An energy cut-off of 
380 eV was used in all of our calculations.  

 
3. Results and discussions  
Fig. 2 shows the apatite structure of La10Si6O27 which belongs to the p63/m group of the 
hexagonal lattice systems. The crystals are hexagonal with corner angles of 120 ̊ and 60 ̊. The 
major oxygen ions migration channel lies at the interstitial O position. There are two types of 
Lanthanum sites: 6h- near to the major channel and 4f- far from the major channel. Sr atoms 
substitute or partial substitute at La sites.  
 

 
Fig. 2.Sketch of the LSO apatite structure. 

 

In order to verify the purity of the compounds and investigate the lattice constant change 
with Sr-doping, Fig. 3 gives the diffraction patterns of the compounds with different Sr-doping 
ratios. All the major diffraction peaks are inferred to apatite phase. The intensity has scarcely 
changed among these three groups which means the compounds (with and without Sr-doping) 
have well crystallized.   

 

 
Fig. 3. XRD patterns of the products with different and Sr-doping ratios. 
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By seeing the peaks of various mille index, we find a relatively obvious shift to low angle 

with the increase of Sr proportion. This phenomenon is more evident along c-axis [mille index 
(002)]. Thus the lattice constant enlarges, particularly along c-axis, with Sr-doping ratios 
increasing. This will affect the oxygen ion migration channel, then to the performance as 
electrolyte in SOFC.  

This change of the lattice constant is summarized in Table 1, as well as the calculation 
results. Sr-doping has a major effect on the lattice parameter of c-axis, instead of that of a, b-
axis. It can be seen the calculation work gives precise prediction of the lattice constant. 
Meanwhile, the electronic properties of the material can be calculated with this crystal model.  
  
Table 1. Calculated and experimental LSOs lattice constants. 

 Experiment Calculation 
a/Å c/Å a/Å  c/Å 

(La10Sr0)Si6O27 9.72 7.19 9.6759  7.1889 
(La9Sr1)Si6 O26.5 9.71 7.20 9.6924  7.1918 

(La8Sr2)Si6 O26 9.71 7.24 9.6760  7.2341 
  

The morphologies of the samples have been characterized and Fig.4 illustrates the 
morphology of the obtained sample by the SEM micrograph. The grains are close packed with 
each other which is suitable to prevent the gas exchange during the fuel cell operation process. 
The size is about 23μm which means the sample is well crystallized. Notably, the hexagonal 
crystal structure prefers to form the grain with hexagonal shape which has a high abundance in 
our samples. It can be said in one respect that the apatite phase lanthanum silicates with and 
without Sr-doping have been obtained by the water-based sol-gel method.  
  

 
Fig. 4. The SEM micrograph showing the morphology of the obtained sample by (the top left 
inset shows the crystal structure of apatite type LSO; the top right inset shows the shape of the 

sample). 
 
Fig.5 shows the ionic conductivity results of the samples with different Sr-doping ratios. 

Sr-doping affects the ionic conductivity significantly. The best conductivity at intermediate 
temperature is the undoped La10Si6O27 apatite having a very high conductivity (45 mS•cm-1) at 
800°C. Note worthily the La9SrSi6O26.5 apatite also has a considerable conductivity (38.3 
mS•cm-1 at 600°C) being significantly higher than the general conductivity levels reported in 
previous works using traditional synthesis methods. This “medium Sr-doped” LSO is therefore 
suitable for low temperature SOFC applications. High ratio of Sr-doping leads to mediocre 
ionic conductivity.  
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Fig. 5.Arrhenius plots of samples with different Sr doping ratios. 

 
In order to evaluate the activation energy of the compounds with different Sr-doping 

ratio, Fig. 6 shows the energy barrier of oxygen migration by the calculation work. A model of 
oxygen migration along the major ionic channel. For the considered doping effect, the 
migration channel can be supposed directly along c-axis. The energy barrier is approximated 
as the activation energy.  

 
Fig.6. The calculated energy barriers along c-axis for activation energy of LSO. 

 
Fig. 7 gives the comparison chart of activation energies with different Sr-doping ratios. 

Sr-doping effect on the activation energy seems to be significant. Indeed, more Sr-doping ratio 
leads to higher activation energy, which is not suitable for electrolyte performances in SOFC. 
This phenomenon is also consistent with the experimental results: too high Sr-doping ratio 
results in high activation energy. Meanwhile, one Sr-doping slightly affects the activation 
energy in experimental results which because of the experimental process has an influence on 
the activation energy.  

It also can be noted that the doping effect is more significant for the substitution at La 6h 
position (near the migration channel) than that at La 4f position (far from the migration 
channel). The Sr-doping actually affects the migration channel and the results depend on the 
distance to the channel. The calculated activation energy is higher than the experimental one 
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may be ascribable to the actual migration channel being not along a straight line. Even so the 
tendency to influence the activation energy is obvious in both the experiments and calculation 
with the Sr-doping: too high Sr-doping ratio leads the sample to have low ionic conductivity 
and high activation energy.  

 
Fig. 7. The calculated energy barriers along c-axis for the activation energy of each group. 

  
4. Conclusions  
Lanthanum silicate oxides have been synthesized with and without Sr-doping for potential 
applications as oxygen ion conducting electrolytes in IT-SOFCs. The compounds obtained are 
pure, well crystallized apatites and that Sr is well incorporated in the structure. The effects of 
Sr-doping ratios have been investigated by both experimental and calculation ways. The non-
doped La10Si6O27 exhibited an ionic conductivity of 45 mS•cm-1 at 800 °C. Meanwhile a 
remarkable, intermediate temperature conductivity of 38.3 mS•cm-1 is obtained at 600°C with 
the La9SrSi6O26.5 formula. The La8Sr2Si6O26 gives a lower conductivity and higher activation 
energy than those of low doping groups. The phenomena are caused by the alteration of the 
lattice parameters and ion migration barrier energy, which is demonstrated by the calculation 
work.  
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