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Abstract
This study primarily focused on the investigation, synthesis and analysis of lanthanum and tin pyrochlores electrolytes for 
solid oxide fuel cell (SOFC) applications. Ceramic samples with diverse compositions of  La2−xSrxSn2O7−δ (x = 0.05, 0.1, 0.15, 
0.2, 0.25, and 0.3) were synthesized by using solid-state reaction (SSR) methods. The prepared  La2−xSrxSn2O7−δ samples 
were characterized by using X-ray diffraction, scanning electron microscopy and electrochemical impedance spectroscopy 
measurements. The results were further interpreted regarding the formation of high oxygen vacancy and structural disorder 
in the  La2−xSrxSn2O7−δ matrix. The doping of lanthanum  (La3+) by strontium  (Sr2+) had a beneficial and remarkable effect 
on the structural and electrical properties: the increase in dopant (Sr) concentration decreased the lattice parameters of the 
crystalline phase and enhanced the creation of oxygen vacancies, which consequently increased the ionic conductivity and 
decreased the activation energy. Thus, it could be understood that the studied new  La2−xSrxSn2O7−δ electrolyte would be one 
of the potential candidates for intermediate temperature SOFC applications.
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Introduction

Pyrochlores oxides are ceramics with the general formula 
of  A2B2O7 (Srivastava 2009; Matović et al. 2019), where 
A and B represent metals. Pyrochlores are often written as 
 A2B2O6O’ in order to distinguish the oxygen atoms (anions) 
in the two different positions: 48f and 8b (Chartier et al. 
2003; Gill et al. 2011; Mustafa et al. 2018). Pyrochlores are 
classified as ternary oxides, with a space group Fd3m and a 
multiplicity Z = 8; the A and B sites are generally occupied 

by metal cations, which can be divalent and pentavalent or 
trivalent and tetravalent, respectively (Subramanian et al. 
1983; Yang et al. 2015). Pyrochlore structure  A2B2O6O’ is 
considered to be derived from the fluorite structure through 
doubling the unit cell by removing one of the eight anions 
and placing cations and anions in four fully occupied and 
non-equivalent sites (Moriga et al. 1989; Mori et al. 2003).

The excellent structural flexibility of pyrochlores reflects 
many special properties such as ionic conductivity (Yama-
mura et al. 2003; Díaz-Guillén et al. 2008), magnetic proper-
ties (Ewing et al. 2004; Risovany et al. 2006; Gardner et al. 
2010), and thermal characteristics (Cao et al. 2004; Pan et al. 
2012). These properties enable them to be a potential can-
didate for use in several fields such as solid oxide fuel cells 
(SOFC) (Fergus 2006; Hui et al. 2007), for high-tempera-
ture catalysis applications (TONG et al. 2013), in magnetic 
devices applications (Zhang et al. 2017) and for radiation 
dampers (Zhang et al. 2009).

Recently, many researchers have studied doped  La2Sn2O7 
pyrochlore for different applications. Abdul Quader et al. 
have shown that Nd doping causes an improvement in the 
tunability of the energy storage and switching capabilities 
of these materials (Quader et al. 2020). Substitution of La 
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with Dy3+ , Ce3+ , Tb3+ Eu3+ showed an improvement in 
the luminescent properties (Wang et al. 2007; Fu et al. 2009; 
Yang et al. 2011). It was also noticed an improvement in the 
conductivity of the structures when the A site was substi-
tuted by smaller cations, due to their lower cationic radius 
ratio, which induces cationic disorder in the structure. This 
caused ionic conduction in the material (Sergienko et al. 
2004).

Among the different types of pyrochlores, the lanthanum 
and tin-based pyrochlores with the chemical formula of 
 La2Sn2O7 (LSO) exhibit highly crystalline structure (Kali-
yaperumal et al. 2020). In this class of LSO pyrochlores, the 
 La3+ cations are surrounded by eight oxygen atoms that form 
deformed cubes, whereas the  Sn4+ cations are located in the 
center of the trigonal anti-prisms with the six oxygen atoms 
equidistant from each cation (Subramanian et al. 1983).

This special crystal structure of LSO provides interesting 
properties such as a large coefficient of thermal expansion, 
a relatively high melting point (> 2000 °C), excellent con-
ductivity, good luminescence properties and high thermal 
stability (Xia et al. 2010).

Several types of pyrochlores are widely studied for their 
electrical properties and application in SOFCs (Yamamura 
et al. 2003; Díaz-Guillén et al. 2008; Gill et al. 2012; Walker 
et al. 2013; Valdés-Ibarra et al. 2019). Researchers like C. 
Kaliyaperumal et al. (2020) had studied the electrical prop-
erties of  pureLa2Sn2O7 pyrochlore. The activation energy for 
conduction from the previous study was reported as 0.87 eV, 
which is close to the migration of oxygen ions in materials 
ceramics.

In the present study, efforts were taken to enrich the lit-
erature by studying the electrical properties of the doped 
 La2Sn2O7 pyrophore. The present work describes the new 
investigation, synthesis and characterization of LSSO pyro-
chlore structure based on lanthanum  (La2O3) and tin  (SnO2) 
oxides having a general formula  La2Sn2O7, where ‘Sr’ sub-
stitutes La as an electrolyte material for SOFC.

The main aim was to investigate the structural evolution 
of the new  La2Sn2O7 pyrophore as a function of the dopant 
(Sr) concentration for the creation of oxygen vacancies to 
promote cation migration through the structural matrix and 
improve ionic conductivity. Accordingly, the morphology 
and electrochemical properties of the pyrophore as an elec-
trolyte for SOFC were analysed in depth.

Experimental procedure

Method of synthesis

The samples  La2−xSrxSn2O7−δ (x = 0.05–0.3) were syn-
thesized by SSR technique (Zhao et al. 2017). The  SnO2 
(Sigma-Aldrich 99.9%),  La2O3 (Sigma-Aldrich 99.9%) 

and  SrCO3 (Sigma-Aldrich 99.9%) powders were weighed 
according to the stoichiometric ratio. The powders were 
crushed in an agate mortar and then compressed into cylin-
drical discs (13 mm diameter and 0.5 mm thickness) using 
a uniaxial press, with a pressure of 6–7 tons. After pelletiz-
ing, the ground samples were heated at 500 °C for 12 h to 
decompose the strontium carbonate. Subsequently, the sam-
ples were sintered in two cycles: initially at 1000 °C for 48 h 
and then at 1200 °C for 72 h, to provide the energy required 
for inter-diffusion of the oxides and crystallization of the 
pyrochlore phase. To densify the samples, another heat treat-
ment at 1500 °C was carried out for 2 h with a heating rate 
of 12.5 °C/min. After sintering, x all  La2-xSrxSn2O7-δ sam-
ples were characterised structurally, morphologically and 
electrically.

Characterizations

The prepared samples were subjected to structural character-
ization by X-ray powder diffraction XRD. The X-ray diffrac-
tograms were recorded in θ/2θ Bragg Brentano configuration 
using a (PANalytical X'Pert PRO MPD) diffractometer with 
a fixed horizontal sample holder.

The X-ray diffractograms were recorded in the angular 
domain 2θ = 10–120° with a step of 0.017°. The unit cell 
parameter was determined by the complete decomposition 
of the pattern according to the Lebail method by using the 
Rietica software (Howard et al. 1997).

The surface morphologies of the pellets were observed 
with SEM (PHILIPS XL 30) apparatus. Before SEM, the 
sintered pellets were coated with a thin layer of gold to avoid 
the charging effect during measurement.

The electrochemical impedance spectroscopy (EIS) meas-
urements were taken on sintered pellets of 8 mm diameter 
and 5 mm thickness; the sample pellets were prepared by 
uniaxial pressing of the fine powder obtained by milling 
followed by heat treatment at 1500 °C for 2 h. Colloidal 
platinum (Pt) paint was coated on both sides of the pellets to 
serve as blocking electrodes and to make conducting points 
for the impedance measurement.

The impedance data were recorded over 100 Hz–7 MHz 
frequency range as a function of temperature by using a Fre-
quency Response Analyzer (Hewlett Packard 4192A). The 
impedance spectra were recorded under dry air at 50 °C 
intervals in the temperature range of 550–900 °C with a 
stabilization time of 60 min for each temperature measur-
ing point.

The heating rate between the bearings was kept at 
1 K  min−1. The rate during the heating cycle was maintained 
at 50 °C  min−1 from 550 to 900 °C and air partial pressure 
of 1 atm, while in the cooling cycle, the temperature of the 
sample was decreased by 20 °C  min−1. The EIS spectra were 
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analyzed using Z-View software (Scribner Associates INC, 
version 3.1c).

The synthesis samples were denoted with codes such that 
initial three letters, i.e., LSS, indicated the chemical name 
 (La2−xSrxSn2O7−δ), followed by a number representing the 
doping amount of Sr.

Results and discussion

Relative density

The experimental density (�) of the studied sample was 
determined by considering the geometric dimension of the 
pellet using a Vernier caliper, as shown in Eq. 1 (Appen-
dices). The relative density was calculated as the ratio of 
experimental and theoretical density values.

From the reported study it is understood that an accepta-
ble relative density of the electrolyte for SOFC was reported 
to be 94% (Mori et al. 2003; Gill et al. 2011). In general, the 
relative density obtained for the materials in this current 
study is approximately 60%. To increase the density fur-
ther, we carried out very fine grinding and sintering at high 
temperatures. With further homogeneous grinding and heat 
treatment, the density of the samples is found to be around 
90% as shown in Table 1.

X‑ray diffraction analysis (XRD)

The XRD patterns of the pyrochlore compounds are shown 
in Fig. 1a. Evidently, it was tractable that all the samples 
showed typical diffraction patterns of  La2Sn2O7 which is 
in well agreement with the JCPDS file No. 13-0082 data 
with pyrochlore structure conforming to the Fd3m space 
group. In the  La2−xSrxSn2O7−δ phases for the substitution 
rates x ≤ 0.15, the substitution of the  La3+ cation by  Sr2+ led 
to an almost linear decrease in the mesh parameters and the 
probability of  Sr2+ occupation at site A.

Similar results were also reported for high ionic radius 
dopants for different pyrochlore systems (Díaz-Guillén 

et al. 2009; Orlovskaya et al. 2011; Krasnov et al. 2018; 
Valdés-Ibarra et al. 2019). The concentration of the higher 
rate of substitution (x = 0.2, 0.25, and 0.3) led to the forma-
tion of the majority phase  La2Sn2O7 with minor traces of 
the  SrSnO3 phase.

From the obtained XRD pattern, it is apparent that the 
substitution of cation A in the pyrochlore structure by a 
cation B having a larger cationic radius leads to an expan-
sion of the unit cell. On the other hand, the substitution by 
a cation of a lower valence state causes an electronic imbal-
ance in the pyrochlore lattice, which can be compensated 
either by the generation of a lack of oxygen or by a change 
of the cationic site B to a higher oxidation state, which is 
closely inconsistent with the data reported elsewhere (Gill 
et al. 2011). The higher oxidation state has smaller ionic 
radii, which leads to a contraction of the lattice parameter as 
observed in many doped perovskites (Ciambelli et al. 2000; 
Ciambelli et al. 2001; Abdel-Khalek and Mohamed 2013).

The evolution of cell parameter ‘a’ of samples 
 La2−xSrxSn2O7−δ is shown in Fig. 1b as a function of x, 
the substitution of  La3+(r = 1.16 Ǻ) by a larger cation  Sr2 + 
(r = 1.26 Ǻ) possessing a lower valence state which leads to 
a competition between the size effect and the charge effect 
that has been translated by a linear reduction in the lattice 
parameters until stabilization for x > 0.2; this is due to the 
solubility limit of strontium in the structure. The observed 
results are in good agreement with several doped reported 
pyrochlores studies (Gill et al. 2011; Gill et al. 2012; Kras-
nov et al. 2018; Matović et al. 2019; Kaliyaperumal et al. 
2020).

Scanning electron microscopy (SEM)

The SEM analyses shown in Fig. 2 were performed in order 
to study the microstructure of porosity and density as a 
function of the dopant (Sr) concentration. The porosity is 
directly associated with the ionic conduction (Froboese et al. 
2019). For the studied sample, it is observed that the grain 
size significantly increases with the increase in doping con-
centration; on the other hand, the porosity decreases with 

Table 1  Comparative study of relative density, unit cell parameter, bulk conductivity and activation energy of Sr-doped  La2−xSrxSn2O7 (x = 0.05 
to 0.3)

Sample label Relative den-
sity (%)

Unit cell param-
eter (Å)

Bulk conductivity σ (S  cm−1) EaB (eV) bulk Eagb (eV) GB

800 °C 850 °C 900 °C

LSS0.05 86.86 10.69919 1.01 ×  10–5 1.66 ×  10–5 3.35 ×  10–5 1.56 2.06
LSS0.1 95.53 10.69630 2.36 ×  10–5 4.74 ×  10–5 9.11 ×  10–5 1.60 1.99
LSS0.15 98.41 10.67768 4.72 ×  10–5 1.95 ×  10–4 6.65 ×  10–4 1.70 2.26
LSS0.2 98.5 10.67008 1.63 ×  10–4 4.01 ×  10–4 7.58 ×  10–4 1.37 1.81
LSS0.25 97.55 10.66904 2.19 ×  10–4 6.84 ×  10–4 1.63 ×  10–3 1.54 1.69
LSS0.3 92.66 10.66902 2.07 ×  10–4 5.51 ×  10–4 2.13 ×  10–3 1.45 1.67
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the increase in doping concentration in Sr which is further 
even increasing the density. According to the SEM micro-
photographs, it is concluded that the prepared electrolyte 
 La2−xSrxSn2O7 has high density which substitutes the higher 
ionic conductivity explained in detail in further section.

Electrochemical impedance spectroscopy (EIS)

The electrochemical complex impedance spectra of 
 La2−xSrxSn2O7 samples for x = 0.05–0.3 recorded and ana-
lyzed as an electrolyte for SOFC applications in the dry 
air environment. All the impedance spectra obtained for 
the  La2−xSrxSn2O7 ceramic (x = 0.05–0.3) have the same 
appearance, and they are also similar to those of most solid 
electrolyte systems. Figure 3 shows an example of typical 

impedance spectra obtained at different temperatures for 
LSSO for sample x = 0.3.

The impedance curve at low temperatures (i.e., 
550–700 °C) shows the presence of two incomplete and 
partially resolved semicircles. This may be due to the dif-
ferent relaxation times for the transfer of oxygen ions 
through bulk, grain boundaries and electrolyte–electrode 
interfaces (Shaikh and Rode 2020). Furthermore, the 
depressed arc shows the distribution of current and elec-
troactive species due to the non-ideal capacitive proper-
ties of  La2−xSrxSn2O7−δ. In this case, the equivalent circuit 
(R-CPE)b-(R-CPE)gb is used to match data impedances to 
calculate bulk (Rb) and grain boundary (Rgb) resistances. At 
higher operating temperatures in the range 750–900 °C, the 
response of the impedance arc shifts to the higher-frequency 

Fig. 1  a X-ray diffrac-
tion patterns of different 
 La2−xSrxSn207-δ samples 
prepared with varying doping 
composition for x = 0.05–0.3 b 
The lattice parameters as a func-
tion of Sr concentration
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region, forming two incomplete semicircles, corresponding 
to the grain boundary response and the electrolyte–electrode 
interfaces (Shaikh and Rode 2020).

This observation is due to the decrease in relaxation time 
and increase in relaxation frequency of the various elec-
trolyte compartments studied with increasing temperature 
(Xia et al. 2010); an equivalent circuit Rb (R-CPE)gb-(R-
CPE) is used to adapt the data. The resistance of the samples 
decreases with increasing temperature, which is the manifes-
tation of ionic conductors at high temperature.

Electrical conductivity ( �
ac

 ) was calculated based on the 
observed resistance values from the complex impedance 

plots fitting using equation Eq. 2 (Appendices) (Gill et al. 
2011). The obtained results are depicted in Table 1. Figure 4 
reveals the variation of the bulk conductivity as a function 
of the dopant (Sr) concentration in  La2−xSrxSn2O7 at con-
stant temperature; it is clear that the latter increases with the 
increase in the rate of substitution of lanthanum by stron-
tium, and the increase is due to the creation of oxygen vacan-
cies in the matrix which facilitates the mobility of oxygen.

Sr doping also has a strong effect on the electrical prop-
erties of  La2Sn2O7; with the increase in the dopant (Sr) 
concentration, there was a significant increase in this con-
ductivity due to the creation of oxygen vacancies. In ionic 

Fig. 2  SEM images of  La2-xSrxSn207-δ a x = 0.05 b x = 0.1 c x = 0.15 d x = 0.2 e x = 0.25 and f x = 0.3
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conductors, charge transport is given by the hopping of 
charged  O2− ions to neighboring vacant positions in the 
crystal structure, in a process whose probability of success 
is thermally activated (Moreno et al. 2005; Traqueia et al. 
2006).

In addition, ionic conductors opposed an energy barrier to 
jump out of their position and contribute to charge transport. 
This activation energy for the conduction process is denoted 
by Ea (Valdés-Ibarra et al. 2019).

The activation energy of bulk and grain boundary can 
be calculated from the Arrhenius plot as shown in Fig. 5. 
From the obtained plots, it is depicted that the results are in 
good agreement with the reported date (Valdés-Ibarra et al. 

2019), which shows the thermally activated processed gener-
ally generates straight lines whose slope is proportional to 
the activation energy associated with long-range conduction 
(Ea). The calculated ionic conductivity and activation energy 
of  La2−xSrxSn2O7. The dopant composition that varies from 
x = 0.05–0.3 is shown in Table 1.

The Sr doping increases the conductivity from 3.35 ×  10–5 
S   cm−1 for x = 0.05 to the highest value of 2.133 ×  10–3 
S  cm−1, x = 0.3 for a fixed temperature of 900 °C. These 
results are observed significantly better than those found for 
undoped  La2Sn2O7 (2.24 ×  10–7 S  cm−1 at 700 °C) (Abdel-
Khalek and Mohamed 2013). The conductivity values are 
also similar to the various results reported in the literature 

Fig. 3  Impedance spectra of LSS0.3 at a 550 °C. b 650 °C. c 750 °C and d 850 °C
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for different pyrochlores:  10–4 S  cm−1 at 750 °C for Ca-
doped  Bi2Ti2O7 (Barbero et al. 2006),  10–3 at 900 °C for 
Sr-doped  Y2Ti2O7 (Barbero et al. 2006), 4.02 ×  10–7 S  cm−1 
at S  cm−1at 700 °C for Ca-doped Ca-doped  Gd2Ti2O7. In 
the present study, the activation energy is found to be in the 
range of 1.37–1.7 eV as shown in Table 1, which is in good 
agreement with the previous work (Yang et al. 2015; Jin 
et al. 2019; Valdés-Ibarra et al. 2019).

Conclusions

The substitution of  La3+ by  Sr2+ in  La2Sn2O7 demonstrated 
a remarkable effect on the studied electrolyte material con-
cerning   structural and electrical properties. The increase in 
the doping rate induces a modification of the microstructure.

This modification reflected shows that there is a decrease 
in the lattice parameters of the samples and an improvement 
in their ionic conductivity. The increase in the lattice is due 
to the creation of oxygen vacancies due to the dopant spe-
cies substitutions in the host matrix of  La2−xSrxSn2O7, which 
facilitates the process of ion migration. ‘Ea’ values decrease 
as the percentage of strontium replacement increases, 
which demonstrating that the barrier for an oxygen ion to 
migrate is lower.

The highest ionic conductivity for the studied 
 La2−xSrxSn2O7 for x = 0.3 was found to be 2.133 ×  10–3 
S   cm−1 at 900 °C with an activation energy of 1.45 eV. 
Thus, from the detailed study of structural, morphologi-
cal and electrochemical characterization and analysis of 
 La2−xSrxSn2O7 (x = 0.05–0.3), although the conductivity val-
ues are lower for other electrolytes GDC (7.3  10–2 S  cm−1), 
YDC (2.0  10–2 S   cm−1), YZS (2.5   10−2cm   S−1)(Fergus 
2006), it is concluded that the synthesized  La2−xSrxSn2O7 
with x = 0.3 may be one of the emerging potential candi-
dates as a highly densed electrolyte material for SOFC 
applications.

Appendix

Equation 1:

where ‘e’ is the pellet thickness, ‘m’ is the mass of the pellet, 
and ‘d’ is the diameter of the pellet.

Equation 2:

(1)� =
4 × m

� × d2 × e

(2)�
ac
=

l

RA

Fig. 4  Variation of the bulk conductivity as a function of the Sr dop-
ing rate i in  La2−xSrxSn2O7 at 800 °C

Fig. 5  Arrhenius plots of conductivity for different  La2−xSrxSn207-δ 
samples prepared with varying doping amount for x = 0.05–0.3, a 
bulk, b grain boundary
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where ‘l’ is the thickness of the pellet, ‘A’ is the cross sec-
tion of the pellet, and ‘R’ is the resistance of bulk.
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