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Electrochemical energy sources are part of the new energy sector due to their high efficiency and cost 

effectiveness. Solid oxide fuel cells are an excellent example of these devices. They are made from a variety 

of materials, including ceramics. Oxygen ion conductive ceramics can be used as the electrolyte material. In 

this work, the isovalent doping of the barium sublattice by calcium ions has been carried out for the first 

time. The effect of doping on the structure and electrical conductivity was investigated. Doping leads to an 

increase in conductivity values compared to the matrix composition. The greatest increase in conductivity 

was observed for the composition with low dopant concentration. 
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1. Introduction 

One of the most important problems of the 21st 

century is the threat of global warming due to the large 

amount of CO2 emissions from energy production from 

fossil fuels [1–4]. The development of environmentally 

friendly and resource-saving hydrogen energy can help 

solve the environmental problem. The environmentally 

friendly energy sources are fuel cells, which are an 

electrochemical current source that works by converting 

the energy of chemical reactions of the fuel into electrical 

energy. This is very promising both from the point of view 

of the availability of energy resources and from the point 

of view of environmental protection [5–9]. 

There are several types of fuel cells used in hydrogen 

energy. Fuel cells, for example, can be classified according 

to their operating principle and the type of electrolyte 

material used. There are fuel cells with a polymer-

electrolytic membrane (PEMFC), solid oxide fuel cells 

(SOFC), alkaline fuel cells (AFC), phosphoric acid fuel 

cells (PAFC) and fuel cells with molten carbonate (MCFC) 

[10–11]. Solid-state electrolytes (SSE) are a promising class 

of energetic materials in which specific groups of ions can 

be induced to diffuse through a crystalline matrix. Solid 

electrolytes have a number of advantages, including non-

flammability and high thermal and chemical stability. SE 

form the basis for clean energy conversion and storage 

technologies such as fuel cells, electrocatalysts, and solid-

state batteries. Therefore, optimizing their ion transport 

properties is crucial for energy and sustainable 

development. 

As a result, SOFCs have a number of advantages over 

other types of fuel cells, including 60–80 % higher 

conversion efficiency, longer lifetime, etc. [12]. At the 

same time, when using SOFC, fewer pollutants are 

released into the environment, and they do not require 

catalysis by precious metals. SOFCs can operate on 

various types of fuel, such as hydrocarbons, coal gas, 

biomass, hydrogen, and synthesis gas [13]. While SOFCs 

are independent of pure hydrogen supplies, since 

hydrocarbons can be fed into the fuel cell and converted 
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into a hydrogen-rich stream through internal 

thermochemical processes [13, 14]. The study of solid oxide 

fuel cells requires the synthesis and study of new materials 

with oxygen-ion and proton properties. Complex 

BaLaInO4-based oxides with high ionic conductivity values 

can be used as electrolytes in SOFCs. 

Materials with a perovskite structure characterized 

by the general formula ABO3 receive a significant share 

of attention for use as SOFC conductors [15, 16]. However, 

new classes of ionic conductors with a perovskite-related 

structure, such as perovskite-BaLaInO4 layered materials 

[17–20], are attracting increasing attention. In contrast to 

classical perovskites, layered RP-structures have a space 

between the layers. Due to this structural characteristic, 

layered perovskites need to be studied more intensively. 

The compositions Ba1–xCaxLaInO4 (x = 0.05, 0.1, 0.15) were 

obtained. The effect of doping on the structure and 

electrical conductivity was investigated. 

2. Experimental 

The solid solution Ba1–xCaxLaInO4 (x = 0, 0.05, 0.1 

and 0.15) was obtained by thoroughly grinding La2O3, 

In2O3, BaCO3 and CaCO3 in an agate mortar according to 

the stoichiometric coefficients. The weighed portions of 

pre-dried oxides and carbonates powders were taken on a 

Sartorius ACCULAB ALC-210d4 analytical scale 

(Sartorius Weighing Technology GmbH, Germany). The 

powder blends were annealed in a Nabertherm furnace 

after grinding. The initial annealing temperature was set 

at 800 °C. The total annealing range was 800–1300 °C. 

The chemical reaction according to the stoichiometric 

coefficients led to the solid solution Ba1–xCaxLaInO4 (x = 0, 

0.05, 0.1 and 0.15): 

(1– 𝑥)BaCO3 + 0.5La2O3 + 0.5In2O3 +
+ 𝑥CaCO3⟶ Ba1−𝑥Ca𝑥LaInO4 + CO2 ↑. 

(1) 

The phase composition was controlled by X-ray 

phase analysis using a Bruker Advance D8 diffractometer 

(Bruker, Billerica, MA, USA). The parameters for the 

X-ray were a step of 0.01 ° and a speed of 0.5 °/min. XRD 

measurements were carried out at a controlled room 

temperature. In order to investigate the new solid solution 

Ba1–xCaxLaInO4, a structure refinement was carried out by 

means of the Rietveld method. The Rietveld method was 

carried out in the FullProf program. Calculation of bond 

lengths, analysis and visualization of the structure are 

performed in the VESTA program. 

The morphology of the solid-phase solution 

Ba1–xCaxLaInO4 (x = 0.05, 0.1, 0.15) on the sintered tablets 

was studied using a Vega 3 Tescan scanning electron 

microscope (SEM) coupled with an energy-dispersive 

X-ray spectroscopy (EDS) system. 

The conductivity of the compositions Ba1–xCaxLaInO4 

(x = 0, 0.05, 0.1 and 0.15) was measured using a Z-1000P 

impedance-meter (Elins, Russia). Frequencies were in the 

range of 100 Hz to 1 MHz. Bulk resistance was calculated 

from impedance spectra using Zview software fitting 

(Scribner Associates Inc., Southern Pines, NC). For this 

measurement, a 10 mm diameter tablet was sintered at a 

temperature of 1300 °C for 24 hours. Platinum paste was 

used as electrodes and applied in a thin layer on the tablet. 

The platinum electrodes were annealed at 1000 °C for 

3 hours. The investigations were carried out from 1000 to 

200 °C with a cooling rate of 1 °/min under dry air or dry 

Ar. The dry gas (air or Ar) was prepared by circulating 

the gas through P2O5 (pH2O = 3.5 · 10–5 atm). 

3. Results and discussions 

Phase attestation of solid solution Ba1–xCaxLaInO4 

carried out using the XRD method. It was shown that the 

compositions at dopant concentrations 0 ≤ x ≤ 0.15 were 

single phase and belonged to the space group I4/mmm 

(tetragonal symmetry). XRD patterns of Ba0.9Ca0.1LaInO4 

composition are presented in Figure 1. In contrast, the 

matrix composition BaLaInO4 has orthorhombic 

symmetry (Pbca space group). It is obvious that the 

introduction of the dopant led to a change in the local 

structure and an increase in the symmetry. However, in 

order to gain a more accurate understanding of the effect 

of doping on the structure, a structural analysis of the 

samples was carried out and the bond lengths were 

determined. As can be seen from Figure 2, the 

Ba0.9Ca0.1LaInO4 sintered sample is a densely packed 

round agglomerates of 20–40-micron particles. The 

lattice parameters and unit cell volume for the 

compositions are presented in Table 1. Table 2 shows the 

bond length values for the compositions. R-factors for the 

new solid solution Ba1–xCaxLaInO4 are shown in Table 3. 

As can be seen, doping with smaller ionic radii 

(𝑟Ba2+ = 1.47 Å; 𝑟Ca2+ = 1.18 Å [21]) leads to the decrease in 

the lattice parameters. However, the redistribution of 

bond lengths occurs in a more complex manner. The 

average bond length <Ba/Ca/La–O> decreases with the 

introduction of the dopant and continues to decrease as 

its concentration increases. The average bond length 

<In–O> also decreases with the introduction of calcium, 

but an increase in calcium concentration leads to an 

increase in this bond length. It is obvious that such a 

redistribution of bond lengths ultimately leads to a 

change in the tilt angle of the polyhedra and a general 

increase in the symmetry of the structure. The possible 

reason  for  these  changes  is  the  appearance  of  different 
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Figure 1 Refinement of the XRD for the composition 

Ba0.9Ca0.1LaInO4. 

Figure 2 SEM image of the Ba0.9Ca0.1LaInO4 ceramic sample. 

Table 1 – The lattice parameters and unit cell volume for obtained compositions. 

Lattice parameters BaLaInO4 Ba0.95Ca0.05LaInO4 Ba0.9Ca0.1LaInO4 Ba0.85Ca0.15LaInO4 

a, Å 12.932(3) 4.176(6) 4.175(7) 4.174(6) 

b, Å 5.906(0) 4.176(6) 4.175(7) 4.174(6) 

c, Å 5.894(2) 12.925(3) 12.907(7) 12.889(1) 

V, Å3 450.19(5) 225.470(9) 225.07(4) 224.63(1) 

Table 2 – The bond lengths values for obtained compositions. 

Bond lengths (Å) BaLaInO4 Ba0.95Ca0.05LaInO4 Ba0.9Ca0.1LaInO4 Ba0.85Ca0.15LaInO4 

<Ba/Ca/La−O1> 2.815(2) 2.800(1) 2.796(3) 2.796(8) 

<Ba/Ca/La−O2> 2.864(0) 2.433(2) 2.383(4) 2.303(4) 

<Ba/Ca/La−O> 2.839(6) 2.616(6) 2.589(8) 2.550(1) 

<In−O1> 2.141(3) 2.088(3) 2.087(9) 2.087(3) 

<In−O2> 2.180(2) 2.164(1) 2.210(3) 2.279(6) 

<In−O> 2.162(2) 2.126(2) 2.149(1) 2.183(4) 

Table 3 – R-factors for the new solid solution Ba1–xCaxLaInO4. 

R-factors Ba0.95Ca0.05LaInO4 Ba0.9Ca0.1LaInO4 Ba0.85Ca0.15LaInO4 

Chi2 2.13 2.96 2.70 

Rp 4.3 5.0 4.6 

Rwp 3.4 3.7 3.0 

Rexp 4.02 4.70 4.04 

Chi2 (Bragg contrib.) 2.122 2.731 2.67 

Bragg R-factor 2.031 2.64 2.91 

natural ions in the cationic sublattice (Ca2+ → Ba2+). 

The electrical conductivity values were obtained 

using the impedance spectroscopy method in the 

atmospheres with controlled humidity (pH2O) and 

oxygen partial pressure (pO2). The Nyquist plots are 

shown in Figures 3 for the composition Ba0.9Ca0.1LaInO4 as 

an example of typical plots. All obtained Nyquist plots 

contain two semicircles (Figure 3 a). The small semicircle 

starting from zero coordinates (high-frequency 

semicircle) corresponds to the resistivity of the grain 

volume of polycrystalline sample. 

This is proven by the small capacitance value 

~ 10–12 F/cm. The large semicircle (low frequency 

semicircle) corresponds to the resistivity of the grain 

boundaries with a capacitance value ~ 10–9 F/cm. The 

conductivities were calculated from the resistivity values 
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taken at the intersection of the high-frequency semicircle 

with the abscissa axis. The influence of temperature and 

oxygen partial pressure on the Nyquist plot is shown in 

Figures 3 b and 3 c respectively. The temperature 

dependencies of the conductivity obtained under dry air 

(pO2 = 0.21 atm) and dry Ar (pO2 ~ 10–5 atm) are shown 

in Figure 4. As can be seen, the introduction of calcium 

ions into the barium sublattice leads to an increase in the 

conductivity values compared to the matrix composition. 

The comparison of the conductivity values obtained 

under dry air and dry Ar conditions (Figure 5) shows the 

changes in the proportion of oxygen-ionic transport with 

varying temperature and calcium concentration. The 

conductivity nature under dry Ar (i.e. at lower oxygen 

partial pressure) is predominantly oxygen-ionic. The 

proportion of oxygen transport (oxygen-ion transport 

numbers) is defined as the ratio of oxygen-ion 

conductivity to total conductivity: 

𝑡𝑂2− =
𝜎𝐴𝑟

𝜎𝑎𝑖𝑟
. (2) 

At the high temperature (900 °C), the oxygen ionic 

transport numbers are the same for all Ca-doped 

compositions and are ~ 40 %. As the temperature 

decreases, the values of the oxygen ionic transport 

numbers change. They increase up to ~ 60 % for the 

composition with x = 0.05 and decrease up to ~ 20 % for 

the compositions with x = 0.10 and 0.15. The oxygen ionic 

transport numbers are ~ 20 % over the whole 

temperature range.  

The fact that the values of the oxygen ionic transport 

coefficients change with the variation of the calcium 

content is very interesting. Calcium doping of the barium 

sublattice does not lead to the formation of oxygen 

defects in the anionic sublattice. Instead, fragments 

Ba–O–Ca (at "low" doping concentrations) and Ca–O–Ca 

(at "high" doping concentrations) appear in the structure 

at the sites of the matrix fragment Ba–O–Ba. 

It can be assumed that the transport of oxygen is 

facilitated in the case of its bonding with atoms of 

different nature Ba–O–Ca, which leads to an increase in 

the ionic component of the conductivity (case of 

composition with x = 0.05) due to the increase in the 

proportion of mobile oxygen ions. An increase in calcium 

concentration can lead to the appearance of Ca–O–Ca 

fragments in the structure and to a decrease in oxygen 

transport. 
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Figure 3 The Nyquist plots for the composition Ba0.9Ca0.1LaInO4 obtained at 500 °C in dry air (a), at 500, 600 and 700 °C in 

dry air (b) and at 700 °C in dry air and dry Ar (c). 
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Figure 4 The temperature dependencies of conductivity for 

investigated compositions obtained at dry air (a) and 

dry Ar (b). 

Figure 5 The temperature dependencies of conductivity for 

compositions Ba0.95Ca0.05LaInO4 (a), Ba0.9Ca0.1LaInO4 (b), 

Ba0.85Ca0.15LaInO4 (c). 

These considerations can also explain the 

concentration dependencies of the oxygen-ionic 

conductivity (Figure 6 a). As can be seen, calcium doping 

leads to an increase in conductivity values with respect to 

the matrix composition. At the same time, the 

composition with the lowest doping concentration 

(x = 0.05) has the highest conductivity values. Further 

increase in calcium concentration leads to a decrease in 

conductivity values. In other words, the "high" calcium 

concentration (the appearance of Ca–O–Ca fragments) is 

one of the possible reasons for the decrease in 

conductivity. However, the concentration dependence of 

the total conductivity, which is the sum of the ionic and 

electronic components of the conductivity, has the same 

shape (Figure 6 b). 

Accordingly, increasing the dopant concentration 

leads to a decrease not only in the oxygen ionic 

conductivity but also in the total conductivity. Calcium 

doping is accompanied by a decrease in unit cell 

parameters and unit cell volume, i.e., a decrease in 

migration volume. Not only does the proportion of 

mobile oxygen ions decrease, but also the mobility of the 

oxygen ions as a whole also decreases.  

Therefore, calcium doping of barium sublattice of 

layered perovskite BaLaInO4 up to ~ 0.9 order of 

magnitude for total conductivity and up to ~ 1.5 orders of 

magnitude for oxygen-ionic conductivity (at low 

temperatures for Ba0.9Ca0.1LaInO4 composition). The 

introduction of higher calcium concentrations (x > 0.05) 

leads to a decrease in both total and oxygen-ion 

conductivity. Figure 7 shows a comparison of Ca2+ doped 

compounds by isovalent substitution and acceptor 

substitution relative to undoped BaLaInO4. It is clear that 

isovalent doping increases conductivity relative to 

undoped, but acceptor doping increases conductivity 

more significantly, as can be seen from Figure 7. 

 

Figure 6 Concentration dependencies of oxygen-ionic (a) and 

total (b) conductivities. 
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Figure 7 Comparison of compounds doped with Ca2+ by means 

of isovalent doping and acceptor doping [22] is relatively 

undoped BaLaInO4. 
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From the point of view of the principles of solid state 

chemistry, point defects do not occur with isovalent 

doping. While acceptor doping creates oxygen vacancies 

and changes the oxygen non-stoichiometry. The quasi-

chemical reaction of this process is described by 

Equation 3. A significant increase in conductivity due to 

acceptor doping can be explained by the appearance of 

oxygen vacancies in the structure and an increase in 

interlayer space, as mentioned [22]. At the same time, for 

isovalent doping, the increase in conductivity is only due 

to an increase in interlayer space, which is confirmed by 

the calculation of bond lengths. 

CaO
La2O3
→    2CaLa

′ +2OO
× + VO

••. (3) 

4. Conclusions 

The calcium-doped layered perovskites 

Ba1–xCaxLaInO4 (x = 0.05, 0.1, 0.15) were obtained for the 

first time. The effect of doping on the structure and 

electrical conductivity was investigated. Doping causes the 

symmetry change from Pbca (for matrix composition) to 

I4/mmm (for doped composition). The average bong 

lengths metal–oxygen decrease with the introduction of 

calcium. The introduction of calcium ions into barium 

sublattice leads to the increase in the conductivity values 

compared with the matrix composition. The greatest 

increase in conductivity (up to ~ 0.9 order of magnitude 

for total conductivity and up to ~ 1.5 orders of magnitude 

for oxygen-ionic conductivity) is observed for the 

composition with small dopant concentration. 
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