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Abstract: The properties of BaCe1–xInxO3–δ (x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 0.40) as 
proton conducting electrolyte are examined. The dense electrolyte is formed after sintering at 1300 ℃ 
for 5 h in air. The samples with In content ≥ 25 mol% contain In2O3 as a secondary phase. The 
highest total conductivity is around 5×10–3 S/cm for BaCe0.75In0.25O3–δ in the wet hydrogen atmosphere 
at 700 ℃. After exposure to pure CO2 atmosphere at 700 ℃ for 5 h, the concentrations of at least 
15 mol% In can completely suppress degradation of the electrolyte. The power density of 
Ni–BaCe0.75In0.25O3–δ/BaCe0.75In0.25O3–δ/LSCF–BaCe0.75In0.25O3–δ fuel cell tested in wet hydrogen 
atmosphere reaches 264 mW/cm2 at 700 ℃. This result is an indication of stability and functionality 
of this electrolyte and its versatility in respect to type of fuel and performing environment.  
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1  Introduction 

Proton conduction of mixed oxides with perovskite 
structure, at temperatures above 500 ℃, has been 
studied since the beginning of the 1980s [1–3]. BaCeO3- 
based materials exhibited significant proton conductivity 
and high potential for their application in intermediate- 
temperature solid oxide fuel cells (IT-SOFC) [4]. In 
recent years, many attempts have been made to 
improve the properties of the most studied high- 
temperature proton conductor BaCe0.90Y0.10O3–δ (BCY), 
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particularly in terms of conductivity by replacing Y 
with rare earth elements [5–8] and stability in acidic 
environments by co-doping with cations of higher 
electronegativity [9–12]. Doping of BaCeO3 with 
trivalent cations, that partially replace Ce4+ located in 
the center of an octahedron formed by oxygen ions, is 
charge balanced by emergence of oxygen vacancies 

O(V ) , whereby they take part in formation of proton 
defects O(OH ) in wet or hydrogen containing 
atmospheres at elevated temperatures [13,14]. As ionic 
conductivity is directly proportional to the concentration 
of the charge carriers and their mobility, a relatively 
high concentration of proton defects itself is not 
enough to achieve fast proton conductivity at observed 
temperature. The mobility of the protons is very important 
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and it depends on: (1) chemical factors: dopant valence 
and electronegativity, basicity of the oxygen ions; (2) 
structural factors: symmetry, dopant radius size, and 
unit cell volume; and (3) microstructure: grain size, 
porosity, etc. [15–17]. On the other hand, the main 
reason for instability in CO2-rich atmosphere is the 
basic character of the crystal lattice, and overall 
stability of the structure defined by Goldschmidt 
tolerance factor, t [18]. It was previously found that the 
stability of BCY can be enhanced by doping with 
cations that may raise the acidic character of the 
material, such as Nb5+, Ta5+, or Zr4+ [9,10,19,20]. 
Introduction of these cations leads to reduced amount 
of point defects, increased acidity of the oxygen ions, 
and consequently lower proton conductivity. The 
process of doping has opposite effects on the conductivity 
and stability of an electrolyte, which could be 
compromised by a selective optimization of its properties. 
Therefore, it was suggested that an ideal replacement 
for Y3+ in BCY should be a trivalent, medium-sized ion 
with amphoteric character [21]. In that regard, In3+ 
seems suitable as it can completely replace Y3+ and 
serve both as point defect source and inhibitor of the 
electrolyte degradation caused by CO2 [17,22–24]. 
Due to these properties, In3+ can be introduced in much 
larger amounts than Nb5+ or Ta5+, while its relatively 
high electronegativity (1.78) may negatively affect 
proton mobility. Besides, In3+ was also found to promote 
sinterability of the ceramics at lower temperatures, 
which can moderate the strain on the anode/electrolyte 
interface induced by different thermal expansion 
coefficients of the electrolyte and NiO-based anode in 
an anode-supported fuel cell configuration [22–24]. 
Particularly in this type of fuel cell configuration, the 
assumed lower conductivity of In-doped BaCeO3 
electrolyte can be compensated by reducing its thickness. 
In this respect, much can be achieved by using an 
appropriate synthesis method and processing technique. 
For instance, the auto-combustion synthesis method 
regularly produces electrolyte powders with much 
higher specific surface area than the classic solid state 
reaction method [10,25,26]. Higher specific surface 
area of these powders make them more versatile for 
application of various processing techniques, such as 
co-pressing and co-sintering, spin coating, inkjet 
printing, electrophoresis, etc., which can produce very 
thin and uniform electrolyte layers, usually ~20 μm 
and even thinner [18,24,27]. The microstructure and 
dopant dispersion in bulk ceramics obtained by the 

auto-combustion method are more homogeneous, which 
is another advantage of this synthesis method. Thus, the 
so-called trade-off relationship between conductivity 
and stability can be biased towards higher conductivities 
sustaining the same degree of stability in CO2.  

Although previous investigations of properties of In- 
doped BaCeO3 can be found in literature [22,23], in 
this paper, we studied the properties of BaCe1–xInxO3–δ 
electrolyte in a wider range of dopant concentrations in 
order to determine the optimal In concentration for its 
application as an electrolyte for SOFCs. Furthermore, a 
detailed analysis of microstructure, crystal structure, 
and electrical properties was conducted with the aim of 
providing more profound insight in their correlation.   

2  Materials and methods 

BaCe1–xInxO3–δ (x = 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 
0.35, and 0.40) powders were synthesized by the auto- 
combustion reaction method and denoted as BCI5, 
BCI10, BCI15, BCI20, BCI25, BCI30, BCI35, and 
BCI40, respectively. Barium(II) nitrate (Fluka, min. 
99.0%), cerium(III) nitrate hexahydrate (Fluka, min. 
99.0%), indium(III) nitrate pentahydrate (Aldrich, 
99.99%), and citric acid monohydrate (Fluka, 99%) 
were used as starting chemicals in the synthesis process. 
Aqueous solution of citric acid was added into the flask 
containing stoichiometric quantities of the metallic 
salts dissolved in distilled water. The amount of citric 
acid was calculated using a (citric acid)/(metal ions) 
molar ratio of 2:1. Then, the flask with the solution 
was placed in an oil bath and 25% aqueous ammonia 
solution was added dropwise until the pH value 
reached ~7. The reaction mixture was kept at 80 ℃ 
with constant stirring, until it started becoming viscous 
on account of water vaporization, and then transferred 
into heating calotte. The temperature was gradually 
increased in order to eliminate the water residue, 
resulting in a brownish swelling resin. At temperatures 
over 200 ℃, the auto-combustion reaction was initiated 
and resulted in voluminous ash as a product of the 
combustion. This procedure was repeated for each dopant 
concentration. Calcination of the precursor powders to 
obtain pure phase electrolyte powders was performed 
in air atmosphere for 5 h at 1050 ℃ in a tube oven. 
The sintering behavior was tested by dilatometric 
measurements from room temperature to 1350 ℃ at a 
rate of 5 ℃/min. Dense ceramic samples were produced 



J Adv Ceram 2022, 11(3): 443–453  445  

www.springer.com/journal/40145 

by uniaxial pressing of the powders at 150 MPa in a 
cylindrical die of 8 mm in diameter followed by 
sintering in air atmosphere for 5 h at 1100, 1200, and 
1300 ℃. The densities of the samples were determined 
by Archimedes method, using water as a fluid. 

The phase purity of the as-obtained powders was 
checked by X-ray diffraction (XRD; Rigaku DMax 
2500 PC) analysis using a Cu Kα radiation (λCu Kα = 
1.54178×10–10 m) from 20° to 90° 2θ angle and 
scanning speed of 1 (°)/min. The XRD data for sintered 
BCI5, BCI25, and BCI40 samples were collected from 
20° to 90° 2θ with a step size of 0.02° and a counting 
time of 3 s. Rietveld-like refinement was performed by 
Powder Cell software in order to identify the phase 
composition. Unit cell parameters were calculated 
using LSUCRI program. The sintered samples were 
investigated by scanning electron microscopy (FE-SEM; 
Jeol JSM 6330F). The average grain size of the samples 
was determined by intercept method as described 
elsewhere [17,25].  

Total electrical conductivity of the Pt/BaCe1–xInxO3/ 
Pt cells was investigated by an FRA Solartron 1260 
impedance analyzer coupled with a Solartron 1296 
dielectric interface. Measurements were performed in 
1 MHz–10 Hz frequency range between 400 and 
700 ℃ in a wet hydrogen atmosphere (3 vol% H2O) 
provided by letting the gas through a gas washer filled 
with distilled water at room temperature. During the 
measurements, the gas flow rate of 50 cm3/min was kept 
constant by a digital mass flow controller and meter 
(MKS PR 4000B-F). The impedance plots were fitted 
using ZView® for Windows software (Version 3.2b). 

Stability of the electrolyte compounds was examined 
in a so-called accelerated degradability test, where the 
sintered samples were exposed to pure CO2 atmosphere 
at 700 ℃ for 5 h. The flow rate of CO2 through the 
aperture was kept constant at 50 cm3/min. After 
exposure, the pellets were investigated by the XRD analysis 
to determine possible changes in their composition. 

The fuel cell testing was performed for the BCI25 
electrolyte. NiO–BCI25 (1:1 weight ratio) composite 
powders were prepared by the method of evaporation 
and decomposition of solutions and suspensions 
(EDSS) [24]. The starting components were nickel(II) 
nitrate hexahydrate (Aldrich, 99.99%) and the as- 
prepared BCI25 powders. The resulting mixture was 
ground in an agate mortar and fired at 1000 ℃ for 5 h. 
The NiO–BCI25/BCI25 half cell was produced using 
the method of co-pressing. Firstly, NiO–BCI25 powders 

were uniaxially pressed at 70 MPa and then 10 mg of 
BCI25 powders were distributed on the surface of the 
anode pellet. In this way, NiO–BCI25/BCI25 half cell 
was produced by uniaxially co-pressing at 150 MPa 
and co-sintering at 1300 ℃ for 5 h. 

Complete fuel cell was fabricated by applying 
commercial La0.8Sr0.2Co0.8Fe0.2O3 (LSCF; Sigma-Aldrich) 
with 10 wt% of BCI25 as a composite cathode on the 
electrolyte side of the NiO–BCI25/BCI25 half cell. 
The cathode composite powders were mixed with 
printing oil to make a slurry that was brush-painted 
over the BCI25 electrolyte surface and then fired at 
1100 ℃ for 2 h. The fuel cell tests were carried out 
between 550 and 700 ℃ using an Autolab PGSTAT302N 
(Eco Chemie BV). The anode was exposed to wet 
hydrogen (~3 vol% H2O), while the cathode was 
exposed to ambient air. The cell was equilibrated at 
open-circuit for about 10 min before electrochemical 
measurements.  

3  Results and discussion 

XRD patterns were collected for all calcined 
BaCe1–xInxO3–δ powders synthesized by the auto- 
combustion reaction method (Fig. 1). Main reflections 
of the samples referred to a perovskite structure with 
orthorhombic symmetry (space group Pnma). It was 
observed that small peaks of In2O3, as a secondary 
phase, appeared at In concentration above 20 mol% 
(not exceeding 5 wt%), while doping above 25 mol% 
caused noticeable splitting of the BaCeO3 diffraction 
peaks. Traces of BaCO3 phase were also detected in 
almost every sample according to the presence of small 
peaks at 23.9°.  

Sintering behavior of BCI20 pellet was investigated 
by dilatometric measurements in order to determine 
optimal sintering temperature. Dilatometric curve (Fig. 
2(a)) showed slow decrease in sample length with 
increase of temperature up to 1000 ℃, followed by 
sharp decrease in length between 1000 and 1100 ℃. 
Further increase of temperature did not cause further 
length shrinkage, suggesting that densification process 
was finished at ~1100 ℃. The final relative shrinkage 
was ~10%. Although the dilatometric measurement 
showed that temperature of 1100 ℃ is enough to reach 
maximal shrinkage of the BCI20 sample, the densities 
of around 90% were observed only for this sample and 
for BCI25 and BCI30, while the values for BCI5  
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Fig. 1  XRD analysis of the In-doped BaCeO3 powders 
calcined at 1050 ℃ for 5 h. 

 
and BCI40 were below 70%. To ensure complete 
densification of the samples with other In concentrations, 
the sintering process was carried out at 1200 and 
1300 ℃. Sintering at higher temperatures further 
increased the density of the obtained ceramics from 
~94% at 1200 ℃ to ~96% at 1300 ℃ for BCI20 (Fig. 
2(b)). Although the densities of the samples varied 
notably with the In concentration and the sintering 
temperatures, they increased gradually with indium 
content up to 25 mol% at observed temperature, and  
 

thereafter started to decrease slightly. The sintering 
temperature of 1200 ℃ was yet insufficient for complete 
densification of the sample BCI5 (~88%), while at 
1300 ℃ densities above 90% were obtained for all the 
samples. At each sintering temperature, the relative 
density of BCI25 sample was the highest compared 
with the other samples: 91% at 1100 ℃, 96% at 1200 ℃, 
and 98% at 1300 ℃ (Fig. 2(b)). These temperatures are 
markedly lower than temperatures required for 
sintering of BaCeO3 doped by Nb, Ta, Zr, Y, or Eu, which 
in most cases exceeds 1400 ℃ [9,10,20,24,25,28].  

The effects of different sintering temperatures on 
microstructure were examined by scanning electron 
microscopy (SEM). For comparison, the micrographs 
of BCI5, BCI25, and BCI40 samples’ surface sintered 
at 1200 and 1300 ℃ are presented in Fig. 3. It can be 
seen from the SEM images that grain size has 
multimodal distribution and that it increased with 
increasing In concentration from 0.15–0.50 µm (BCI5) 
to 0.30–0.80 µm (BCI25 and BCI40) at 1200 ℃, and 
from 0.40–1.10 µm (BCI5) to 0.50–2.10 µm (BCI25 
and BCI40) at 1300 ℃. It was expected because doping 
with indium improves sintering [22,23] and enhances 
the grain growth at lower temperatures [24,29]. By 
comparing the grain size for the samples sintered at 
different temperatures, it can be concluded that the 
higher sintering temperature also contributed to the 
formation of larger grains. It was further found that 
there was no change in grain size between BCI25 and 
BCI40 samples at observed temperatures, suggesting 
that increase of In concentration above 25 mol% had 
no significant effect either on the grain size values or 
the samples’ microstructure in general. 

Although the presence of In2O3 phase in BCI25 and 
BCI40 was not detected by backscattered electron  

 
 

Fig. 2  Dilatometric analysis of the BCI20 sample (a), and relative densities of the samples sintered at 1100, 1200, and 1300 ℃ (b). 



J Adv Ceram 2022, 11(3): 443–453  447  

www.springer.com/journal/40145 

 
 

Fig. 3  SEM images of BCI5 (a), BCI25 (b), and BCI40 (c) sintered at 1200  ℃, and BCI5 (d), BCI25 (e), and BCI40 (f) 
sintered at 1300  ℃. 

 
imaging (BSE) (Fig. 4(a)), it was confirmed by the 
XRD analysis of samples sintered at 1300 ℃ (Fig. 
4(b)). The traces of BaCO3 completely diminished after 
sintering of the samples (Fig. 4). The peaks of BaO 
phase, as the solid-state product of BaCO3 decomposition, 
were not present in the XRD patterns of the sintered 
samples, indicating that BaO most likely was re- 
incorporated into BaCe1–xInxO3–δ phase or evaporated 
during sintering. The peaks and their splitting were 
identified and indexed accordingly. In2O3 as the secondary 
phase appeared when In content was above 20 mol%. 
Also, preliminary calculated values of the unit cell 
volumes, obtained from the XRD analysis on the 
powders, monotonously decreased from ~339 Å3 for 
BCI5 to ~328 Å3 for BCI40, which is expected since 
In3+ ionic radius in octahedral environment is 0.80 Å 
comparing to that of Ce4+, which amounts 0.87 Å. It 
led to the conclusion that incorporation of In into 

BaCeO3 lattice continued even for concentrations 
when In2O3 appeared as the secondary phase. More 
detailed structural analysis of the sintered samples 
showed that their main reflections were indexed in the 
orthorhombic crystal system with Pnma space group. 
The change in unit cell parameters, i.e., a, b, and c, 
does not occur simultaneously (Table 1). In other 
words, there was a decrease in a and b between BCI5 
and BCI25, which is expected since In3+ ionic radius in 
octahedral environment is 0.80 Å comparing to that of 
Ce4+, which amounts 0.87 Å. However, in BCI40 a and 
c decreased, and b increased comparing to BCI25. It 
means that BCI25 is on the limit to keep the initial unit 
cell proportion, whereas for concentrations above 
25 mol% of In, which shares 4b Wyckoff position (0, 0, 
1/2) with Ce4+, cause the additional shrinkage along a 
and c. Due to the unchanged content of Ba2+, which 
occupies 4c Wyckoff position (x, 1/4, z), the unit cell  

 

 
 

Fig. 4  BSE images (a) and XRD analysis (b) of BCI5, BCI25, and BCI40 samples sintered at 1300 ℃. 



448  J Adv Ceram 2022, 11(3): 443–453 

www.springer.com/journal/40145 

Table 1  Unit cell parameters and Goldschmidt tolerance 
factor (t) values of the samples sintered at 1300 ℃ 

Sample 
Unit cell parameters 

t* 
a (Å) b (Å) c (Å) V (Å3) 

BCI5 6.189(3) 8.761(4) 6.228(7) 337.6(7) 0.934

BCI25 6.161(7) 8.708(9) 6.229(14) 334.1(6) 0.945

BCI40 6.095(4) 8.859(5) 6.089(5) 328.7(3) 0.949

* Theoretical value of Goldschmidt tolerance factor of In-doped BaCeO3 
calculated according to Eq. (3). 

 

responds to that shrinkage by elongation along b. 
Observed splitting of diffraction peaks and shift in 
their positions is direct consequence of this change of 
the unit cell proportion.  

For a more profound understanding of the relation 
between structure defects, microstructure, and electrical 
properties of the BaCe1–xInxO3–δ samples sintered at 
1200 and 1300 ℃, electrochemical impedance 
spectroscopy measurements were performed on 
Pt/BaCe1–xInxO3–δ/Pt cells under the wet hydrogen 
atmosphere. The total electrical conductivity, σ, of all 
samples increased with increase in temperature from 
400 ℃ and reached maximum at 700 ℃, which is an 
indication of predominantly ionic type of conduction. 
The highest conductivity values were calculated for 
700 ℃ (Fig. 5(a)) for the BCI25 sample, i.e., 
0.0042 S/cm sintered at 1200 ℃ and 0.0052 S/cm 
sintered at 1300 ℃, somewhat lower than literature 
values for other proton conducting materials that 
usually reach ~10–2  S/cm [9,17,30,31]. Increase in total 
conductivities up to 25 mol% of In can be explained by 
acceptor doping mechanism expressed by Kröger–Vink 
notation, expressed by Eqs. (1) and (2):   

2 3 Ba Ce O O2BaO In O 2Ba 2In 5O V        (1) 
•• • •

2 O O O OH O V O 2OH (Δ  0, [OH ])H    
 

(2) 

However, the greater conductivity values for the 
samples sintered at 1300 ℃ comparing to those sintered 
at 1200 ℃ could be attributed to the difference in 
microstructure and higher densities for samples sintered 
at higher temperatures. The impedance spectra presented 
in the inset of Fig. 5(a) were fitted by a model circuit 
consisting of stray inductance (L), resistors (R1, R2, and 
R3), constant phase element (CPE), and Warburg element 
(W). The effective capacitances were calculated from the 
formula C = (Q·R2)

1/n/R2, where Q and n represent 
constants of CPE. These values ranged within 10–6 F/cm 
in the temperature range between 500 and 700 ℃, which 
were typical for processes on the electrode surface [10,16]. 
The part of the model circuit consisting of Warburg 
element is related to mass transfer phenomena near 
electrode surface [32,33]. Therefore, in 500–700 ℃ 
temperature range, the contributions of the bulk and 
grain boundaries were not separable and only the total 
conductivity values were considered (R1). These values 
were calculated according to the formula σ = 1/R1·l/S, 
where l represents the thickness and S the surface area 
of the pellet. The total conductivities of the BCI25 
electrolyte sintered at 1200 and 1300 ℃ in form of 
Arrhenius plot are presented in Fig. 5(b). Both activation 
energy values obtained from the slope, 0.31 and 0.33 eV 
for samples sintered at 1200 and 1300 ℃ respectively, 
were in the range for proton conduction for doped 
BaCeO3 [9,11].  

The conductivities for higher In concentrations   
(≥ 25 mol%) depended on two opposed effects: the unit  

 

 
 

Fig. 5  Total conductivities at 700 ℃ of BCI5–BCI40 samples sintered at 1200 and 1300 ℃ with examples of impedance 
spectra of BCI25 sample sintered at 1300 ℃ (a), and temperature dependence of total conductivities in form of Arrhenius plots 
of BCI25 electrolytes sintered at 1200 and 1300 ℃ (b). 
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cell shrinkage and the increase in concentration of the 
protonic defects, whereas the unit cell shrinkage had 
the prevailing influence. Therefore, the total conductivities 
slightly decreased when the concentration of In 
increased from 25 to 40 mol%. Other aspects that may 
contribute to the drop in conductivity are: formation of 
defect clusters [29,34], reduced symmetry as indicated by 
the values of the unit cell parameters and peak splitting 
[10,15,16], somewhat lower density values and 
formation of In2O3 as the secondary phase, which lacks 
proton conducting ability. However, this drop in total 
conductivity was not so pronounced since the total 
conductivities of the samples BCI30, BCI35, and 
BCI40 were still higher than those of the samples with 
In content lower than 20 mol%. Bi et al. [22] also 
reported the highest conductivity of the sample with 
30 mol% In by comparing the BaCeO3 samples with 
10, 20, and 30 mol% In, although here it was 
demonstrated that conductivity peak can be reached at 
around 25 mol%. Compared with other trivalent dopants, 
such as Y and rare earths [9,10,15–17,24–26], doping 
with In inevitably leads to a notable drop in 
conductivity even up to one order of magnitude. This is 
a consequence of its relatively higher electronegativity 
compared to the dopants mentioned above.   

As poisoning with CO2 is the main drawback of 
BaCeO3 [10,31,34], the influence of In on the chemical 
stability was investigated for the BCI15, BCI20, and 
BCI25 samples sintered at 1300 ℃ by exposing them 
to the pure CO2 atmosphere at 700 ℃ for 6 h. By 
comparing the XRD patterns before and after CO2 
exposure (Fig. 6), minor peak at around 24° 2θ, which 
indicates the traces of BaCO3 phase, was found for 
BCI15 and BCI20 and not for BCI25. Increased  

 

chemical stability of In-doped samples could be 
explained using Goldschmidt tolerance factor defined 
for BaCe1–xInxO3–δ (Eq. (3)), where r is the ionic radius 
and the Roman numerals in the subscript represent 
their coordination number [17,18,35]. 

 

   
     

2 2
XII VI

4 3 2
VI VI VI

Ba O

2 (1 ) Ce In O

r r
t

x r x r r

 

  




        

(3) 

Normally, the calculated values for t increased with 
In concentration as presented in Table 1. The closer t is 
to unity, the more stable the perovskite lattice is, and 
thus substitution of Ce by In which has smaller ionic 
radius improves chemical stability of BaCeO3 [29]. 
According to the literature, doping with In increases 
the stability of lattice by increasing its acidic character 
due to its higher electronegativity (1.78) than cerium 
(1.12) [24,36]. The advantage of using indium over 
other dopants with high electronegativity, such as Nb5+, 
Ta5+, or Zr4+, is that, as a trivalent ion, In3+ allows 
formation of oxygen vacancies. Also, similar values of 
the In and Ce ionic radii provide incorporation of In in 
the crystal lattice of BaCeO3 up to 20–25 mol%. 
However, the so-called “trade-off” relationship between 
chemical stability and conductivity was once again 
confirmed in the case of In-doped BaCeO3, since 
basicity of the crystal lattice is vital for proton 
conducting mechanism [21], making it vulnerable to 
CO2 and vice versa. 

According to the results presented above, we found 
that BCI25 sample was the best choice for electrolyte 
compared with the other investigated samples as it 
exhibited the highest proton conductivity and stability 
in CO2 environment. Therefore, it was chosen for the 
fuel cell fabrication, characterization, and testing using  

 
 

Fig. 6  XRD patterns of the pellets sintered in air at 1300 ℃ before (a) and after (b) being exposed to the CO2 atmosphere for 5 h at 700 ℃. 
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an anode-supported configuration consisting of Ni–BCI25 
cermet for the anode and LCSF–BCI25 for the cathode. 

BSE image of NiO–BCI25 anode pellet is shown in 
Fig. 7(a). Distribution of NiO and BCI25 grains was 
uniform in a considerably porous microstructure, 
which is essential for the functionality of the anode. 
Such distribution provides a continuous triple phase 
boundary between metallic nickel, electrolyte, and 
gaseous hydrogen, facilitating efficient hydrogen 
oxidation and proton transport throughout the whole 
volume of the anode. XRD pattern of the anode pellet 
(Fig. 7(b)) contained only peaks belonging to NiO and 
BCI25 phases, suggesting that NiO and BCI25 were 
mostly chemically compatible during the sintering at 
1300 ℃. However, by analyzing XRD patterns of both 
BCI25 and BCI25–NiO composites, a small decrease 
in unit cell volume was observed (0.6 Å3), suggesting 
that nickel was partially incorporated into the perovskite 
structure [11,37,38]. Thus, a slight decrease of the ionic 
part of the anode conductivity can be expected.  

Power outputs and I–V characteristics (Fig. 8(a)) 
were obtained by exposing the anode to wet hydrogen 
and the cathode to ambient air in 550–700 ℃ 
temperature range. The measured values of open 
circuit cell potential difference (ΔE) were close to and 
slightly lower than the calculated ones (ΔEcalc) (Table 
2), which was the proof of the dense and gas-tight 
electrolyte. This difference is mainly a consequence of 
the ohmic resistance of the electrolyte, while somewhat  
 

higher decrease in ΔE value at 700 ℃ can be ascribed 
to eventual short circuiting trough the electrolyte and 
higher electrode overpotentials [39,40]. Maximum 
power density outputs increased with the temperature, 
reaching 264 mW/cm2 (Table 2) at 700 ℃, which is 
comparable with the results found in literature [41]. 
High power output in the whole 550–700 ℃ temperature 
range is the consequence of dense microstructure and 
high conductivity of BCI25 sintered at 1300 ℃, caused 
by the presence of larger grains and accordingly minor 
blocking effect of grain boundaries on the proton 
conductivity.  

By examining the micrograph of a cross section of 
fuel cell after electrochemical measurement (Fig. 8(b)), no 
signs of degradation were noticed. The anode, electrolyte, 
and cathode layers were clearly distinguishable. A thin 
layer of electrolyte of 20–25 µm contributed to a low 
ohmic resistivity, which resulted in relatively high 
power output comparable with the literature data for 
similar SOFC configurations [23,24]. Both cathode– 
electrolyte and anode–electrolyte interfaces showed 
good interfacial adhesion as well.  

4  Conclusions 

Chemical stability and functionality of BaCe1–xInxO3–δ 

as an electrolyte for SOFC were investigated in  
wider dopant concentration range. Based on XRD,  

 
 

Fig. 7  BSE image (a) and XRD pattern (b) of NiO–BCI25 (1:1 weight ratio) anode sintered at 1300 ℃. 
 

Table 2  Calculated (ΔEcalc) and measured (ΔE) open circuit cell potential differences and maximum power outputs for fuel 
cell measured in the 550–700 ℃ temperature range 

 550 ℃ 600 ℃ 650 ℃ 700 ℃ 

ΔEcalc (V) 1.12 1.11 1.10 1.10 

ΔE (V) 1.05 1.04 1.02 0.98 

P (mW/cm2) 126 157 207 264 
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Fig. 8  I–V curves and power outputs of Ni–BCI25/BCI25/LSCF–BCI25 cell with electrolyte sintered at 1300 ℃ measured in 
550–700 ℃ range (a), and the cross-sectional view of cell after testing the prototype cell (b). 

 

BaCe1–xInxO3–δ samples with perovskite structure (space 
group Pnma) were obtained by the auto-combustion 
reaction. The sample with 25 mol% In, sintered at 
1300 ℃, proved to be the best choice as an electrolyte 
material. It exhibited the highest total conductivity 
values in the whole temperature range. By examining 
and comparing the results of the XRD, SEM analyses, 
and conductivity values, it was found that amount of In 
in BaCeO3 lattice increased even above the concentration 
of 25 mol% and caused the distortion of the unit cell 
proportions. Further increase in In concentration led to 
formation of In2O3 as the secondary phase without 
proton conducting ability. The presence of secondary 
phase, lower densities, decrease in unit cell volume, 
and change in unit cell proportions contributed to 
certain drop in total conductivity for samples with 
> 25 mol% of In. Additionally, higher concentrations 
of In (> 25 mol%) no longer contributed to the 
sinterability of the ceramics. In general, In proved to be 
a good choice for doping BaCeO3 because it lowers the 
sintering temperature and enhances its stability in CO2 
atmosphere, as confirmed by XRD analysis. On the 
other hand, lower conductivity of BaCe1–xInxO3–δ could 
be compensated by application of a thin electrolyte 
layer in the anode-supported configuration. It was 
enabled by the auto-combustion synthesis method of 
electrolyte powders with high specific surface area that 
facilitate fabrication of functional electrolyte and 
electrode materials. Thus, the fuel cell Ni–BCI25/ 
BCI25/LSCF–BCI25 sintered at 1300 ℃ reached 
maximum power density of 264 mW/cm2 at 700 ℃, 
comparable with the optimal results found in literature. 
Further improvements can be made by using a 
configuration that consists of more stable, i.e., BCI25- 
based anode and cathode composites, while BaCeO3- 
based electrolyte as protected by these layers may 

contain dopants that promote higher proton conductivity 
than In does.  
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