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This paper is discussed Sr doping effect on the microstructure, chemical stability and conductivity of
Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d (0 � x � 0.2) electrolyte prepared by sol–gel method. The lattice constants
and unit cell volumes are found to decrease as Sr atomic percentage increased in accordance with the
Vegard law, confirming the formation of solid solution with orthorhombic structure. Among them all
the synthesized samples are showed a conductivity with different atmosphere values at 500 �C.
Ba0.92Sr0.08Ce0.65Zr0.25Pr0.1O3�d recorded highest conductivity with a value of 3.3 � 10�6 S/cm (dry air)
& 3.41 � 10�6 S/cm (wet air with 3% relative humidity) at 500 �C due to its smaller lattice volume, larger
grain size and lower activation energy that led to excessive increase in conductivity. All pellets exhibited
good chemical stability when exposed to air and H2O atmospheres. This study elucidates that the com-
position will be a promising electrolyte material for use as SOFC at intermediate temperatures if Sr dop-
ing is limited to small amounts.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

BaCeO3 based ceramic materials are one of the protons conduct-
ing perovskite oxides to show relatively high electrical conductiv-
ity when compared to other perovskite zirconates [1–6]. These
oxides are mostly used as the electrolytes in fuel cells, hydrogen
pumps and gas sensors [7–12]. At operating temperatures, the
electrolyte should satisfy the condition of material having dense
structure in order to avoid the mixing between the gases coming
from both anode and cathode. Many efforts are focussed to obtain
dense samples at lower temperatures either by doping Zr, Y, Yb, Gd
or by adding non refractory oxides like ZnO. The electrical trans-
port properties are strongly influenced by size and conductivity
of the grains. Thus the microstructure is the key to improve the
condition through the bulk and the grain boundary.

In contrast to BaCeO3, BaZrO3 is stable under CO2 and under
humid reductive conditions. Partial substitution of Ce4+ with Zr4+

provided a partly substituted Ba(CeZr)O3 with better stability but
on the other hand conductivities achieved are not still sufficient
for commercial applications where power densities over 0.1 W/
cm2 are required [13–15]. Among them the available materials,
Praseodymium is a soft, malleable, silvery and ductile material in
the lanthanide group and valued for its magnetic, chemical and
optical properties like more rare earth elements. It readily forms
trivalent Pr (III) ions and more resistant to corrosion in air than
europium (Eu), lanthanum (La), cerium (Ce) or neodymium (Nd)
with oxidation states +2, +3 and +4. Pr and Ce ions have very sim-
ilar crystal structure, chemical properties and consequently are
compatible in the perovskite crystal structure. Pr readily forms
materials containing more than one oxidation state, or so more
than cerium, zirconium surpasses the ability for electrochemical
activity through transitions between oxidation states of adjacent
Pr centers within the lattice. It has been recently shown that per-
ovskite materials doped with praseodymium manifests relatively
high conductivity at low and intermediate temperatures. In partic-
ular BaPr(1�g)GdgO3 exhibits conductivity ranging from 5 � 10�3 S/
cm at 200 �C to 0.5 S/cm at 700 �C that depicted higher values than
the benchmark barium cerates [16–22].

The electrical conductivity of BaCe0.8Pr0.2O3�d was found to be
3.07 � 10�4 S/cm at 600 �C with a sintering temperature of 1350
�C/12 h [23]. A recent study indicated that introduction of Pr as a
dopant in BZY did not reduce its electrical performance. Fabbri
et al., developed BaZr0.7Pr0.1Y0.2O3�d nano structured powders by
a combustion method which dramatically improved the sinterabil-
ity of BZY material with a conductivity of order of 10�2 S/cm [24].

Thermodynamically SrCeO3 is more stable than BaCeO3 and
very few research papers dealt with BaSrCeZrO3 structures. Thus
the present work is aimed to study the effect of strontium by
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partially replacing Ba in the A sites along with co-doping strategy
of Pr in B sites of barium cerate- zirconates and examine the chem-
ical stability and conductivity.
Experimental

Powder preparation

The citrate-EDTA complexing sol–gel process is employed for
preparing BaCe0.9Pr0.1O3�d (BCP), BaCe0.65Zr0.25Pr0.1O3�d (BCZP)
and Ba1�xSrxCe0.65Zr0.25Pr0.1O3 (BSCZP-1 to BSCZP-4) x = 0.04,
0.08, 0.16, 0.2) oxides. The starting materials were commercial
Ba(NO3)2, ZrO(NO3)2�2H2O, Ce(NO3)3�6H2O (High Media, 99.5%),
Sr (NO3)2, Pr(NO3)3�6H2O (Sigma Aldrich). Both citric acid and
EDTA perform the operation of chelating agents to the precursor
solution. The ratio of molar solutions of EDTA: citric acid: total
metal cations content is set at 1:2:1. The pH value of the solution
is adjusted to be �6 by addition of small amounts of NH4OH. The
mixed solutions were heated to 100 �C under continuous stirring
over night to remove excess water and promote polymerisation.
During continuous heating, the solution becomes more viscous
with a change of colour from colourless to dark brown gel form.
On further heated to a temperature of 250 �C/24 h in an oven to
evaporate residual water and organics, these gels get converted
into black powders. The synthesized powders are now calcined at
1100 �C (12 h) with a heating rate of 5 �C/min. All the samples
are coloured in yellow colour which is marked in contrast to the
Pr doped materials of chocolate in colour. To obtain dense samples,
the resulted fine calcined powders were uniaxially pressed into
cylindrical pellets at 5 ton pressure and then sintered (at 1300 �C
for 5 h at a heating rate of 5 �C min�1) in air atmosphere. While sin-
tering small amount of powder is sprinkled on the platinum foil to
avoid material evaporation in the process.

Characterization

Thermogravimetric analysis (TGA) is carried out to the dried
powder (T = 250 �C) by a TA instrument model SDT Q600. The
phase identification of the sintered oxides is analysed with a pow-
der diffractometer (PANalytical X-pert Pro) with Ni filtered Cu-Ka
radiation and the diffraction angle from 10� to 90� with an interval
of 0.01�/min. Morphologies of the sintered pellets are examined
using Scanning Electron Microscope (JEOL model JSM-6610 LV) in
combination with an Energy Dispersion Spectrometer (EDS) to esti-
mate the percentage of elements present in the samples. A FTIR
spectrometer (SHIMADZU IR Prestige-21, Singapore) is employed
to record the Fourier transform infrared (FTIR) spectra of calcined
and sintered BCP, BCZP and Ba1�xSrx Ce0.65Zr0.25Pr0.1O3�d powder
in the range of 4000–400 cm�1 to predict the complex, carbonates
and oxides formation. The theoretical density of the powders is cal-
culated with the obtained XRD. Fourier transforms Raman spec-
troscopy is employed to study the vibrational modes of the
samples in the range 0–1200 cm�1. LCR measurements from room
temperature to 500 �C (in dry air and wet air with 3% relative
humidity) are performed with (Wayneker P65000 model and Sola-
tron 1260) in the frequency range from 20 to 1 MHz. Silver paste is
painted on both sides of the pellet and heated in a furnace at 375 �C
for half an hour prior to Impedance measurements.
Results and discussion

Thermo gravimetry/differential thermal analysis (TG-DTA)

To evaluate the reaction during the formation of the perovskite
phase structure, simultaneous TG-DTA curves of the samples are
conducted from room temperature to 1200 �C. Thermal studies
reveal that there are three major steps in the decomposition pro-
cess. They are (1) loss of moisture (b) decomposition of nitrates
to corresponding oxides (c) solid state diffusion reaction leading
to the formation of perovskite.

Three regions are reflected in TG-DTA of the powder as shown
in Fig. 1(a)–(f). The gradual weight loss up to 100 �C with corre-
sponding endothermic peaks are due to absorption of water mole-
cules that arises due to storage of preheated sample in the ambient
atmosphere. The further weight loss accompanied by two exother-
mal peaks in DTA reveals that the decomposition of gel takes place
in two steps. The weight loss from 100 to 500 �C accompanied with
small exothermic peak near 300–550 �C which may be due to ther-
mal decomposition of the citrate complex, burning of citrate chains
and metal nitrates. The weak endothermic peak near 800 �C can be
ascribed to a polymorphic phase transformation from orthorhom-
bic to hexagonal in BaCeO3. The weight loss from 500 to 1000 �C
and the exothermic peaks near 900 �C is due to co-oxidation
[25]. A very small weight loss is observed above 1050 �C which is
due to thermal decomposition of barium carbonate, with the
release of CO2 for all the samples and formation of perovskite
phase [26–28]. This is consistent with the XRD results that Ba1�x-
SrxCe0.65Zr0.25Pr0.1O3�d phase only forms upon calcining at 1100 �C
and above. There is no noticeable weight change when the temper-
ature is higher than 1100 �C, indicating that complete decomposi-
tion of BaCO3 and formation of BaSrxCe0.65Zr0.25Pr0.1O3�d

compound. A small amount of weight gain is observed above
1100 �C for samples which may be due to the formation of BaCO3

or SrCeO3 like second phase or due to buoyancy effect owing to
the decreasing density of the purge gas (Ar) with temperature.
Individual decomposition of the compound with respect to heat
treatment is illustrated below in Table 1.

Deanello et al. [29] studied the effect of pH on CeO2 precipita-
tion for the Sr0.85Ce0.15FeO3�x perovskite system processed by solu-
tion combustion synthesis with citric acid and showed that
segregation of CeO2 is substantially reduced with increasing pH.
The phase formation in sol gel method may be attributed to the
chelating strength of citric acid towards metal ions at different
pH conditions. Acids generally dissociated and liberate protons,
where ligands can form metal complexes citric acid is a polyprotic
acid (H3A) which has three dissociation constants namely Pka1
(3.10), Pka2 (4.77) and pka3 (6.4) liberating three protons [29,30]
as shown in equations below.

AtpKa1 H3A ! Hþ þH2A
� ð1Þ

AtpKa2 H2A
� ! Hþ þHA2� ð2Þ

At pKa3 HA2� ! Hþ þ A3� ð3Þ
A low pH level (1), the precursor solution is not sufficient to dis-

sociate citric acid and hence the tendency to formmetal complexes
is lower. On increasing the pH further to 6, liberates the PKa2 (4.77)
and PKa3 (6.4) protons respectively and this further enhances the
concentration of metal complex in the solution which favours the
formation of the desired phase. Moreover, NH4OH which is added
for controlling pH of the precursor solution, separates to from
bonds with nitrate ions and results in the formation of NH4NO3

[31]. This compound acts as an additional oxidizer which can fur-
ther improve the efficiency of combustion reaction.

XRD analysis

The formation of multi component perovskite oxide involves
the rearrangement of oxygen ions and cations during the process
of synthesis. As solid state reaction requires high calcination tem-



Fig. 1. TG/DTA of samples heated at 250 �C for 24 h (a) BCP (b) x = 0, (c) x = 0.04, (d) x = 0.08, (e) x = 0.16, (f) x = 0.2.

130 J. Madhuri Sailaja et al. / Results in Physics 8 (2018) 128–139
perature which may lead to evaporation of Ba, thus introduces an
uncertainty of Ba content in the synthesized samples [32]. The
sol gel technique can ensure the atomic level homogenous mixing
of cations in the precursor stage, thus allowing the formation of the
most stable structure at relatively low temperatures due to the
short diffusion distance of various cations and oxygen ions.

Figs. 2a and 2b shows the XRD patterns of calcined and sintered
samples. According to the Figures, a single phase perovskite with
orthorhombic structure was observed which implies that Sr may
be completely incorporated into the perovskite lattice structure
that results in the formation of BSCZP [33–35]. All the sintered oxi-
des displayed predominant orthorhombic perovskite structure
with seven major diffraction peaks (0 0 2), (0 2 2), (2 1 3), (6 1 1),
(4 2 2), (4 4 0), (6 1 3). The lattice parameters and unit cell volume
are calculated from the XRD peaks using unit cell software based
on the standard data of BaCeO3 (JCPDS 22-0074). Partial substitu-
tion of Pr4+ (0.85 Å) with smaller ionic radius cations for Ce4+

(0.87 Å) cations of BaCeO3 indicated a slight decrease in the lattice
parameter and cell volume, which indicates a plane distance
reduction (according to Bragg’s law). The substitution of Pr is of
great interest in the study due to two factors. First the ionic radius
of Pr3+ (0.99 Å) is greater than Pr4+ (0.85 Å). A higher oxidation
state of Pr reduces the PrAO bond length and decreases the unit
cell parameter which is consistent with the observed decrease in



Table 1
The summarisation of Thermal characteristics for dried powders (T = 250 �C).

Sample Stage Temperature range (�C) Mass loss (%) Exothermic peak (�C) Total mass loss (%)

BCP 1 30–120 13 198 83
2 110–630 36
3 630–970 34 970

BZCP 1 30–110 10 187 75
2 110–615 33
3 615–970 32 970

BSCZP-1 1 30–120 14 84
2 120–500 23 2,15,479
3 500–900 38 539

BSCZP-2 1 30–110 11 72
2 110–600 31 200
3 600–950 30 989

BSCZP-3 1 30–100 6 81
2 100–613 51 319
3 613–915 24 962

BSCZP-4 1 30–100 8 76
2 100–604 34 2,07,312
3 604–956 34 959
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the values of lattice constants [36]. Also the ionic radius of Ce4+

(0.87 Å) is nearer to Pr4+ (0.85 Å), thus makes the substitution pro-
cess simple. Second from the ionic radius point of view, the bond
length of Pr3+ is larger than Pr 4+ in BCZP. In the case of Pr substi-
tution the Pr3+AO is found to be longer than Ce4+AO but shorter
than Ce3+AO bond. On replacement of Ce partially by Zr4+ in BCY
perovskite, the lattice parameters depicted a decrease owing to
the fact that Zr4+ (0.72 Å) has a lesser ionic radius than are Ce4+

(0.87 Å).
Fig. 2a. XRD pattern of calcined powders.
On further substitution of Sr2+ for Ba2+ in the A sites, a further
decrease in the lattice parameters along with cell volume with
increase in the Ba deficiency is noticed which can be explained
by the fact that Sr2+ (1.18 Å) has a smaller ionic radius than Ba2+

(1.2 Å) [37]. The analysis revealed a linear relation between the lat-
tice parameters and Sr content and the average crystallite size is
found to be in the range of 20–30 nm.

The crystallite sizes of the powders were calculated using
Scherrer’s formula. The bulk densities of the sintered pellets were
resolved using Archimedes displacement method.
Fig. 2b. XRD pattern of sintered powders.



Fig. 2c. XRD pattern of sample exposed to water.

Fig. 2d. XRD pattern of sample exposed to CO2.
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Chemical stability
Barium cerate structure is not chemically stable because it can

react with CO2 according to the reaction (4) or with H2O according
to reaction (5)

BaCeO3 þ CO2 ! BaCO3 þ CeO2 ð4Þ

BaCeO3 þH2O ! BaðOHÞ2 þ CeO2 ð5Þ
In order to verify the stability under H2O containing atmo-

spheres, the sintered pellets are boiled in water for 2 h, dried and
the XRD patterns are recorded. It has been observed that after
exposed to boiling water, BCP powders decomposed to BaCO3

while BCZP indicated a lesser impurity phase. A neutron diffraction
study revealed that, at room temperature and pressure, in the
replacement of Zr with Ce, the size of BO6 octahedral decreases
with increase in zirconium content as Zr acts as a phase stabilizer.
Thus the force leading for the evolution towards a symmetric
structure is increased and it becomes more difficult to distort the
perovskite structure. This also show that stability in water
increases with decreasing ionic radius of the co-dopant as the ionic
radius of Zr4+ is less than Ce4+ [38,39]. With incorporation of Sr into
the A sites partially replacing Ba, the Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d

pellets retained original perovskite structure with less additional
peaks showing BaCO3 phase as shown in the Fig. 2d. Due to reac-
tion with H2O, BaCO3 may also result due to interaction with atmo-
spheric CO2 that converts Ba(OH)2 into carbonate. The reaction
product CeO2 that may appear is insoluble in water and forms a
porous layer on the surface of the BaCeO3 pellet while Ba(OH)2
results in a substantial volume expansion thereby forming cracks
on the surface [38]. Subsequently water penetrates into the mate-
rial through the cracks on the surface which resulted in the further
reaction with BaCeO3. The stability of the samples are found to
increase with increase in the amount of Strontium into the com-
pounds as observed from the XRD peaks shown in Fig. 2d which
confirms that Ba has been successfully replaced by Sr partially.

To check the stability of the material against atmospheric CO2

small amount is left out in the laboratory for a period of 20 days
and the XRD analysis did not show any phase change except for
small peaks indicating BaCO3 for BCZP and BSCZP while BCP indi-
cated BaCO3 peaks as shown in Fig. 2c. These results suggested that
when strontium is doped into barium cerates, it can undoubtedly
improve the chemical stability of Sr doped BCZP compound. It
has been reported that the stability of the perovskite structures
increases with increase in the tolerance factor [25] and this is in
agreement with the calculated tolerance factor and experimental
lattice parameters of BSCZP when compared to the undoped toler-
ance factor value of BaCeO3. Matsumoto et al. investigated chemi-
cal stability of BaCeO3-based proton conductors doping different
trivalent cations with thermo gravimetry (TG) analysis and found
that stability increases with reduction in ionic size of the dopant,
which correlate with the present result [40].

Scanning electron microscope and EDAX analysis

The morphological investigations of the sintered (1300 �C) pow-
ders confirmed that the sol–gel process favoured the formation of
foamed structures with sub micrometer particle (1.85 to 6 lm) of
sintered BCP, BCZP and BSCZP pellets. The ceramic pellets are well
densified although very few pores are observed which may be due
to the oxide volume shrinkage that resulted from the surface water
and residual organics during high temperature treatment. The
powders prepared from citrate EDTA sol gel process had a dense
structure which may be due excess barium sprinkled on the plat-
inum foil during sintering depending on the Sr content which is
compensated due to barium evaporation due to high heat treat-
ment. A small increase in the grain size is observed when Pr is



Table 2
Summary of Crystal parameters and Tolerance factor of sintered Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d powders.

x Crystal symmetry a (Å) b(Å) c(Å) Cell volume(Å)3 Relative Density Tolerance factor(t)

BCP Orthorhombic 8.73,062 6.1530 6.21,270 333.6769 88% 0.95
0 Orthorhombic 8.73,062 6.1530 6.21,270 333.6769 88% 0.95
0.04 Orthorhombic 8.71,200 6.1470 6.1447 329.2896 85% 0.946
0.08 Orthorhombic 8.6860 6.1606 6.11,217 328.1000 87% 0.944
0.16 Orthorhombic 8.7027 6.16,066 6.11,217 327.7025 88% 0.94
0.2 Orthorhombic 8.6550 6.1410 6.1590 327.37 86% 0.938

Fig. 3. SEM images of a)BaCe0.9Pr0.1O3�d (b)BaCe0.65Zr0.25Pr0.1O3�d (c) Ba0.96Sr0.04Ce0.65Zr0.25Pr0.1O3�d (d) Ba0.92Sr0.08Ce0.65Zr0.25Pr0.1O3�d (e) Ba0.84Sr0.16Ce0.65Zr0.25Pr0.1O3�d (f)
Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d.
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co-doped with Ce while further Zr incorporation replacing Ce
reduced the average grain size. From x = 0 to x = 0.2, a slight
decrease in the grain size is observed as Sr doping increased. In
order to realize the effect of Sr doping on the structural stability,
the distortion of cubic lattice was calculated based on the Gold-
schmidt tolerance factor given in the Table 2.
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Perovskite structure can be formed only with the correct selec-
tion of A site cation: B site cation: Oxygen ion ratio as predicted by
Goldschmidt values of tolerance factor calculated and tabulated in
Table 2. It is observed that barium atoms are too small to stabilise
cubic perovskite structure with the given B site composition. Smal-
ler Sr2+ when substituted into the lattice creates distortion of the
Fig. 4a. EDAX images of (a) BaCe0.65Zr0.25Pr0.1O3�d (b) Ba0.96Sr0.04Ce0.65Zr0.25Pr0.1
Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d.
crystal lattice and contributes to global lowering of symmetry of
the lattice that is evident from the decrease in the tolerance factor
and increase in the octahedron tilting angle. In such a deformed
lattice, equilibrium sites for protons located near oxygen ions are
separated by higher energy barriers than for isotropic, ideal cubic
symmetry. As a result, protons become localised and macroscopic
O3�d. (c) Ba0.92Sr0.08Ce0.65Zr0.25Pr0.1O3�d (d) Ba0.84Sr0.16Ce0.65Zr0.25Pr0.1O3�d. (e)



Element Weight % Atomic %
O 8.96 45.49
Zr 3.89 3.47
Ba 48.41 28.62
Ce 33.51 19.21
Pr 5.59 3.22

(a)
Element Weight % Atomic %

O 15.22 64.40 
Sr 1.21 0.88 
Zr 1.87 1.30 
Ba 43.81 20.25
Ce 37.04 16.78
Pr 0.86 0.39 

(b)
Element Weight % Atomic %

O 13.42 56.20 
Sr 3.43 2.63 
Zr 3.91 2.87 
Ba 42.71 20.84 
Ce 32.19 15.40 
Pr 4.34 2.06 

(c)
Element Weight % Atomic %

O 9.37 46.26 
Sr 4.36 3.93 
Zr 2.43 2.11 
Ba 38.90 22.38 
Ce 38.56 21.74 
Pr 6.38 3.58

(d)
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Fig. 4b. Elemental analysis of (a) BaCe0.65Zr0.25Pr0.1O3�d (b) Ba0.92Sr0.08Ce0.65Zr0.25Pr0.1O3�d (c) Ba0.84Sr0.16Ce0.65Zr0.25Pr0.1O3�d (d) Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d.
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activation energy of conductivity which represents height of
energy barrier increases enormously thus hindering conductivity
(see Fig. 3).

EDX analysis confirmed the enrichment of Sr and Ce while
depletion took place in Ba. The bulk densities of the sintered pow-
ders are calculated by the Archimedes displacement principle and
theoretical density from XRD. The relative density of all the sam-
ples sintered at 1300 �C are found to be around 88% of the theoret-
ical density and its value can be confirmed from the SEM images.
Sintering at higher temperatures may further enhance the density



Fig. 5. FTIR spectra of (a) BaCe0.9Pr0.1O3�d (b) BaCe0.65Zr0.25Pr0.1O3�d (c) Ba0.96Sr0.04-
Ce0.65Zr0.25Pr0.1O3�d (d) Ba0.92Sr0.08Ce0.65Zr0.25Pr0.1O3�d (e) Ba0.84Sr0.16Ce0.65Zr0.25-
Pr0.1O3�d (f) Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d.
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but there may be a chance of more BaO evaporation. The aim of the
present study is to find the conductivity at low sintering tempera-
tures (see Figs. 4a and 4b).

Fourier transform infrared spectroscopy (FTIR) analysis

Fig. 5 shows the FTIR Spectra of the sintered samples. The peaks
near 860–869 cm�1 may be assigned to the metal oxide bond
between strontium and oxygen and the peaks shifted slightly to
higher wave number side with increase in the Sr content (see
Table 3).

All the samples exhibited a similar spectrum with a carbonate
peak near 1445–1460 cm�1 which may be due to asymmetric
CAO stretch. That may arise due to the chelation and polymerisa-
tion process resulting in the formation of metal complexes which
are not observed as Sr content increased. The CAO bonding region
Table 3
Comparison of the grain conductivity (rg) and activation energy (Ea) with the reported va

Compound Sintering Temperature rg (S/cm)

BaZr0.7Pr0.1Y0.2O3�d 1400 �C/5 h 10�2(700 �C)
BaCe0.72Y0.15Pr0.03O3�d 1600 �C/12 h 2.15 � 10�2(
BaCe0.42Zr0.4Y0.15Pr0.03O3�d 1600 �C/12 h 1.56 � 10�2(
BaCe0.8Pr0.2O3�d 1350 �C/12 h 3.07 � 10�4(

H2 atmosphe
BaCe0.9Pr0.1O3�d 1300 �C/5 h 4.3 � 10�4(5

4.41 � 10�4(
BaCe0.65Zr0.25Pr0.1O3�d 1300 �C/5 h 3.5 � 10�4(5

3.64 � 10�4(
Ba0.96Sr0.04Ce0.65Zr0.25Pr0.1O3�d 1300 �C/5 h 3 � 10�4 (50

3.14 � 10�4 (
Ba0.92Sr0.08 Ce0.65Zr0.25Pr0.1O3�d 1300 �C/5 h 2.94 � 10�4(

3.1 � 10�4(5
Ba0.84Sr0.16 Ce0.65Zr0.25Pr0.1O3�d 1300 �C/5 h 2.83 � 10�4(

2.92 � 10�4(
Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d 1300 �C/5 h 2.24 � 10�4(

2.47 � 10�4(
is the indicative of organic content in the material due to the pres-
ence of residual oxides. These carbonates may not be detected by
XRD because of their existence in amorphous phase in very small
fractions to be detected by XRD. These values are consistent with
the standard IR peaks table [41] and clearly show the complete for-
mation of pure phase.

The increase in the absorption peak shifts to higher energy end
with increase in Sr content is expected from a harmonics oscillator
model that have been used to stimulate the two body stretching
mode.

x0 ¼
ffiffiffiffi
k
l

s
ð6Þ

wherexo is the characteristics frequency, K is Young’s modulus and
m is the effective mass of the oscillator. The effective mass of
(BaASr)AO oscillator shrinks as Sr ions substitute Ba ions, due to
the lighter atomic weight of Sr, which results in a higher character-
istics frequency [42].

Raman spectroscopy studies

A Raman mapping technique is utilized to examine the local
phase distribution of the Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d oxides in this
study as observed from Fig. 6. Denming and Rose proposed that a
number of factors contribute to changes of Raman band position
including phonon confinement, strain, particle size effect and
defects. Differences in particle size led to variation in phonon
relaxation and thus causes band shift. The small peak obtained in
the range 100–112 cm�1 might be assigned to the stretching mode
of the carbonate ion around the Sr ion. The Raman band around
350 cm�1 are SrCeO3 like and 400–420 cm�1 are ZrCeO2 like sec-
ond phase and are the bending modes of ZrO6 [43–45]. The small
peak near 472 cm�1 may be due to CeAOACe symmetric vibration
due to first order scattering arise from Nd and the small peaks in
the range 560–650 cm�1 might be attributed to the stretching
mode of oxygen ion around strontium, 1490–1520 cm�1 may be
due to SrCO3 as peaks shifted to higher wave number side with
increase in concentration of Sr2+. The reason might be due to
change in the force constants of the respective bonds and decrease
of the effective atomic mass [42] which is consistent with XRD that
CeO2 like second phase diminishes with increase in Sr2+ content.

Impedance studies

Electrolyte conduction greatly affects the overall energy perfor-
mance of high temperature solid oxide fuel cells. Here the ionic
lues.

Ea (eV) Crystallite size(nm) Ref.

[49]
500 �C) [50]
500 �C) [50]
600 �C)
re

[23]

00 �C) air
500 �C) wet air

0.48 31 This work

00 �C)air
500 �C) wet air

0.54 30 This work

0 �C)air
500 �C) wet air

0.61 29.6 This work

500 �C)air
00 �C)wet air

0.56 30 This work

500 �C) air
500 �C) wet air

0.643 29 This work

500 �C) air
500 �C) wet air

0.65 27 This work



Fig. 7. Nyquist plot.
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conductivity of the Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d is evaluated as a
function of temperature in dry air atmosphere and in wet air.
The impedance spectra are measured from room temperature to
500 �C. The temperature is confined to 500 �C due to instrumental
limitations and measurements at higher temperature are under
process which will be reported further. The real and imaginary
components of the impedance are plotted as parametric functions
of frequency. Typically three arcs are observed in the plot. The arcs
present at high frequencies are normally attributed to the bulk
material, that present at intermediate frequencies to grain bound-
ary behaviour and that present at low frequencies to the electrode
behaviour in the Nyquist plot. The higher the temperature leads to
a smaller radius of the arc, reflecting the resistance value. [46]. In
the Nyquist plots of the present work as observed from Fig. 7,
the high frequency and low frequency arcs could not be recognised
due to the instrumental limitations of temperature and frequency.
Hence the bulk response is assigned to the high frequency inter-
cept of the medium arc with the real axis which depicted varia-
tions of about two orders of magnitude with rise in temperature
from 30 to 500 �C. The semi-circular pattern represents the electri-
cal process taking place that can be expressed in an electrical cir-
cuit with a parallel combination of resistive and capacitive
elements.

The capacitance of any component depends on the relative per-
meability of the material and on the geometric dimensions of the
three frequency regions. The obtained C values of Ba1�xSrx Ce0.65-
Zr0.25Pr0.1O3�d oxide is found to be in the range of 10�12F.

Ac conductivity studies

The Ac conductivity is calculated from dielectric data using the
relation.

rAC ¼ xere0 tanr ð7Þ
Fig. 6. Raman spectra of (a) BaCe0.9Pr0.1O3�d (b) BaCe0.65Zr0.25Pr0.1O3�d (c) Ba0.96-
Sr0.04Ce0.65Zr0.25Pr0.1O3�d (d) Ba0.92Sr0.08Ce0.65Zr0.25Pr0.1O3�d (e) Ba0.84Sr0.16Ce0.65-
Zr0.25Pr0.1O3�d (f) Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d .
The type of temperature dependence of Ac conductivity indi-
cates that the conduction in the material is a thermally activated
process in which the motion of oxygen vacancies gives rise to an
activation energy which is considered as the mobile charge carri-
ers. The parameters such as basicity of the component metal oxi-
des, covalency/ ionicity of the MAO bond, polarisability of the
cation, and extent of dopant–hydroxyl group association etc. must
also be important in determining Er. The level and type of conduc-
tivity of the materials depends on the nature of atoms in the A and
B positions of the ABO3 perovskite structures.

Arrhenius plots obtained from the conductivity data in air and
wet atmosphere of all the samples followed a linear trend and
higher values of conductivity are observed in humidified air than
in dry air as show in the Fig. 8.

With respect to incorporation of a multivalent dopant such as
Pr, the oxidation state changes (eg Pr3+ and Pr4+) depending on
temperature. Subsequently, two different cases can be distin-
guished. When Pr exists as Pr4+, it does not contribute to the for-
mation of new defects in the parent compound. When Pr exists
as Pr3+, it generates oxygen vacancies. In the present composition
as tetravalent Pr4+ replaces Ce4+, oxygen vacancies might be cre-
ated due to the variable valance of Pr, which can become reduced
from Pr4+ to Pr3+ upon exposed to H2O. These in turn trap protons
that make defect pairs to aid in the formation of electric dipoles
[47]. These are responsible for the rise in the conductivity values
to 4.3 � 10�4 S/cm in BCP sample at 500 �C (wet atmosphere)
which is two magnitudes higher than BaCeO3 (1.97 � 10�6 S/cm).

Protonic defects and oxygen vacancies are responsible for the
observed mixed ionic and protonic conductivity in the present
samples. As Zr is inserted into the B sites partially replacing Ce in
BCP, the conductivity showed a decrease in conductivity to a value
3.5 � 10�4 and 3.64 � 10�4 S/cm at 500 �C in dry and wet atmo-
spheres, respectively due to the slight decrease in the grain size.

On further incorporation of Sr in the A sites and with increase in
the concentration of Sr, grain size decreased. As the grains became
smaller in size it resulted in more grain boundary and thereby have
huge contact surface of the grains representing barriers to the



Fig. 8a. Conductivity in dry air.

Fig. 8b. Conductivity in wet air.

Fig. 9. Variation of real component of dielectric constant versus log f with
temperature.
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transport of charged species which raises the activation energy.
Also with increase in the amount of Sr, the increase in the free
vacancies ceases and further dissolution might took place with
the formation of associates and there might be a subsequent
decrease of conductivity associated with the amount of free
vacancies due to the growth of associates concentration (R0
Ce � Vo

��)
and (R0

Ce-Vo
�� � R0

Ce)
x. Structural distortion of the perovskite system

as predicted by tolerance factor, barium evaporation, non-
stoichiometry and core space charge layer effect may also be pos-
sible reasons for the decrease in conductivity [48].

As expected praseodymium incorporation into the lattice
increased conductivity while doping Zr and Sr into the A sites
increased chemical stability. Hence this composition can be a
promising electrolyte if all the values like sintering temperature,
dopant concentration, relative density and time are proportionally
controlled.

Dielectric constant (e0) studies

The variation of dielectric constant with temperature (200–500
�C) and frequency (20 to 106 Hz) is studied. From the frequency
dependent plot Fig. 9 for the sample Ba0.8Sr0.2Ce0.65Zr0.25Pr0.1O3�d,
it was observed that the value of e’ decreases sharply with the
increment in the values of frequency. All the samples reported
the same trend and hence are not represented here. The higher val-
ues of dielectric constant at low frequencies can be due to space
charge polarization (power frequencies) which occurs due to accu-
mulation of charges at the interfaces in between the electrode and
the sample. In low frequency regions the diploes will get adequate
time to orient themselves completely along the field direction
when an alternating field is applied on the sample, resulting in lar-
ger values of e’ of the samples. As the frequency increases further,
the dipoles in the samples cannot reorient themselves fast enough
in response to the applied electric field but lags behind, resulting in
the decrease in e’ and reaches a constant value pertaining to higher
frequencies applied to the sample up to 106 Hz.

From the plot of dielectric constant versus temperature Fig. 10,
it was observed that as temperature rises, an increase is observed



Fig. 10. Variation of dielectric constant with temperature at 1 MHz frequency.
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in the dielectric constant. This can be explained as follows. In space
charge polarization, diffusion of ions takes place with a rise in tem-
perature. Additionally, thermal energy may also assist in overcom-
ing the activation barrier for the orientation of polar molecules in
the direction of the field which increases the value of e’.
Conclusions

In this study has been systematically presented the relationship
between Sr, Zr and Pr doping content and microstructure, chemical
stability and conductivity of Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d (0 � x �
0.2) electrolyte prepared by sol–gel method. Single phase per-
ovskite nanostructured Ba1�xSrxCe0.65Zr0.25Pr0.1O3�d powders are
obtained by a modified sol–gel process. The lattice constants and
unit cell volumes are found to decrease as Sr atomic percentage
increased in accordance with the Vegard law, confirming the for-
mation of solid solution. Among the synthesized samples BaCe0.65-
Zr0.25Pr0.1O3�d pellet with orthorhombic structure showed a
conductivity with a value of 3.5 � 10�4 S/cm (dry air) & 3.64 �
10�4 S/cm (wet air with 3% relative humidity) at 500 �C. Ba0.8Sr0.2-
Ce0.65Zr0.25Pr0.1O3�d recorded highest conductivity with a value of
2.24 � 10�4 S/cm (dry air) & 2.47 � 10�4 S/cm (wet air with 3% rel-
ative humidity) at 500 �C. All pellets with Sr exhibited good chem-
ical stability when exposed to air and H2O atmospheres.
Comparisons with the literature showed the importance of the
synthesis method on the properties of the powders. The value of
relative density and conductivity obtained confirmed that higher
sintering temperatures are required to increase the value of den-
sity which inturn would improve the value of conductivity. This
study elucidates that Ba1�xSrxCe0.65Zr0.25Pr0.1O3-d composition will
be a promising electrolyte for use as SOFC if Sr and Pr doping is
limited to small amounts.
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