
Journal of The Electrochemical Society, 161 (10) F969-F976 (2014) F969
0013-4651/2014/161(10)/F969/8/$31.00 © The Electrochemical Society

Effect of Pr-Doping on Structural, Electrical, Thermodynamic,
and Mechanical Properties of BaCeO3−δ as Proton Conductor
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The effect of partial substitution of Ce by Pr ions in BaCe1−xPrxO3−δ (0 ≤ x ≤ 0.8) perovskite was studied to improve the
proton conductor capability, including transport and mechanical properties, thermodynamic stability, CO2 tolerance and sintering.
The stability under oxidizing and reducing (5% H2/Ar and 10% CO2/Ar) atmospheres was evaluated by thermogravimetry. The
conductivity was studied by Electrical Impedance Spectroscopy (EIS) under wet (2% H2O) flow of 20% O2/Ar and 10% H2/Ar as a
function of temperature between 100 and 600◦C. The mechanical stiffness and fracture load were measured by a Small Punch Testing
(SPT) method at room temperature. It was found that the Pr doping improves the sintering capacity, and increases the conductivity.
However, the stability under reducing and carbon dioxide atmospheres decreases. A correlation between electrical conductivity,
CO2 tolerance, thermodynamic stability under reducing atmospheres and mechanical properties was found. Dense BaCe0.8Pr0.2O3−δ

obtained at 1350◦C presents low porosity (5 ± 1%), an improvement of 30% in stiffness and 56% in fracture load, good stability
under oxidizing and reducing atmosphere, slightly higher CO2 tolerance range and an increase of electrical conductivity respect to
that of the un-doped compound.
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Solid oxide fuel cells (SOFCs) are efficient devices for energy
conversion with low environmental impact.1–5 However, their high
operating temperatures (800–1000◦C), affects the long term stability
and durability.6,7 Solid oxide fuel cells based on a proton-conducting
oxide electrolyte (PC-SOFC) may be a solution of these issues, due
to the low temperature operating range (400–800◦C).8–11

Barium cerate-based materials are promising electrolytes for PC-
SOFC.12–14 Nevertheless, the undoped BaCeO3 perovskite presents
high sintering temperature, poor CO2 tolerance and relatively low
conductivity.15–17 To overcome these drawbacks, different strategies
are briefly discussed.

The formation of oxygen vacancies on barium cerates are promoted
under H2-rich atmospheres due to the partial reduction of Ce4+ to
Ce3+. On the presence of water vapor, the oxygen vacancies are filled
with H2O molecules and locating the protons in interstitials sites.
These interstitial protons can jump through oxygen-structure sites
promoting the H-conduction18,19

V ••
o + H2 O + Ox

o → 2O H •
o [1]

The proton conduction mechanism is characterized by a low acti-
vation energy20 and a high proton solubility at lower temperatures.21,22

These main features characterize a good electrolyte at low tempera-
tures. The partial substitution of cerium sites by lanthanides or tran-
sition metal trivalent oxides induces the oxygen vacancies formation
according to the following defect reaction:

2Cex
Ce + Ln2 O3 + Ox

o → V ••
o + 2Ln′

Ce + 2CeO2 [2]

A previous study on the effect of trivalent lanthanide doping
shows that the highest conductivity is achieved for a Gd-doped
compound.23,24 Despite this report, lanthanides doping contributions
are controversial, either enhancing proton conductivity25 or promoting
the opposite effect26,27

At operating conditions, the electrolyte must be a high density
material in order to prevent the mixing between the gases coming
from both anode and cathode. Many efforts are focused to obtain
dense samples at lower temperatures either by doping with Zr, Gd,
Y and Yb,28–31 or by adding non-refractory oxides, such as ZnO.32

The electrical transport properties are strongly affected by the grain
size and the grains connectivity. Then the microstructure is the key
to improve the conduction trough the bulk and grain boundary.33

Sintering features also affect the mechanical properties34 which are a
fundamental issue in the design of the electrolyte supported SOFC.
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The stability of electrolytes in CO2-containing atmospheres
is also a challenge because the BaCO3 formation is a draw-
back for the ionic conductivity of the structure and also leads
to mechanical degradation.35,36 Different strategies are used to
solve this issue. For example, some representative compositions
such as BaCe0.9Y0.1O2.95,37 BaCe0.4Zr0.4Y0.2O3−δ

38 and BaCe0.9−x

ZrxY0.1O3−δ with x ≥ 339 present a high tolerance to CO2. Despite the
improvement, conductivity is decreased in these materials. A novel
strategy is based on the protection of the highly but unstable proton
conducting electrolyte by deposition of a chemically stable buffer
layer on the proton electrolyte, such as the BaZr0.4Ce0.4Y0.2O3−δ-
BaCe0.8Y0.2O3−δ dual-layer system.40

Up to date, no systematic study of the effect of the partial sub-
stitution of Ce by Pr ions is previously reported. In this work, the
BaCe1−xPrxO3−δ (x = 0, 0.2, 0.4, 0.6 and 0.8) series is studied to eval-
uate the effect of Pr doping on microstructural, structural, mechanical,
electrical and the stability of this oxides as candidates to be used as
PC-SOFC electrolyte.

Experimental

Sample preparation.— Dense electrolytes were obtained through
Pechini-modified method. The starting materials, Ba(NO3)2, Pr6O11,
and Ce(NO3)3.6H2O, were dissolved using EDTA and citric acid as
quelating agents in a molar ratio metal: EDTA:Citric acid of 1:1:1.5.
The pH was tuned to 10 using ammonium hydroxide. The polymer-
ization was induced by heating at 100◦C. The obtained polymers were
heated to produce self-combustion at approximately 200◦C. Two pre-
treatments were performed heating the samples at 400◦C and 900◦C
for 6 and 12 h, respectively. The final product was uniaxially pressed
at 50 kg/cm2 and sintered at 1350◦C for 12 h. The samples were ball
milled and powders were dehydrated by annealing in dry N2 at 800◦C
for 24 h. The phase purity was evaluated by XRD using a PANalytical
Empyrean diffractometer.

Structural characterization.— The crystal structure of powders
were studied by X-Ray Diffraction (XRD) with synchrotron radiation
at 10 keV (XPD beamline of LNLS-Campinas, Brazil). The crystalline
structures were refined fitting the structural parameters of BaCeO3

41

and BaCe0.85Pr0.15O3
42 by Rietveld method using Fullprof software.43

Microstructural characterization.— The microstructure of dense
pellets were observed by Scanning Electronic Microscopy (SEM)
with a Philips 515 microscope. Elementary analysis was performed
by energy dispersive spectrometry (EDS). The porosity was analyzed
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Figure 1. Small punch test holder.

from SEM images of cross section of polished samples using Image-
Tool3 software.44,45 The dense polished pellets were thermally etched
at 1150◦C for 1 h to reveal the grain boundaries of the sintered bodies
and to measure the grain size.

Stability tests.— The thermodynamic stability of compounds un-
der oxidizing and reducing atmosphere was studied by thermo-
gravimetry (TG) using a Cahn 1000 electrobalance.46 The% of mass
variation (% Weight) respect to the initial mass was analyzing as a
function of temperature between 100 and 800◦C in 20% O2/Ar and 5%
H2/Ar atmospheres. The% weight data were evaluated under equilib-
rium conditions (not mas change with time at constant temperature).
The resistance to the carbonation was evaluated under accelerating
condition by TG with a gas mixture of 10% CO2/Ar. The non isother-
mal measurement was done between room temperature and 900◦C
with a heating rate of 5◦C/min. XRD data were collected at room
temperature on samples exposed to this atmosphere and cooled in Ar.

Mechanical test.— The effect of Pr doping on the mechanical prop-
erties were also evaluated at room temperature on sintered samples
using the Small Punch Testing (SPT) method.47,48 In this study, dense
disks of specimens of 9.8 mm of diameter and 0.7 mm (+–5 microns
of tolerance) of thickness were carefully polished and located in a
specially designed holder (see Figure 1), with a clearance of about
200 microns between top face of specimen and upper die. This gap
prevents a premature fracture due to clamping. The load was applied
through a hard steel puncher pushing a 2.5 mm. silicon nitride ball
used as indenter. The SPT equipment was loaded by a universal testing
machine Instron 5567 with a load cell of 0.5 kN. Two displacements
were recorded during each test: i- the puncher displacement was mea-
sured by an extensometer model MTS of 12.5 mm of gage length,
and ii- displacement of bottom side of the specimen was measured
by a linear variable differential transducer (LVDT) linked by a silica
push rod. The tests were performed in air at room temperature under
constant crosshead speed of 0.05 mm/min up to the fracture. Each
composition were tested by triplicate.

Electrical characterization.— The electrical conductivity of dense
sample were determined by Electrochemical Impedance Spectroscopy
(EIS). Dense disk of samples were painted on both sides with Pt ink.
The EIS spectra were collected between 100 and 600◦C under wet
(2% H2O) synthetic air (20% O2/Ar) and wet dilute hydrogen (10%
H2/Ar) flow, using an Autolab PGSTAT30 potentiostat. The spectra
were collected between 1 MHz and 0.1 Hz, with 50 mV of amplitude.

Figure 2. a) Measured XRD pattern (Yobs) and Rietveld refinement (Ycalc)
and difference between both at 10 keV for BaCe0.6Pr0.4O3−δ perovskite. Bragg
positions are also included. b) Lattice parameters for the orthorhombic phase
(a, b and c) as function of Pr content.

The EIS spectra were fitted with an electrical equivalent circuit using
the Zview software.49

Results and Discussion

Samples characterization.— XRD data show that Pr doping sam-
ples are single phase within the whole range of compositions. This
phase is described by the orthorhombic space group Pmcn, N◦

62. As an example, Figure 2a shows the diffraction pattern of the
BaCe0.6Pr0.4O3−δ perovskite and Table I summarizes the cell param-
eters of each composition. Orthorhombic lattice parameters (a, b and
c) decrease as the Pr content increases (see Figure 2b). A ratio of Pr+4

/ Pr+3 = 2 is present in the starting Pr6O11. Then, it could be expected
that Pr+4 ions may substitute Ce+4 in B sites (rCe+4

VI = 0.87 Å and
rPr+4

VI = 0.85 Å) and Pr+3 could partially replaces both, Ba+2 in A
site (rBa+2

XII = 1.61 Å) and Ce+4 in B site (rPr+3
VI = 0.99 Å).50 It is

expected that the replacement of Ce4+ by Pr3+ predominates over that
of Ba2+ by Pr3+ substitution due to the nominal oxide compositions.
The change of lattice parameters with Pr content suggest that the two
effects may reduce the structure volume due to:

Table I. Lattice parameters of orthorhombic Pmcn perovskites.

BaCe1−xPrxO3−δ

x a (Å) b (Å) c (Å)

0 8.77789 6.23629 6.21664
0.2 8.76826 6.22886 6.21025
0.4 8.75952 6.22537 6.20345
0.6 8.74999 6.22045 6.19647
0.8 8.74009 6.21421 6.18949
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1. A reduction of the mean ionic radii in B site since Pr+4 has a
slightly smaller ionic radii than that of the Ce+4,

2. The creation of oxygen vacancies induced by the charge compen-
sation of Pr+3 ions which could distort the lattice by preserving
the symmetry.

As an example, Figure 3a shows a polished cross-section SEM im-
age of BaCe0.2Pr0.8O3−δ sample. The% porosity of dense electrolytes

Figure 3. SEM image of BaCe0.2Pr0.8O3−δ dense pellet sintered at 1350◦C: a)
polished cross section and b) surface thermally etched. From the SEM images,
the c) porosity% and grain size mean distribution is obtained as a function of
Pr content.

is obtained using ImageTool3 software.45 These values and average
grain size as a function of Pr doping are shown in Figure 3c. The Pe-
chini modified method allowed to obtain samples with density higher
than 90% at 1350◦C. This sintering temperature is 350◦C lower than
those reported for dense samples of BaCe0.85Ln0.15O3−δ (Ln = Gd,
Y, Yb) prepared by solid state reaction28 and 150◦C below that of
BaCe0.8−xZrxY0.2O3−δ obtained by free-nitrate acetate - H2O2 com-
bustion method.30 From Figure 3c, it is also observed that low levels
of Pr-doping are enough to decrease the porosity and improve the sin-
tering. Grain sizes of dense samples were measured after the thermal
etch by the line intersection method. Figure 3b shows a SEM image
of BaCe0.2Pr0.8O3−δ etched sample. The phase segregation on grain
boundary produced during thermal etching, facilitates the grain size
evaluation. The apparent phase segregation is a surface effect. This
was confirmed by SEM analysis on the fracture surface of a sam-
ple after the thermal etching was performed. All samples present a
homogenous grain size distribution. It increases as Pr content does.
Then, the Pr content improves the capability to obtain dense samples,
lowering the porosity and promoting grain growth.

Thermodynamic stability.— For the selected applications, it is es-
sential to ensure the thermodynamic stability of electrolytes under
typical PC-SOFC operation conditions: 400–600◦C and under reduc-
ing atmosphere H2-rich in anode side or oxidizing atmosphere with
O2 in cathode side. The CO2 tolerance must be also guaranteed due to
the basicity of Ba and the presence of impurities in fuels. The acceler-
ated aging tests (higher temperatures or high gas concentrations) are
useful since they reduce experimental time and allow evaluating long
period processes. The% weight change as a function of temperature
are shown in Figure 4a for BaCe0.2Pr0.8O3−δ. Measurements were done

Figure 4. % Weight as function of temperature under 20% O2/Ar and 5%
H2/Ar for a) BaCe0.2Pr0.8O3−δ. b)% Weight as function of the Pr content at
300 and 600◦C under 5% H2/Ar.
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Figure 5. XRD patterns between 120 and 135◦ for BaCe1−xPrxO3−δ (x = 0, 0.4 and 0.8) samples before and after heating at 800◦C in dry 10% H2/Ar (diluted
hydrogen) for 12 h.

under dry synthetic air and 5% H2/Ar gas mixture. No mass change
was detected for all BaCe1.xPrxO3−δ compositions under dry synthetic
air between 100 and 800◦C. However, the BaCe0.8Pr0.2O3−δ compound
is reduced above 500◦C in 5% H2/Ar flow. Figure 4b show the% weight
as function of the Pr content, at 300 and 600◦C under 5% H2/Ar flow.
The% weight loss at 600◦C under 5% H2/Ar increases with Pr content
suggesting a partial reduction of Pr+4 into Pr+3. To evaluate if Pr+4 re-
duction affects the thermodynamic stability and the crystal structure of
BaCe1−xPrxO3−δ, XRD data were collected on BaCe1−xPrxO3−δ pow-
ders before and after a heat-treatment at 800◦C during 12 h in 10%
H2/Ar atmosphere. Figure 5 shows a comparison between XRD data
collected in the high angle region (2θ∼ 120–135◦) before and after this
treatment. From the complete diffraction patterns, it was concluded
that BaCeO3−δ and BaCe0.8Pr0.2O3−δ preserve the orthorhombic struc-
ture while BaCe0.6Pr0.4O3−δ and BaCe0.4Pr0.6O3−δ change the crystal
symmetry. BaCe0.2Pr0.8O3−δ shows peak broadening due to sample
amorphization. These results suggest that Pr content decreases the
stability of BaCe1−xPrxO3−δ compounds under reducing atmosphere
above 400◦C. In the cases where a change of symmetry was de-
tected, an estimation of the new lattice parameters was performed
using the Le Bail method.51 A volume expansion larger than 12% was
observed for x = 0.4, 0.6 compositions after the heat-treatment in
hydrogen. This result agrees with previous studies of phase stability
on BaZr0.9−xPrxGd0.1O3−δ (x = 0.3 and 0.6) compounds.52 The mass
change and crystal structure affects the mechanical integrity of dense
pellets due to cracks formation.

The stability under CO2-rich atmosphere was evaluated by TG.
A mass gain indicates a degradation of the samples due to BaCO3

formation. Figure 6a shows the% weight as a function of temperature
under 10% CO2-Ar gas mixture. All compositions were stable (not
change in mass) until 500◦C. From 550 to 850◦C, a mass gain indi-
cates decomposition of the sample due to the formation of BaCO3.
At T > 850◦C the mass of BaCeO3−δ and BaCe0.8Pr0.2O3−δ decreases
indicating the decomposition of BaCO3 while for Pr reach samples
the mass remains constant. This behavior was confirmed by XRD in
samples obtained after CO2 exposition by cooling under Ar. XRD

patterns of BaCeO3−δ carbonated samples shown mainly the pres-
ence of the perovskite phase, and small amounts of CeO2 and BaCO3

while BaCe0.8Pr0.2O3−δ presents significant amounts of CeO2, Pr6O11

and BaCO3, in addition to the perovskite phase. On the other hand,
BaCe0.6Pr0.4O3−δ, BaCe0.4Pr0.6O3−δ and BaCe0.2Pr0.8O3−δ were irre-
versible decomposed into a mixture of BaCO3, CeO2, Pr6O11 and other
non-identified oxides. Figure 6b and 6c show% weight gain as a func-
tion of the Pr content and the diffraction patterns of BaCe0.8Pr0.2O3−δ

and BaCe0.2Pr0.8O3−δ after the carbonation with the subsequent cool-
ing in Ar, respectively. It is evident that the CO2 tolerance decreases
as the Pr content increases.

Mechanical properties.— Mechanical properties is another feature
to be considered for applications of the proton conducting perovskites
as electrolytes supported PC-SOFC or as H2 separation membranes.
The mechanical strength of dense samples must be evaluated. SPT
load vs. LVDT displacement curves obtained in air at room temper-
ature, are plotted in Figure 7a for all compositions. In all cases, the
specimens present an initial no-linear region followed by a linear ris-
ing in load until the brittle fracture. Figure 7b shows the fracture load
and the mechanical stiffness evaluated by the slope of the linear fit-
ting. Two displacements were measured during the SPT tests: puncher
movement which is representative of the upper side of the disk and
direct contact with the bottom side in contact with LVDT. The last
one is independent of elastic indentation between ball and the spec-
imen and reproduces more accurately the elastic bending behavior
of the disk. Partial unloadings were performed in order to evaluate
the pure linear elastic behavior. For each case, the slope of the linear
fitting during unloading is representative of Young’s modulus, only
affected by geometric parameters.47 Taking into account the porosity
according to Figure 3c, the increasing elastic stiffness is larger than
that expected by porosity reduction.53 Within the porosity range (be-
low of 8%), the reduction of elastic properties compared to that of full
dense material should be lower than that observed. Analyzing stiffness
for BaCe0.8Pr0.2O3−δ and BaCe0.6Pr0.4O3−δ with similar porosity, it
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Figure 6. a)% Weight as function of temperature under 10% CO2/Ar, for all
compositions. b)% Weight gain as function Pr content. c) XRD patterns of
BaCe0.8Pr0.2O3−δ and BaCe0.2Pr0.8O3−δ after cooled in Ar collected under
the same scan conditions.

indicates that the effect of Pr in this mechanical property is more than
60% than BaCeO3−δ.

Mechanical strength was evaluated through the fracture load
reached during SPT test. Fracture load is proportional to stress
fracture47 affected by geometric factors. Taking into account that all
specimens present the same dimension, the STP is an useful technique
for comparative purposes. Figure 7b shows a maximum value of the
fracture load for x = 0.2 and 0.4 samples.

Two microstructural features can affect the mechanical proper-
ties in ceramics: the porosity and the grain size distribution. While
structural ceramics reduces strength with grain size increasing53 some
ceria ceramics have shown similar or inverse behavior depending on
doping content.47 On the other hand, the changes of porosity are not
enough to explain the variation of fracture load. No secondary re-

Figure 7. a) Load – LVDT displacement curves in air at room temperature
for all compositions b) Fracture load and mechanical stiffness in function of
Pr content of the dense pellets in air at room temperature. c) SEM image of
BaCe0.2Pr0.8O3−δ fracture profile.

inforcement phases were detected in order to explain the enhanced
stiffness or strength. Fractured samples reveal typical macroscopic
brittle fracture in mode I48 obtaining two, three or four broken pieces
divided from radial cracks from the center. In addition, neither plas-
tic indentation nor other macroscopic plastic damage were found.
SEM images of fractured surfaces shown in all cases mostly cleav-
age fractures and only few isolated intergranular grains fractures
(Figure 7c, for BaCe0.2Pr0.8O3−δ). From fracture topography com-
parison between samples of different compositions, it is noted
that the grain size would not affect the ratio between transgranu-
lar/intergranular fractures. Summarizing, Pr doping improves the me-
chanical properties of barium cerate due to the reinforcing of grain
boundaries in spite of grain growth.
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Figure 8. Nyquist plots of EIS spectra for the electrolytes obtained at 200◦C in wet synthetic air.

Electrical conductivity.— A key parameter to characterize the PC-
SOFC electrolyte is to evaluate the ionic conductivity at operation
conditions. If the electronic transport number (te) is negligible com-
pared with the ionic transport (ti) number (proton or O ions), the total
electrical conductivity (σ) is a representative measurement of the ionic
conductivity. Determination of electrical conductivity is possible from
EIS measurements. The electrochemical impedance due to ionic con-
ductivity presents two contributions, the high frequency referred to
bulk transport (b) and the low frequency corresponding to transport
through grain boundary (gb). Figure 8 show the Nyquist plots of the
BaCe1−xPrxO3−δ electrolytes in wet synthetic air at 200◦C. At low
temperatures, the two arcs could be distinguished. These arcs were
fitted using an electrical equivalent circuit considering two series cir-
cuits, each of them with a resistance in parallel with a phase constant
element (Rcpe). The electrolyte contributions move to highest fre-
quencies and the resistances decrease as the temperature increases.
Then, at temperatures over 300◦C the overall electrolyte resistance is
obtained from the interception of the impedance spectra with the real
axis at high frequencies.

Figure 9a shows the Arrhenius plot of total electrolyte conduc-
tivity (σ = σb+ σgb, where σb is bulk conductivity and σgb the grain
boundary contribution) measured in wet air (2% H2O). Pr doping im-
proves the total conductivity of BaCeO3−δ decreasing the electrolyte
resistance between one and two orders of magnitude and shifting the
maximum frequencies of relaxation to higher values. This result is
similar to that reported by Sharova et al,54 where the 15% of Pr and
Sm doping increased the total conductivities 100 and 5 times more
than that of BaCeO3−δ, respectively. The effect of Pr doping was
evaluated also in BaZrO3 proton conductor.55,56 In these materials,
the Pr-doping produces mixed conductor materials, where electrons
and electron-holes are minority charge carriers and the defects con-
centration is dominated at low temperature by protons and at high
temperature by oxygen vacancies. These authors suggest that elec-
tron hole conductivity is dominating at high pO2, and proton con-
ductivity becomes more significant at low temperature, low pO2 and

wet conditions,56 whereas the n-type conductivity could be signifi-
cant at low pO2 and high temperatures. For BaCe1−xPrxO3−δ series,
the increment of total conductivity is no linear with Pr content (See
Figure 9b). This behavior is similar to the mechanical strength (see
Figure 7b). The bulk contribution to conductivity limits the total con-
ductivity at low Pr content, whereas the transport trough grain bound-
ary is the controlling mechanism for Pr-rich samples.

The activation energy for undoped BaCeO3−δ (Ea = 0.81 eV) is
similar to literature values previously reported (Ea = 0.79 eV).16 The
Pr-doped perovskites present activation energies between 0.42 to 0.57
eV, whereas the values for Y, Zr partial substituted compounds are
between 0.66 and 0.78 eV.38 In a similar way to other BaCeO3−δ

lanthanides doped compounds, the activation energy decreases with
doping concentration suggesting a change of the conduction mech-
anism due to the change of the transfer number of the effective
charge carriers’ (holes, protons and oxygen ions).16,23,57 Although
the change in activation energy suggests that the electron transport
number increases with Pr doping. The total conductivities in wet air
for BaCe0.9Ln0.1O3−δ (Ln = Nd, Gd and Y) extracted from,57 were
included in Figure 9a for comparison. The lower conductivities for
Pr-doped compounds related to other lanthanides doped proton con-
ductors indicates a lower electronic contribution in BaCe1−xPrxO3−δ

compounds compared with other lanthanides. For example, at 200◦C,
the electrical conductivity of BaCe0.6Pr0.4O3−δ is one order of magni-
tude lower than that of BaCe0.85Gd0.15O3−δ. Similar conductivity val-
ues to Gd-doped have been reported for cerates doped whit Sm, Yb,
Tb and Y, whereas slightly lower conductivities were founded for La
and Nd-doped.23,57 Therefore, diminishing the electronic contribution,
the faradaic losses of efficiency are also reduced. That is an advan-
tage for Pr-doped compounds compared with other lanthanide-doped
cerates.

Considering the thermodynamic stability results previously dis-
cussed, the electrolyte resistance in wet 10% H2/Ar flow was studied
only for BaCeO3−δ and BaCe0.8Pr0.2O3−δ compositions. Figure 10a
and 10b shows the Arrhenius plot for the total electrolyte conductivity
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Figure 9. a) Arrhenius plot for each composition. Data for BaCe0.9Ln0.1O3
(Ln = Nd, Gd and Y) from57 are included for comparison. b) Electrolyte
conductivity (σt = σb+ σgb) obtained in wet synthetic air as a function of Pr
content at 200◦C.

obtained in wet synthetic air and wet 10% H2/Ar for BaCeO3−δ and
BaCe0.8Pr0.2O3−δ, respectively.

BaCeO3−δ presents practically the same conductivity in both at-
mospheres, while BaCe0.8Pr0.2O3−δ increases its conductivity 20 times
under reducing atmosphere at 600◦C. The increases of conductivity
for BaCe0.8Pr0.2O3−δ composition under reducing atmosphere was also
reported by Wang et al.58 From EMF measurement in concentration
cells, these authors propose for BaCe0.8Pr0.2O3−δ an electron-hole
conduction mechanism dominating in hydrogen-free atmosphere and
a proton-ionic conduction controlling transport in wet hydrogen at-
mosphere. Wang et al.58 assume that the increase of the total conduc-
tivity, in about one or two orders of magnitude, under H2 containing
atmosphere is due to the enhance of OH · ionic charge carriers con-
centration. They also assume that some electronic conductivity can
be present due to the mixed chemical valence of Pr (+4/+3) ions. On
the other hand, Sharova et al.54 demonstrate the existence of electron
charge carrier at high temperature and low pO2 for both BaCeO3−δ

and Pr- doped compound. They propose that at 900◦C these oxides
loss oxygen in reducing hydrogen atmosphere rising the electron de-
fects concentration and therefore the electron conduction. Then, as
the mobility of electrons is higher than that of ions, the emergence
of electrons must lead to a sharp increase on conductivity in reduc-
ing atmospheres. The oxygen non stoichiometry of BaCeO3−δ re-
mains practically constant until 800◦C regardless the atmosphere (see
Figure 4b). However, the BaCe0.8Pr0.2O3−δ is partially reduced below
600◦C under H2-containing atmosphere (see Figure 4a), which in-
creases oxygen vacancies and electronic charge carriers. Then, the rise
of conductivity in reducing atmosphere for BaCe0.8Pr0.2O3−δ could be
ascribed to the existence of electronic charge carriers. Similar results
were found for high Pr-doping BaCe0.8−xPrxGd0.2O2.9, which was pro-
posed as cathode materials due to their mixed H-ionic and electronic

Figure 10. Comparison of Arrhenius plot of total electrolyte conductivity as
a function of temperature obtained in wet synthetic air and wet 10% H2/Ar for
a) BaCeO3−δ and b) BaCe0.8Pr0.2O3−δ.

conductivities.59 Only considering this information, it is difficult to
assign the increment of conductivity to either H-ionic conductivity
or O-ionic conductivity or electronic conductivity. Further studies on
blocking electrodes could give the key to understand if the cause of this
improvement is due only to the increase of electronic transfer number
or to the ionic transport. At this stage of research, the improvement of
sintering capabilities and mechanical resistance together with a rea-
sonable H2 and CO2 tolerance makes the BaCe0.8Pr0.2O3−δ compound
an interesting material to be further researched. The dependence of
conductivity as a function of pO2 in a whole range of temperatures
should be determined in detail in order to understand conduction
mechanisms and therefore possible applications.

Conclusions

In this work, the effect of partial substitution of Ce by Pr ions
in BaCe1−xPrxO3−δ (x = 0, 0.2, 0.4, 0.6 and 0.8) was studied with
the aim to improve sintering, mechanical properties, thermodynamic
stability under different atmospheres and proton conduction.

The Pr content decreases the lattice parameters, improves the sin-
tering capacity and increases the conductivity under wet oxidant at-
mosphere. However, the stability under reducing and carbon dioxide
atmospheres decreases.

Dense BaCe0.8Pr0.2O3−δ with low porosity (5 ± 1%) coarse grain
size (3.26 μm) was reached at 1350◦C. The mechanical properties
were improved in comparison with undoped sample, e.g. stiffness and
fracture load increase almost 30% and 56%, respectively. This compo-
sition also shows a good stability under oxidizing and reducing atmo-
sphere, and slightly higher CO2 tolerance range (decomposition start
at 550◦C). The little increase of CO2 tolerance for BaCe0.8Pr0.2O3−δ

compared with undoped sample could be due to the fact that the
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increase of grain size decreases the carbonization rate. The electrical
conductivity of BaCe0.8Pr0.2O3−δ reaches values of 2.12 × 10−6 and
3.07 × 10−4 Scm−1 at 200 and 600◦C, respectively.
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