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A B S T R A C T

High proton conductivity and good chemical stability are keys to development of new electrolytes for PC-SOFCs
as the next-future energy generation systems. However, the extensive use of new polycrystalline materials as
solid electrolytes is still avoided, since the grain boundary response usually leads to a decrease in total con-
ductivity due to electrical blocking effect. Here, we present our results on the space-charge modeling of im-
pedance spectroscopy data obtained for Ba3Ca1.18Nb1.82-xRxO9-δ proton conducting ceramics, where x=0, 0.30
and R =Y3+, Gd3+, Sm3+, Nd3+ are doping agents. Non-stoichiometric barium calcium niobate perovskites
have received much attention as potential solid electrolytes for proton conducting solid oxide fuel cells. We show
that despite their increased grain conductivity, the doped ceramics possess Schottky barriers that are higher than
those observed for undoped Ba3Ca1.18Nb1.82O9-δ. In view of the space-charge model, proton depletion at the
space-charge layer is the reason for the reduction of grain boundary conductivity in the doped compositions. Our
findings are important for the understanding of proton conduction mechanisms in polycrystalline materials,
which may allow future optimization of new doped electrolytes based on barium calcium niobate perovskites.

1. Introduction

Obtaining and optimization of highly efficient materials for energy
generation define the state-of-art of the current investigations in ma-
terials science and materials chemistry, which are focusing on reducing
environmental pollution and prevent global warming [1]. In particular,
proton conducting solid oxide fuel cells (PC-SOFCs) are good candidates
for future power generation, because they usually lower the SOFCs
operating temperatures to intermediate values of 500–700 °C [2,3]. For
practical applications, the chemical and mechanical stabilities under
CO2 and humid atmospheres should be taken into account during the
optimization of candidates as PC-SOFCs electrolytes [4]. It is important
to emphasize that the high resistivity of grain boundaries (also known
as blocking effect) in the electrolytes also prevents their commerciali-
zation for intermediate temperature applications, once this feature in-
troduces a decrease in the total conductivity [5–7]. However, until now,
few studies in the literature are focused on the origin of the blocking
effect in new candidates for PC-SOFCs electrolytes, H2 sensors, or steam
electrolysers [8].

From the materials science point of view, most of the studies have
been targeted the standard BaCeO3-BaZrO3 simple perovskites. While

the cerium-based electrolytes have high proton conductivity, zirconates
possess good chemical stability in CO2-rich atmospheres. In the last
decades, many studies have devoted their attention to optimize the
properties of cerate-zirconates, in which rare-earth elements are con-
sidered as dopants to create oxygen vacancies in the crystal structure
[9]. Otherwise, new compositions are taking place as novel proton
conductor electrolytes with satisfactory chemical stability. Among all
the reported new ceramic-based electrolytes, Ba3Ca1.18Nb1.82O9-δ (BCN-
18) has demonstrated reasonable results concerning both proton con-
ductivity and chemical stability under extreme ambient conditions,
making it feasible as electrolyte membrane for PC-SOFCs [10,11].

We should mention the results obtained by Wang et al. on the Y-
doped BCN-18, showing that the composition Ba3Ca1.18Nb1.52Y0.30O9-δ
has an improved proton conductivity of about 5.3×10−3 Scm−1 at
600 °C in comparison with pristine one, besides its salable stability to-
ward carbon dioxide and water (> 24 h resistant at 700 °C) [12]. Zhu
et al. doped BCN-18 with Ni2+ (Ni into Nb sites) in order to improve its
sinterability and elevate the proton conductivity, reaching values of
4.6× 10−3 Scm−1 at 700 °C [13]. Unlike the simple perovskite with
disorder at B-site, BCN-18 is described by an ordered superlattice with
the 1:1 stacking sequence of − (Ca,Nb)−Nb− (Ca,Nb)−Nb− along
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the [111]c planes of the B-site ordered cubic cell. The non-stoichio-
metric Ca2+ not only leads to oxygen vacancies, but also allows a
modification in the cationic order-type that improves the proton con-
ductivity coming from the ceramic grains [14].

In this paper, we explore the intrinsic origin of the blocking effect in
a novel candidate for PC-SOFCs in light of the space-charge model,
allowing us to develop a basic understanding of the intrinsic electric
response coming from the grain boundaries in proton conducting
ceramics based on ordered perovskites. For this purpose, we synthe-
sized new ceramic materials Ba3Ca1.18Nb1.82-xRxO9-δ, such that x=0,
0.30 and R =Y3+, Gd3+, Sm3+, Nd3+. The variation of rare earth
elements aims the evaluation of both radius and polarizability effects of
the doping elements on the electrical properties. We also combined the
impedance spectroscopy technique and the brick-layer model to cor-
rectly assign the electrical response coming from the grains and grain
boundaries. The structural and morphological properties of the ceramic
samples were investigated using powder X-ray diffraction, Raman
spectroscopy and scanning electron microscopy.

2. Theoretical analyses

2.1. Brick-layer model

The brick-layer model (BLM) takes grains and grain boundaries as
two distinct phases distributed through the material as a network of
identical cubes (grains), being separated by boundary phase layers
[15,16], as shown in Fig. 1(a). Assuming that electrical current flows
only at applied electric field direction, there are two possible conduc-
tion branches: (#1) a sequence of long narrow boundaries (parallel
grain boundaries) and (#2) a sequence of intercalating grain cubes and
thin boundary layers (perpendicular grain boundaries), see in Fig. 1(b).
A general model for the material must consider these two paths as
parallel circuit branches. Fig. 1(c) displays such a circuit, where each
individual phase is modelled by a parallel unit containing R||CPE||C
elements. A capacitor is added to the conventional R||CPE unit for
modeling the high frequency limiting capacitance value, as recently
suggested by Hernández et al. [17]. In most cases, due to unfavorable
geometry of parallel grain boundaries (gb||) in addition to usual greater
boundary phase resistivity, the grain-perpendicular boundary (gb┴)
branch is the favorable conduction path and the parallel boundary
circuit section is usually excluded from the model [18]. Details on BLM
can be found in Table S1 of Supplementary information.

2.2. Space-charge model

The intrinsic grain boundary conductivity in proton conductors is
successfully interpreted in terms of the space-charge model (SCM)
[19,20], in which grain boundaries are represented as a positively
charged core surrounded by a negatively charged depletion region. The
concentration of acceptor dopant is considered constant everywhere
outside boundary core (i.e. Mott-Schottky approximation), so that the

negative layer arises only from depletion of positive OH• defects. The
potential barrier [Δφ(0) =φ(0) - φ(∞)] is the intrinsic potential bar-
rier (i.e. Schottky barrier) imposed to the defect transport through grain
boundaries. The direct evidence for the presence of such potential
barriers on proton conductors has been provided by biased voltage
impedance spectroscopy investigations [21,22]. Considering the charge
density at the depletion region as being uniform and equal to acceptor
dopant volumetric charge density, the equations relating the model
parameters to experimentally accessible electrical quantities can be
derived [19]. The potential barrier height is directly related to the in-
trinsic grain and grain boundary conductivities obtained from the brick-
layer model by the equation:
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where σg and σgb┴ are the grain and grain boundary conductivities; Δφ
denotes the potential barrier; e, kB and T maintain their usual meaning.
Here, we denote charge density of dopant atoms by ρQ: R, being cal-
culated based on the nominal chemical composition of the material. We
may define the space-charge layer width λ * related to the Debye length
LD, as follows:
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such that ε is the dielectric constant. The defect concentration profile
cOH•(r) normalized with respect to the defect concentration at the
grain's bulk cOH•(∞) is given by the next expression:
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3. Experimental section

3.1. Powder synthesis

Powders of Ba3Ca1.18Nb1.82-xRxO9-δ (x=0, 0.30 and R = Y3+,
Gd3+, Sm3+, Nd3+), hereafter BCN-R system, were synthetized by a
conventional solid state reaction. Starting powders of BaCO3 (Alfa
Aesar; 99.80%), CaCO3 (Alfa Aesar; 99.95%), Nb2O5 (CBMM-Araxá,
Brazil; optical degree), Y2O3 (Alfa Aesar; 99.9%), Sm2O3 (Alfa Aesar;
99.9%), Nd2O5 (Fluka; 99.9%) and Gd2O3 (Alfa Aesar; 99.99%) were
stoichiometrically weighted and mixed for 24 h by milling in isopropyl
alcohol with zirconia cylinders. The dry mixtures were calcined in air at
1473 K for 5 h and milled in a 4:5 mass fraction solution of isopropyl
alcohol in relation to the powder mass. The last calcination and milling
steps were repeated to ensure homogeneous phase attainment.

Fig. 1. (a) Ceramic material with metallic electrodes on two op-
posite flat faces. Microstructure is represented as a lattice of cubic
grains intercalated with thin grain boundaries, as described by the
brick-layer model. (b) The ceramic microstructure is composed of
units containing one grain and two boundary units, one perpen-
dicular and one parallel to current direction. (c) Circuit re-
presentation of the microstructure in (b) emphasizing the pre-
sence of two possible current paths. (d) Equivalent circuit model
for the ceramic sample, where each homogeneous phase is re-
presented as a parallel R||CPE||C unit.
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3.2. Sintering

Samples of the final powders were pressed into disks (ϕ = 7mm ×
H = 2mm) by a uniaxial pressure of 15MPa for 2min followed by cold
isostatic pressing at 300MPa for 10min. The pellets were then sintered
at 1823 K for 12 h in air with heating and cooling rates of 2 Kmin−1

and 10 Kmin−1, respectively.

3.3. (Micro)structural characterization

Structural characterization of the ceramic samples was made using
powder X-ray diffraction (PXRD) on a Rigaku Ultima IV X-ray dif-
fractometer with Cu-Kα radiation (λ=1.54056 Å; 40 kV and 30mA).
Diffraction patterns were collected on ranges 10°-100° (1° min−1, con-
tinuous mode), 29.0-30.8° and 17.4-18.9° (0.015° step scan mode; 20 s
per step). Raman spectra were recorded at room temperature without
heat pretreatments by a HR800 Evolution micro-Raman spectrometer
(Horiba Jobin-Yvon) in a backscattering geometry with 1800 gr mm−1

holographic grating (resolution ~ 1 cm−1). The Nd:YAG 532 nm laser
line was employed as an excitation source, being focused on the sample
surface by a 50×objective (NA = 0.35). For microstructure observa-
tion, polished samples were analyzed by an Inspect F-50 scanning
electron microscope (SEM) equipped with an energy dispersive X-ray
spectrometer (EDXS). Details on the compositional studies can be found
in Table S2 of Supplementary information. For bulk density determi-
nation, two procedures were employed, namely immersion method and
geometric one. In the first case, the Archimedes principle was taken into
account using distilled water as an immersion liquid. In the last case,
the size dimensions and mass of the sintered ceramics were considered
as inputs.

3.4. Electrical characterization

Electrical properties were measured by means of impedance spec-
troscopy (IS) technique using a Solartron 1260 Impedance Analyzer
with Solartron 1296 A Dielectric Interface. Prior to the impedance ex-
periments, the ceramic samples with sputtered platinum electrodes
were maintained at 823 K for 12 h in a homemade furnace, being held
using a weak mechanical pressure. The electrical impedance measure-
ments were made on such ceramics in air from 440 K down to room
temperature during a controlled cooling with rate of 1 Kmin−1. The
complex impedance spectra [Z=Re(Z) + jIm(Z)] in the frequency
range between 100 mHz and 1MHz were obtained under temperature
plateaus with dwell time of about 1 h to guarantee an isothermal con-
dition at the sweep frequency with 20 points per decade. Heating/
cooling cycles were performed in our ceramics, showing a good

reproducibility. The ZView software 2.9c was employed to analyze and
adjust the spectral data [23].

4. Results and discussion

4.1. Structural disorder and microstructure

Fig. 2(a) shows the powder X-ray diffraction patterns for ceramic
samples of all the compositions indexed with respect to a double per-
ovskite Ba2Ca1+yNb2-yO6 structure that belongs to the Fm-3m (Oh

5 or
#225) space group [14]. No minor secondary phases were detected in
the diffraction patterns. Reflections (111) and (220) measured in step-
scan mode are exhibited in Fig. 2(b-c), being fitted using the pseudo-
Voigt profiles. As chemical composition is modified, no phase alteration
was observed aside from peak shift related to the lattice constant
changes. Fig. 2(d) displays the lattice constants calculated from the
measured patterns, corroborating the d-spacing shift behavior as a
consequence of the unit cell increase. The presence of (111) peaks in all
the diffraction patterns is a signature of 1:1 B-site ordering at [111]
direction. Fig. 2(e) illustrates the 1:1 ordering pattern where two non-
equivalent octahedra are packed in a cubic NaCl-like ordered lattice (or
rock-salt).

Structure factor calculations for this ordered structure show that
only when the octahedra are identical the (111) intensity must vanish,
according to the following equation:

= − +′ ′′F f f f πΔa4( ) 24 sin(2 ),B B O111 (4)

where fB’, fB′’ and fO are the atomic form factors of B’, B’’ and oxygen
ions and Δa is the difference in size between the non-equivalent octa-
hedra B′O6 and B′′O6. Since it was detected the (111) reflection in all
the diffraction patterns, we can further conclude that all the BCN-R
ceramics possess an octahedral 1:1 long-range ordering at B-site, as
sketched in Fig. 2(e). We can also estimate the degree of order using the
ratio Ψ, being defined as the ratio between (111) and (220) peak in-
tensities, as shown in Fig. 2(d). One should note a reduction inΨ values
after the incorporation of ~ 30% doping ions, denoting a decrease in
the degree of 1:1 order at long-range in BCN-R ceramics.

For the 1:1 ordered cubic cell, four [2F2g ⊕ Eg ⊕ A1g] Raman-active
modes and four [4F1u] infrared ones are expected to appear in its first-
order vibrational spectra [24]. Fig. 3(a) displays the Raman spectra at
room temperature for the BCN-R ceramics, collected at their polished
and cleaned surfaces. One should note Raman bands at 85–100,
300–375, 500–600 and 700–900 cm−1, being attributed to the F2g, F2g,
Eg and A1g symmetry species [24], respectively. In Fig. 3(b), a spectral
decomposition by Lorentzian profiles in the interval 700–900 cm−1 was
performed to better characterize its splitting process. It is possible to

Fig. 2. (a) Powder X-ray diffraction patterns for BCN-R ceramics indexed with respect to an ordered double perovskite cubic structure (ICSD#93400). (b-c) Step-scan diffraction data for
2θ regions containing (111) and (220) peaks. (d) Lattice constants calculated from the diffraction patterns and the ratio Ψ=(111)/(220). Horizontal axis shows compositions in
increasing order of B-site dopant radius. (e) Cristal structure of a double perovskite cubic structure displaying the B-site plane ordering at [111] direction, where B’ =(Ca, Nb) and B′′
=Nb. Structural figure was represented with the VESTA software.
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identify at least three modes in the wavenumber range between 640
and 900 cm−1. In the Nd-doped ceramic a fourth band appeared at ~
692 cm−1. According to Valdez-Ramírez et al. [25], such a band is re-
lated to the oxygen vacancies and its intensity may indicate a total or
partial filling of these vacancies by OH species. In this way, we con-
cluded that oxygen vacancies in the BCN-Nd ceramic are partially filled
by hydroxyl groups and full-filled in the remaining ceramics. This result
also means that the protonic defects were created from the dissociative
adsorption of water, as described by the next reaction:

+ + ↔×H O V O OH2 .g O O O2 ( )
•• • (5)

We should also mention the modes centered at 740–760 and
800–825 cm−1 whose peak parameters (ω-position and Γ-linewidth in
units of cm−1) are plotted as a function of the composition in Fig. 3(c).
Such modes are very sensitive to the disorder features at short-range in
complex perovskites [26,27]. As a general behavior, the introduction of
doping agents leads to peak broadening followed by a redshift in the
peak position. The broadening process can be associated to the disorder
effects, corroborating our earlier analysis using the ratio Ψ. In view of
the spatial-correlation model [28], the reduction of the phonon corre-
lation length leads to an increase in the linewidth. Besides, the redshift
effect of the A1g modes was directly attributed to the unit cell expansion
due to the incorporation of doping ions. The combination of PXRD and
Raman spectroscopy data allows us to conclude that the introduction of
doping ions leads to a more disordered 1:1 structure for
Ba3Ca1.18Nb1.52R0.30O9-δ ceramics.

The microstructure of the BCN-R ceramics was investigated using
scanning electron microscopy in order to evaluate the grain size dis-
tribution and possible phase segregation to the grain boundaries. Fig. 4
displays representative micrographs of all BCN-R ceramics thermal
etched surfaces. It is clear the occurrence of small particles with Dg ~
0.8 µm at the grain boundaries. An energy dispersive X-ray analysis
revealed that such particles have the same nominal composition of
BCN-R systems, as listed in Table S2. Besides, pore formation is ob-
served and the grains have almost a honeycomb-like shape. It should be
pointed out that such porosity may be originated during the polishing
procedure prior the thermal etching, preventing any conclusion on
porosity degree based on the micrographs of Fig. 4. In Supplementary
information, Fig. S1 exhibits a boxplot with the size distribution of the
BCN-R grains. The average grain size grew from 3–6 µm. However, in
all cases, it can be clearly noticed a broad size distribution with stan-
dard deviation ranging from ~ 2 µm for BCN-18 to ~ 4 µm for BCN-Nd.
Table 1 summarizes all data concerning the microstructural properties.

4.2. Electrical properties

In this study, the brick-layer model has been successfully applied to
describe the electrical response of the BCN-R ceramics. A piece of evi-
dence for this fact can be observed in Fig. 5, where it is exhibited the
experimental and fitted Cole-Cole plots for BCN-R samples, respec-
tively. One can note two well-resolved semicircle and a third con-
tribution ascribed to the electrode polarization. Electrode contributions
at low frequency were detected in most of the impedance spectra ob-
tained here, which were modelled by a single CPE or a parallel R||CPE
unit. Those semicircles are concerned to the grain and grain boundary
in accordance with the BLM. Since we have used a condition where
Rgb|| > >Rgb┴, one should not expect a current flow through the
parallel grain boundary (branch #1) and then only two R||CPE||C units
were used to adjust our impedance data (branch #2). From this circuit,
we have extracted a set of values related to the resistance, capacitance
and constant phase element (CPE) of the grain (Rg and Cg) and grain
boundary (Rgb┴ and Cgb┴) for selected temperatures between 318 and
440 K.

As earlier reported, the incorporation of Ca2+ off-stoichiometry
leads to both oxygen vacancy creation and B-site ordering transition
from 1:2 to 1:1 [14]. In a recent work, our group has reported the
isolated effects of B-site ordering on the conductivity properties of
stoichiometric Ba3CaNb2O9, concluding that 1:1 order elevates the total
conductivity in comparison to the 1:2 order [24]. Indeed, the oxygen
migration path through the NbO6 octahedral units is energetically more
favorable than along the edges of CaO6 units [29]. Besides, experi-
mental and theoretical results elucidated that the oxygen migration is
ruled by the percolation path along NbO6 octahedral network in the 1:1
cubic Ba3Ca1+zNb2-zO9-δ ceramics. Regarding the electrical con-
ductivity, we have focused here in understanding its intrinsic origin by
separating the response coming from both grain and grain boundary.

The transport mechanism of the charge carriers was studied under
both composition and temperature variation in dry condition. Table 1
shows the composition dependence of the grain conductivity (σg) for
the BCN-R ceramics. As one can read, the conductivity attributed to the
grains increased in doped samples. Such a result is a consequence of
more oxygen vacancies being generated after the introduction of ~ 30%
doping ions into the crystal structure, as described by Wang et al. [12].
In particular, the BCN-Gd depicted the higher value for the grain con-
ductivity at 410 K. In Fig. 5(b-f), one should note a thermal dependence
of the resistivity spectra, describing a thermal activated process.
Fig. 6(a) displays the Arrhenius-like plot for both grain (σg) and grain
boundary (σgb┴) conductivities for all the ceramic samples extracted

Fig. 3. (a) Raman spectra recorded at room temperature for the BCN-R ceramics. (b) Spectral decomposition process using Lorentzian profiles, where the black open circles denote
experimental data and red solid lines are the fitted spectra. (c) Peak parameter data (ω-position and Γ-linewidth in units of cm−1) as a function of the composition.
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from BLM. Using this plot, one can obtain the macroscopic activation
energies attributed to the conductivity process.

Fig. 6(b) shows the activation energies associated to the con-
ductivity processes coming from the grain and grain boundary. The
energies for the grain conductivity range from ~ 0.60 and 0.70 eV,
being ascribed to proton conduction in light of the Eq. (5). Even though
activation energies for grains are higher for doped samples, they are the
ones with higher values of bulk conductivity (see in Table 1), being
caused by the greater charge carrier density introduced by doping. For
the grain boundary conductivity, the transport mechanism has activa-
tion energies between 0.65 and 0.90 eV, denoting a blocking action by
this microstructural region. Such values are slightly higher than those
reported by Wang et al. [12] for measurements performed in wet air
(3 vol% H2O) for Ba3Ca1.18Nb1.82-xYxO9-δ system. At the grain
boundary, it is also possible the contribution coming from electronic
hole (p-type) to the electrical conductivity.

At the same time, the blocking factor (αR) has increased in the BCN-
R ceramics. Such a factor gives us a qualitative view on the fraction of
the electric carriers that are blocked at the grain boundary surfaces,
being defined as follows:

=
+

×⊥

⊥
α

R
R R

100.R
gb

gb g (6)

It is important to point out that the blocking factor does not depend
on geometrical dimensions and we can use it to compare different
samples [30,31]. Table 1 presents the calculated blocking factors for
samples of all the compounds at 320 K and 410 K. The temperature
sensibility of these values is linked to the differences between grain and
grain boundary activation energies. For materials in which grain
boundary energies are greater than those for grain, the blocking factor
increases for lower temperatures. In BCN-Nd, its grain boundary energy
is lower than grain energy, and then the opposite effect is observed. In
BCN-Gd, for which no variation on blocking was observed at the con-
sidered temperature range, the activation energies are the closest for
grain and grain boundary. Such a consideration illustrates how the wide
variation (~ 0.25 eV) observed in grain boundary energy modifies the
temperature dependence of the blocking effect.

The first hypothesis to explain the blocking behavior concerns the
segregation of an insulating phase at the grain boundaries. For example,
in doped zirconia the siliceous phase usually acts increasing the grain
boundary resistance, and then the blocking factor [32]. Here, from both
SEM and EDXS techniques, it was not observed any signal of liquid or
glassy phase formation as a consequence of a possible secondary phase
in the precursor powder. Likewise, porosity effects could be considered
to explain the blocking features; however, there is no experimental
basis to support the last hypothesis, since we have obtained highly

Fig. 4. (top-row) Scanning electron micrographs of the BCN-R ceramic surfaces after thermal etching. (bottom-row) Details of the grain and grain boundaries in order to better
characterize possible phase segregation or liquid phases. All micrographs were obtained using back-scattered (BSE) mode.

Table 1
List of chemical formula, space group, lattice constant, theoretical and relative densities, average grain size, and electrical parameters extracted from the impedance spectroscopy data in
light of the brick-layer and space-charge models.

Sample BCN-18 BCN-Y BCN-Gd BCN-Sm BCN-Nd

Chemical formula Ba3Ca1.18Nb1.82O9-δ Ba3Ca1.18Nb1.52Y0.30O9-δ Ba3Ca1.18Nb1.52Gd0.30O9-δ Ba3Ca1.18Nb1.52Sm0.30O9-δ Ba3Ca1.18Nb1.52Nd0.30O9-δ
Space group, Z Fm-3m (#225), 4 Fm-3m (#225), 4 Fm-3m (#225), 4 Fm-3m (#225), 4 Fm-3m (#225), 4
Lattice constant, aF (Å) 8.406(7) 8.463(1) 8.466(1) 8.479(1) 8.497(2)
Theoretical density (g cm−3) 5.76 5.63 5.78 5.74 5.69
Relative density, immer. | geom. (%) - | 96 ± 1 - | 96 ± 1 98.3 ± 0.3 | 97 ± 1 98.2 ± 0.5 | 96 ± 1 97.9 ± 0.3 | 96 ± 1
Average grain size, Dg (μm) 3.2 4.3 4.6 4.2 6.7
Grain boundary thickness, δgb (nm) 3.0 1.9 2.6 1.6 3.6
Act. energy of grain (eV) 0.60 0.67 0.67 0.70 0.70
Act. energy of g. boundaries (eV) 0.78 0.90 0.71 0.77 0.65
Grain conductivity at 410 K, σg (S cm−1) 3.3×10−6 6.8× 10−6 7.3×10−6 6.7× 10−6 6.9× 10−6

Blocking parameter at 320 K, αR (%) 68 96 96 95 86
Blocking parameter at 410 K, αR (%) 33 81 96 93 90
Schottky barrier at 320 K, Δϕ(0) (V) 0.30 0.39 0.38 0.39 0.35
Schottky barrier at 410 K, Δϕ(0) (V) 0.30 0.43 0.49 0.49 0.46
SCM layer width, 2λ * (nm) 1.8 1.3 1.5 1.5 1.3
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dense ceramics (> 96-98%) with porosity degree less than 4-2%, see in
Table 1.

In such a way, the blocking phenomena in doped Ba3Ca1.18Nb1.82O9-

δ ceramics should have an intrinsic origin attributed to the proton de-
pletion in the space-charge layer, being it responsible for the reduction
of the grain boundary conductivity. Based on this assumption, we have
applied the space-charge model to better explain the blocking effect in
BCN-R ceramics, starting from the potential barrier Δφ(0) determina-
tion using Eq. (1) in the context of the Mott-Schottky approximation
[33]. Table 1 shows the potential barrier (also known as Schottky
barrier) values at 410 K. The barrier was increased after the in-
corporation of doped cations into the crystal structure of BCN-18.

A diagram containing details on the charge distribution in the sur-
rounding of the grain boundary is shown in Fig. 7(a). In such a re-
presentation, the grain boundary region is defined as a positive core
followed by a negative charge zone. The depletion of the protonic de-
fects OH• is inversely related to the electrostatic potential φ(r) between
the grain interior and grain boundary core. As a consequence, the
macroscopic conductivity coming from the grain boundary tends to

decrease for an increased potential barrier, leading to the blocking ef-
fect detected in doped ceramics.

It is worth mentioning that the grain boundary thickness (δgb) is
almost twice the space-charge layer width (λ*). Both δgb and λ*values
listed in Table 1 are in agreement with previously reported ones in the
literature. Fig. 7(b) displays a correlation between the potential barrier
and space-charge layer width, which denotes an inverse dependence for
such quantities. As a whole, the incorporation of doping cations in BCN-
18 crystal structure tends to reduce the width of the space-charge layer.
Fig. 7(c) exhibits the normalized protonic defect concentration esti-
mated at 363 K in ambient condition for BCN-18 and BCN-Y ceramics.
At the grain boundary core (r= 0) the normalized concentration value
for BCN-Y is almost two orders of magnitude less than that for BCN-18,
visually explaining the blocking phenomenon in doped samples.

Our results have a direct interpretation: the defect engineering
employed to create oxygen vacancies for protonic defect formation via
dissociative adsorption of water leads to an increase in the grain con-
ductivity (σg), as predicted by the next defect model:

+ + → + +O R O Nb R V Nb O2 2 2 2 ,O
x

Nb
x

Nb O2 3
|| ••

2 5 (7)

where R =Y3+, Gd3+, Sm3+ or Nd3+. Nevertheless, the grain
boundary conductivity decreased after the incorporation of dopant
cations in the crystal structure, resulting in the blocking process of
charge carriers by the space-charge layer. For applications, the blocking
effect should be reduced or avoided, as it contributes to a higher total
electrical resistivity. Since grain boundary properties are also de-
termined by geometrical properties, as described in the context of the
brick-layer model, new configurations may be designed to prevent such
blocking of the charge carriers at the grain boundary regions.

5. Conclusions

In summary, we have investigated the intrinsic origin of the
blocking effect in a promising proton conductor for PC-SOFCs based on
the ordered perovskite with chemical formula Ba3Ca1.18Nb1.82-xRxO9-δ,
where R denotes the doping cations Y3+, Gd3+, Sm3+ and Nd3+ for
x=0.30. The 1:1 B-site ordering at long-range was verified in our
ceramic samples by the presence of (111) reflections in all the X-ray
diffraction patterns. Raman spectroscopy also confirmed the occurrence
of the 1:1 order in all the BCN-R ceramics. No minor secondary phase
appeared in the studied samples according with PXRD and EDXS ana-
lysis. Impedance spectroscopy technique combined with the brick-layer
model was successfully applied to separate the contributions of the
grains and grain boundaries to the electrical response of the proton
conducting ceramics. We have found an increase in the grain con-
ductivity in doped ceramics. Simultaneously the grain boundaries have

Fig. 5. Cole-Cole plots for impedance spectra of BCN-R ceramic samples, respectively. Solid lines represent equivalent circuit fitting for each spectrum.

Fig. 6. (a) Reciprocal temperature dependences of both σg and σgb┴ conductivities for
BCN-R ceramics. (b) Activation energies for grain and grain boundary conductivities of all
the ceramic compositions derived from the Arrhenius plots.
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increased their blocking action of the charge carriers. In light of space-
charge model, the Schottky barrier height was determined for all the
compositions at different temperatures, showing that the doped cera-
mics have an increased barrier height in comparison with undoped
ones. It means that the proton depletion in the space-charge layer may
be responsible for the reduction of the grain boundary conductivity in
doped compositions. Our result has an important contribution to the
development of new proton conducting ceramics for PC-SOFCs in the
sense that the space-charge properties should be taken into account for
the understanding and then preventing of the blocking effect at the
grain boundaries of materials optimized by atomic substitutions.
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Fig. 7. (a) Space charge modeling of a grain boundary region with
a positive core surrounded by negative space charge layers. Black
and red curves are hydroxyl and electrical ones, respectively.
Potential has a maximum value of φ(0) and grain boundary
length extends from –λ* to +λ* with respect to a one-dimen-
sional coordinate r centered at the core. (b) Δφ(0) and λ* cal-
culated from impedance data for all the studied compositions at ~
363 K. (c) Concentration profiles at space-charge region at ~
363 K calculated for BCN-18 and BCN-Y data normalized with
respect to bulk concentrations.
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