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ARTICLE INFO ABSTRACT

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 BasCa; 1gNb; g2 xRxO9.s proton conducting ceramics, where x = 0, 0.30
and R = Y>*, Gd®*, Sm®*, Nd®* 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 BazCa; 18Nb; g509.5. 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.
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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
CO, 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, H, sensors, or steam
electrolysers [8].

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

the cerium-based electrolytes have high proton conductivity, zirconates
possess good chemical stability in CO»-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, BasCa; 18Nb; g209.5 (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 BazCa; 1gNb; 52Y0.3009.5
has an improved proton conductivity of about 5.3 x 1073 Sem ™! 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 x 1072 Sem ™! 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]. planes of the B-site ordered cubic cell. The non-stoichio-
metric Ca®* 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 BasCa; 1gNb; g5 xRxOq.s, such that x = 0,
0.30 and R =Y3", Gd®*, Sm®*, Nd®*. 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 Hernandez 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
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negative layer arises only from depletion of positive OH" defects. The
potential barrier [A@(0) = @(0) - @(=)] 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 o, and oy, are the grain and grain boundary conductivities; A
denotes the potential barrier; e, kg and T maintain their usual meaning.
Here, we denote charge density of dopant atoms by pq. g, being cal-
culated based on the nominal chemical composition of the material. We
may define the space-charge layer width A * related to the Debye length
Lp, as follows:
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such that ¢ is the dielectric constant. The defect concentration profile

con-(r) normalized with respect to the defect concentration at the
grain's bulk cop.(e°) is given by the next expression:
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3. Experimental section
3.1. Powder synthesis

Powders of Ba3Cal.18Nb1_32,xRxOg,5 (x = 0, 0.30 and R = Y3+,
Gd**, Sm®*, Nd®"), hereafter BCN-R system, were synthetized by a
conventional solid state reaction. Starting powders of BaCO3; (Alfa
Aesar; 99.80%), CaCO; (Alfa Aesar; 99.95%), Nb,Os (CBMM-Arax4,
Brazil; optical degree), Y>03 (Alfa Aesar; 99.9%), Sm,05 (Alfa Aesar;
99.9%), Nd,Os (Fluka; 99.9%) and Gd,O5 (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 5h 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.

Grain Boundary Fig. 1. (a) Ceramic material with metallic electrodes on two op-

(a) Grain Boundary Grain Boundary (d) (parallel) posite flat faces. Microstructure is represented as a lattice of cubic
(perpendicular) (parallel) Rl grains intercalated with thin grain boundaries, as described by the

brick-layer model. (b) The ceramic microstructure is composed of

CPEwi units containing one grain and two boundary units, one perpen-

Grain Cont dicular and one parallel to current direction. (c) Circuit re-
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presentation of the microstructure in (b) emphasizing the pre-

sence of two possible current paths. (d) Equivalent circuit model
Rob. for the ceramic sample, where each homogeneous phase is re-
presented as a parallel R||CPE||C unit.
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