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The classical high-temperature superconductor YBasCugOg5 (YBCO) with an oxygen-vacant triple perovskite
structure has been proposed as a potential cathode for Intermediate Temperature Solid Oxide Fuel Cells (IT-
SOFCs), and REBayCu3O¢s (RE = La, Nd, Sm, Gd and Y) triple perovskites synthesized by a self-combustion
method were evaluated. The total substitution of Y by lanthanide ions (RE>") proved to modify relevant bulk
and surface properties, thus changing performance under operating conditions, i.e., the incorporation-diffusion
mechanism by oxygen vacancies and oxide anion transport. Electrochemical Impedance Spectroscopy (EIS)
under different oxygen partial pressure (pO3) and temperature (T) conditions allowed elucidating a co-limited
oxygen incorporation/diffusion mechanism as Oxygen-Reduction Reaction (ORR) limiting steps. Ionic radii
(rp) variation from Y% to La®>* impacts the kinetics of the two steps, thereby modifying the overall cathode
performance. The results provide evidence of the complex relationship between crystallography, point defect
concentration, chemical composition and electrochemical properties in REBCO cathodes. Data suggest that the
Cu-O bond distance in cuprates may be critical for shifting the rate-limiting step and improving ORR activity.
Overall, this research advances the comprehension of ORR kinetics in cobalt-free materials with layered
diffusion.

1. Introduction

Intermediate temperature solid oxide fuel cells (IT-SOFCs) have
shown a remarkable technological evolution in recent years [1-3].
Microstructural aspects, chemical and mechanical long-term stability
and electrochemical performance are essential factors determining the
suitability of materials as electrodes for these devices. Cathode materials
present particular electrochemical significance in IT-SOFCs, where the
oxygen reduction reaction (ORR) contributes significantly to the over-
potential losses.

Among ceramic compounds with the highest electrochemical per-
formance reported in the literature are layered oxygen-deficient pe-
rovskites (LODP), which contain cobalt in their crystal structure [4]. The
presence of aliovalent cobalt (Co>"/Co>* or Co>*/Co*" pairs) within the
structure gives cobaltites high electrical conductivity, and the large

* Corresponding author.
E-mail address: juan.basbus@csic.es (J.F. Basbus).

https://doi.org/10.1016/j.jpcs.2025.113411

number of mobile oxygen vacancies observed confers significant ionic
conductivity [4-6], enhancing their high electrocatalytic activity con-
cerning the ORR. Nevertheless, a drawback of using Co perovskites lies
in a pronounced mismatch between the Thermal Expansion Coefficients
(TEC) values and commonly used electrolytes [4,7-9]. Another impor-
tant aspect is the scarcity of Co and the indiscriminate exploitation of
this metal in regions characterized by extreme poverty and deplorable
health conditions.

Investigation of Co-free materials, such as cuprates or nickelates, has
yielded comparable or superior results in some cases. Promising results
have also been obtained by substituting cobalt with iron [10,11].
Nickelates adopting the form of LnyNiO4,s [12] and cuprates with a
Lai.5Ba;.sCusO7.s [9], LaNijxCuyOs3.5 [13], and LasBaCusOi3.5 [14]
structures have shown not only elevated electrochemical performance
but also lower TEC values similar to those of CeggGdp201.95 (GDC),
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LaSrg 2Gag gMgo.203.5 (LSGM), and CepgSmO; 95 (SDC) electrolytes
[15]. Otherwise, the promising BaSrg.sFeCug.203.5 cathode presented a
reasonable total conductivity value but a TEC mismatch with common
IT-SOFC electrolytes [16].

The traditional LayCuOy4. 5 cuprate has been referred to in the liter-
ature as the T phase, wherein, analogous to other Ruddlesden-Popper
(RP) type structures, Cu (B-site) occupies an axially distorted octahe-
dral site [17]. The structure can be visualized as an intercalated
perovskite and rock salt layers of LapO3 slabs. Tetrahedral holes between
these layers facilitate oxygen over stoichiometry (8), which promotes
ionic diffusion within the structure. Consequently, layered cuprates
occasionally perform better than other perovskite-type oxides [18].

Studies in layered perovskites based on LnBag 5Sr.5Cu20s5, 5 (Ln = Pr
and Nd) [19], where materials with La substituted by Pr and Nd were
evaluated, exhibited significant maximum power density values. Li et al.
reported that introducing Ba into the La site enhances the electro-
chemical performance of the cathode, yielding values approaching 500
mWecm-2 at 800 °C [9]. Other authors investigated differences between
undoped and Ba?*-doped RP phases of LayCuO4s, revealing shifts in
rate-limiting steps (RLS) of the ORR product of this modification [20].
An important conclusion of the above work is the elucidation that
incorporating Ba into the crystal structure reduces the energy required
for oxygen vacancy formation.

Intending to use cobalt-free materials, we have investigated Cu-
containing perovskites with mixed ionic-electronic conductivity
(MIEC). YBayCus3Og.5 (YBCO) is a well-known triple perovskite dis-
playing high temperature superconductivity (HTc) below 90K when § ~
1 [21]. It presents a layered structure with remarkably anisotropic
diffusion properties characterized by a high mobile oxygen vacancy
density above 400 °C and broad oxygen nonstoichiometry (0 < 8§ < 1)
combined with intrinsic oxygen-vacant sites. In previous work, we have
characterized YBCO [22] and REBCO (RE = La, Nd, Sm, Gd and) ma-
terials as cathodes for IT-SOFCs [23] and found that the substitution of Y
by the other RE degrades the electrochemical performance of the test
cells, reducing power density. Cordaro et al. investigated in 2019 the
PrBayCu3O7.s perovskite as cathode material, concluding that samples
produced with different cooling rates showed that different O/T ratios
influence the oxygen content (6+9), the electrical conductivity and the
polarization resistances [24].

In this previous work, the parameters obtained for the equivalent
circuit elements of the calculated equivalent circuit model (ECM) for
REBCO samples varying temperature under constant pressure (pOs ~
0.2 atm) indicated that surface oxygen kinetic incorporation was fav-
oured for those containing larger ionic RE>". In contrast, the ionic
diffusion component in the structure exhibits an opposite behavior. This
behavior was not expected based only on structural considerations,
pushing us to delve deeper into the mechanisms of the oxygen-reduction
reaction (ORR). This work presents a detailed study of rare-earth (RE)
element substitution’s effect on REBCO (RE = La, Nd, Sm, Gd and Y)
compounds performed by temperature and oxygen partial pressure
dependent electrochemical spectroscopy.

2. Experimental
2.1. Materials preparation

REBCO (RE = La, Nd, Sm, Gd and Y) triple-layered perovskites were
synthesized according to the procedure described in Ref. [23]. Stoi-
chiometric amounts of nitrates of the rare earth RE (NO3)3-6H20 (Sig-
ma-Aldrich >99.0 %), Ba(NOs),, and Cu(NO3), (Sigma-Aldrich >99.0
%), were dissolved in distilled water at room temperature (RT). EDTA
(Sigma Aldrich >99.4 %) 1:1,1 M ratio, and ammonium nitrate NH4NO3
were added as a chelating agent and combustion trigger, respectively.
The solution was heated on a hot plate at 120 °C under magnetic stirring
until a blue gel formed. The gel was dried and burned directly in the
beaker at 300 °C until a black foam-like ash was obtained. The final
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thermal treatment to obtain the electrode material was performed at
850 °C in air using a 5 °Cmin’! ramp. The obtained materials resulted in
homogeneous fine-grain sub-micrometric powders displaying the char-
acteristic metallic-black colour for all the samples.

2.2. Structural characterization

The prepared samples were structurally characterized by X-ray
diffraction (XRD) using a Rigaku ULTIMA 1V diffractometer, with Cu-K,
radiation, working in Bragg—Brentano mode, in the angular range (26) of
5.0-100.00°, and 20 steps of 0.02°. Patterns were collected in air and at
RT and then fitted by Rietveld Method using GSAS II software [25] to
confirm single-phase samples and cell parameters.

2.3. Symmetrical cell preparation

Commercial microstructured GDC electrolyte provided by Fiaxell
SOFC Technologies was pressed into 13 mm pellets and sintered at
1400 °C for 12 h to prepare symmetric cells REBCO/GDC/REBCO for
electrochemical characterization. Ink composition and electrode depo-
sition are described in Ref. [23]. Two layers of the cathode slurry (on
each side) were screen-printed on the electrolyte pellet and sintered at
900 °C for 4 h. The microstructure, adhesion of the electrode, particle
size distribution, thickness and layer uniformity of the half-cells were
characterized by Scanning Electron Microscopy (SEM) using a field
emission gun (FEG) Nova NanoSEM 230. The particle size distribution
was estimated using ImageJ software [26].

2.4. Electrochemical measurements and performance

The electrochemical performance of the different cathode compos-
ites was tested by Electrochemical Impedance Spectroscopy (EIS). The
spectra were collected in ambient pressure conditions using a frequency
response analyzer (FRA) coupled with a potentiostat/galvanostat
PGSTAT30 between 1072 and 1 x 10° Hz with 100 mV amplitude in
OCV conditions. Data were evaluated by varying the temperature (T)
and oxygen partial pressure (pO2). Spectra were collected in a heating
mode, from 600 to 800 °C. At each T, spectra were also acquired from
high to low pOy values (i.e., from oxidizing to reducing conditions),
from 1 to 0.0019 atm. The pO, values were controlled using an elec-
trochemical device with an Oy/Ar gas mixture system coupled to a Zr
pump sensor [27]. Samples were kept for 2 h at each T to ensure thermal
equilibrium. In order to calculate the polarization resistance (Rp),
impedance spectra were fitted using ZView4.0 Scribner Associates Inc.
Software.

3. Results and discussion
3.1. Structural characterization

Fig. 1a and b shows the profile fitting of the XRD patterns for the
synthesized LaBayCu3Og5 (LBCO) and NdBayCusOg.5 (NBCO) phases,
respectively. Figs. S1 and S2 in the supplementary information (SI) show
the profile fitting of Y, Gd and Sm cations. Fig. 1c illustrates the evo-
lution of the (001) reflections for the different RE substitutions, showing
the characteristic shift to small angles of the peak position due to the
increase of unit cells in the ¢ direction as the RE®" ionic radii (rp in-
crease. Table 1 shows the nomenclature used for the REBCO perovskites,
and Fig. S2 in the SI illustrates the orthorhombic YBCO phase with the
atom labelling scheme. Rietveld refinement results and the corre-
sponding diffraction patterns confirm that all samples prepared present
a single-phase composition.

Fig. 2a) and b) show a structural representation of several unit cells
of the triple layer [Ba2CU3O6+3]3' in the orthorhombic Pmmm oxygen-
vacancy ordered REBayCu3zO; (8 = 1) and the tetragonal P4/mmm
oxygen-depleted REBaxCu3Og (8 = 0) variants. In the REBCO structures
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Fig. 1. Profile fitting by the Rietveld Method of a) LBCO and b) NBCO. c¢) Comparison among (001) Bragg peaks of as-prepared REBCO perovskites.

Table 1

Structural parameters obtained from Rietveld analysis for REBCO samples obtained at RT. The lattice parameters (a, b and ¢) and unit cell volume (V) are indicated.
RE Short Name SG 2+ (A) Cell parameters

ad) b (&) c@d v (&%

La LBCO P4/mmm 1.360 3.927 (3) 3.927 (3) 11.798 (6) 181.986 (4)
Nd NBCO P4/mmm 1.246 3.918 (3) 3.918 (3) 11.634 (5) 178.663 (4)
Sm SBCO Pmmm 1.219 3.874 (2) 3.904 (3) 11.711 (6) 177.164 (5)
Gd GBCO Pmmm 1.193 3.842 (3) 3.905 (3) 11.711 (7) 175.710 (4)
Y YBCO Pmmm 1.159 3.831 (2) 3.887 (3) 11.682 (6) 173.973 (5)

and according to their oxygen stoichiometry (6+438), Cu ions exhibit three
electronic configurations: d8, d°, and d'°, occupying square-planar,
pyramidal or linear chain environments respectively within a unit cell.
When the system exhibits orthorhombic symmetry, the Cu"O squares
form lines along the crystallographic b axis leading to an ordered oxygen
vacancy system of rows along the a-axis (crystallographic sites 0,'5,0 are
vacant in the structure) (Fig. 2c). On the other hand, in the tetragonal
structure, the planes described above are absent, and instead, linear cu
centers connecting pyramids are present, where both crystallographic
sites 15,0,0 and 0,,,0 are vacant (Fig. 2d).

In addition, oxide anion diffusion occurs between two vacancies
located in the CuOs planes, specifically through the O-Cu-O path.
Literature reports that the distance between these two crystallographic
sites (dp1.01), the free volume (Vy) inside the perovskite structure and
the B-site metal oxygen bond (B-O band) energy are highly relevant for
evaluating the activation energy (E,) involved in the oxide anion
transport (see Fig. 2d) [28-30].

Table 1 lists the structural parameters of REBCO samples. For in-
termediate oxygen contents 0 < § < 1 as the one found in our com-
pounds (d ~ 0.5) [23], data show that samples containing smaller RE3*
(Gd®* and Y®H) crystallize in the orthorhombic Pmmm structure,

whereas those with larger cations adopt a tetragonal P4/mmm, at room
temperature. As previous work noted, the orthorhombic structure un-
dergoes a second-order phase transition to the tetragonal structure be-
tween 350 and 450 °C in air, depending on RE3" [24,31]. The oxygen
vacancy-ordered orthorhombic system gives place to an
oxygen-vacancy-disordered tetragonal phase, where the O1 oxygen site
in (0,1/2,0) position in the basal plane of the orthorhombic cell is
disordered over (1/2,0,0) and (0,1/2,0) sites in the tetragonal one.
The results obtained for the prepared samples seem to be inconsistent
with some of the data presented in the literature [30-32] when these
materials were studied as HTc superconductors. Authors indicated that
all REBayCu3Og s structures crystallize in the Pmmm structure when
synthesized through solid-state reaction, sol-gel methods and other soft
chemical synthesis routes such as combustion using citrate. A possible
explanation that justifies the observed difference lies in the micro-
structure of powders and particle size distribution when ceramics are
prepared through the synthetic route chosen in this work. In addition,
for high-temperature superconductivity to be observed, 8§ ~1 is
required, while our compounds show lower oxygen nonstoichiometry.
This observation underlines the critical role of processing conditions
in tailoring the crystallographic structure and, consequently, material
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d)

Fig. 2. Comparison between crystal structures of a) Pmmm orthorhombic (REBCO;) and b) P4/mmm tetragonal (REBCOg) forms of REBCO phases. Note the change
from square coordination of Cu™O,4 units in the orthorhombic structure and linear Cu'O, in the tetragonal one. In the same way, the CuOs planes are shown for c)
orthorhombic and d) tetragonal perovskite. Green, blue and red spheres correspond to Ba, Cu, and O atoms, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

properties. An important feature to remark regarding the sustained
perovskite structure studied is that all REBCO samples, regardless of the
RE3Y, preserve the tetragonal symmetry at SOFC operational conditions
(500-800 °C) as reported in Ref. [23].

3.2. Microstructural characterization

Fig. 3 presents SEM images of the cross and normal sections of porous
GBCO cathode deposited on the GDC as symmetrical cells. Cross-
sectional images evidenced a coherent electrode/electrolyte interface,
correct adhesion, porosity and uniformity of the deposited layers. Par-
ticle size distributions were estimated by the normal sections, and his-
tograms revealed particle sizes predominantly ranging between 150 and
200 nm. All cathodes exhibit a similar particle size average and
morphology, with no significant differences in the measured sizes based
on RE ionic radii. No significant modifications in the particle size of the
cathode material or contact between the electrode layer and the
electrolyte-sintered pellet were observed in the configuration of the
symmetrical button cells for all compositions. Fig. S3 in SI offer a
comparative analysis of the morphology and particle size distribution
for REBCO samples sintered at 900 °C in air for 4 h.

3.3. Electrochemical characterization

The correlation between the cathodic polarization resistance (R.)
and pO; on the electrode surface was investigated to allow a more
detailed understanding of this effect. Generally, the relationship be-
tween these variables can be expressed as [31-35]:

R. a pO3" (@))

where n represents a parameter of the RLS-ORR. The n value indicates a
different elementary steps reaction order related to the transport
mechanism: n = 1 is associated with molecular oxygen diffusion

processes and adsorption on the electrode surface, n = 1/2 is associated
with surface dissociation processes leading to the formation of 2
adsorbed neutral or charged O atoms, and 0 < n < 1/2 values are linked
to charge transfer reactions of adsorbed oxygen atoms followed by ionic
incorporation at the interface between the electrode and the electrolyte.
Literature also reports a more specific range of values 1/4 < n < 1/2
(varying between 1/8 and 3/8) related to dissociation and charge
transfer process at the electrode, known as dissociative adsorption on
the electrode surface [36-38].

Fig. 4 compares the evolution of impedance spectra at different pOy
for LBCO, NBCO, SBCO and GBCO samples at 600 °C (for 700 and 800 °C
see Fig. S3 SI). It can be observed that R, increases with the decrease in
pO», which is expected due to the limitation of oxygen reactive species
near the electrode’s surface. From Fig. 4, it can also be seen that irre-
spective of the specific RE3T, the spectra consistently present a single,
well-defined arc at higher pO, values. However, a decrease in pO;
invariably leads to the emergence of a second, larger resistive contri-
bution at lower frequencies. This phenomenon is systematically
observed across all samples and at all investigated operation tempera-
tures. Furthermore, Nyquist plots appear to distort noticeably with
increasing temperature. This deformation suggests a variation in the
capacitive component, related to the electrode’s microstructure modi-
fication. This behaviour is probably attributed to the repeated oxidation-
reduction cycling experienced by the electrode due to the variations in
oxygen partial pressure. This microstructural alteration could affect
relevant parameters, including active site availability, triple phase
boundary length, or internal transport pathways, thereby influencing
the overall electrochemical performance.

To get more insight into the ORR and to identify the RLS, EIS data
were fitted using an equivalent circuit model (ECM) to identify indi-
vidual contributions. Table 2 provides an illustrative overview of the
equivalent circuit elements employed to fit the acquired spectra for the
LBCO sample at 600, 700, and 800 °C (for the other samples, see Table 1
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Fig. 3. SEM images of a) cross section and c¢) and d) normal sections of GBCO/GDC half-cell. b) Measured particle distribution.

SI). In all cases, an inductive element (L) was included to represent the
circuit wiring (potentiostat, frequency analyzer and PC) in series with an
ohmic resistance (Re), which corresponds mainly to the electrolyte
contribution. This ohmic component was subtracted from the spectra to
simplify the comparison. The best fit was obtained using a Gerischer-
type (G) element and a combination of one resistance in parallel with
one constant-phase element (R//CPE) for the medium (MF) and low-
frequency (LF) contributions (fits results can be consulted in SI
Table S3).

The R._yr component, derived from the R._yr//CPEpr pair, exhibits
a monotonic evolution across all samples with decreasing oxygen partial
pressure, regardless of temperature. As depicted in Fig. 5a and b, the n
parameter varies between 0.35 and 0.50 at both 600 °C and 700 °C, with
similar behavior observed for all samples, even at 800 °C. These varia-
tions, coupled with the obtained capacitance values ranging from 1 to
1072 Fem ™2, suggest that the rate-limiting steps in this range are the

dissociative adsorption and mainly, charge transfer reaction steps [39,
40]. At 600 °C, medium-frequency polarization resistance values exhibit
no clear correlation with the ionic radii of the RE3" species. Notably,
Sm>* demonstrates the highest polarization resistance across the entire
pO» range investigated. Furthermore, at 700 °C, a distinct relationship
emerges among the cations in the series. Both Y>© and Gd®* exhibit the
lowest charge transfer resistance. Sm>" appears to represent a transi-
tional point concerning ionic radii. Data suggest that the sustained
variation in the ionic radius of the cations does not significantly promote
or improve charge transfer processes, at the electronic level, between the
gas phase and the electrode surface. The observed behaviour for the
REBCO samples is somewhat expected, as the electron transfer reactions
take place at crystallographic sites occupied by Cul (see Fig. S1).
Meanwhile, the cell dimensions, directly related to changes in the RE>"
cation, apparently do not influence the reaction rate of oxidation/re-
duction of the Cu*™/3* ions.
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Fig. 4. Evolution of the Nyquist plot against pO, collected from REBCO-GDC symmetric cell configuration at 600 °C and different pO, values where: a) La, b) Nd, c)
Sm and d) Gd.
Table 2

Equivalent circuit models as a function of T and pO, for LBCO cathode. L, R, G and
Element, respectively.

CPE correspond to inductance, resistance, Gerischer element, and Constant Phase

LBCO
T (°C) -log (pO2) (atm)
0 0.70 2 2.28 2.40 2.72
600
700 L Rel é Re-MF L Rel ‘G: Rc-MF Re-LF
CPE-MF CPE-MF CPE-LF
800

Fig. 5¢ and d illustrate the R._yr evolution for 600 and 700 °C for all
REBCO samples. The emergence of a new impedance arc at low fre-
quencies (R._rf) and reduced pO, values can be attributed to the
depletion of electrochemically active species concentration resulting
from oxygen partial pressure decrease. The appearance of this third
impedance arc under similar oxygen partial pressures has been widely
reported in the literature [41-43]. This low-frequency component

(approximately 0.1-1 Hz) could be associated with gaseous species (03)
diffusion through the electrode’s pores.

The low-frequency contribution at 600 °C exhibits a clear depen-
dence where 0.9 < n < 1 (see Fig. 5¢), aligning with processes associated
with O gas diffusion within the porous electrode. Moreover, the
capacitance values obtained for this contribution strongly indicate that
gas diffusion into the porous electrode is the limiting step [44]. This
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Fig. 5. a), b), ¢) and d) Evolution of the calculated MF and LF polarization resistances at 600 and 700 °C as a function of pOs, respectively, for all REBCO samples; e)
and f) evolution of Gerischer resistive component (RG) at 600 and 700 °C.

correlation is consistent with enhanced kinetic energy and increased

oxygen molecule mobility at elevated temperatures.

The Gerischer element represent, primarily, the diffusion of species
(0%7) within the bulk of the Mixed Ionic-Electronic Conductor (MIEC)
[45]. The Gerischer impedance is used to model the impedance behav-
iour of the MIEC, where Oy in the gas phase is reduced at the MIEC|gas|
current-collector triple interface in 0?7, consuming electrons from the
collector, then diffuses through the MIEC to the electrolyte phase

f illustrate the evolution of the resistive component respect to oxygen

partial pressure at 600 °C and 700 °C. The calculated values follow the

[46-48]. The chemical reaction involved in the Gerischer impedance is

the exchange of oxygen between the gas phase and the MIEC. Fig. 5e and

expected evolution predicted by the Adler-Steele-Lane (ASL) model [42,
45,47,48], and the slopes of the fitted curves are consistent with its
predictions. The most important feature deduced from the data is the
significant decrease in the calculated Rg values with decreasing ionic
radius of the RE3™ cation. Table 3 summarises the calculated slopes from
the linear regression performed.

From the data can be observed that the magnitude of this resistive

component is higher than the polarization resistances (R._yr and Re_5)
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Table 3
Evolution of the slope of the Gerischer resistive component calculated from ECM
for 600 and 700 °C, for all REBCO samples.

Gerischer Resistive component slope value (n)

T(CC LBCO NBCO SBCO GBCO YBCO
600 0.52 (4) 0.49 (4 0.58 (3) 0.41 (6) 0.35 (3)
700 0.32 (1) 0.24 (1) 0.22 (1) 0.21 (2) 0.20 (1)

calculated by the model. This fact strongly suggests that ionic diffusion
is the rate-limiting step of the reaction once the 02~ species forms and
incorporates into a vacant site, as follows:

Oy +4e + 2V — 20’6 (2)

Consequently, the high impedance contribution can be described
more accurately as a co-limited process between the oxygen exchange at
the electrode/gas surface and the oxygen ion diffusion on the surface
and the bulk material [49-51]. Variations in slope value with increasing
temperature can be attributed to the transition between semi-infinite
and finite-length diffusion models. Sinterization and particle growth
phenomena are a consequence of the increasing temperature, in conse-
quence, the effective diffusion length (ls) or reaction layer thickness can
change, causing the system to shift its behaviour [46].

One of the relevant factors influencing transport in these structures is
the free volume (V), which quantifies the unoccupied space within the
unit cell. This is defined as the residual void volume within the cell once
the crystallographic sites are occupied by their respective ions. Larger V¢
values can be interpreted as indicative of wider migration channels for
the diffusion of mobile species (0~ in this context), thereby promoting
enhanced transport. Another critical factor directly influencing the
migration of oxide ions is the average metal-oxygen (B-O) bond energy.
Generally, weaker bonds lead to improved transport in perovskites. It
has been reported that the B-O bond energy in perovskite structures is
intricately linked to the electronegativity and valence of the metal at the
B-site [28].

While these factors are detailed in the literature and widely studied,
perovskite-type structures, specifically layered ones, have shown be-
haviours that are not aligned with the models proposed for cubic
structures with 3D transport pathways. Previous reports by Mazo et al.
[52] concluded, using Molecular Dynamics (MD) calculations on cup-
rates, that short distances between similar atomic positions make
diffusion in layers advantageous over other possible migration mecha-
nisms. In a recent study, Q. Ji et al. observed that for RP-type structures
based on lanthanum-copper oxides doped with barium and strontium
[20], the addition of alkaline-earth cations with different ionic radii
modifies the Cu-O distance in the structure, thereby altering the energy
required for vacancy formation depending on the transition metal
cation. This modification has been found to favour incorporation/tran-
sport as the Cu-O bond distance increases. The experimental results
obtained in this work are consistent with all of these previous reports
and other examples [53-56], confirming that in such structures, the
Cu-O bond distance is directly related to the electrochemical perfor-
mance of these materials as electrodes in SOFC/SOEC-type devices,
where mass transport occurs through oxide ion or oxygen vacancy
diffusion mechanisms.

Furthermore, alterations in the electrochemical behaviour imply that
structures of this kind are valuable for exploring potential direct
structure-property correlations, as previously indicated by Refs. [17,
57]. Furthermore, it is essential to note that all the prepared cathodes
were tested at 800 °C in a complete cell REBCO/YSZ/YSZ-NiO/Ni
configuration, showing suitable maximum power density values and
comparable with cobalt-free materials and other cuprate cathode per-
formance [9,18,58-61]. A clear correlation emerges between cuprate
structures and electrochemical properties when this study is conducted.
For REBCO samples, the power density evolution was 152, 180, 253,
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330, and 425 mWem 2 for LBCO, NBCO, SBCO, GBCO and YBCO,
respectively [23]. Based SEM and XRD data, we have made the
assumption that the consistency in crystal structures and microstruc-
tures of the materials studied makes the influence of grain surface and
defect-related conductivity negligible in this system, allowing us to
associate the electrochemical to structural trends. There is no clear
indication our assumptions are wrong, but, in the case they were all the
conclusions should be re-evaluated under new light.

4. Conclusions

This systematic study presents a comprehensive investigation into
the oxygen reduction reaction rate-limiting steps (ORR-RLS) in
REBayCu30g.s (RE = La, Nd, Sm, Gd, Y) triple-layered perovskite ma-
terials, evaluating their suitability as intermediate-temperature solid
oxide fuel cell (IT-SOFC) cathodes. Data suggests that the variation in
RE®" ionic indirectly modifies the Cu-O bond distance, a parameter
related to ion diffusion. This interdependence establishes the RE3* ionic
radius as a key design variable in tailoring cathode performance. The
correlation between the ionic radius and vacancy ordering emphasizes
crystal structure’s pivotal role in determining these perovskite’s func-
tional performance.

Electrochemical analysis revealed three distinct contributions to the
ORR: a mid-frequency process attributed to charge transfer, which no
significant variations with the ionic radius of RE>", a low-frequency
process associated with gas-phase diffusion, showing shifts with tem-
perature but independent of structural variations and a bulk/surface
diffusion step, where variations in the ionic radii significantly influenced
the transport of O?~ ions within the structure. The latter was identified
as the most influential process due to its resistive component contribu-
tion, highlighting the direct connection between the ionic radius, oxy-
gen vacancy and anion mobility within the crystal structure. By
elucidating the role of RE3* size, this work provides a pathway for
optimizing the design of high-performance IT-SOFC cathodes,
advancing the field of energy-efficient and durable SOFC cathode
materials.
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