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Abstract

The REBazFesOs+5 (RE = Nd, Sm, Pr) perovskites are investigated as potential cobalt-free
electrodes in symmetrical solid oxide fuel cells (SOFCs). After the preparation of samples by a
soft chemistry route, we first characterized the intrinsic properties and then determined the
electrochemical performance after the deposition of porous electrodes to obtain symmetrical cells.
Analytical techniques such as X-ray diffraction (XRD) at room and high temperatures,
transmission electron microscopy (TEM), thermogravimetric analysis (TGA), dilatometry (TEC)
and 4-probe conductivity measurements were employed to characterize exhaustively structural,
thermal and electrical properties of the samples. The electrochemical characterization was further
investigated through electrochemical impedance spectroscopy (EIS) as well as fuel cell testing
conducted on electrolyte-supported symmetrical cells. XRD showed that all samples have a cubic
structure with the Pm3m space group. However, during TEM experiments, it was observed that
SmBaxFe30s:+5 presents a quintuple nano-ordering perovskite structure. Pr-based sample shows the
highest electrical conductivity (68 S cm™ at 500 °C), while NdBazFesOs:s presents the lowest area
specific resistance in air (0.47 Q cm? at 600 °C) revealing that the disordered perovskite structure
is more efficient than the quintuple nano-ordered phase of SmBazFe3zOg+s in the oxygen reduction
reaction (ORR). The use of NdBaxFesOs:s as electrodes in symmetrical cells has been
demonstrated between 500 °C and 600 °C.

Keywords: Quintuple perovskite, TEM, Cobalt-free, Cathode, Anode, Symmetrical Solid Oxide
Fuel Cells



1. Introduction

The intense industrialization of the past two centuries has exponentially escalated global
energy consumption and, simultaneously, our reliance on finite and environmentally detrimental
fossil fuel resources. In the quest for sustainable and cleaner energy, scientists have focused on
developing innovative solutions. Among these, fuel cell technology has emerged as an efficient
and environmentally friendly solution that directly converts the chemical energy of fuels into
electricity. In particular, Solid Oxide Fuel Cells (SOFCs) have attracted significant attention due
to their remarkable efficiency, fuel flexibility, and the potential for recovering excess heat through
cogeneration power plants. However, reducing production costs and extending the lifetime of
SOFCs are essential for achieving widespread commercialization [1-3]. Symmetrical SOFCs have
been proposed to reduce both investment and operational costs [4-6]. In particular, the possibility
of reversing the polarization of the cells has been presented as a way to decompose carbon and
sulfur depositions accumulated on the electrode surface in contact with the fuel, restoring initial
cell performances. Additionally, limiting the number of materials for the cell components reduces
thermal stresses, enhancing the lifetime of symmetrical SOFCs. However, it is crucial to identify
efficient, stable, and sustainable compounds for both oxygen reduction and hydrogen evolution

reactions to validate such technology options.

Perovskite-based solid oxides represent the most promising family among the investigated
compounds for symmetrical electrodes. Manganites exhibit high electronic conductivity and
catalytic properties but insufficient oxide-ion conductivity and structural instability in a hydrogen-
rich environment [7-11]. Cobaltites, despite their excellent mixed ion-electron conductive
attributes, suffer from low mechanical compatibility, instability in reducing conditions, and safety
and environmental concerns [12-15]. Conversely, ferrites present slightly lower mixed ionic and
electronic conductivity when compared to cobaltites and manganites [16-19], yet they exhibit
notable stability even in reducing environments [20—22]. Several single perovskite materials have
been previously employed as the electrodes of symmetrical SOFCs [4-6]. Double perovskite
ferrites based on strontium have been demonstrated to be suitable as symmetrical electrodes
[23,24]. The best performance has been reported for BaosSrosFeosM0o.103.5, achieving a peak
power density of 2.28 W cm at 800 °C [25].



One potential approach to enhance ferrite mixed conductivity involves arranging the
perovskite structure into ordered layers, serving as preferential channels for oxygen ion diffusion
[26-30]. Ferrites with regularly alternated layers of barium and rare earth elements (RE) in
perovskite A-sites can be arranged in double [31-33], triple [34—-38], or quintuple structures [39—
42]. The nano-ordering of perovskite layers remarkably modifies the conduction properties of
these compounds [43], opening the doors to countless possibilities of structural engineering to
improve performance. Following this idea of A-site ordering, researchers explored several
YBaCuO-type compounds belonging to the 123 family [44,45] and quintuple perovskites [46—48]
as electrodes for SOFCs. Promising performance as air electrodes has been achieved for the
quintuple ferrites (GdBa)o.sCao4C0o6Fe1406.5 [47] and SmisrsBas125Fes015-5 [48], reporting

polarization resistances in air at 650 °C equal to 0.16 and 0.41 Q cm?, respectively.

The present study aims to explore perovskite ferrites as electrode materials for symmetrical
SOFCs. Specifically, the results of structural and electrochemical characterization for
PrBaxFe30s+5 (PBFO), NdBazFezOsg+s (NBFO), and SmBazFezOsg+s (SBFO) are presented.

2. Materials and Methods

2.1. Samples synthesis
Microwave-assisted combustion synthesis has been employed to produce powder samples.
Initially, citric acid (CsHsO7 99.5+% Alfa Aesar) was dissolved in a 3:1 ratio with metal cations
in deionized water. Then, praseodymium (Pr(NOz)3-6H20 99.99% Alfa Aesar), neodymium
(Nd(NO3)3-6H20 99.9% Alfa Aesar), or samarium (Il1) nitrate hexahydrate (Sm(NO3)3-6H>0
99.9% STREM), with iron (I11) nitrate nonahydrate (Fe(NOz)3-9H0 98.0-100.0% Alfa Aesar) and
barium nitrate (Ba(NOs)2 99.5% STREM) were added to the citric acid solution. The mixture was
stirred while ammonia (20.5%, AnalaR NORMAPUR) was slowly added to adjust its pH to around
6. After the solution reached a transparent state, it was placed in a microwave oven, where an
irradiation step with a power of 700 W was performed for 15-20 minutes. Irradiation completely
dries the solution, resulting in black ash. The powder is ground and placed in a tubular furnace at
500 °C for 15 minutes, followed by regrinding and thermal treatments at 1100 °C for 24 hours and
1200 °C for 12 hours. The second thermal treatment was necessary to obtain the pure SBFO phase
and was thus performed on all the samples to allow for comparison. After the final thermal

treatment, a 6-hour ball-milling step at 300 rpm was performed using 10 mm diameter zirconia
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balls in ethanol. Dense pellets were obtained by pressing uniaxially the pure-phase powders mixed
with polyvinyl alcohol (1 drop per gram of powder) at 4 tons for 4 minutes with a 25 mm diameter
stainless steel mold, targeting a 2-3 mm thickness. A subsequent isostatic pressing treatment at
1500 bar for 5 minutes was carried out to increase the final relative density of the pellets. Green
pellets were then sintered at 1300 °C for 24 hours at 100 °C h™ heating and cooling rates,

maintaining the temperature at 500 °C for 2 hours during the heating ramp to remove the PVA.

2.2. Characterization techniques

Powders and pellets were analyzed at room temperature using X-ray diffraction (XRD) using a
Bruker D2 Phaser with Cu Ka radiation. The data were collected on an angular range of 20° to
90°. High-temperature XRD was conducted on a Rigaku Ultra X-18 diffractometer in the
temperature range from 25 °C to 750 °C, with 25 °C data acquisition intervals using a Rigaku 1000
K furnace. Le Bail profile matching of XRD patterns was performed using JANA 2006 software
[49] to extract the unit cell parameter for all diffractograms. Transmission electron microscope
investigations were conducted in parallel (TEM) and scanning modes (STEM) utilizing a FEI
Thermofisher Titan® G2 80-300 microscope operated at 300 kV and equipped with a Cs probe
corrector, STEM detectors, an Ultrascan 1000 XP TEM camera and a SuperX detector for energy-
dispersive X-ray (EDX) analyses. Dilatometry measurements were performed through a
SETARAM thermo-mechanical analysis system between 30 °C and 800 °C with 1 °C min heating
ramps in air on 10 mm bar samples obtained from previously sintered pellets. Thermogravimetric
analysis (TGA) in air was carried out using a SETARAM TG92 in the 25 °C - 1000 °C range at a
rate of 1 °C min during the cooling after a 2-hour stabilization time at 1000 °C. Material stability
in oxidizing and reducing environments was evaluated through XRD after 12 hours of thermal
treatments at 600 °C in air and 5% H. in Ar. Four-probe conductivity analyses were conducted
with a digital lock-in amplifier (SR850, Stanford Research Systems) on dense bar samples
mounted in a quartz tube to control the atmosphere. The four contacts were made using gold ink
and wires (Metalor Technologies). Conductivity measurements were performed in air, Ar, and wet
5% H. in Ar at a flow rate of 5 L h™! from 800 °C to 25 °C during cooling.

Electrochemical impedance spectroscopy (EIS) was performed on symmetrical cells made
of two symmetric porous layers of electrode materials deposited on dense cerium gadolinium oxide
(Ce0.9Gdo.102-5, 10CGO, Treibacher AG) electrolyte pellets [50]. CGO dense pellets were prepared



using PVA as binder, isostatic pressing at 2000 bars for 5 minutes, and sintering at 1500 °C for 6
hours. Electrodes were brush painted on top of CGO substrates as slurries made of 50% wt.
powders and 50% wt. paste, consisting of terpineol (Alfa Aesar), propanol (AnalaR
NORMAPUR), and ethyl cellulose (Sigma-Aldrich) in a 76:20:4 massive ratio [51]. The samples
were dried at 130 °C for 6 hours and calcined at 1200 °C for 2 hours. Additional NBFO
symmetrical cells were produced and tested using powders calcined at 900 °C for 2 hours (T9
NBFO sample) instead of the standard thermal treatments for powders (i.e., 24 h at 1100 °C
followed by 12 h at 1200 °C, indicated as T12 NBFO). Gold current collectors were applied on
electrodes with a thermal treatment at 800 °C for 2 hours. EIS was conducted using a ProboStat
setup and a Solartron 1260 impedance spectrometer in the 0.1 Hz - 1 MHz frequency range in
flowing air (5 L h) on both sides. The measurements were collected every 25 °C, cooling the
temperature from 800 °C to 500 °C, with 10 minutes of stabilization times to ensure the
thermodynamic equilibrium of the samples. Complete fuel cell tests were carried out on
symmetrical cells feeding separately air and wet 5% H, in Ar at 6 L h! flow rates in a Fiaxell

testing rig using an IviumStat impedance spectrometer between 500 °C and 600 °C.
3. Results and discussion

3.1. Structural properties

3.1.1. X-ray diffraction (XRD)
The X-ray diffraction (XRD) analysis performed at room temperature on SmBazFe3Os+s powders
after calcining at 1100 °C for 24 hours reveals the presence of peak splitting (Figure 1, black line).
At this temperature, a pure single phase is not formed, while two cubic perovskite phases are
present, probably with a different A-site composition inducing different cell parameters. One of
the phases is potentially identified as BaFeOs (PDF# 14-0180), having no rare earth on the A-site
of the perovskite phase. The other phase could correspond to an Sm-rich perovskite phase and be
associated with the reference compound SrixSmxFeOs.s (ICSD n° 230466 [52]). The failure to
produce single-phase SBFO at 1100 °C forced an additional thermal treatment at 1200 °C for 12
hours to reach phase purity. After the second calcination, the desired SmBazFe3Og+s compound is
obtained (Figure 1, red line) and compared with the two reference materials SmBazFe3Og 31 (PDF#
50-1849) or SmBazFes3O7.994 (PDF# 50-1850). The main phase consists of the cubic Pm3m

perovskite structure identified with space group n° 221. A tiny impurity peak is present at 28 °20



and can be attributed to the BaFe>Os phase (PDF# 25-1191). However, the presence of this
impurity phase has been considered negligible. The NBFO powder calcined at 1100 °C was formed
into a dense pellet through a sintering thermal treatment at 1300 °C. The XRD result on the pellet
shows that the desired SBFO phase is obtained and stable at this temperature, with only a slight

cell parameter increase (M 2 0.16%) compared to the powders treated at 1200 °C. This
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Figure 1 — Room temperature XRD diagrams of SmBa,Fe3O0s.:5 powders after thermal treatment at 1100 °C for 24 h
(black curve), at 1100 °C for 24 h followed by 12 h at 1200 °C (red curve), and pellet after sintering at 1300 °C (blue
curve). Reflections related to reference phases are reported. Black diamonds correspond to the cubic perovskite
structure indexed with the Pm3m symmetry (space group n°221, PDF# 50-1849). (b) Magnification of the highest
intensity peak to highlight the splitting after the 1100 °C calcination.

cell volume expansion is possibly related to a reduction of the average Fe oxidation state due to
oxygen loss above 1200 °C. Both the powders after 1100+1200 °C calcinations and the pellet after
sintering at 1300 °C are considered representative of SBFO and thus employed for the following

characterizations.

Figure 2 shows the diffractograms of (a) PrBa2FezOs+s and (b) NdBa2Fe3Og+s collected at room
temperature on powders and pellet samples after each thermal treatment. Whatever the thermal
treatment considered, the main phase detected is PrBa2Fe3Og+s and NdBazFe3Og+s (ICSD n° 50898
[36]), which can be indexed with the cubic space group Pm3m (n° 221). Conversely to SBFO, the
pure single phase for PBFO and NBFO is obtained already at 1100 °C. However, the additional

thermal treatment at 1200 °C is performed on all the powder materials to allow the direct
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comparison with SBFO, having the same thermal history. Also for PBFO and NBFO, the tiny
impurity peak at 28 °260, related to BaFe,O4 (PDF# 25-1191), is observed.

For all the compositions and thermal treatments, the cell parameters are deduced from a profile-
matching approach and are reported in Table 1. The cell parameters for SmBaxFe3Os+s and
NdBazFeszOs+s are close to those reported in the literature [36]. The variation of NBFO cubic unit

cell parameter after different thermal treatments is minimal, i.e., below 0.01%, while PBFO lattice

Figure 2 — Room temperature XRD diagrams of PrBasFesOs+s (a) and NdBayFes:Os:5 (b) powders after thermal
treatment at 1100 °C for 24 h (black curve), at 1100 °C for 24 h followed by 12 h at 1200 °C (red curve), and pellet
after sintering at 1300 °C (blue curve). Reflections related to reference phases are reported. Black diamonds correspond
to the cubic perovskite structure indexed with the Pm3m symmetry (space group n° 221, ICSD n° 50898) and red
spades indicate the peak related to the BaFe,O. impurity phase (PDF# 25-1191).



slightly expands after additional calcination (M ~ 0.11%) and sintering (M ~

a1100 ai1200

0.32%), eventually suggesting further material oxidation.

Table 1 — Comparison of the cubic lattice parameters of all samples after calcination at 1100 °C (powder), 1100 °C
and 1200 °C (powder), and 1100 °C followed by sintering at 1300 °C (pellet).

1100 °C 1200 °C 1300 °C Ref. [36]
a(A) a(A) a(A) a(A)
PrBa;FesOg:s 3.9452+0.0001 | 3.9496:+0.0002 3.9623+0.002 Null
NdBa;FesOs-s 3.9441+0.0002 | 3.9474+0.0001 | 3.9442+0.0019 3.9598
SmBa;FesOs:s Null 3.9451+0.0001 | 3.9516+0.0016 3.9529

3.1.2. Transmission Electron Microscopy

Conducting a study using transmission electron microscopy (TEM) was essential to
understanding the local nanostructure and chemistry of our samples. Indeed, the REBazFe3Os+s
compounds were previously shown to present a long-range order different from the short-range
one. Small rare earths like Sm presented more quintuple structures than those with Nd and Pr [41].
In 8-fold environments, Ba%*, Pr¥*, Nd**, and Sm** cations have respective ionic radii of 1.42 A,
1.126 A, 1.109 A, and 1.07 A. The nano-ordering occurs when there is a significant contrast
between Ba?* and RE®* radii, which is thus favored in the case of Sm®*. However, larger REs, such
as Eu and Gd, do not stabilize the quintuple structure unless tailoring the oxygen content or
partially substituting Fe with Co [42]. In this work, TEM investigation was conducted on PBFO,
NBFO, and SBFO powders after calcination at 1200 °C. While SBFO regularly shows quintuple
nano-ordering, it was challenging to find grains with nano-ordering for NBFO, and in the case of
PBFO, none was observed. Therefore, only the results of SBFO are presented in this section, while
PBFO and NBFO ones are reported in the Supplementary Material.

Figure 3(a) shows the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of an SBFO thin particle with quintuple nano-ordering.
Figure 3(b) is the selected area electron diffraction (SAED), representing the highlighted zone of
the grain under study in the reciprocal space. The brighter dots in the (b) image correspond to the
reflections of the ideal perovskite cubic structure, while the four less bright dots between every

two bright dots indicate the superstructure ones. These small dots correspond to the quintuple



Figure 3 — High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image (a) and
the selected area electron diffraction (SAED) image corresponding to the region highlighted of an SBFO nanoparticle
with two overlapped quintuple domains oriented by 90°.

superstructure of the SBFO perovskite. They are separated by a % distance, which coincide to a

fifth of the lattice parameter of the perovskite unit cell in the direction of the superstructure in the
reciprocal space. A triple layer ordering was instead expected due to the actual Ba/Sm ratio being
equal to 2, under the hypothesis of an A-site plane occupied only by Sm between two layers filled
only with Ba. Therefore, the presence of mixed Sm/Ba planes in the quintuple structure is
necessary to respect the overall stoichiometry. For SBFO, the most correct chemical formula is

thus Sm1 gs7Basz.333Fes015.5.

Since quintuple dots can be observed along two perpendicular directions of the cubic
structure, ordered nanodomains may switch orientation by 90° within the same matrix of cubic
unit cells. This observation is further elucidated in Figure 4, where different domains are present
and partially overlap inside the same particle.

Figure 4(a) shows the HAADF-STEM of an SBFO particle with domain boundaries and
overlapping areas. Yellow arrows indicate in-plane domain boundaries with the same orientation
of the quintuple structure. These domains present a shift of the lattice periodicity by a fraction of
the superstructure periodicity (e.g., less than 5 cubic unit cells) and partial overlapping (highlighted

with red lines in Figure 4(c)). Additionally, a boundary with a 90° relative orientation between the
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adjacent domains (blue arrow) reveals the coexistence of different orientations within the same
grain. This image also shows that the quintuple perovskite nanodomains have a size of a few tens
of nanometers. The small extent of the ordered domains may explain the long-range cubic structure
and the absence of quintuple structure signs observed with XRD. Figure 4(b) is the fast Fourier
transforms (FFT) image corresponding with the entire area shown in panel (a). As observed for
SAED (Figure 3(b)), the less bright and small dots related to the quintuple nano-ordering are
present in both a- and b-axis directions. Figure 4(c) summarizes the nanodomain orientations and

boundaries.

90° grain boundary .
In-plane grain boundary

Figure 4 — HAADF-STEM image of SBFO showing different domain orientations (a), the corresponding FFT image
(b), representing corresponding to the multi-domain zone (¢) Domain orientation and the overlapping regions in red.

Figure 5 shows another area with different orientations. The FFT of the domains
highlighted with yellow and red boxes are presented in panels (b) and (c). No superstructure
ordering is observed on the left side of Figure 5(a), while on the right, the quintuple nanostructure

is clearly visible. The FFT of the yellow box also confirms the existence of the quintuple nano-
ordering of the domain with spots spaced by a % vector. Another quintuple domain with the same

orientation is seen in the adjacency of the yellow region, but this domain has its nano-ordering
translated by a vector of 2-unit cells (along the c-axis) compared to the adjacent area. These two
domains are separated by an anti-phase boundary highlighted by the red arrow. The domain
marked with a red box indicates a regular cubic structure without any sign of quintuple nano-
ordering. The corresponding FFT (Figure 5(c)) confirms this result, revealing only the big bright

dots related to the cubic structure and not those of the superstructure. This result may suggest that
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(i) the c-axis of the superstructure is parallel to the zone axis or (ii) the ordered and disordered

structures coexist in the same SBFO crystallite.

Orientation of the unit cell of SBFO

46 A ¢ © "b'
® < ’ b b
c «9 ® =, b ®

90° Nanodomain boundary I Anti-phase boundary

Figure 5— HAADF-STEM image of SBFO grain edges with different nanodomain orientations and relative boundaries (a).
Fast Fourier transforms (FFT) of the area inside the yellow box showing a single quintuple domain (b) and the red box
representing a domain without the superstructure, possibily due to the [001] orientation or disordered cubic structure (c).

In Figure 6, the SBFO quintuple nano-ordering is studied in detail through high-resolution
HAADF-STEM imaging and the associated intensity profile perpendicular to the stacking planes.
In this figure, the quintuple periodicity is clearly seen, where the alternation of Sm/Ba planes and
Fe planes shows a specific contrast and intensity that respects a (5*c) periodicity, with a coherent
arrangement throughout the domain. In particular, it is possible to observe planes with less
intensity highlighted with red arrows. The most evident attenuation is observed for a Fe layer,
followed by an A-site and other B-site planes with reduced intensity. Considering that HAADF
mode mainly reveals the Z-contrast, these planes would potentially contain vacancies of a cationic
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nature. Initially, it was speculated that the interplanar spaces were equal, but Figure 6(b) reveals
that in the regions with the lowest intensity, the interatomic space between A-site planes increases
significantly (interplanar space of region 3 = 4.42 A, instead of 3.8 A for region 1). This can be
explained by the existence of vacancies (darker planes), which in turn would cause lower atomic
attraction and more significant interplanar distance. A slight increase in the A-site interplanar
distances is also observed for the two surrounding planes (marked as 2 in Figure 6(b)). This latter
observation aligns with the results of Volkova et al. [39], who reported reduced interplanar
distance between two Sm/Ba mixed planes. Their electron energy loss spectroscopy (EELS) results

Figure 6 — High resolution HAADF-STEM image of SBFO (a) that shows the quintuple superstructure pointing
out the A-site (Sm/Ba by orange arrow) and B-site (Fe by blue arrow) ordered layers. The red arrows indicate the
planes where cationic deficiency is observed. (b) Intensity profile corresponding to the area selected in the red
box from panel (a).

had shown a localized decrease of Fe coordination states from 6-fold to 5- or even 4-fold,

correlated to oxygen vacancies localized in this plane.

Figure 7 shows the results of Energy Dispersive X-ray (EDX) spectroscopy performed on the
HAADF-STEM image. Ba, Fe, Sm, and O signals are integrated to create maps and visualize the
local chemistry of the quintuple structure. As can be seen in panel (c), the color overlay reveals
that the quintuple nano-ordering follows the regular alternation of (Sm - Ba - Sm/Ba - Sm/Ba - Ba)
planes, in accordance with the superstructure observed in previous work [39]. The columns in
green with high intensity represent planes of Sm where Ba is not present, and the red columns with
high intensity represent Ba with no Sm presence. The two columns in the middle represent planes
where both Ba and Sm coexist. This periodicity is repeated throughout the structure to form the

nano-ordered quintuple perovskite domains.
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Figure 7 — Energy dispersive X-ray spectroscopy (EDX) collected on the HAADF-STEM image (a) of SBFO for Ba
in red (b), Fe in blue (d), Sm in green (e), and O in cyan (f). Panel (c) present the color overlay of single atom maps.

The TEM results confirm that if stacked on each other with different orientations, quintuple nano-
ordered grains can appear as cubic. This observation also explains the cubic XRD patterns seen
for the SBFO samples. In order to determine the percentage of quintuple ordering and actual cubic

structure in our samples, further investigation is required.

A complementary Molecular Dynamics (MD) investigation was carried out to study the quintuple
superstructure influence on the oxygen ion conductivity [43]. Unfortunately, the results showed
that the isotropic oxygen diffusion coefficient of the disordered structure is higher than the ordered
anisotropic ones. Therefore, regarding oxygen diffusion, the quintuple nano-ordered structure of

SBFO is not expected to improve the electrochemical performance compared to NBFO and PBFO.

3.2.  High-temperature characterization
3.2.1. High-temperature XRD
The high-temperature XRD study was performed on all compounds to evaluate the unit cell
variation in the operating temperature range of SOFCs. Figure 8 shows the XRD pattern of the
NBFO sample from 100 °C to 700 °C with 100 °C intervals. As for room temperature, all
diffractograms can be indexed with the cubic Pm3m symmetry and present the tiny peak at 28 °26
related to the BaFe>O4 impurity phase. All XRD diagrams show a left-ward shift of the peaks’
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location as temperature increases, reflecting the gradual growth of cell parameters due to thermal

expansion. The same results are observed for PBFO and SBFO samples (Figures S1 and S2 of the
Supplementary Material).
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Figure 8 — High-temperature XRD diagrams of NBFO powder sample colleted between 100 °C and 700 °C in air.
Reflections related to the reference NdBayFesOs:s phase (Pm3m symmetry, space group n° 221, ICSD n° 50898) are
marked as black diamonds. Red spade symbol indicates the peak related to the BaFe,O. impurity phase (PDF# 25-1191).

The cubic unit cell parameter is calculated for each diffractogram for all the samples. Figure 9

shows the variation of lattice parameters with temperature for PBFO, NBFO, and SBFO calculated

as (w) This variation appears to be non-linear, and the temperature range has thus been divided

Qo
into three different regions: low-temperature (LT), intermediate-temperature (IT), and high-
temperature (HT). In the LT region, all samples experience a similar lattice parameter growth up
to ~400 °C. In the HT range, the unit cell thermal expansion of PBFO and NBFO is remarkably
more significant than the expansion of SBFO. This effect can be related to the different evolution

of the oxygen content in these samples, as discussed in Section 3.2.3.
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Figure 9 — Thermal evolution of PBFO, NBFO and SBFO lattice parameters obtained from
HT-XRD performed from 25 °C to 750 °C every 25 °C. Three regions are highlighted: low
temperature (LT), intermediate temperature (IT), and high temperature (HT).

3.2.2. Dilatometry
Figure 10 shows the thermal expansion curves for PBFO, NBFO, and SBFO measured by
dilatometry over the 30-800 °C temperature range. The thermal expansion coefficient (TEC) can

L-Lo
Lo

be obtained by extracting the slope of the ( ) curves as a function of temperature. As for the

HT-XRD results, the dilatometry curves do not evolve linearly, and the temperature range has also
been divided into LT, IT, and HT regions. Table 2 presents the thermal expansion coefficient of
PBFO, NBFO, and SBFO using dilatometry and HT-XRD. The TECs present very similar values
as measured through XRD and dilatometry. The slightly smaller value found for dilatometry could
be due to the difficulty of reaching equilibrium in samples for dilatometry due to their high density,
even if the cooling ramp was chosen to be slow (1 °C h?). In the LT range, all samples have a
similar TEC, while above 400 °C, PBFO and NBFO present higher values than SBFO. As a whole,
if thermal expansion at low temperatures is relatively close to the values of common electrolyte
materials (10.5 x 10 K for ZrogsY0.15025 (8YSZ), 12.5 x 10® K for CGO [53]), in the HT

range the large values (between 25-30 x 10® K1) could potentially hamper the long-term
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performance of the working devices. These values are in line with TECs of other barium ferrites
reported in the literature [54-56].
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Figure 10 — Thermal expansion of NBFO, PBFO and SBFO measured by dilatometry
between 30 °C and 800 °C in air.

Table 2 — Thermal expansion coefficients (TEC) values expressed in (106 K1) of PBFO, NBFO, and SBFO
calculated from dilatometry and HT-XRD in the low- (LT) and high-temperature (HT) ranges.

TEC PBFO NBFO SBFO
(valuesin 10°K?)  Dilatometry HT-XRD Dilatometry HT-XRD Dilatometry HT-XRD
LT Range
14.0 13.9 13.9 14.0 14.1 14.5
(25-400 °C)
HT Range

305 326 275 29.5 23.4 24.1
(600-800 °C)
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3.2.3.  Thermogravimetric analysis (TGA)
Figure 11 shows the weight loss of all samples measured by TGA cooling from 1000 °C down to
150 °C in air. A general trend of losing weight as the temperature rises is observed. Below 400 °C,
all samples have a similar weight reduction, but as temperature increases, SBFO loses less mass
compared to NBFO and PBFO. Below 500 °C, NBFO and PBFO show comparable weight loss
rates, but as the temperature increases, PBFO presents the highest mass reduction. The weight loss
as temperature increases is associated with the loss of lattice oxygen in the compounds. A change
in the transition metal oxidation state accompanies the oxygen loss to maintain charge neutrality.
The only species susceptible to reduction is iron, which increases the mean ionic radius (Fe** =
0.585 A, Fe** = 0.645 A, and Fe** = 0.780 A for 6 coordinated high-spin cations [57]), leading to
an expansion of the lattice. This explanation is coherent with the trend observed for the thermal

expansion evolution (i.e., TECssro < TECngro < TECpsro).
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Figure 11 — Weight loss of PBFO, NBFO, and SBFO in air as a function of
temperature measured by thermogravimetric analysis (TGA).
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3.3.  Chemical stability
Additional XRD analysis was performed after exposures to both oxidizing and reducing
atmospheres at high temperatures to probe the material stability in working conditions as
symmetrical SOFC electrodes. Figure 12 shows the XRD patterns for the NBFO sample after 12
hours at 600 °C in air and 5% H in Ar (data for PBFO and SBFO are shown in Figures S3 and S4
of the Supplementary Material). Across all samples, no additional peaks appear; therefore, no
parasitic phases are produced after thermal treatments. All the peaks remain indexed within a cubic
structure with Pm3m symmetry. The impurity phase of BaFe2Os is present in all samples. After the
thermal treatment in air, the powders preserved their original black color, whereas they turned
reddish-brown after the Ho-Ar test. This reddish-brown color might be associated with a mixture

of Fe?" (red in most oxides) and Fe** (brown in most oxides) cations. Additionally, a peak shift

NdBa,Fe;Oq.;

i ¢ NdBa,Fe,O,,; 4 BaFe,O,
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Figure 12 — XRD diagrams for NBFO after thermal treatment in oxidizing (Air) and reducing
(5% Hy in Ar) environments at 600 °C for 12 h. Reflections related to the reference NdBasFesOs:s
phase (Pm3m symmetry, space group n° 221, ICSD n°® 50898) are marked as black diamonds.
Red spade symbol indicates the peak related to the BaFe,O, impurity phase (PDF# 25-1191).
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towards lower angles is observed after exposure to reducing conditions, suggesting a lattice

expansion and, thus, Fe reduction.

These materials are proposed as SOFC symmetrical electrodes. Therefore, the influence of the
atmosphere on the B-site mixed valence is expected to impact the electrochemical properties of
the anode and cathode sides differently. Nevertheless, the stability of the structure indicates that
these compounds can be applied as electrode materials for both oxidizing and reducing

atmospheres.

3.4. Electrical properties

The conductivity measurements in oxidizing and reducing conditions are necessary to
understand the conduction mechanisms of the samples and their suitability as symmetrical SOFC
electrodes. Figure 13 shows the total conductivity of PBFO, NBFO, and SBFO measured in air,
Ar, and wet 5% Ha in Ar (pr2o = 0.023 bar). PBFO has a slightly higher conductivity in air than
NBFO, whereas the SBFO sample has a considerably lower conductivity. The maximum
conductivities in air were recorded between 300 and 400 °C and are equal to 68, 43, and 9 S cm™®
for PBFO, NBFO, and SBFO, respectively. The results for SBFO are in line with the literature
[48].

The fact that the conductivity increases at low temperatures and reduces above 400 °C means
that both the concentration and mobility of charge carriers are affected by temperature changes in
a given atmosphere. In this type of compound, the electrical behavior is mainly of polaronic nature,
where electrons jump from one Fe site to another, with ions’ dynamics assisting the hopping
[48,58,59]. The mobility in such cases usually follows an Arrhenius law with a given activation
energy. Since conductivity is not increasing exponentially with temperature, the number of charge
carriers also evolves. This result can be connected with the oxygen loss reported previously. If we
consider the formula NdBazFe3Ogs, with an oxygen content at room temperature measured by
iodometry [35-37], the oxidation state of iron is thus 3.33. As temperature increases, oxygen loss
leads to a reduction of the mean iron oxidation state and, therefore, to a potential drop in charge
carrier concentration. As measured by TGA (Figure 11), below 400 °C, the oxygen loss is
insignificant, and the conductivity increase is driven by a charge mobility enhancement. At high

temperatures, the rise in charge mobility is compensated by reducing charge carriers due to oxygen
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loss. Therefore, the conductivity behavior stabilizes (SBFO) or even starts to decrease (PBFO and

NBFO) above 400 °C.
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Figure 13 — Total conductivity of PBFO, NBFO, and SBFO measured between 50 and 750 °C in
air, Ar, and 5% H, in Ar.

The conductivity results in Ar present a different trend than air among the compounds. The
most conductive material in Ar is NBFO, followed by PBFO, while the lowest values are again
observed for SBFO, as for air results. Still, the gap between the 3 compounds is reduced in Ar
compared to air. Generally, the Ar conductivity is one order of magnitude lower than air, which
can be explained by reduced average oxygen contents and, thus, decreased charge carrier
concentrations. The compensation behavior between charge carrier concentration and mobility can

also be observed.

In 5% Ha in Ar, the conductivity decreases by several orders of magnitude compared to air.
As mentioned above, Fe reduction is believed to be detrimental to electrical conductivity due to
the decrease of charge carriers. The curves do not present the maximum between 300-400 °C but
increase monotonically with temperature. Below 250 °C, NBFO and PBFO show an unexpected
rise in conductivity. This phenomenon has not been fully understood, but it is outside the operative
range of SOFCs.
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From these results, the conductivity of NBFO and PBFO in air between 500 and 750 °C
ranges from 23 to 55 S cm™. These values are lower than the target value of 100 S cm™, proposed
by Steele [60], to ensure the absence of conduction limitations in the cathodic polarization
resistance. For an air electrode, this limitation increases the ohmic resistance of impedance results
due to the lack of electrons at the oxygen reduction reaction sites. However, conductivities between
10 and 100 S cm are potentially sufficient for electron transport in mixed electronic and ionic
conductors (MIEC). Particular attention was paid to ohmic resistances during EIS analysis, and
more details are presented in Section 3.5.2. Conversely, the conductivity values in the Ha/Ar
mixture suggest that limitations might arise at the fuel side of the symmetrical SOFC. We
nevertheless keep in mind that real devices would work on pure hydrogen, for which this family
of ferrites is expected to present n-type conductivity at very low pO> conditions [61]. On the other
hand, the increase of conductivity at high oxygen levels also confirms the existence of p-type

contribution.

3.5. Electrochemical performance

3.5.1. Electrochemical characterization of PBFO, NBFO and SBFO electrodes
The electrochemical performance of PBFO, NBFO, and SBFO electrodes was evaluated in the
symmetrical cell configuration through electrochemical impedance spectroscopy (EIS). Electrode
layers” mechanical stability and adhesion on electrolyte supports are essential for reliable EIS
results. Low mechanical resistance of the electrode can cause significant degradation during EIS
measurements due to partial detachment and subsequent active area reduction. Poor adhesion can
hamper the charge transfer processes at the electrode/electrolyte interface, adding resistive
contributions unrelated to the intrinsic electrode properties. The extreme case is delamination,
which also contributes to additional ohmic resistance. These crucial factors were considered when
optimizing the symmetrical cell production by tailoring powder size and microstructure, slurry
preparation and deposition, electrolyte selection, and thermal treatments. The results of the
parameters optimization are not presented in detail in this study, but a systematic EIS study was
performed. The resistance was minimized by varying the electrolyte support material among
LSGM (Lao.gSro.2GansMgo.203-5), CSO (Cep.9Smo.102-5), and CGO (Ceo.9Gdo.102-5). The latter was
selected due to excellent adhesion and lack of reactivity between electrodes and electrolyte
powders. The reactivity between electrodes and electrolytes was verified by XRD on post-mortem

cells of NBFO (not shown). Meanwhile, the temperature for calcining the ink deposited on the
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electrolyte to prepare the porous layers was optimized inside the 950-1250 °C range. Finally, the
electrode thickness was evaluated between 5 and 30 um. The best performance was obtained for
symmetrical porous layers with 15 um of thickness deposited on CGO after thermal treatment of
1200 °C for 2 hours. These optimal parameters were employed to produce PBFO, NBFO, and

SBFO symmetrical cells for EIS measurements.

Figure 14 shows the impedance spectra in Nyquist plots collected at 550-800 °C in air inside the
0.1-108 Hz frequency range. Significant differences in the ohmic resistance (i.e., the value of the
first intercept with the Z' axis) are observed due to variations in the thickness of electrolyte pellets.
Therefore, this contribution is subtracted to simplify the visualization and comparison of the
results. A systematic verification of the ohmic resistance values is performed by calculating the

thickness

relative ionic conductivity of CGO pellets (Gcco = ) and comparing to the theoretical

Ronm'Area
values. No significant reductions in CGO ionic conductivity were recorded for all the EIS results
presented in this work. Additionally, the relative density of CGO pellets was measured by dividing
the experimental density by the theoretical one (7.21 g cm™ [62]). Only pellets with relative
densities higher than 95% were employed as support for EIS.

The experimental impedance data are normalized over half of the electrode surface to obtain the
area specific resistance (ASR) and subsequently fitted to measure the polarization resistance
accurately by the equivalent circuit method (ECM). The equivalent circuit contains an inductance
(L) in series with a resistance accounting for the ohmic contribution (Ronm) and different
resistances in parallel to constant phase elements (Reo//CPE), each representing a resistive
contribution involved in the electrode reaction. Fitting the EIS spectra for all samples required
three Rpoi//CPE contributions. Excellent agreement between raw data and fitted curves is obtained
(Figure 14), and the three Rpo Vvalues are extracted and summed together to calculate the
electrodes’ ASR.

The resistance to the oxygen reduction reaction (ORR) is composed of a high-frequency (left side
of the Nyquist plot), a middle-frequency, and a predominant low-frequency phenomenon (right
side) for these compounds. An evident distinction between these two contributions is observed for
SBFO, which also presents the most significant values, and for NBFO at temperatures lower than
700 °C. These spectra shapes indicate that further optimization of the electrodes can be performed
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to reduce the global resistance [63,64]. However, NBFO shows the lowest ASR values of the
series, followed by PBFO.
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Figure 14 — Nyquist plots reporting impedance spectra of PBFO (red circles), NBFO (blue), and SBFO (green)
symmetrical cells measured by EIS in air in the 0.1-10¢ Hz frequency range at 800 °C (a), 750 °C (b), 700 °C (c), 650
°C (d), 600 °C (e), and 550 °C (f). Full circles indicate the frequency decades with numbers expressing the decimal
logarithm of the frequency. Black solid lines represent the fittings performed by the equivalent circuit method (ECM)
using a circuit with an induction in series with a resistance and with three R//CPE contributions (resistance in parallel

with constant phase element).



The ASR values of PBFO, SBFO, and NBFO are reported in the Arrhenius plot (i.e., the logarithm
of the resistance versus the inverse of the temperature, Figure 15). All samples present linear trends
and similar activation energy around 1 eV. PBFO and NBFO results are comparable, while SBFO
presents polarization resistances of almost one order of magnitude higher. The ASRs for PBFO,
NBFO, and SBFO are 0.26, 0.17, and 1.29 Q cm? in air at 800 °C. The much larger ASR observed
for SBFO may be related to the low total conductivity observed (5.3 and 9.3 S cm™ at 800 and 500
°C, respectively; Figure 13). The sluggish transfer of electrons to the reaction sites may limit the
ORR and partially explain the high ASR values. However, SBFO spectra do not reveal the
presence of supplementary resistive contributions compared to PBFO and NBFO. The limiting
resistive phenomena are probably similar among the three materials because both the EIS spectra
shapes and the ASR activation energy are comparable. Therefore, another possible explanation is
related to the reduced oxygen diffusion coefficient of the nano-ordered structure, which we
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Figure 15 — Arrhenius plot of the area specific resistance (ASR) values of PBFO, NBFO, and
SBFO calculated from the EIS results measured in air between 450-800 °C.
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observe only for SBFO, compared to the disordered structure, i.e., PBFO and NBFO [43].
Literature results on the nano-ordered quintuple perovskite SmigzsBas 125Fes01s5.5 showed ASR
values equal to 0.075 Q cm? in air at 800 °C [48]. This improved result can be explained by the
different stoichiometric ratios of cations and the cell fabrication parameters, i.e., LSGM as
electrolyte material and 1000 °C as temperature to calcine the electrode layers. Given these results,
we selected NBFO composition and improved the preparation procedure to reduce the ASR values,

with the aim of testing the material in fuel cell conditions.

3.5.2.  Microstructural improvement of NBFO electrodes
Powders calcined at 1200 °C tend to form large agglomerates despite repeated ball-milling steps
throughout the synthesis process. Reducing the grain size distribution of electrode powders
increases the specific surface area and, thus, active reaction sites for the ORR. A new procedure
was developed to limit the grain growth during the synthesis of NBFO powder. Instead of calcining
the precursors for 24 h at 1100 °C, followed by 12 h at 1200 °C, NBFO precursors were merely
treated for 2 h at 900 °C. NBFO powder calcined at 900 °C was subsequently used to produce
symmetrical porous layers for EIS measurements following the exact same procedure of NBFO
treated at 1200 °C. Therefore, the phase purity of NBFO was not completely obtained during the
powder preparation but during the symmetrical cell production (i.e., calcination of NBFO ink at

1200 °C for 2 h to obtain symmetrical porous layers on the CGO electrolyte support).

In the following sections, the NBFO electrodes produced from powder treated at 900 °C are named
“T9 NBFO” to differentiate between the powders that undergo the final calcination at 1200 °C
referred to as “T12 NBFO”. T12 NBFO powders are the samples used for the characterizations

presented in the previous sections to evaluate the properties of pure-phase NBFO composition.

The difference in microstructure between T12 and T9 NBFO electrode layers was investigated
through Scanning Electron Microscopy (SEM), observing the cross sections of symmetrical cells
before EIS (Figure 16). T12 NBFO electrode has average grains of 1.18 + 0.14 um diameter and
presents large agglomerates due to powder sintering. The microstructure of the T9 NBFO layer is
more uniform, without large agglomerates, and maintains good adherence with the dense CGO
pellet substrate. The T9 NBFO average grain size is equal to 0.58 + 0.11 um, which is half of the
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T12 NBFO

Figure 16 — SEM images of cross sections of symmetrical cells showing the microstructure of porous layers made
of NBFO powders treated at 1200 °C (T12 NBFO, (a) and (b)) and at 900 °C (T9 NBFO, (c) and (d)) deposited
on dense support pellet of CGO electrolyte material.

T12 NBFO electrode. Sub-micrometer particle size distribution is generally targeted as the optimal

dimension for cathode powders [64-67].

The impedance spectra of T12 and T9 NBFO symmetrical cells measured in air between 550-800
°C are presented in Figure 17. The EIS results reveal that T9 NBFO exhibits significantly lower
resistance values than T12 NBFO. The ASR of T9 NBFO is 0.05 Q cm? at 800 °C, about a third
of the ASR of T12 NBFO. The performance enhancement is attributed to the improved
microstructure obtained by decreasing the NBFO powder synthesis temperature. Middle- and low-
frequency contributions mainly contribute to the ASR reduction at high temperatures, where only
two R//CPE contributions are necessary for the ECM fitting. The low-frequency contribution of
T9 NBFO at 800 °C is probably due to gas diffusion limitation. By reducing the temperature, the
spectra shape changes and becomes similar to T12 NBFO ones. Below 675 °C, using the same
circuit with three R//CPE contributions is necessary to fit the spectra of both samples.
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Figure 17 — Nyquist plots reporting impedance spectra of T12 (blue circles) and T9 NBFO (red) symmetrical cells
measured by EIS in air in the 0.1-10° Hz frequency range at 800 °C (a), 750 °C (b), 700 °C (c), 650 °C (d), 600 °C
(e), and 550 °C (f). Full circles indicate the frequency decades with numbers expressing the decimal logarithm of the
frequency. Black solid lines represent the fittings performed by the ECM using the circuit reported in the graph. Three
R//CPE contributions are employed for fitting the spectra of T12 NBFO and T9 NBFO below 650 °C, while two

R/ICPEs are necessary for fitting T9 NBFO at 700, 750, and 800 °C.
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Figure 18 — Arrhenius plot of the ASR values of T12 and T9 NBFO calculated from the EIS
results measured in air between 450-800 °C.

The Arrhenius plot reports the ASR values of T12 and T9 NBFO, showing linear behaviors and
similar activation energies (Figure 18). Down to 650 °C, T9 NBFO presents ASR values below
the 0.15 Q cm? threshold proposed by Steele to be considered an efficient and promising electrode
for SOFCs [68]. Therefore, these production conditions are selected for the measurements in fuel

cell conditions.

3.5.3.  Fuel cell measurements of T9 NBFO symmetrical cells
As an indicator of the performance of NBFO in fuel cell conditions, we collected I/V polarization
curves on single cells with a symmetrical configuration of T9 NBFO/CGO/T9 NBFO. The cells
were synthesized using the optimized conditions reported in Sections 3.5.1 and 3.5.2. The

thickness of the CGO electrolyte support was reduced to 660 um to minimize the ohmic resistance.

Figure 19(a) shows the cell 1/V curves, and panel (b) depicts the maximum power densities as a

function of temperature. At all temperatures, the OCV is in the range of 0.9 - 0.95 V. These values
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Figure 19 — Polarization curves measured on between 500-600 °C on a T9
NBFO/CGO/T9 NBFO symmetrical cell feeding air and 5% Hz in Ar (a) Maximum
power densities as a function of temperature (b).

are smaller than the theoretical Nernst potential, but this is expected for pure CGO electrolytes
because of electron holes generation due to Ce** reduction in hydrogen at high temperatures [69].
The decrease in OCV is due to partial current leakage through the electrolyte associated with the
electronic conductivity of CGO. The polarization curves were collected at a maximum of 600 °C
to limit the ceria reduction and thus to maintain elevated the CGO ionic transference number and
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the OCV. In addition, the measurements were performed in mild reducing conditions, such as wet
5% H2 in Ar atmosphere, compared to dry pure Hz. The typical solution to avoid this OCV
reduction is to deposit a thin electronic insulator YSZ layer on the fuel side of the CGO electrolyte
[70]. Although the electrolyte support was not optimized, the symmetrical cell configuration was
employed to demonstrate the feasibility of applying NBFO as both air and hydrogen electrodes

simultaneously.

The maximum power densities are 1.4, 2.6, 6.6, 18.4, and 37.9 mW cm at 500, 525, 550, 575 and
600 °C respectively. As expected, power density increases with the temperature. The maximum
power density at 600 °C is comparable to the 40 mW cm obtained for symmetrical cells based on
cobalt-free SrFeosWo.203-5 electrodes on CSO electrolyte measured at 600 °C in air and wet H»
[22]. The performance can be further improved by optimizing the electrolyte-supported cell setup
and boosting the conductivity using composite or infiltrated electrode configurations. However,

the applicability of NBFO as electrodes for symmetrical SOFCs was successfully demonstrated.
4. Conclusion

This study focuses on investigating the suitability of perovskite ferrites, namely PrBaxFesOs-s
(PBFO), NdBazFesOs+s (NBFO), and SmBayFesOs+s (SBFO) as electrodes for symmetrical
SOFCs. The intrinsic properties of the synthesized compositions were measured under oxidizing
and reducing conditions, followed by their performance as electrode materials using EIS. XRD
confirms a cubic structure with the Pm3m symmetry for all samples. XRD under reducing and
oxidizing environments demonstrates the stability of the materials without phase degradation.
TEM investigation reveals the presence of quintuple perovskite nano-ordering only in SBFO
samples, with an atomic plane arrangement of "Sm - Ba - Sm/Ba - Sm/Ba - Ba" along the c-axis
direction. In SBFO, long-range variations in the quintuple structure orientation result in domains
with different orientations within the same grain. Therefore, different domain orientations
contribute to the cubic projection of the crystallographic structure observed by XRD. The
quintuple nano-ordering is not clearly observed in NBFO and PBFO, indicating either the
existence of tiny domains for the quintuple phase or the stabilization of a disordered cubic

perovskite structure.

Dilatometry and in situ XRD measurements show that the samples exhibit a thermal expansion

coefficient close to 14 x 10 K at low temperatures, increasing to 30 x 10 K* above 600 °C.
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This increment is related to the loss of oxygen with increasing temperature measured by TGA.
PBFO exhibits the highest weight loss and thermal expansion coefficient among the samples,
followed by NBFO and SBFO. The maximum electrical conductivity in air between 400-500 °C
is 68, 43, and 9.3 S cm™ for PBFO, NBFO, and SBFO, respectively. A significantly lower
conductivity is observed in 5% H> in Ar due to oxygen loss and reduced charge carrier

concentration across all samples.

The ASR of PBFO, NBFO, and SBFO electrodes are 0.26, 0.22, and 1.29 Q cm? in air at 800 °C.
The highest resistances are observed for SBFO, while NBFO and PBFO demonstrated promising
performance. The disordered A-site structure is more efficient in the oxygen ion diffusion than the
quintuple nano-ordered one observed for SBFO, as shown with MD simulations [43]. Additional
improvements were achieved by reducing the synthesis temperature of NBFO powders down to
900 °C (T9 NBFO), reaching ASR values of 0.05 Q cm? in air at 800 °C. Symmetrical fuel cell
measurements were performed using T9 NBFO electrodes with improved microstructure in wet
5% H> in Ar and air between 500-600 °C. The I/V polarization curves reached peak power densities
of 37.9, 6.7, and 1.4 mW cm at 600, 550, and 500 °C respectively.

In conclusion, PBFO, NBFO, and SBFO show chemical and structural stability as symmetrical
SOFC electrodes but are limited by the tiny electrical conductivity in reducing environments, as
well as the significant thermal expansion coefficient in air. Fuel cell measurements on NBFO
symmetrical cells indicate modest performance but demonstrate the applicability as symmetrical
SOFC electrodes.
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Figure S1 — High-temperature XRD diagrams of PBFO powder sample collected between 100 °C and 800 °C in
air. Reflections related to the reference PrBa,FesOs.s phase (Pm3m symmetry, space group n° 221, ICSD n°
50898) are marked as black diamonds. The red spade symbol indicates the peak related to the BaFe,O. impurity
phase (PDF# 25-1191).
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Figure S2 — High-temperature XRD diagrams of SBFO powder sample collected between 100 °C and 700 °C in
air. Reflections related to the reference SmBa,FesOs.:5 phase (Pm3m symmetry, space group n° 221, PDF# 50-
1849) are marked as black diamonds. The red spade symbol indicates the peak related to the BaFe,O4 impurity
phase (PDF# 25-1191), and green clovers indicate Pt peaks related to the sample holder.
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Figure S3 — XRD diagrams for PBFO after thermal treatment in oxidizing (Air) and reducing (5% H2 in Ar)

environments at 600 °C for 12 h. Reflections related to the reference PrBa-FesOs.s phase (Pm3m symmetry, space

%roup n° 221, ICSD n° 5089?:) are marked as black diamonds. Red spade symbols indicate the peak related to the
aFe,O4 impurity phase (PDF# 25-1191).
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Figure S4 — XRD diagrams for SBFO after thermal treatment in oxidizing (Air) and reducing (5% H2 in Ar)
environments at 600 °C for 12 h. Reflections related to the reference SmBa;FesOs:s phase (Pm3m symmetry,
space group n° 221, PDF# 50-1849% are marked as black diamonds. Red spade symbols indicate the peak related
to the BaFe,O4 impurity phase (PDF# 25-1191).
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'([;ure S5 — Transmission electron microscopy (TEM) image of a polycrystalline PBFO nanoparticle (a) and
e

cted area electron diffraction (SAED) images of different grains in the nanoparticle (b) and (c).
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Figure S6 — High resolution high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (a) and the corresponding fast Fourier transform (FFT) of a
PBFO nanoparticle



Figure S? — High resolution HAADF STEM images (a) and (c) of NBFO with the
corresPondmg FET images (b) gnd (d). Tiny domains of the nano-ordering superstructure are
sparsely present (darker lines).



