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In a recent theoretical study [Jacobs et al. Adv.Energy Mater. 2018, 8, 1702708], BaFeg 125C0¢.125Zr0.7503.5 Was predicted to be

a stable phase with outstanding performance as an auspicious cathode for intermediate-temperature solid oxide fuel cells

(IT-SOFCs). It is shown here that the theoretical predictions are valid. The material can be synthesized by the citrate method

as a single cubic Pm3m phase with a significant amount of oxygen vacancies, randomly distributed in the anionic sublattice

facilitating oxygen vacancy conduction. A thermal expansion coefficient of 8.1 x 10°® K suggests acceptable compatibility

with common electrolytes. Electrochemical impedance spectroscopy of symmetrical cells gives an area-specific resistance
of 0.33 Q-cm? at 700 °C and 0.13 Q:cm? at 800 °C . These values are reduced to 0.13 Q-cm? at 700 °C and 0.05 Q-cm? at 800
°C when the material is mixed with 30%wt of Ce;4Gd, 10,.5. Consider to use the acronym BFCZO more often.

Introduction

A solid oxide fuel cell (SOFC) is an electrochemical device that
converts chemical into electrical energy via electrochemical
reactions. I It consists of a highly dense and oxygen ion conducting
electrolyte, which is sandwiched between an anode and a cathode,
both with a substantial porosity. The oxidation of a fuel (H,, CO, CH,)
at the anode produces an excess of electrons, which move through
an external circuit to the cathode, where the reduction of oxygen
molecules requires electrons. Optimizing the components for these
devices (electrodes and electrolyte) and lowering the operating
temperature of SOFCs to the intermediate range (500 — 750 °C) are
the main aspirations in this field of research.>#

Mixed ionic and electronic conductors (MIECs) are considered
auspicious candidates as cathodes for these intermediate
temperature solid oxide fuel cells (IT-SOFCs).% 1© The presence of
ionic and electronic conductivity simultaneously and the movement
of electrons from the external circuit to the cathode surface promote
oxygen reduction. The ionic conductivity facilitates the 0%
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movement from the triple phase boundary (TPB) to the electrolyte,
while the electronic conductivity contributes to the transfer of
electrons from the external circuit to the TPB, where the
electrochemical reaction takes place. For an efficient cell
performance, it is particularly important to increase the number of
active sites for the oxygen reduction reaction (ORR) on the cathode
surface. This is achieved by the increase of the specific surface area
accessible for the conversion of oxygen molecules to oxygen
anions.1'13 Furthermore, for the reduction of ohmic losses at the
electrode, it is crucial to find a material with high electrical
conductivity and area-specific resistance (ASR) lower than 0.15 Q cm?
at the application temperature, or to prepare a composite by mixing
an ionic with an electrical conductor.> 14 1> Additionally, mechanical
and chemical compatibility with similar thermal expansion
coefficient (TEC) between the electrode and the electrolyte materials
are essential. Typical SOFC electrolytes, such as yttria-stabilized
zirconia (YSZ) and gadolinium-doped ceria (GDC) possess values of
TEC=10-12 x 10°K.26 Delamination at the solid-solid interfaces or
stress of the cell can occur if there is a too large divergence between
the TEC values of the components.? 17 Previous studies suggest that
a difference in the thermal expansion coefficient of the components
of the cell of = 7 x 10® K1 is sufficient to produce degradation.®

In the search for new cathode materials for SOFCs, perovskite-based
oxides offer an impressive versatility in chemical composition,
structural tolerance to oxygen vacancies, chemical stability and the
possibility of tuning the transport properties by substitution or
introduction of defects. Among them, Co-based and Mn-based
perovskites are most frequently used. 1°22 Some examples of typical
cathodes for SOFC are La;,SrCo0352% La,SrMn0s52% 25 La;.
«SrCrosMng 503.5,2° SrCoqFe,03.5,27 SM,Sr1.,C003.5,28 2% Bag 5Srp.sCo1.-
«Fe,03.5 3% 3% or La, Sr,Co0,4.53% 33 These perovskites are usually
synthesized by the ceramic method, involving multiple heating and
regrinding steps. However, there is a noticeable interest in the
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development of “soft chemistry” and “fast chemistry” routes for the
preparation of materials for SOFCs.34-3¢ These alternative methods, -
such as combustion, microwave-assisted synthesis, sol-gel, - help to
minimize the reaction time and temperature of the reaction,
facilitating the formation of nanoparticles with a high specific surface
area.’740

Recently, Jacobs et al. 4 published a computational study where
2145 distinct perovskite phases were screened for potential
industrial use as high activity cathodes for SOFCs. By applying several
filters (high surface exchange coefficient k*, chemical stability under
ORR operating conditions, adequate band and charge transfer gaps,
low cost of constituent atoms), Jacobs et al. suggested 3 top
materials. Among them, the BaFeg 1,5C0¢.125Zr0.7503 perovskite was
suggested, which was selected here due to inexpensive reactants and
a simple synthesis procedure. The material exhibits a calculated
oxygen p-band center of -1.355 eV and a low surface exchange
coefficient (log k* = -2.779 cm s1), where the latter connects with
high cathode ORR activity. The position of the bulk O p-band center
relative to the Fermi level correlates strongly with the oxygen surface
exchange kinetics.*% 42

Here, we report on the synthesis of BaFeg 1,5C00.125Zr7503.5 (BFCZO)
by the citrate route, structural and microstructural characterization,
and the electrochemical performance of (1) the sintered material, (2)
a symmetrical cell containing BFCZO/GDC/BFCZO and (3) a
BFCZ0:GDC/GDC/BFCZ0:GDC.
Impedance spectroscopy data from a sintered pellet of BFCZO

symmetrical cell  containing

suggest mixed conductivity, while the analysis of the results for the
symmetrical cells in a 2-electrode configuration reveals promising
ASR, values for the use of this material as a cathode in IT-SOFCs.

Experimental
Synthesis, sintering and symmetrical cell fabrication:

BaFeq.125C00.125Zrp 7503.5 perovskite was prepared as polycrystalline
powder by the citrate method. Stoichiometric amounts of
inexpensive starting chemicals Ba(NOs), (Sigma-Aldrich, 99 %),
Fe(NOs)s - 9H,0 (Sigma-Aldrich, 99.95%), Co(NO3), - 5.41 H,0 (Sigma-
Aldrich, 99.999%) and ZrO(NOs), - 6H,0 (Sigma-Aldrich, 99 %) were
dissolved in a citric acid solution, which was slowly heated (80 °C),
under constant stirring, until the evaporation of the solvent and the
formation of a sponge-like precipitate. The precipitate was calcined
at 1100 °C for 12 h.

The resulting powder was compacted into pellets, using a 2 ton die
press for 5 min. Pressure-less sintering was performed in air at
1200°C for 12 h. For the electrical characterization by impedance
spectroscopy, the pellet surfaces were first thoroughly polished and
then covered on both sides with Au electrodes using dc sputtering.
Symmetrical cells were prepared by depositing layers of slurries,
containing BFCZO powder or BFCZO:GDC (70:30 wt %) composites
and DecofluxTM binder, onto both sizes of a commercial GDC (Fuel
Cells Materials) pellet (1 mm thickness, 10 mm diameter, density =
97 %). The cells were annealed at 980 °C for 3 h in air, with a heating
and cooling rate of 2.5 °C/min. Silver paste was used as a current
collector.

Structural and microstructural characterization:

2| J. Name., 2012, 00, 1-3

Synchrotron X-ray diffraction (SXRD) of the powders was performed
at room temperature using the BLO4-MSRD-beanitineoati2ALBA
synchrotron (Barcelona, Spain).** The MYTHEN detector and an
incident beam with energy of 28.5 keV (A = 0.4349 A) were used for
the experiment. The diffractogram was collected in a rotating glass
capillary of 0.5 mm diameter containing the sample to improve
diffracting particle statistics covering an angular range from 3° to 40°.
The exposure time was 5 min.

Neutron powder diffraction (NPD) data from room temperature to
700 °C, were collected at the D2B beamline at the Institut Laue
Langevin (ILL), Grenoble, using a wavelength of 1.549 A within the
angular range 20 of 5-150°. This experiment facilitates the
decoupling of the thermal and occupancy factors, allows the
determination of the oxygen content and the possible cation
ordering in the structure, as there is a significant divergence in the
neutron scattering lengths of the constituent elements of the sample
[Ba (5.07 fm), Fe (9.45 fm), Co (2.49 fm), Zr (7.16 fm) and O (5.80 fm)].
Room-temperature NPD data were collected during 6 h fora 2.5 g
sample, packed in a cylindrical vanadium can, in the high-intensity
mode. Furthermore, NPD patterns were also collected at 300, 500
and 700 °C. In this case, the sample was contained in a quartz tube in
air.

Structural Rietveld refinements of both the synchrotron and neutron
data sets were carried out using Fullprof software.** Pseudo-Voigt
peak shapes were used for the analysis. Scale factor, background
coefficients, zero-point error, asymmetry parameters, atomic
positions, occupancy of the constituent elements, isotropic atomic
displacements for the cations and anisotropic atomic displacements
for the oxygen were refined.

Thermogravimetric analysis of a 50 mg sample was performed in a
Q600 TA Instruments, from room temperature to 800 °C, working in
air flow at a heating rate of 5 °C/min.

High resolution transmission electron microscopy (HRTEM) for
BFCZO powder was performed using a JEOL 3000F microscope.
Images were recorded with an objective aperture of 70 um centered
on a sample spot within the diffraction pattern area. Fast Fourier
Transforms (FFTs) of the HRTEM images were carried out to reveal
the periodic image contents using the Digital Micrograph package.
This microscope is equipped with an EDAX Inc. energy-dispersive X-
ray detector for microanalysis.

The microstructure of the symmetrical cells after electrochemical
testing were examined by scanning electron microscopy (SEM) on a
JEOL 6700 microscope

Electrochemical characterization:

Solid state impedance spectroscopy (IS) measurements on a sintered
pellet were carried out at 160-540 K using a Novocontrol Alpha-A
High Performance Frequency Analyzer, equipped with a liquid
nitrogen cooled sample chamber. A 100 mV amplitude alternating
voltage signal was employed and IS data was obtained at each
temperature in terms of the real and imaginary parts of the
impedance (Z'-Z") at various frequencies (f) between 1 Hz and
10 MHz. The impedance spectra were fitted using Zview software.
The total electrical dc resistivity of dense rectangular bars was
determined by a four-probe method in air. Measurements were
performed in an Autolab PGSTAT302N in galvanostatic mode from 50
°Cto0 900 °C in steps of 50 °C and in a current range 0-100 mA.

This journal is © The Royal Society of Chemistry 20xx
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Cell testing: Electrochemical impedance spectroscopy (EIS) was
carried out on the symmetrical cells to test the electrochemical
performance of BFCZO as a cathode material for SOFCs. Data were
taken in a 2-electrode symmetrical cell configuration in stagnant air
on heating and cooling cycles at temperatures of 500 °C, 550 °C, 600
°C, 650 °C, 700 °C, 750 2C and 800 2C using a Solartron 1255 analyser.
In this case, a 50 mV amplitude alternating voltage signal was
employed with a frequency range of 0.5 Hz - 3 MHz. Area-specific
resistance (ASR) values were determined by means of the typical
procedure for symmetrical cells: extracting the electrolyte and
measuring-device resistances, correcting for the electrode area and
dividing by 2.%4>46

Results and discussion

Structural and microstructural characterization:

Combined SXRD and NPD pattern were used to determine the
crystallographic structure of BaFeg155C00.1252r07503.5 at room
temperature. Figure 1 shows the Rietveld refinement of the SXRD
data Typical reflections of the cubic Pm3m (#221) space group are
observed in the diffractogram. Details about SXRD results are
summarized in the electronic supplementary information SI1. A small
amount of the secondary phase BaZrOs (< 4%), which also crystallizes
in Pm3m is not visible by laboratory X-ray diffraction, but can be
observed in the SXRD data.
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0.125~70.125 0.7503-5
®] A =0.4349 A, RT
5
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Figure 1. Observed (red crosses), calculated (black, full line), and difference

(blue line) synchrotron x-ray diffraction profile for BFCZO sample at room
temperature. Bragg reflections are marked in green bars.

The chemical stability of BaFeg1,5C00.125Zr0.7503.5 perovskite
under heating was determined by in situ NPD (Figure 2). The
cubic structure is preserved and only the characteristic shift of
the reflection towards lower angles is perceived, indicating a
thermal expansion of the unit cell parameters.

Table 1 summarizes the lattice parameters, occupancies, thermal
parameters, selected atomic distances and agreement factors of the
NPD refinements. Ba atoms occupy 1b Wyckoff position (0.5, 0.5, 0.5)
while Fe, Co and Zr share 1a Wyckoff position (0, 0, 0) and oxygen
atoms are located on 3d Wyckoff position (0.5, 0, 0). No additional

This journal is © The Royal Society of Chemistry 20xx
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reflections are present, so there is no evidence of any superstrueture
arising from the long range ordering of catioR&6rBx%{g8A-Pd¢dRiEG

6 A=1594A RT

Ix10%@.u) 1x10%a.u.)

I x 10%(a.u.)

I x 10°(a.u.)

20 40 60 80 100 120 140
o
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Figure 2. Observed (red crosses), calculated (black, full line) and difference
(blue line) NPD profiles for BaFeg 125C0¢.125Zr0.7503.5 at room temperature,
300, 500 and 700°C in air. The vertical green bars correspond to the allowed
Bragg reflections.

It should be considered at this point that there is a remarkable
number of oxygen vacancies, randomly distributed in the anionic
sublattice, giving an experimental formula at room temperature of
BaFeg.13(1)C00.13(1)Zr0.74(1)02.90(2)y Which facilitates oxygen vacancy
conduction. Furthermore, the anisotropic atomic displacement
analysis of oxygen atoms reveals disk-shaped ellipsoids, having the
shorter diameter directed along the Transition Metal-Oxygen bond
(illustration of the structure with the thermal ellipsoids is shown in
the electronic supplementary information SI2). This arrangement is
typical of MIECs perovskites.3* 3% In this case, the vibration of the
oxygen has a preferential effect in the plane perpendicular to the Fe,
Co and Zr atoms.

Temperature dependent NPD data collected in air yields a
decrease of the oxygen content with increasing temperature
with a minimum of BaFeg 13(1)C00.13(1)Zr0.74(1)02.86(1) @t 700 °C. This
effect, combined with the increase of the thermal parameters
during heating, may be beneficial for the oxygen ion diffusion,
i.e. increasing the number of active sites for the oxygen
reduction reaction (ORR) and improving the ionic conductivity,
which is indispensable for the application in IT-SOFCs. It should
be noted that the phase remains stable at high temperature as
predicted by Jacobs et al. 4?

The thermal expansion coefficient determined from the
variation of the cell parameters correspond to 8.1 x 107® K in

J. Name., 2013, 00, 1-3 | 3
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the range from room temperature to 700 °C. This result
suggests reasonable compatibility with common electrolytes,
such as gadolinium-doped ceria or yttria-stabilized zirconia
(YSZ), which possesses values of TEC between = 10—12 x 10°K"
116 Conventional X-ray thermodiffraction data are in good
agreement with these results (Supplementary Information SI3).

Table 1: Refined structural parameters obtained from NPD for
BaFeg 125C00.125Zr0.7503.5 from room temperature (RT) to 700 °C.

T (°C) RT 300 500 700
Lattice | 4.1863(1) | 4.1942(1) | 4.2003(1) | 4.20773(9)
parameter,
a/A
Occ. Ba 0.3333 0.3333 0.3333 0.3333
(0.3333)
Occ.Fe | 0.042(5 | 0.042(5) | 0.042(5) | 0.042(5)
(0.0418)
Occ.Co | 0.044(5) | 0.044(5) | 0.044(5) | 0.044(5)
(0.0418)
Occ. Zr | 024805 | 0248(5) | 0248(5) | 0.248(5)
(0.2497)
Occ. O (1) | 0.966(7) | 0.964(7) | 0956(5) | 0.953(4)
B_(Ba)/ | L17(4) | 1.53(4) | 1904) | 227(4)
%
N 0913) | 0993) | 1173 | 136(3)
(Fe/Co/Zr) /
It
4
B x10
n 136(9) 165(9) 1719) | 20909
©) /A
B x 10"
2t 231(6) 295(6) 354(7) 443(6)
)/ A’ *
d
(Fe/ColZr)- 2.093168(6) 2.09;165(6) 2.10)?169(6) 2.103867(5)
0/ A
2.96020(6) | 2.96582(6) | 2.97012(6) | 2.97533(5)
dBa-0/ A | ™" ) x 12 x 12 x 12
Rp (%) 6.30 3.76 3.20 2.85
pr (%) 8.60 5.46 4.69 3.97
Rexp (%) 1.35 1.59 1.61 1.58
Bragg R- 1.92 1.74 1.84 1.46
factor
Anisotropic B O:* By = B33 B2 = B3 = P13 =0

Thermogravimetric analysis (TGA) confirms the weight loss
when heating the sample, associated to the corresponding
decrease of the oxygen content (Figure 3). From room
temperature to 700 °C (application temperature), there is a
weight loss of = 0.45%, which, assigning the totality of the losses
to the oxygen content variation, it would correspond to an
experimental formula of BaFeg 13C0q.13Zrg740,.30, Not far from

4| J. Name., 2012, 00, 1-3
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Journal Name

the result found in the NPD refinement at_the same
temperature (BaFeg 13(1)C00.13(1)Zr0.72(1)0P58(1)- L OPREF@TATs20R0
variation of the XRD pattern of BaFeg 1,5C00.125Zr¢.7503.5 after
TGA in air and phase decomposition can be excluded.
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Figure 3. Thermogravimetric analysis (TGA) in air of BaFeg155C00.1252r0.7503.5

Figure 4. HRTEM images along (a) [111] and (b) [112] zone axes. FFT images
are shown in the upper inset, with no evidence of streaking or extra spots.
Bottom insets correspond to the enlargement of the areas squared in black
with the projected structural model over imposed.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 shows the HRTEM micrographs taken along the [111]
and [112] zone axes. In the images, the black dots correspond
to the projections of the atomic columns from the cationic Ba
and Fe/Co/Cr sublattices, showing well-ordered crystals
without the formation of superstructures or defects. This is
evidenced by a regular contrast across the HRTEM images and
the absence of extra spots or streaking lines in the FFTs (Figure
4a,b upper insets).

Enlargements of the experimental HRTEM images displayed at
the bottom left part show a good agreement between the
contrast and the location of the cations.

Electrochemical properties of the sintered pellets:

Impedance spectroscopy data for BaFeg1,5C00.1252r0 75035 were
collected from a sintered pellet (density = 85%) and analysed using
Zview software.*’ A representative impedance spectrum at 280 K is
presented in Figure 5a in terms of the complex impedance plane plot
of =Z" vs Z'.*8 % The sample shows only one dielectric contribution
associated with the bulk. No grain boundary (GB) contribution is
evident in the complex impedance spectrum. The detected single
semicircle is highly supressed and in fact the dielectric relaxation
peaks are asymmetric. This can be seen clearly in Figure 5b, where
the modulus plots of M" (dimensionless) are presented vs frequency
f (Hz). These asymmetric relaxation peaks are typical for ionic
conductors and may be considered a clue for the presence of ionic
conductivity in the sample. Although M" vs f (Figure 5b) does not
show a second peak, the data can be fitted satisfactorily only with
the circuit shown in the Figure 5a inset, consisting of one ideal and
one non-ideal RC element in series. However, the two RC elements
are not independent from each other and the bulk resistance is given
by R1 + R2, i.e. the semicircle diameter. The equivalent circuit has
been used before for ionic conductors displaying non-symmetric bulk
dielectric relaxation peaks in M" vs .50

Figure 6 shows the resistivity of the sample plotted on a logarithmic
scale vs 1/Temperature. Low temperature results were extracted
from R1 + R2 and the pellet normalization. There is a good agreement
between the impedance spectroscopy and 4-point method resistivity
results in the matching temperature zone. The small offset between
the two curves is attributed to mainly the uncertainty in the
geometric factor and to a lesser degree to the precision of the
thermometers. The electrical resistivity of BFCZO at 700 2Cis = 1.1 Q
cm. The substitution of Zr for a higher amount of Co would produce
an increment of the electronic conductivity.5! On the other hand,
certain drawbacks appear in SOFC cathodes if the content of cobalt
increases, such as a high chemical reactivity with the electrolyte and
limited structural stability at high temperature (easy evaporation and
diffusion). Furthermore, the thermal expansion coefficient is
affected due to the Co redox behaviour.>?

The activation energy (Ea) of the material is determined from the
slope in the linear regime, using the Arrhenius’ equation (Figure 6).
The activation energy of the process obtained from IS data (E,) is 0.32
eV, which is in good agreement with the E, value found from room

This journal is © The Royal Society of Chemistry 20xx
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temperature to 350 °C in the 4-point resistivity meawg\gmg&etc()gﬁng
0.38 eV). However, an electrical transitionti9visibB %t THI500%C;
achieving an E, of 0.21 eV for this high temperature regime. These
values are not far from E, found for other BaZrOs;-doped materials,
such us 10% Y-doped BaZrO; (E = 0.42 eV).53

9 : ' ' T : .
.1(a) 280 K |

-z"x 10° (@ cm)
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Figure 5. (a) Plot of the imaginary versus real part of the impedance (-Z" vs
Z') at 280 K. Red circles correspond to the experimental data while the black
line represents equivalent circuit fits using the model shown in the figure. (b)
Modulus M” vs frequency plot from 260 K to 160 K. Open symbols represent
measured data, black squares and solid lines represent equivalent circuit fits
using the model shown.
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Figure 6. Temperature dependence of the BaFeg1,5C00.125Zr0.7503.5 resistivity
p. Red circles represent the data determined from the Novocontrol Alpha-A
instrument, while green squares correspond to the total electrical resistivity
measured by the 4-point method using the Autolab instrument. Solid lines
represent the linear fit of the data on Arrhenius axes.
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Symmetrical cells

Before studying the electrochemical properties of the symmetrical
cells, the chemical compatibility of BaFeg 15C0g.1252rg.7503.5 With the
electrolyte (GDC) was verified by laboratory XRPD, heating a mixture
of 70 %wt of the perovskite phase with 30 %wt of GDC at 980 °C for
24 h, but there was no evidence for chemical reactions between the
two phases. The preparation of composites by adding GDC
electrolyte for SOFCs electrodes facilitates the sintering of the
components of the symmetrical cell, improve the chemical stability
(see Sl4. Supplementary Information) and can help to minimize
delamination. Additionally, by increasing the ionic conductivity of the
electrode by adding GDC, the TPB length is increased and thus the
electrochemical reaction sites. This improves the sintering process
and leads to a lower ASR value.? > %>

The symmetrical cells were prepared by screen-printing the
electrode materials onto the commercial GDC substrates. BFCZO
cells consist of BFCZO powder sintered onto a GDC electrolyte pellet,
while BFCZO-GDC cells were fabricated by screen-printing BFCZO-
GDC electrodes (BFCZO: GDC 70:30) onto the GDC electrolytes. Six
cells were fabricated and tested in total, three BFCZO cells and three
BFCZO-GDC cells.

The impedance spectroscopy spectra of two representative
symmetrical BFCZO/GDC/BFCZO and BFCZO:GDC/GDC/BFCZO:GDC
cells in a 2-electrode configuration from 500 °C to 800 °C are shown
in Figure 7. As expected, the diameter of the semicircle is reduced by
increasing the temperature in both cells, indicating a decrease of the
resistance. It can also be observed that the introduction of GDC
mixed with BFCZO dramatically reduces the polarization resistance,
enhancing the electrochemical performance. The two resistances
extracted from the semicircle diameters and the non-zero intercept
of the data, the activation energy of both processes and the study of
the cells stability on heating and cooling cycles are displayed in the
Electronic Supplementary Information, Sl4. It is shown there that the
mixture of BFZCO/GDC shows improved stability of the
electrochemical performance during heating/cooling cycles.

The temperature dependence of the area-specific resistance
associated with the electrode polarization processes in both cells is
shown in Figure 8. The observed ASR, values in air for BFCZO cells
during heating were 7.19, 3.39, 1.47, 0.66, 0.33, 0.22 and 0.13 Q-cm?
at 500, 550, 600, 650 700, 750 and 800 °C, respectively. As mentioned
above, these results are further improved when GDC is added to the
BFCZO electrode material and BFCZO-GDC cells were tested. The
ASR, values in air for this cell were 5.89, 2.13, 0.83, 0.33, 0.13, 0.08
and 0.05 Q cm? at 500, 550, 600, 650, 700, 750 and 800 °C,
respectively. The ASR, for BFCZO and BFCZO-GDC cells decreases
from 0.33 t0 0.13 Q cm? at 700 °C and from 0.13 to 0.05 Q cm? at 800
°C, satisfying the condition of ASR, lower than 0.15 Q cm? at the
application temperature.>1® Some of the reported ASR, at 700 °C for
other SOFC cathodes are 0.13 Q-cm? for Big sSrgsFeggCug203.5,°60.11
Q-cm?  for BaCeg1Feq¢C00303—5,°" 0.07 Q cm? for
(GdBa)ggCap4CogsFe1406.5°2 0.2 Q-cm? for LagsBagsCo0s3,°° 0.28

Q-cm? for La0'75$r0.25Cr0'5Mn0‘503_5l 60 0.035 Q-cm? for
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Figure 7. Impedance spectroscopy spectra of two representative symmetrical
cellsin a 2-electrode configuration from 500 °C to 800 °C. (a) BFCZO cell refers
to BFCZO/GDC/BFCZO cell and (b) BFCZO-GDC corresponds to the
BFCZ0O:GDC/GDC/ BFCZO:GDC symmetrical cell. The figure Insets shows a
maghnification of the spectra collected at 700 °C, 750 °C and 800 °C.
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Figure 8. Temperature dependence on ASR associated with the electrode
polarization processes for BFCZO cell and BFCZO-GDC cell.
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Figure 9 shows a cross-sectional SEM image of a post-mortem
BFCZO-GDC symmetrical cell. It can be seen that the thickness of the
electrode layer is ca. 5 um. The electrode material shows a porous
structure as desired (Figure 9a). Furthermore, there are no signs of
electrode delamination after electrochemical performance. The
BFCZO-GDC material shows good contact with the GDC electrolyte
after electrochemical testing (Figure 9b).

Fig 9. Cross-sectional FE-SEM view of the symmetrical cell BFCZO-GDC.

The cells described in this work were prepared manually, which still
offer optimization possibilities by adjusting and controlling the
deposition of the electrodes, which might improve the
electrochemical performance by reducing the polarization
resistance. Future work may be dedicated to the incorporation of

BFCZO into fully functional IT-SOFCs and their performance testing.

Conclusions

In a nutshell, we have shown that BaFeq 1,5C0q 12525 75035 (BFCZO) is
a promising cathode for IT-SOFCs. The BFCZO perovskite phase has
been synthesized by the citrate method. Synchrotron X-ray
diffraction, neutron diffraction and high resolution transmission
electron microscopy show a cubic Pm3m phase. Neutron thermo-
diffraction reveals oxygen deficiency in the sample with no signs for
cation or oxygen vacancy ordering. The number of oxygen vacancies
increase upon heating, from BaFeg 13(1)C00.13(1)Zr0.74(1)02.90(2) @t room
temperature to  BaFeg13(1)C00.13(1)Zr0.741)02.86¢1) at 700 °C. The
thermal expansion coefficient of 8.1 x 10® K1, determined from
crystal structure analysis, suggests that the material is compatible
with common electrolytes. Electrochemical impedance spectroscopy
of the sintered material shows asymmetric relaxation peaks in the
Modulus M" vs frequency plot, which is typical for ionic conductors.
Furthermore, symmetrical cells of BFCZO show an area-specific
resistance of 0.33 Q-:cm? at 700 °C and 0.13 Q-cm? at 800 °C. These
values are improved to 0.13 Q-cm? at 700 °C and to 0.05 Q-cm? at 800
°C by mixing 70 %wt BFCZO with 30%wt of Cey9Gdg 10;.5.

The results encountered here in this work validate the theoretical
predictions of Jacobs et al.,*! where the screening of a large amount
of perovskite phases using several filters leads to viable suggestions
for new materials that may be most promising for industrial use as
IT-SOFC cathode materials.

This journal is © The Royal Society of Chemistry 20xx
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BaFeg.155C00.1252r0.7503.5 perovskite is a novel and efficient MIEC electrode for intermediate-
temperature solid oxide fuel cells. Symmetrical cells with an area-specific resistance of 0.13
Q-cm? at 700 °C and 0.05 Q-cm? at 800 °C have been prepared.
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