Processing of high performing composite cathodes for protonic
ceramic fuel cells by exsolution
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Lao.sBao.sCo0s.5-BaZrOs (LB-BZ)-based composite materials were prepared by a modified Pechini sol-gel method combined
with exsolution. Two different LB-BZ composites were prepared through two alternative thermal treatments of the

precursor gel. A metastable single phase with perovskite crystal structure was first obtained upon annealing the precursor

in inert atmosphere, which further transformed to a two-phase composite by in situ exsolution in air. Comparetively, direct

calcination of the LB-BZ gel in air resulted in a two-phase composite with different microstructure and composition of the

two phases. The composite cathode formed by exsolution consisted of a matrix of BZ-phase with ~45 nm grain size

embedding ~20 nm grains of LB-phase, while the composite cathode obtained by direct calcination consisted of a mixture

of both phases with 50-60 nm grain size. Electrodes of symmetric half-cells were spray-coated on BaZrosYo.102.95 electrolytes

to examine the electrochemical performance by impedance spectroscopy. The lowest area specific resistance (ASR) was

obtained for the composite cathode produced by exsolution with an excellent ASR of 1.54 Q cm? at 600 °C, 18 Q cm? at 400

°C and an activation energy (Ea) of 0.60 eV in 3 % moist synthetic air. This work demonstrates the potential of fabricating

high performance nanocomposite cathodes with tailored chemical composition by a novel exsolution method.

Introduction

Solid oxide fuel cells (SOFCs) receive considerable interest as
they offer one of the most efficient electrochemical energy
conversion directly into electrical power. Traditional SOFCs with
oxygen ion conducting electrolytes require operation at higher
temperatures due to the low ionic conductivity of the
electrolyte at lower temperatures. High operation temperature
imposes restrictions on material compatibility resulting in high
costs, material degradation, thermal expansion coefficient
mismatch, slow start-up and shut-off, etc 1. In addition, the
production of water at the fuel side increases the complexity of
the system due to the need for recirculation of fuel and water
management 1. Alternatively, protonic ceramic fuel cells (PCFCs)
can operate at lower temperature because of the lower
activation energy for proton conduction compared to oxygen
ion conductivity 2. Efforts nowadays are focused on cathode
material development in PCFCs, which are presently dominating
the performance of the cells 34, Therefore, the development of
highly electrochemically active cathodes for PCFCs requires the
optimization of material compositions as well as
microstructures together with a better understanding of
electrode processes.

The cathode can be made of a mixed electronic and ionic
conductor (MIEC) showing good catalytic activity for oxygen
reduction, high electronic conductivity and chemical stability
towards the electrolyte material. Furthermore, a composite
made of an ionic and electronic conductor offers cathodes with
high electrical conductivity, low area specific resistivity (ASR)
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and superior electrocatalytic properties in order to reduce the
polarization resistance °.

Materials containing 3d transition metals have generally
excellent properties with respect to kinetics of the oxygen
reduction reaction (ORR) ©. Since the operating temperature for
PCFCs is in the 400-700 °C range, conventionally used
intermediate temperature-SOFC single phase perovskite
cathode materials such as BagsSrosCoosFeo203s (BSCF) 7,
Lao,esro‘z;COo‘zFEO‘gOg..s (LSCF) 89 and Lal.xBaxC003.5 (LBC) 10-12
have interesting properties as cathodes for PCFC. Moreover,
perovskite materials with composition LngsBagsMOs.s (Ln = La,
Y, Gd and M = Co, Fe, Mn) are known to have a good oxygen ion
and electronic conductivity and can therefore, directly be used
as cathode materials for PCFC even though no proton
conductivity has been demonstrated 1113,

The introduction of proton conductivity in the cathode is
necessary in order to increase the performance. Proton
conduction along the cathode extends the reaction sites to the
entire cathode-gas interface 4. Hence, attractive cathode
materials may combine oxygen ion, protonic and electronic
conduction. These may likely be achieved by designing the
electrode as ceramic-ceramic composite 5. For instance,
composite cathodes could be a combination of an oxide with
high electronic and oxygen ion conductivities (as for instance
those found in the literature for SOFC application) and another
oxide with high proton conductivity, which can be as well, the
chosen electrolyte material. This would further contribute to
improve adhesion of the electrode and reduce potential
thermal mismatch between the electrolyte and the electrode.
There are many pathways for preparing composite electrodes.
Among these, infiltration methods have shown promising
results. A mixed oxygen ion and electron conductor infiltrated
into a porous backbone of a proton conductor has been studied
as cathode materials 9. Pure electronic conductor (e.g. LaCoOs3)
15, oxygen ion and electronic conductor (e.g. LSCF) ° and triple
oxygen ion/protonic/electronic conductor (e.q.
BaCoo.4Fe0.4Zr0.1Y01035) 3 16 cathodes infiltrated into a proton
conducting oxide backbone have been recently reported.
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Several critical issues still remain to be solved on the infiltration
technique. Challenges are frequently observed during the
fabrication of the cathode layer due to chemical instability or
from the reactivity of the infiltrated material with the other
components at the firing temperature. The long-term stability
of these cathodes is yet to be demonstrated due to degradation
of the infiltrated nanoparticles 7. Mechanical mixtures of
typical SOFC cathode and the electrolyte materials have also
been investigated but an improvement of the microstructure of
the cathode is needed. A link between the microstructure and
the electrochemical performance has been reported to be due
to the low number of active sites, limited gas diffusion or limited
adhesion to the electrolyte 1819,

In an effort to enhance the properties of PCFC cathodes, a novel
synthesis approach based on in situ driven decomposition of a
precursor oxide by exsolution and the possibility to induce
phase decomposition by red-ox chemistry has been
demonstrated in our group 2° and recently applied to
demonstrate the good performance of nanocomposite
cathodes for PCFC 21, The exsolution of nanoparticles is
attracting much attention in the design of electrodes and
exsolution of nanoparticles such as nickel, ruthenium or other
catalyst metals has been investigated in reducing conditions for
the preparation of PCFC and SOFC anodes 2225, Further
developing this approach to form ceramic-ceramic composite
cathodes will open a new a path to manufacture efficient
electrodes 21. This reaction pathway may open up for
composites with interesting microstructural features such as
bimodal size distribution of the phases and adjustable
composition depending on the processing parameters.

In this work, we present a novel exsolution route to
Lao.sBapsCo0s3.5 - BaZrOs-based composites, recently utilized to
fabricate high performance composite cathodes 2. Two
novelties are presented in this work; the exsolution of complex
materials and the oxidizing induced exsolution, matching the
cathode operating conditions. In addition, this method will
enable BaZrO3 to have sufficient oxygen vacancies and
therefore proton conductivity. We demonstrate that the
microstructure of the composite and the chemical composition
of the two phases can be tailored by optimization of the thermal
treatment. A thorough description of the synthesis and reaction
mechanisms are presented as well as a careful characterization
of the microstructure and phase composition of the composite
electrodes. Finally, the electrochemical performance of the new
composites as cathodes for PCFC with BaZrOs-based electrolyte
is demonstrated.

Experimental

Synthesis and symmetric cell preparation

Nanocomposite electrodes of nominal composition 0.6
LapsBapsCo0s3.5 - 0.4 BaZrOs; were prepared by a modified
Pechini method followed by in situ oxidation driven
decomposition of a precursor oxide by exsolution into the
composite.

All the starting materials were bought from Sigma-Aldrich

(Steinheim, Germany). The cation precursors for the synthesis

of the composites were barium nitrate (Ba(NOs),, > 99.999 %),
lanthanum nitrate hexahydrate (La(NOs)s;-6H,0, > 99.99 %),
zirconyl nitrate hydrate (ZrO(NOs),-xH,0, > 99 %) and cobalt
nitrate hydrate (Co(NO3),-6H-0, > 99.999 %).
Ethylenediaminetetraacetic acid (EDTA, > 99 %) as well as citric
acid (CA, > 99 %) were used as complexing agents. Aqueous
lanthanum, zirconium and cobalt precursor solutions of
approximately 3:10% mol cations/g were individually
standardized by thermogravimetrical analysis.

The scheme of the synthesis route is shown in Figure 1. EDTA
(8.9231 g) was dissolved in ~20 mL of NH4OH solution (pH=10.5)
to which citric acid pre-dissolved in an aqueous solution
(11.7322 g) was added. Stoichiometric amounts of cations were
added to this solution as described below to give the nominal
Lao.3Bao.72r0.4C00.603.5 composition. In this order, barium
nitrate, lanthanum and cobalt precursor solutions were added
to the EDTA/citric acid solution. The solution was adjusted to
pH=6.5 with dilute nitric acid. Thereafter, zirconium precursor
solution was added dropwise with a flow of 1 mL/min to avoid
any precipitation due to pH mismatch. The molar ratio between
EDTA:citric acid:total metal cation was 1.5:3:1. The resulting sol
with pH=5.5 was heated in air on a hot plate at 120 °C until
gelation occurred.

The gel was further dried in air for 12 h at 200 °C to form a solid
porous structure (xerogel). The xerogel was ground in a mortar
and calcined in air at 450 °C for 24 h in order to decompose the
organic compounds. The precursor powder was further ground
in a mortar and compacted by uniaxial pressing at 50 MPa. The
pellets were annealed in N, atmosphere at 715 °C for 8 h in
order to achieve a single phase (SP) Lao3Bao.7Zr0.4C00.603.5
material. The pellets were further crushed and pressed at 50
MPa and calcined in ambient air at 900 °C for 6 h in order to
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Figure 1. Flow chart of the modified Pechini synthesis of LagsBagsC003.s - BaZrOs-
based composites. The precursor is heated in N, to form a single phase prior the
exsolution into the composite by exsolution at 900 °C in air. The direct composite is
prepared by calcination of the precursor at 1000 °C in air.



exsolute the SP into nominal composition LagsBagsCoOs.s -
BaZrOs composite (Cexs). As a reference, LapsBagsCoOss -
BaZrOs composite was also prepared by direct calcination of the
compacted precursor at 1000 °C for 6 h to form a composite
material (Cdir). An explanation on the phase formation and
exsolution method is given in the discussion part. All the
thermal treatments were performed using 2 °C/min cooling and
heating rate.

BaZrosY0.102.95 (BZY10) electrolyte supported symmetric cells
with the cathode material were prepared as follows. BZY10
powder was prepared by spray-pyrolysis (CerPoTech AS, Tiller,
Norway, purity > 99 %) of a mixture of nitrate solutions
containing stoichiometric amounts of the cations. Dense
samples were prepared by solid state sintering as described by
Sazinas et al. 25. Green cylindrical pellets (diameter 10 mm) were
made by uniaxial pressing at 100 MPa with subsequent cold
isostatic pressing (CIP) at 200 MPa. The sintering of the pellets
was performed at 1600 °C for 10 h in ambient air with 10 °C/min
heating rate. The surface was ground with SiC papers. For the
preparation of electrodes, Cexs and Cdir powders were
dispersed in ethanol using 5 wt.% solid content and an addition
of 3 wt.% Dolacol D 1003 (Zschimmer & Schwarz GmbH) as a
dispersant. The dispersion was deposited by spray coating on
both sides of the BZY10 electrolyte pellets. The symmetric cells
were fired at 900 °C for 4 h (Cexs) or at 1000 °C for 3 h (Cdir) in
ambient air to form porous cathode layers of ~20 um thickness.
The lower firing temperature of the Cexs cathode was chosen
not to exceed the temperature for the exsolution. Platinum
paste was applied onto the cathodes as a current collector and
platinum was employed as a conducting wire.

Bars of Cexs and Cdir were made for electrical conductivity
measurement using 50 mm x 10 mm die with a uniaxial pressing
at 50 MPa and subsequent cold isostatic pressing at 200 MPa.
The bars were sintered for 12 h at 1000 °C for Cdir and at 900 °C
for Cexs.

Characterization

The prepared materials were analyzed after each synthesis step
by X-ray diffraction (XRD) using a Bruker D8 DaVinci equipped
with Lynxeye™ detector and CuKa radiation. High temperature
X-ray diffraction (HTXRD) was performed by Bruker D8
ADVANCE diffractometer equipped with CuKa radiation and a
VANTEC-1 position sensitive detector. The powders were placed
on a Pt-strip sample holder mounted within a high temperature
camera (MRI TCP20). The sample temperature was calibrated
using a corundum standard. The precursor powder was heated
in synthetic air and diffractograms were recorded from 450 to
850 °C every 50 °C and further every 10 °C from 865 to 975 °C.
The precursor powder was also studied in N, atmosphere upon
heating from 430 to 740 °C scanning every 50 °C. The exsolution
of the single phase was investigated in synthetic air by heating
the single phase from 430 to 740 °C with a recording every 30
°C. A delay time of 300 s was set before each diffractogram for
the equilibration of the temperature. Unit cell parameters were
refined by Rietveld method using Bruker AXS TOPAS software

v4.2. The peak shape for each pattern was described using a
modified Thomson-Cox-Hastings pseudo-Voigt (PV-TCHZ).

The microstructure of SP, Cexs and Cdir was examined by
scanning in-lens cold field emission electron microscopy
(S(T)EM, Hitachi S-5500). Dispersions of SP, Cexs and Cdir in
ethanol were dropped on holey carbon coated copper grids for
transmission electron microscopy (TEM). TEM images were
recorded on a JEOL JEM-2100F with an accelerating voltage of
200 kV equipped with an Oxford X-Max 80 SDD EDX. The
chemical composition of the composites was estimated by EDX
analysis in combination with Rietveld refinements. The
microstructure and the grain size of the composites was studied
by high resolution images (HR-TEM) analysis of 52 grains for
Cexs and 119 grains for Cdir. The dny distances were measured
by extracting an area of interest from the HR-TEM images with
fast Fourier transform analysis, and calculating the average
distance over more than ten consecutive hk/ planes, using
DigitalMicrograph with Gatan Microscopy Suite (GMS 3)
software. See supplementary information Figure S1 for further
information about how the grain size was calculated. The
specific surface area of the composites was measured by
nitrogen adsorption, according to Brunauer-Emmett-Teller
(BET) theory, on a Micromeritics Tristar 3000 analyzer.
Thermogravimetric analysis (TGA) of the gel was carried out in
air using Netzsch STA 449C with heating rate of 2 °C/min from
room temperature to 1000 °C. Total electrical conductivity
measurements in synthetic air, O, and N, were performed by
DC-conductivity in a 4-point 4-wire setup applying a constant
voltage of 1.48 V. Cexs and Cdir bars of about 22 mm x 5 mm x
2.5 mm were measured. Platinum wires were mounted onto the
ends measuring approximately 10 mm between the current
electrodes and 5 mm between the voltage electrodes. Cexs bar
with 50% density and Cdir bar with 70% were heated to 800 °C
with 2 °C/min ramp and data was collected during cooling for
each 100 °C after 2 h dwell.

Electrochemical impedance spectroscopy (EIS) of symmetrical
cells was measured in dry and moist (pH,0 = 0.03 atm) synthetic
air from 400 to 600 °C, in temperature intervals of 50 °C (with a
cooling rate of 1 °C/min and 6 h dwell before measurement)
using a ProboStat™ (NorECs AS, Norway) set-up and an Alpha A
(Novocontrol Technologies) impedance analyzer. The signal
amplitude was 50 mV under open circuit voltage (OCV) in the
102-10% Hz frequency range. The 3 % moist atmosphere was
achieved by bubbling synthetic air through distilled water at 25
°C. Experimental data was refined using Zview software v3.5
(Scribner).

Results

A modified Pechini sol-gel route was first developed to prepare
a single phase material with the complex stoichiometry
Lao.3Bao.72r0.4C00.603.5. The pH and temperature were optimized
to obtain a homogeneous gel with EDTA:citric acid:total metal
cation ratio of 1.5:3:1 without any visible precipitation. The
thermogravimetric analysis of the amorphous xerogel in Figure
2 shows two mass losses during thermal treatment. The first
step corresponds to the partial decomposition of the metal-
complexes from 200 to 360 °C and is slightly exothermic. The



second mass loss is centered at 418 °C and is strongly
exothermic. This feature is attributed to the pyrolysis of
nitrate/citrate/EDTA organic materials. No significant mass loss
occurred above 425 °C.

XRD patterns at room temperature of the materials after each
synthesis step are provided in Figure 3. The xerogel was
amorphous after drying at 200 °C, while after calcination in air
at 450 °C, the presence of crystalline BaCOs is clearly evident.
By heating this powder further in N, at 715 °C, a single phase
perovskite with a cubic structure (Pm-3m) was obtained.
Further annealing in air at 900 °C resulted in the formation of a
composite (Cexs) consisting of a LagsBag.sCo0s3.5- and a BaZrOs-
based phase. As an alternative to this route, direct calcination
in air of the precursor at 1000 °C gave a composite (Cdir)
consisting of two similar phases according to XRD. No other
reflections beside those belonging to these two phases are
evident in the 5-75° 20 range.

In situ HTXRD patterns displayed in Figure 4 revealed the
mechanisms for the evolution of the phase formation of the two
composite cathodes obtained by the two different thermal
treatments. For the composite by exsolution (Figure 4a), the
precursor calcined at 450 °C was annealed in N; in order to form
the single phase and was the starting material for HTXRD
experiment. The thermal evolution of the Lag3Bao.7Zr0.4C00.603-
s single phase in synthetic air shows a sharpening of the
diffraction lines at 800 °C prior to the exsolution. The diffraction
lines of the two phases present in the composite became
significantly broadened above 800 °C due to the exsolution.
Figure 4b shows the formation mechanism of the Cdir directly
from the precursor calcined at 450 °C containing BaCOs. After
complete decomposition of BaCOs in the amorphous oxide at
538 °C, a transient phase is observed at 641 °C prior the
formation of the composite at 800 °C. A thermal treatment of
the precursor at 750 °C in synthetic air was conducted in order
to study the transient phase. This transient perovskite phase is
only stable at high temperatures and decomposes at room
temperature. Reflections of different hexagonal BaCoOy
polymorphs were observed by XRD (Supplementary data, Figure
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Figure 2. Thermogravimetric analysis and differential scanning calorimetry of the
amorphous xerogel with LagsBagsCoOs 5 - BaZrO; nominal composition in synthetic
air.
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Figure 3. Tracking of the synthesis by X-ray diffraction at room temperature after
each synthesis step. LagsBagsCo0s.5 - BaZrOz xerogel is formed at 200 °C and a
precursor is formed at 450 °C after the decomposition of the organics with a small
content of BaCO; remaining. Cexs at 900 °C is formed through a single phase
(Lap.3Bag7Zro.4C00,603.5) at 715 °C in N,. Cdir is formed at 1000 °C by calcination of the
precursor. Green symbols represent composite by exsolution (Cexs) and orange
symbols the direct composite (Cdir).

S2) after cooling the transient phase to room temperature as
has also been reported for barium containing perovskites as
BSFC 27,

The analysis of the diffractograms and the cell parameters
obtained by Rietveld refinement of HTXRD data versus
temperature are presented in Figure 5. During the formation of
Cexs (green) an expansion of the SP cell parameter occurs prior
to the exsolution. The BaZrOs; (BZ)-based phase shows
increasing cell parameter while for the LagsBagsCo0Os.s (LB)-
based phase a continuous decrease in the cell parameter is
observed. The intermediate transient phase observed prior to
the Cdir formation shows decreasing cell parameter to a
minimum at ~700 °C increasing again until decomposition at
~800 °C. The transient phase decomposes into a composite
where the cell parameters of both the LB- and BZ-based phases
increase with increasing temperature. The cell parameters for
each phase of both composites become equal at 1000 °C.
Scanning electron micrographs of SP, Cexs and Cdir obtained
from STEM are presented in Figure 6. SP consists of several um
large agglomerates while both Cexs and Cdir have agglomerate
sizes in the range of 100-250 nm. Larger agglomerates are
visible in the Cdir compared to the Cexs. The surface area of the
Cexs and Cdir materials are 7.4 m%/g and 4.7 m2/g, respectively.
Estimated average particle size from surface area assuming
spherical and non-porous particles was 130 nm for Cexs and 204
nm for Cdir.
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Figure 4. In situ HTXRD of (a) single phase (Lag 3Bao 7Zrp.4C00.60s.5) .and (b) precursor
with BaCOs; , during heating in synthetic air. A composite consisting of
LagsBagsCo0s.5-based (¢,®) and a BaZrOs-based (m,m) phase is formed in both
experiments. A transient phase (A ) forms from 600 to 800 °C when heating the
precursor phase. Green symbols represent composite by exsolution (Cexs) and
orange symbols the direct composite (Cdir).

TEM micrographs in Figure 7 demonstrate that the 100-250 nm
agglomerates observed in SEM contain smaller grains. The
deconvolution of the agglomerates was done by high resolution
image analysis (Figure S1). The Cexs agglomerates consist of a
BZ-based grain matrix with embedded smaller LB-based grains
with high degree of contiguity between the two phases and very
low contiguity between the LB-based grains. An illustration of
the grains (line-marked as guides for the eye) of both phases
determined from high resolution images of different Cexs
agglomerates is included in Figure 7 (a). The BZ-based phase
consists of larger grains than the LB-phase with the average
grain size of 45 nm compared to 20 nm for the LB-phase. The
Cdir agglomerates consist of a mixture of BZ-based phase with
an average grain size of 62 nm and LB-based phase with an
average grain size of 48 nm with a high degree of contiguity
between each phase. Histograms of the grain size distributions
of Cexs and Cdir composites are shown in Figure 7 (b) and (d).
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phase and direct composite revealed from high temperature X-ray diffraction.
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Figure 6. STEM images of (a) single phase reduced at 715 °C in N2 and subsequently
heat treated in ambient air at 900 °C (b) into the composite by exsolution and (c)
direct composite heat treated at 1000 °C in ambient air. The insert in (a) shows a TEM
image of single phase.

The grain size from HRTEM, particle size estimated from the
surface area analysis, average agglomerate size by S(T)EM and
crystallite size obtained by Rietveld analysis are compared in
Table 1. Larger particle and crystallite sizes for the Cdir
composite are observed by all methods. Similar agglomerate
size obtained by S(T)EM and particle size from surface area
demonstrates the low porosity of the agglomerates as
confirmed by TEM.

EDS-TEM analysis of the Cexs and Cdir composites revealed the
presence of Co in the BZ-phase. The Rietveld refinements of the



composite diffractograms at temperature

conducted using LaixBaxCoOszs and BaZri,Co,03.s

room were

cubic

is displayed in Figure 9 (conductivities are not corrected for the
porosity) or in Figure S3 (conductivities corrected for the

Table 1. Comparison of particle and grain size with SD of composite by exsolution (Cexs) and direct composite (Cdir) composites measured by different techniques.

Particle or grain size (nm)
Composition Cexs Cdir
Lao.eBao.2C003.5 BaZro.6C00.403-5 Lao.sBao.4aCo0s-5 BaZrosC00.203-5
Method
BET 130 200
S(T)EM 100-150 150-250
HRTEM 208 45+14 48+24 62124
Rietveld analysis 42423 55422 78428 91+33

perovskite structures and refining x and y variables, obtaining
better fits than refining the nominal composition of the
composites. Table 2 resumes the chemical composition of the
Cexs and Cdir composites obtained by quantitative EDS-TEM
analyses in combination with the XRD Rietveld refinements
(Figure 8). The Cexs and Cdir composite compositions are 0.4
Lao‘gBaoJCOOg.a - 0.6 BaZro‘6C00_403.5 and 0.5 Lao_eBao‘4COO3.5 -
0.5 BaZrpsCo0.203.5, respectively. The thermal history of Cexs
and Cdir is different and therefore gives final materials with
different composition and microstructure. Both composites
evolve from the same stoichiometry and will have the same
average composition. The differences in phase composition in
each composite is compensated by the molar ratio of the phases
in the composite. The formation of a single phase under N, and
further exsolution into the 2-phase composite (Cexs) evolves
into a finer microstructure compared to Cdir. The exsolution
process can be tailored to aim a target composition as shown in
Fig. 5.

The DC-conductivity of 50 % dense Cexs and 70 % dense Cdir
bars in dry O, synthetic air and N; as a function of temperature
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Figure 7. TEM micrographs of the composite by exsolution (a) and the direct
composite (c). Agglomerates of BZ-based phase and LB-based phase are shown. The
approximate circumference of the grains of BZ- (red) and LB-based phase (blue) are
marked as guide for the eye. The grain size distribution is represented in (b) and (d)
for each composite.

porosity with the Bruggeman model) The composite by
exsolution shows a significantly lower conductivity compared to
the composite formed by direct calcination. Cexs possesses a
semiconducting behavior with increasing conductivity with
increasing temperature independently on the atmosphere. The
highest conductivity of 0.8 S/cm is observed at 800 °C in 1 atm
0,. The conductivity decreases to 102 S/cm at room
temperature at high pO; and 103 S/cm in N,. The conductivity
of Cdir is higher than Cexs at all temperatures and pO,
remaining 30 S/cm at room temperature and high pO,. At low
pO, the Cdir composite exhibits lower conductivity with a
maximum of 22 S/cm at 200 °C and decreasing to 13 S/cm at
room temperature.

The electrochemical performance of the composite cathodes in
symmetric cells is shown in Nyquist plots for Cexs and Cdir in 3
% moist synthetic air at 400 and 600 °C in Figure 10. The
diagrams were fitted with the equivalent circuit
LRs(R1Q1)(R2Q2)(R3Q3). The inductance of the device is
represented by L and the ohmic resistance of the bulk
electrolyte by Rs. Ri and Qj are the polarization resistances and
the constant phase elements of each process, respectively. The
different processes were attributed to the electrolyte or
electrode using the pseudo capacitances (C) 28, Ry
corresponding to the grain boundary of the electrolyte C ~10°
F/cm?, R, and Rs to the electrode with C ~10° F/cm2 and C ~10-
2 F/cm?2. Figure 11 shows the ASR obtained from the EIS data for
Cexs and Cdir in dry and moist conditions. Cexs has a better
performance in wet conditions, with lower ASR at all
temperatures compared to Cdir. The ASR is taken as the sum of
Rz and Rj, the resistances assigned to the electrode. The ASR
values are 1.54 and 1.76 Q -cm? for Cexs and Cdir at 600 °C and
3 % H0, respectively. The ASR values from 400 to 600 °Cin 3 %
moist synthetic air both cathode compositions is
summarized in Table 3.

for

Discussion

Synthesis method

The synthesis was optimized by a systematic study of the
complexing agent/cation ratio, complexing agent/oxidant ratio,



Table 2. Chemical analysis of composite by exsolution (Cexs) and direct composite (Cdir) measured by TEM-EDS. Nominal composition LagsBagsC00s s - BaZrOsis included in the

table. The standard deviation is given based on several point analyses.

Phase La Ba Zr Co (¢}
Lao.sBaosC00s-5 0.5 0.5 - 1 3-6
BaZrOs -- 1 1 -- 3
LB-Cexs 0.95+0.2 0.18 £ 0.05 - 1.08+0.18 2.55+0.4
BZ-Cexs -- 1.01 +0.05 0.66 +0.17 0.42 £ 0.09 2.9+0.3
LB-Cdir 0.72 £0.08 0.43+0.17 - 1.01+0.10 2.8+0.3
BZ-Cdir -- 0.95+0.21 0.72+0.21 00.22 +0.04 3.1+0.3

pH of the solution and thermal treatment in order to obtain a
fine solid state precursor. The complexing agent/cation ratio
was critical with respect to obtain a stable sol prior to gelation.
Cations were complexed with EDTA and CA in an optimized
cation:EDTA:CA ratio of 1:1.5:3 to retain the cations complexed
during evaporation of the solvent and gelation. A lower
complexing agent content resulted in precipitation of barium
and zirconyl ions as they have a very low solubility in water as
well as a careful control and adjustment of the pH prevented
the precipitation of these species before gelation 2% 30, Ba was
complexed with EDTA, dissolved in NH4OH at pH 10.5 for the
deprotonation of the carboxylic acid groups, to avoid
precipitation of barium upon evaporation of water.

(a) +  Experimental
—— Calculated
’5 I BaZryCoy 4035 (BZ-60%)
Lu'/ I LaggBag,Co0s; (LB-40%)
b pr =570 %
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I I I I I I
I I o Lo

20 30 40 50 60
2 Theta (°)
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Figure 8. Rietveld refinement of the XRD data for composite by exsolution (a) and
direct composite (b) using cubic Pm-3m space groups.

The addition of the zirconyl solution with pH=1 was a critical
step as it destabilized the solution. A precipitation occurred
around the drop of the zirconyl solution but it instantaneously
dissolved in the solution. The reversibility of the precipitation
depended on the rate of the addition of the zirconyl solution. A
rate higher than 1.5 mL/min made the precipitation irreversible.
The optimized complexing agent:oxidant ratio of 2:1 promoted
gelation and suppressed combustion at lower temperatures.
Lower complexing agent:oxidant ratio derived in a combustion
by smoldering of the gel 31 forming pure barium zirconate at the
early stage of the synthesis. The xerogel was formed by partial
decomposition of the gel at 200 °C. The 85 wt.% loss observed
due to evaporation of absorbed water and decomposition of
the nitrates and organic gel network is in good agreement with
the composition of the xerogel (Figure 2). The thermal
treatment of the precursor material was adjusted taking into
account the decomposition temperature of the nitrates and the
complexing agents. The single phase was obtained at 715 °C +
10 °C. Secondary phases were observed by XRD outside this
temperature range. The exsolution into the Cexs composite was
initiated at about 900 °C with the possibility to tailor the
chemical composition depending on the applied thermal
treatment. Cdir was prepared in one step at 1000 °C.

In situ exsolution of the single phase material

The formation of the Cexs composite from the precursor goes
through the SP, which was stabilized in inert atmosphere. The
SP was prepared at 715 °C in N, forming a cubic perovskite
structure where La and Ba are accommodated at the A-site and
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Figure 9. DC-conductivity of 50 % dense composite by exsolution and 70 % dense
direct composite in dry and pure O, (circles), dry synthetic air (rectangles) and dry
pure N, (triangles). Green symbols represent composite by exsolution (Cexs) and
orange symbols the direct composite (Cdir).



Zr and Co at the B-site in the perovskite lattice. Cobalt is

Table 3. Cathode area specific resistance (Q -cm?) of the composite by exsolution
and direct composite at various temperatures and pH,0 = 0.03 atm.

ASR (Q -cm?)
400 °C 450 °C 500 °C 550 °C 600 °C
Cexs 18.11 7.63 4.52 2.74 1.54
Cdir 37.28 13.51 6.83 3.21 1.76

expected to be in the divalent state Co?* at pO, = 3.5-10% atm
32, The ionic radii of Co2* (0.745 A) is similar to Zr (0.72 A) 33,
which also explain why Co and Zr are disordered at the B-site.
The SP is stable at room temperature when cooled in N,. The
exposure of the SP phase to high pO, induces the oxidation of
the cobalt to a mixture of Co3*/Co%. This change in oxidation
state induces the destabilization of the SP due to the mismatch
in the ionic radii at the B-site, (Co3*: 0.61 A and Co?%*:0.53 A) 33,
The decomposition of SP can be described by the hypothetical
reaction, assuming that Co is not introduced into the BZ phase:
Lao.z Bao.7 Zroa Coos 02755 + O2 > 0.6 LagsBagsCoOss + 0.4
BazrOs.

However, the comparison of the cell parameters (Figure 6) with
pure BaZrOs reveals that the BZ phase contains significant
amount of Co on B site or La on A site 34. EDS analysis also
confirmed the presence of Co in the BZ-phase which is in good
agreement with HTXRD data where the reduction of the cell
parameter is due to the smaller ionic radii of the Co3* (0.61 A)
and Co** (0.53 A) compared to zirconium (0.72 A).

Hence, the exsolution of SP gives a composite consisting of La;-
xBaxCo0s.5 and BaZri.,Co,03.5 with the possibility to tailor the
stoichiometry of the composite controlling the thermal history
and to extend the method to more complex systems as it was
shown in our recent work 2. The initial SP transformed
gradually into the BZ phase remaining rich in barium and
zirconium and hosting about 40 at% cobalt at the B-site at 900
°C. An almost constant cell parameter was observed during the
exsolution of the LB-based phase of the Cexs composite up to
900 °C. This indicates that the nucleation of the LB-phase
occurred by diffusion of La, Ba and Co out of the SP phase with
a constant rate during exsolution while the small lattice
parameter differences are attributed to the Ba content. The

2 2
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Figure 10. Nyquist plots of symmetrical cells with spray coated composite by
exsolution (a, c) and direct composite (b and d) cathodes in synthetic air with p(H,0)
= 0.03 atm at 600 (a, b) and 400 °C (c, d). The dotted line corresponds to the
experimental data and the solid lines to the fits. The equivalent circuit used for fitting
is LRs(R1Qu)(R2Q2)(R3Q3)-

change of the composition of the phases imposes a change in
the composite phase ratio. The exsolved LB phase contains La
with 20 at% of the A-site occupied by Ba and cobalt at the B-site
at 900 °C. EDS analysis of Cexs prepared at 900 °C showed no La
in the BZ-phase and no Zr in the LB-phase. Further heat
treatment above 900 °C promoted Co and Ba diffusion from BZ-
phase to LB-phase occupying La with 40 at% of the A-sites by Ba
at 1000 °C.

Rietveld refinements of Cexs confirmed that the BZ-based
phase has the cubic Pm-3m structure (Figure 8). The LB phase
with barium content below 35 at% on A-site has been attributed
to the R-3c rhombohedral crystal structure 3537, No additional
reflections nor splitting of the peaks related to the
rhombohedral structure could be observed in this work. Good
fits were obtained for both Pm-3m (Rwp = 5.70 %) and R-3¢ (Rwp
= 6.02 %) space groups. No clear conclusion about the crystal
structure of LapsgBap,Co003s can be made without further
experiments but the nanostructure of the material could
explain the cubic structure of the Cexs LB-phase.

Composite by direct calcination

A transient phase was formed during the preparation of the Cdir
material. An oxygen driven phase separation of the transient
phase derived into the composite formation at 1000 °C. This
different formation mechanism of the composite is confirmed
by Rietveld refinements of HTXRD in Figure 5 where, unlike
Cexs, LB-phase shows an increase of the cell parameter. A
composite with two phases, LB- and BZ- based phases, was only
obtained at 1000 °C, 100 °C higher than Cexs. Lower heat
treatment temperatures resulted in secondary phases upon
cooling to room temperature with the formation of BaCOs or
hexagonal BaCoOx polymorphs. The formation temperature at
1000 °C induced a change in the proportion and composition of
the two phases leading to a 0.5 LageBapsCo0s35 - 0.5
BaZro.gC00.203-5 The Cdir route enables the
preparation of the composite in one calcination step but it is not
possible to tailor the composition nor the composite ratio in the
same manner as the Cexs without the appearance of secondary
phases. BZ and LB-phases were successfully refined with Pm-3m
cubic structure (Figure 8 (b)). LB-phase with Ba content of 40
at% on the A-site is reported to be pseudocubic Pm-3m or R-3c
depending on the size of the crystals 10. 38,

composite.

Microstructure

Temperature °C

100 690 5§0 5(IJO 45|0

Temperature °C
100 B{IJO 5$D 590 4§0 490

(a)
5]
_10 ¢ _10

o~
- £
8 K
£ £
S S
< <

B Cexsdry;Ea=1.36eV @ Cexs 3 % moist; Ea = 0.60 eV

@ Cdirdry, Ea=149eV 0 @ Cdir 3% moist; Ea = 0.77 eV

01 . \ A 1 L . .
11 1.2 1.3 14 1.5 1.1 1.2 1.3 1.4 1.5

1000/ T (K1) 1000/ T (K1)
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Large single grains of about 200 nm were observed in SP by TEM
(in-set in Figure 6(a)). Cexs on the other hand consisted of
smaller grains compared to SP, which implies a breakdown of
the single phase in smaller grains. This may be the reason for
single and isolated LB-phase grains to be trapped inside the BZ-
matrix as the LB-phase exsolves at the interfaces. A large
difference in contiguity is observed for the two composites. The
microstructure of Cdir, with more equal grain size and with a
high degree of contiguity for the two phases might be explained
by the oxygen driven formation of this composite. The
difference in the final microstructure of the two composites
corroborates the different formation mechanism of the
composites.

Electrochemical properties

The total electrical conductivity presented in Figure 9 shows
significantly higher values for the Cdir composite compared to
the Cexs. The minimum electronic conductivity required for a
cathode in PCFCis 1 S/cm for a dense cathode 3 32, Applying the
Bruggeman model 49, Cexs fulfills the PCFC cathode requirement
with a conductivity of 1 S/cm at 500 °C (Figure S3). Undoped
BaZrOs is reported to have a total electrical conductivity of 102
Scm-1at 1000 °C #1. This means that the major contribution to
the electrical conductivity for the composites comes either from
the LB-phase or the cobalt doping of the BZ-phase and it
depends on the contiguity of the phases.

The electrical conductivity of Cdir corresponds to p-type
semiconducting behavior reported in the literature 32 4546, The
decrease in conductivity below 200 °C is characteristic of a
metal-insulator M-I transition, which occurs due to an ordering

composite is expected to be due to the continuous LB-phase
with high degree of contiguity.

Cexs shows electronic conduction with semiconducting
reported for LagsBap,Co0ss “°. The lower
conductivity of Cexs compared to Cdir can be explained by

behavior as

several factors. The lower electronic conductivity of the Cexs
composite can be explained by the presence of Co with mixed
valence, transferring the Co-doped BZ an electronic conductor,
and the low contiguity between the major electronic conducting
LB-phase. Further, the chemical composition of the matrix, with
a significant amount of Co in the BZ-phase becomes the phase
charge carrier for the Cexs composite. The higher electrical
conductivity of Cdir compared to Cexs can be explained due to
the higher contiguity of the LB-phase, the main charge carrier.
This difference in phase contiguity derives from the composite
preparation method, giving different microstructures and
therefore, significative difference in electrical conductivity.

Both composites show similar activation energies and ASR in
symmetrical cells under dry conditions which is in good
agreement with studies on the La;xBaxCoOss family of
materials where a very good performance was observed for
intermediate temperature SOFC 10,12, 50 At the same time, the
B-site of the BZ-phase is substituted by Co in both composites,
which is potentially active as proton conductor >1. The ASR of
both composites increased as the temperature decreased.
Above 550 °C, the ASR of both electrodes in dry conditions was
significantly lower than in moist conditions. Unlike the dry
conditions, the ASR of the two cathodes decreased below 500
°Cin 3 % moist synthetic air. Better performance was found for
Cexs with an E; as low as 0.60 eV in moist conditions compared

Table 4. Comparison of the cathode area specific resistance from the literature in 3 % moist synthetic airl!), oxygen? or hidrogen®® at 600 °C in symmetric cell configuration.

X Cathode deposition Activation
Cathode material Electrolyte ASR (Q -cm?) Ref.
method energy (eV)
Lao.sBao2C00s-s This
BaZro.sYo.10s- Spray coatin 1.540 0.60
BaZro.6C00.403-5 (40:60 by weight) 09701530 pray & work
Lao.sBao4Co0s-s This
BaZro.9Y0.103- S ti 1.7610 0.77
BaZro.8C00.203.5 (50:50 by weight) acfoofo1Dss pray coating work
Lao.sBao.4(CoFeMn)Os.
0sBao.( 035 . BaZrosY0103-5 Screen printing 0.440 1.1 2
BaZro.s(CoFeMn)o.403-5 (43:57 by weight)
Bao.sSro.sCoo.sFeo.203.5-BaCensYo.103-5 (70:30
0527052087 E0230 ) 09¥01034 { BaCeosY0.1035 Painting of slurry 0.53@ - 42
by weight)
BaCeo.7Zro0.1Y0.1Ybo.103. I
BaCoo.sFeo.4Zr0.1Y0.103-5 0/71;\;;;“001 - Screen printing ~0,4%) ~0.74 3
BaZro.1Ceo.7Y0.1Ybo.103-5 -60Nd1.95NiOa+s BaCeo.7Zr0.1Y0.1Ybo.103-5 Screen printing 7.161 0.66 4
LazNiOa+s-LaNio.sF€0.403-5 BaZro.1Ceo.7Y0.2035 Painting of slurry ~ 10.83) 1.23 43
Drop casting + screen
BaGdo.sLa0.2C0206.5 BaZro.7Ce0.2Y0.103-5 P . g 0.2 ~0.78 44
printing
Infiltration into porous
LaCoOs BaZro.7Ceo.2Y0.103.5 0.140 - 15
backbone
Infiltration into porous
Lao.585r0.4C00.2Fe0803-5 BaZro.7Ce0.2Y0.1035 0.981 - °
backbone
Lao.58Sr0.4Co0.2Fe0.803-5 BaZro.7Ceo.Y0.1035 Spray pyrolysis 0.891 - 9
Lao.6Sr0.4C0o.2Fe0.803-5 /BaCeo.9Ybo.10s-
062704502 . 020s5/ ,09 0130 BaCeo.sY0.203.5 Painting of slurry ~ 1,10 - 18
composite (1:1 by weight)

of the low spin Co" (t§,e9) and intermediate spin Co"' (t3,€7)
ions 47, The Cdir material shows p-type conductor behavior from
200 to 800 °C 48, The good electrical conductivity of this

to Cdir (E; = 0.77 eV).

In the impedance spectra (Figure 10), two main processes can
be assigned to the cathode; the charge transfer and oxygen
dissociation/adsorption. It is widely reported in the cathode



literature that the middle range frequency process related to
the charge transfer and the low frequency process to the
oxygen dissociation/adsorption 52 33, The ASR is dominated by
the low frequency process at 600 °C and by the middle
frequency process at 400 °C. The utilization of composite
cathodes usually decreases the polarization resistance
compared to the single phase. The ASR of the composite
cathodes in this work is compared to the state of the art
cathodes in Table 4. The polarization resistances obtained for
Cexs in this study are very promising, achieving among the
lowest activation energy reported in the literature. In addition,
further optimization is in progress. As most of the composite
cathodes reported consist of a larger weight percent of the
cathode material, the change of the composite ratio is very
promising for obtaining high-performance cathodes for PCFCs.

Conclusions

Composite cathodes Cexs and Cdir based on LagsBaogsCoOs.s -
BaZrOs (LB-BZ) nominal composition were successfully
synthesized by exsolution of a Lag3Bap7Zr0.4Co0.603.5 single
phase or direct calcination of the precursor made by a modified
Pechini sol-gel synthesis. The new exsolution approach enables
to tailor the chemical composition of the cathode composite by
the thermal treatment. The composite composition differences
between exsolution and direct calcination were analyzed and
carefully discussed. The single phase exsolved to 0.4
Lao.sBap2Co003.5 - 0.6 BaZrpsC00403.5 Cexs composite while a
direct calcination of the precursor evolved to 0.5 Lag ¢Bap.4Co0s.
s - 0.5 BaZrosCoo203.5, composite. The change in composite
molar ratio, the chemical composition and thermal history
derived in a different microstructure for the two composites.
Cexs consisted of a BZ matrix and exsolved LB-phase with finer
grain sizer while Cdir consisted or larger grains with higher
contiguity between the two phases. Both composites fulfill the
1 S/cm electrical conduction requirement for PCFC cathode
application, hence, the higher electrical conductivity of the Cdir
composite was attributed to the different nanostructure of the
composites and the higher degree of contiguity of the LB-phase.
Electrochemical characterization of symmetrical cells with Cexs
cathodes showed very promising results with an ASR as low as
18 QO cm? at 400 °C and 1.54 Q cm? at 600 °C with E, = 0.60 eV.
The present results show the potential of the synthesis by
exsolution and further optimization of the microstructure and
deposition method is expected to further increase the cathode
performance.
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