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. Introduction

A-site ordered perovskite oxides with general formula
EBaCo2O5+δ (RE = Rare Earths) have been traditionally

nvestigated for their low-temperature electrical and magnetic
roperties,1,2 and more recently they raised considerable
nterest in the Solid Oxide Fuel Cell (SOFC) community as
romising low temperature cathodes; several studies were
herefore devoted to investigate their high temperature proper-
ies, especially the crystal structure, the electrical conductivity

3–10
nd the electrochemical performance. The most important
haracteristic of these compounds is the ordering of the A-site
ations in alternating layers, RE-O, Co-O, Ba-O, Co-O along
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he c-axis of the perovskite lattice. The properties that make
hese materials promising as low temperature cathodes are the
igh electronic conductivity at intermediate temperatures, the
igh oxygen vacancy concentration, the good ion transport
ctivity and the very high oxygen surface exchange coefficients,
f compared to A-site disordered perovskites.7,11,12 This class of
ompounds can accept a wide range of oxygen stoichiometries
0 ≤ δ ≤ 1), driven by the mean Co oxidation state; the oxygen
ontent in the final material depends on the size of the RE cation,
ut it can also be governed by the annealing conditions. As the
ize of the RE cation decreases, the oxygen content at room
emperature decreases from nearly 6 for La (either in ordered
r disordered structure), ∼5.7 for Pr and Nd, ∼5.5 for Y, ∼5.4
or Sm, Eu, Gd and Tb, down to ∼5.3 for Dy and Ho. These
alues typically vary depending on the treatment atmosphere
nd the preparation procedure. Moreover, the oxygen content

ecreases upon increasing the temperature. Interestingly, a
inear relationship has been reported between the oxygen
ontent and A-site ionic radii difference [r(RE) − r(Ba

2+
)].12
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lso, the relative ionic radii of the two A-site cations drives
tructural transitions in these compounds.5 When the size
ifference between RE and Ba is small, the disordered structure
s preferentially obtained; nonetheless, the ordered structure can
e achieved by carefully tailoring the annealing temperatures
nd the preparation atmospheres, as in the case of RE = La.13

verall, the defect chemistry of both ordered and disordered
erovskite structures appears to have a great influence on the
lectrochemical properties of these materials.

Our group has recently applied a simple carbonate co-
recipitation technique to synthesize mixed oxides with
erovskite structure for application in Solid Oxide Fuel
ells. Reasonably good materials were obtained, both for the
lectrolyte14,15 and the electrodes,16 with fair conduction prop-
rties and stability, despite some deviations from the ideal
toichiometries. Several reasons make the coprecipitation a valu-
ble preparation technique. The coprecipitation synthesis allows
o achieve a very intimate mixing of the perovskite precursors,
n the present case in form of carbonates and hydroxides. A
omogenous precipitate is obtained, with fine grain size distri-
ution. The achievement of small grain sizes depends on the
perating conditions of the synthesis, namely temperature, pH,
ature and concentration of the precursors, parameters that can
e tailored and controlled during the preparation. The perovskite
hase is obtained via one-step calcination, at the same temper-
ture generally required by other techniques: the final material
etains the original homogeneity and a fine grain size, compat-
bly with some expected sinterization. Compared to the solid
tate preparation route (the most widespread synthesis method
or SOFC materials), considerable amount of energy is saved
y mixing liquid solutions instead of solid powders, thus avoid-
ng expensive and time-consuming milling steps. In the present
ork, the carbonate co-precipitation method is proposed for the
reparation of REBaCo2O5+δ with RE = La and Y (hereafter
eferred to as LBC and YBC respectively). Disordered struc-
ure of LaBaCo2O6 and ordered YBaCo2O5+δ perovskites were
dopted as model compounds to assess the suitability of the
reparation route. The evaluation of the co-precipitation method
n REBaCo2O5+δ layered perovskites faces the challenge of
nding the proper conditions for the quantitative precipitation
f all the desired cations, which in turn influence the obtain-
ent of the target stoichiometry. In particular, two conflicting

hallenges must be overcome: the hydroxides of alkaline earth
etals (Ba in the present case) show a slight, non-negligible, sol-

bility in water, therefore some losses might be expected during
he preparation. The second challenge concerns the stability of
o NH3 complexes in basic environments, which prevents the
recipitation of Co as carbonate or hydroxide. To deal with these
rawbacks, in this work, equilibria calculations were performed
ith the Medusa software17 and the experimental conditions of

he preparation were maintained as close as possible to the opti-
al thermodynamic indications. For each material prepared, the

owders were characterized via X-ray diffraction, SEM–EDS,

G–DTA and TPO analyses. The electrochemical properties
ere also evaluated by measuring the total electrical conduc-

ivity, via 4-probe method on sintered bars, and the polarization
ehavior, via electrochemical impedance spectroscopy (EIS), on

a
t
t
9

ymmetric cell configuration. In the case of LBC, good results
ere achieved and a quantitative electro-kinetic study on the

mpedance spectra was proposed. In the case of YBC, even
hough it has been recently revealed that the structure is unstable
t high temperature in air,18 the electrochemical performances
f the as-synthesized material allowed to draw positive conclu-
ions about the goodness of the preparation route (also in view
f structure-stabilization via substitution of Ba with Sr18).

. Materials and methods

.1. Synthetic procedure

La(NO3)3·6H2O (99.99%, Sigma–Aldrich), Y(NO3)3·4H2O
99.99%, Sigma–Aldrich), Ba(NO3)2 (99%, Sigma–Aldrich),
o(NO3)2·6H2O (99%, Sigma–Aldrich) salts were used as pre-
ursors in the co-precipitation synthesis; the precipitating agent
as (NH4)2CO3 and the solvent was distilled water. The syn-

hetic procedure is reported in details elsewhere.16 Briefly, the
rocedure simply involves the addition of a solution of the
itrates of the constituents to a solution of the precipitating
gent with the proper concentrations, followed by a 3 h aging
eriod and a filtration step to separate the precipitates from
he solution. The evaluation of the optimal precipitation condi-
ions was performed by calculating the theoretical precipitation
quilibria, using the Hydra thermodynamic database and the
edusa software.17 In the calculations, different simulations
ere performed by changing the concentration and amount of the
recipitating agent, while keeping constant the concentrations
f the metal salts. The solution volume was also kept constant
nd equal to the sum of the volumes of the metal salt solution
nd of the precipitating agent solution. Plots of the calculated
raction of species at equilibrium vs. pH were used to estimate
he optimal precipitating agent concentration and pH range.

After the filtration process, the powders were desiccated at
10 ◦C and then crushed in a mortar and fired at temperatures
p to 1000 ◦C in air, with heating and cooling rates of 2 ◦C/min
nd dwell time of 10 h. After the filtration process, the solutions
ere collected and analyzed via Inductively Coupled Plasma-
ass Spectrometry (ICP-MS, Thermo X series II instrument) to

earch for any metal ion left.

.2. Powders characterization

The powders of the two materials were characterized by X-ray
iffraction (XRD) with a Bruker D8 instrument, using graphite
onochromated Cu K� radiation; the diffraction patterns were

ollected in the range 10–80◦ 2θ with a step of 0.02◦ 2θ and a
ounting time of 12 s per step. The XRD spectra of the samples
red at 1000 ◦C were refined with the Rietveld method19 using

he GSAS software20 for the determination of the structural
arameters. XRD analyses were carried out also on mechanical
ixtures (50/50 wt%) of YBC and LSGM, as well as of LBC
nd LSGM. The mixtures were fired at different temperatures
o evaluate the occurrence of any chemical interaction between
he electrolyte and the cathode, 1100 ◦C in the case of YBC and
00 ◦C in the case of LBC. These two temperatures are those
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hat guarantee adhesion of the cathode layers to the LSGM elec-
rolyte during the preparation of the symmetric cell (details are
iven in Section 2.3).

The precursor powders (after drying at 110 ◦C) and the final
owders (after calcination at 1000 ◦C) were analyzed via scan-
ing electron microscopy (SEM) carried out with a Carl Zeiss
VO50VP instrument equipped with an energy dispersive spec-

rometer (EDS) for elemental analysis.
Thermogravimetric analyses (TG–DTA) were performed on

0 mg of the calcined samples by a simultaneous TG-DTA Seiko
300 instrument. In a TG–DTA experiment, the powders were
eated in air from room temperature to 1050 ◦C at 5 ◦C/min, and
hen cooled in air to room temperature, again at 5 ◦C/min.

Temperature Programmed Oxidation (TPO) tests were per-
ormed on the cathode materials in order to investigate the
xidation behavior. The TPO tests were carried out with 150 mg
owder samples, in a Micromeritics AutoChem II instrument
quipped with a TCD detector and with a trap for the adsorption
f water and CO2. A TPO test consisted of three repeated heating
nd cooling cycles between 50 and 950 ◦C, under diluted O2 flow
20 Ncc/min, 2% O2 in He). During each cycle, the sample was
eated from 50 ◦C to 950 ◦C at 2 ◦C/min, held at 950 ◦C for 1 h
nd cooled to 50 ◦C at 2 ◦C/min. Prior to the admission of the O2
ow, the sample was first evacuated in He (20 Ncc/min) at 120 ◦C
or 1 h and then cooled down to 50 ◦C. The oxidation reaction
f copper III oxide (Cu2O3 + 1/2O2 → 2 CuO) performed under
dentical conditions of the TPO (150 mg Cu2O3, 20 Ncc/min,
% O2 in He, 2 ◦C/min ramp rate) was applied as a calibration
tandard for the quantification of the signals.

.3. Electrical characterization

The electrical properties of the two materials were charac-
erized in terms of total electrical conductivity and polarization
ehavior. A potentiostat/galvanostat (Amel 7050) equipped with
frequency response analyzer (510 V10, Materials and Mates)
as used for the measurements.
The total electrical conductivity was measured with a

C four-probe method on sintered bars. The bars (24 mm
ength × 4.5 mm width × 2 mm thickness) were obtained by
ie-pressing the powders (10,000 kg/cm2) and subsequent cal-
ination at 1000 ◦C for 5 h in air. The density of each bar was
etermined by weighting with a buoyancy balance, using water
s the wetting media, to verify that sufficiently high sintering
as achieved. The electrodes were painted with Ag conductive
aste (RS) and were fixed to the current leads by calcination in
ir at 800 ◦C. The conductivity was determined in flowing air
100 Ncc/min) between 25 and 800 ◦C, by applying a constant
urrent and measuring the output voltage. The current was step-
ise increased from 1 mA to 1 A, and sufficient time (10 min)
as given to the sample to stabilize the voltage response.
Electrochemical impedance spectroscopy (EIS) tests were

erformed to characterize the polarization behavior. The tests

ere performed using a symmetric cell configuration with
SGM as the electrolyte material. For each symmetric cell,
pellet (11 mm diameter) was fabricated from commer-

ial LSGM powders (La0.8Sr0.2Ga0.8Mg0.2O3−δ, Fuel Cell
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c
m
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aterials) via die-pressing (5000 kg/cm2) and subsequent cal-
ination at 1450 ◦C for 5 h in air. The sinterization of each pellet
as verified by comparing the density value measured with the
uoyancy balance (6.46 g/cm3) and 98% of the theoretical den-
ity was achieved. A slurry of the cathode material (50 wt% solid
ontent) was prepared from the powders, by adding �-terpineol,
sopropyl alcohol and ethyl cellulose (76:20:4 relative weights)
nd stirring the mixture for 2 h. The slurry was applied on each
ide of the electrolyte substrate as symmetrically as possible.
fter the application, each layer was dried at 150 ◦C for 1 h in

ir. In order to achieve complete adhesion of the layers with the
SGM electrolyte, each cell was calcined at the lowest tempera-

ure level that guaranteed adhesion. SEM microscopy was used
o verify the thickness of the layers. Knowing the thickness, the
ayers porosity was estimated from the weight and the density
alues. In the case of the LBC layers, adhesion was achieved
fter calcination at 900 ◦C for 4 h in air. The resulting layers
ere ∼15 �m thick, which corresponded to ∼65% porosity. In

he case of the YBC layers, the adhesion was achieved only after
alcination at 1100 ◦C for 4 h in air. The resulting layers were
30 �m thick, which corresponded to ∼68% porosity.
The EIS tests were performed at open circuit voltage in

he frequency range 0.1 Hz–10 kHz, with a signal amplitude of
0 mV. Ag meshes and ink were applied on each side of the cell to
orm the current collecting electrodes. EIS tests were performed
n flowing air (100 Ncc/min on each side of the cell) between
50 and 800 ◦C. Additionally, at each temperature level, tests
t varying O2 partial pressure (5, 10, 21 and 100%, v/v) were
erformed, both using N2 and He as the O2 diluent. The tests in
owing air were repeated up until the reaching of 500 h time on
tream, in order to investigate the aging process of the materials.

. Results and discussion

.1. Precipitation conditions

Precipitation equilibria calculation relative to the actual pre-
ipitation experiments are reported in Fig. 1 (for the sake of
larity, only the solid species and the relevant complexes are
ncluded in the graphs). On the one hand, at low pH the forma-
ion of soluble Ba(NO3)2 hinders a successful precipitation of
a component, therefore the low pH region must be avoided;
n the other hand, at high pH the formation of Co NH3 com-
lexes prevents the precipitation of Co. For both YBC (panel
) and LBC (panel B), the pH windows suitable for the quan-

itative precipitation of all cations is quite narrow, in the range
.4–8.5. It is worth noting that the pH of the solution is regulated
xclusively by addition of ammonium carbonate, with no use of
trong basis (e.g. NaOH or KOH), which would force to sev-
ral washing steps to remove residual ions from the precipitated
aterial. Hence, there is a strict interplay between the target pH

nd the need of avoiding the complexation of Co. As a result, the

xperimental conditions must be a balance between these two
onflicting goals; in both cases, the pH reached in the experi-
ent was 7.4. This pH was kept constant starting right after the

recipitation and during 3 h of aging. After the filtration of the
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Fig. 2. XRD patterns of YBC at different temperatures. (Panel a) Pure YBC;
unidentified phase (*). (Panel b) YBC/LSGM mixture (50/50 wt%); LaBaGa3O7
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ig. 1. Precipitation equilibria simulations for (a) YBC and (b) LBC solutions.
rrows indicate the experimental precipitation pH.

recipitates, the solutions were analyzed: the precipitation was
uantitative for Y (in YBC) and La (in LBC). Some amounts of
a and Co ions instead were revealed in the solutions: in YBC,
bout 9% of the starting Ba remained in the solution as well as
% of the original Co. The result well agrees with the predic-
ion of Fig. 1A, as the experimental precipitation pH touches the
a(NO3)2 curve. In LBC instead, 8% of the original Ba and 4%
f the starting Co were found in the solution. From Fig. 1B, the
xperimental pH in this experiment is halfway between the sol-
ble Ba(NO3)2 compound and [Co(NO3)5]2+ complex. These
osses led to an alteration of the real stoichiometries with respect
o the nominal ones: accordingly, the estimated stoichiometries
re YBa0.91Co1.98O5+δ for YBC and LaBa0.92Co1.92O5+δ for
BC.

.1.1. Characterization of the YBC powders
The XRD patterns of the dried YBC precursor and of the

alcined powder are reported in Fig. 2a. The precipitated pow-
er after desiccation at 110 ◦C is completely amorphous. After
alcination at 1000 ◦C for 10 h the XRD pattern matched that
f YBaCo2O5+δ (PDF #047-0735) with a tetragonal crystal
tructure. Just three weak reflections at 2θ ∼ 29.2◦, ∼30.9◦ and
34.0◦ remained unidentified. The pattern was refined with

he Rietveld method using the tetragonal primitive cell (space
roup P4/mmm) described by Vogt et al.21 for YBaCo2O5 above
30 K. The weak reflections at 2θ ∼ 29.2◦, ∼30.9◦ and ∼34.0◦
hat could not be indexed were excluded from the refinements.
efined cell parameters are a = 3.8769(1) Å, c = 7.5017(4) Å,
nd the cell volume is 112.75 Å3, slightly smaller than those
n Ref.,21 but in agreement with those reported by Akahoshi and
eda22 for samples with oxygen content between 5.15 and 5.19
t room temperature. With respect to the results of Vogt et al.
eferenced above, it is worth noting that in our sample the partial
ccupancy for Ba was found to be 0.96(1), in agreement with

p
L
b

o); Y2O3 (*); unidentified phase (#). Vertical bars are PDF #47-0735 for YBC
nd PDF #89-4448 for LSGM.

he chemical analysis (Section 3.1), and it may account for the
ifferences in cell volume.

The XRD pattern of the YBC/LSGM mechanical mixture
Fig. 2B) reveal that strong interactions occurred after calcina-
ion at 1100 ◦C for 5 h: the comparison between the pattern of
he mechanical mixture (25 ◦C) and the calcined one shows that

2O3 (*) and LaBaGa3O7 (o) peaks appear, accompanied by
ther unidentified and intermediate peaks (#).

The dried precursor and the calcined powders were analyzed
ith a scanning electron microscope: SEM micrographs are

hown in Fig. 3. The dried precursor (Fig. 3A) is mainly made of
mall particles with size of a few hundreds of nanometers, and
how little agglomeration; as suggested by the XRD pattern, no
rystalline habits could be detected. After calcination at 1000 ◦C
Fig. 3B), the average grain size is in the range of few microme-
ers, and necking between the particles developed; overall, the
owder show a continuous structure with diffuse open porosity.
his result suggests that a high surface area is retained after the
igh temperature firing.

.1.2. Characterization of the LBC powders
The XRD pattern of LBC precursor and calcined powder are

eported in Fig. 4A. The dried precursor (110 ◦C) is amorphous.
fter calcination at 1000 ◦C a perovskite phase developed,

pparently matching the cubic pattern of La0.5Ba0.5CoO3 (PDF
032-0480), with a small amount of Co3O4 (*) and a
ossible doubling of some peaks. For the perovskite phase
a1−xBaxCoO3 two crystallographic regions are known: rhom-
ohedral symmetry for 0 ≤ x < 0.35 (space group R-3c), and



Fig. 3. SEM micrographs of (a) YBC precursor dried
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ig. 4. XRD patterns of LBC at different temperatures. (Panel a) Pure LBC;
o3O4 (*). (Panel b) LBC/LSGM 50/50 wt% mixture; LaBaGa3O7 (o). Vertical
ars are PDF #32-0480 for LBC and PDF #89-4448 for LSGM.

ubic symmetry for 0.4 ≤ x ≤ 1.0 (space group Pm-3m).23 Since
he chemical analysis suggests a barium poor composition,
ttempts were made to refine the structure with both symmetries,
esulting in better refinement indices for the cubic symmetry
odel (χ2 = 2.78, RB = 12.5%). The amount of Co3O4 (space

roup Fd3m) was about 10 wt%. Moreover, a large improvement
n the refinement indexes (χ2 = 1.71, RB = 9.5%) was obtained
y using a three-phase model, two slightly different structures
f (La1−xBax)CoO3, one cubic Pm-3m (about 50 wt%) and
ne tetragonal P4/mmm (about 40 wt%) which was reported
y Fauth et al. for La Ba CoO below 180 K,24 and Co O
0.5 0.5 3 3 4
about 10 wt%). The final refinement was carried out with the
a to Ba ratio equal to 0.6:0.4 for both phases (from chem-

cal analysis data), since La and Ba have similar electronic

i
O
i

at 110 ◦C; (b) YBC powder calcined at 1000 ◦C.

onfiguration, and it is not possible to perform reliable
efinements of their site occupancy with laboratory X-ray
iffractometer. The refined cell parameters are a = 3.85608(8) Å
or the cubic structure, and a = 3.86176(8) Å, c = 3.87652(18) Å
or the tetragonal structure. The cubic unit cell is smaller than
hat reported for La0.5Ba0.5CoO3 compound (a = 3.8843 Å),24

ue to the Ba understoichiometry, given the smaller ionic
adius of La3+ ion (1.36 Å) with respect to Ba2+ ion (1.61 Å),
hile the tetragonal unit cell well agrees with previous work

a = 3.8683 Å, c = 3.8748 Å).
Slight changes are revealed in the XRD of LBC/LSGM mix-

ure fired at 900 ◦C 5 h (Fig. 4B) in comparison with the XRD
f the as-mixed one. The interaction required to bond the two
ayers yielded the formation of a small amount of BaSrGa3O7
◦). This result is somewhat in disagreement with the report of
im and Manthiram,5 where no reaction was claimed between
SGM and LBC at 1100 ◦C for 0.5 h; given that no informa-

ion was provided by the authors about the microstructure of
he materials, we can expect this different reactivity could be
scribed to a difference in particle size of the reacting powders,
emembering that the LBC in Ref.5 was prepared via solid state
eactive firing, that usually causes growth of large grain sizes
hat could delay reaction with the electrolyte powder.

LBC powder microstructure is reported in the SEM micro-
raphs of Fig. 5: the dried precursor powder is fine grained
ith some agglomerated particles; no crystalline habits could
e detected, supporting the XRD data. The calcined powder
1000 ◦C) kept an extremely small average grain size that can
e estimated in few hundreds of nanometers, with some neck-
ng between the particles. Apparently, a very high surface area
ould be retained after the calcination step, which is a desirable
eature for the preparation of electrode materials.

.1.3. YBC oxidation behavior
The results of the TG–DTA experiment performed under air

ow are reported in Fig. 6A. In the plot, until about 200 ◦C,
he desorption of moisture and adsorbed CO2 is mainly respon-
t can be assumed that the weight losses are due to changes in
2 content of the structure, coherently with Refs.5,6 Upon heat-

ng, a weight loss is observed up to 950 ◦C, which amounts to



Fig. 5. SEM micrographs of (a) LBC precursor dried at 110 ◦C; (b) LBC powder calcined at 1000 ◦C.

Fig. 6. TG–DTG curves of (a) YBC and (b) LBC samples. Operating conditions: air flow, Tramp = 5 ◦C/min, TMAX = 1050 ◦C. (Panel A) YBC. (Panel B) LBC.

Fig. 7. O2 evolution as a function of temperature during the heating and the cooling ramp of a Temperature Programmed Oxidation experiment. Operating conditions:
O2 = 2%, He = 98%, flow rate = 20 Ncc/min, TMIN = 50 ◦C, Tramp = 2 ◦C/min, TMAX = 950 ◦C. (Panel A) YBC. (Panel B) LBC.



Table 1
Fractional weight gain and weight loss of the YBC and the LBC samples esti-
mated on the basis of the O2 released and consumed during the TPO cycle.
Operating conditions as in Fig. 7.

Cycle Ramp Weight (%)

YBC Heating −0.64
Cooling +0.79

LBC Heating −0.89
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Cooling +0.90

.2 wt% of the initial weight. This loss is accompanied by three
2 desorption peaks in the DTG profile, two of which are located
etween 400 and 700 ◦C, while a third, late, one is located around
00 ◦C. During the cooling phase, the sample regains approxi-
ately 0.4 wt% of its initial weight, giving rise to one single O2

dsorption peak in the DTG profile. The redox behavior of the
o4+/Co3+ couple is generally reported as responsible for the
ariation of the oxygen content: namely, Co reduces upon heat-
ng, as the equilibrium oxygen content decreases at increasing
emperature, and re-oxidizes upon cooling. The TG–DTA results
re in agreement with those reported by Kim et al.5 for YBC
amples, i.e. a weight loss of ∼1 wt% up to 850 ◦C. A behavior
lose to that of the thermogravimetric analysis is observed in the
PO experiment carried out with 2% O2 in He flow (Fig. 7A).
ompared to air, the smaller concentration of O2 allows to bet-

er appreciate the adsorption/desorption pattern and to point out
dditional features. During the heating ramp, the TPO curve
hows that O2 is first adsorbed between 250 and 350 ◦C (posi-
ive peak) and then desorbed between 350 and 700 ◦C (negative
eak). At temperatures higher than 700 ◦C, no further activity
s apparent. The presence of the initial O2 gain indicates that
ncomplete oxidation occurred during the cooling of the sample
n the furnace after the synthesis firing, being likely associated
ith the oxidation of some fraction of Co3+. Upon cooling the

ample from 950 to 50 ◦C, a single broad peak of O2 adsorption is
bserved, which slowly activates around 700 ◦C and completes
round 250 ◦C. This behavior was steadily reproduced also dur-
ng successive cycles (not reported). The amount of O2 adsorbed
nd released is shown in Table 1 in terms of weight fractions,
alculated as the ratio between the weight of O2 gained or lost
nd the initial weight of the YBC sample. A single negative
alue is reported for the heating ramp, which is the sum of the
ain observed at low temperature and the depletion that occurs at
igher temperature. In this case, the exchanged O2 amount main-
ains constant and no net loss is detected between the heating and
he cooling ramp. Within the precision of both the techniques,
he TPO results and the TG–DTA results are in reasonable agree-

ent. Indeed, oxidation and re-oxidation processes are driven by
inetics, which means that they are determined by O2 surface-
xchange and bulk-diffusion rates, as well as by the size of the
ample particles and the heating rate. In the present tests, the
ower O2 partial pressure may have shifted the peak tempera-

◦
ure for the activation of the late desorption process (>900 C)
bserved in the TG–DTA experiment; as well, the lower O2 par-
ial pressure may have changed the overall amount of O2 being
ycled.

r
t
c
b

.1.4. LBC oxidation behavior
The oxidation behavior of the LBC sample was first char-

cterized by TG–DTA analysis in air (Fig. 6B). Again, it can
e assumed that low temperature desorption is due to humidity
nd CO2 (T < 200 ◦C), whereas at higher temperature only O2 is
nvolved. The TG profile shows a steady decrease, up to 900 ◦C
nd ∼1.4 wt% of the initial weight. At about 900 ◦C, a further
teep decrease is observed, which is accompanied by a sharp
eak in the DTG profile. At 1000 ◦C, the final loss amounts
o ∼2.2% of the initial weight. The cooling ramp allows the
ample to regain only about half of the weight lost during the
eating phase. Interestingly, a peak of O2 re-adsorption appears,
lthough shifted to lower temperature (750 ◦C) compared to the
oss peak. These results are in agreement with those of Karan
t al.,25 who report an irreversible weight loss of 1.8% upon
eating up to 800 ◦C, as well as with those of Kim et al.5 and
ang et al.26 (∼1.3% weight loss at 850 ◦C). The results of the
PO cycles (Fig. 7B) confirm those of the TG–DTA experiment,
nd also show additional fine features: during the heating ramp,
small positive O2 adsorption peak is revealed at ∼300 ◦C,

gain suggesting the occurrence of incomplete oxidation during
he synthesis firing. Upon increasing the temperature, a steady
eight loss is apparent up to ∼850 ◦C, after which the occur-

ence of the strong O2 desorption process is confirmed. The
rofile suggests that the desorption reaction involves at least
hree steps, each associated to a peak, at 852 ◦C, 862 ◦C and
95 ◦C. Upon cooling the sample, progressive weight gain is
bserved, followed by two O2 adsorption peaks, a first one at
bout 750 ◦C and a second, larger one, at 650 ◦C. Hence, also
n this case, the temperature threshold for O2 re-adsorption is
hifted to lower temperatures than the O2 desorption. At the end
f each cycle (reproduced for three times), the sample restores its
nitial O2 content: the quantification of the TPO signals (Table 1)
hows that ∼1% weight is exchanged between the heating and
ooling phases.

As discussed in the case of YBC, the TPO and the TG–DTA
esults are in reasonable agreement when considering the fact
hat the redox behavior is driven by kinetics, so that the different

2 partial pressure may have modified the peak temperatures
nd the reaction rates. The two analyses confirm the slow O2
esorption upon ramping the temperature up to 800 ◦C, in line
ith what generally documented in the literature. Additionally,

he two analyses confirm the occurrence of the strong O2 desorp-
ion process at 900 ◦C, mirrored by a late O2 re-adsorption. The
resence of a desorption peak at about 900 ◦C was reported by
hang et al.6 during O2-TPD experiments under N2 flow: a series
f layered Co-based perovskite oxides were tested and those
ontaining La, Pr, Sm and Nd showed a high temperature O2
esorption peak, aside of a first one at lower temperatures. The
uthors suggest that the low temperature peak (located between
00 and 600 ◦C) is due to the reduction of Co4+ to Co3+, while
he high temperature peak is related to the thermal reduction
f Co3+ to Co2+. This interpretation also fairly fits the present
esults, being the weight loss related first to the reduction of Co4+

3+ 3+ 2+
o Co and then to that of Co to Co : this association may be
onfirmed by the presence of two distinct peaks in the cooling
ranch of the TPO. The existence of three peaks in the heating
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shows the results of the tests performed at 750 C at vary-
Fig. 8. Electrical conductivity as a function of temperature.

ranch is possibly linked to the chemical contour of the Co ions
n the crystal structure, that is, a surface Co ion could be more
asily accessed and reduced than a Co ion in the bulk, giving rise
o additional features in the TPO profile. Alternatively, the two
arly peaks (at 852 ◦C and 862 ◦C) could be related to the reduc-
ion of Co ion in the two different crystal structures revealed by
he XRD refinement (cubic and tetragonal, Section 3.2.2), fol-
owed by the reduction of the Co3O4 fraction also present in the
aterial (895 ◦C). At the highest temperature level, the reduc-

ion of the bulk Co could have led to modifications or collapse of
he layered structure, which then showed a different re-oxidation
attern upon cooling.

.2. Electrical and electrochemical characterization

The total electrical conductivity of YBC and LBC was deter-
ined in air on sintered bars (Section 2.3). The density of each

ar was determined by weighting with a buoyancy balance, using
ater as the wetting media. In the case of YBC, the resulting
ensity value (5.92 g/cm3) amounted to 96% of the theoretical
alue determined from the lattice parameters. In the case of LBC,
he measured density (6.58 g/cm3) corresponded to 94% of the
heoretical value estimated from lattice parameters. The results
nsured that sufficiently high sintering was achieved for both
he samples. The plot of the electrical conductivity measured
s a function of temperature is reported in Fig. 8. For YBC,
he curve shows that the electrical conductivity increases from
0 S/cm at room temperature to a maximum of 40 S/cm, located
pproximately at 300 ◦C, and then decreases to 20 S/cm when
eating to 850 ◦C. This behavior is consistent with a transition
rom a semiconductor-type to metal-type of conductivity, and
as previously reported for analogous YBC samples by other

uthors:6,27,28 specifically, the results obtained with the present
aterial are in close agreement with Refs.,6,28 in terms of tem-
erature thresholds and conductivity values. Higher conductivity
alues are reported in Refs.5,27 (250 S/cm at 300 ◦C), though the
ransition behavior is respected.

i
t
s

In LBC, the absolute conductivity values are much higher;
he total conductivity is about 300 S/cm at room temperature,
nd increases up to about 600 S/cm at around 300 ◦C. Then, it
hows a sharp drop to 450 S/cm at 550 ◦C, value that is held until
00 ◦C. Still, the shape of the conductivity curve as a function of
emperature largely resembles that of YBC. Conductivity values
re in good agreement with those found by Pang et al.29 for both
isordered and ordered LBC structure, and exceed the values
btained by Zhang6 in all the measured temperature range. Other
uthors found much higher values, like in Refs.,5,26 exceeding
000 S/cm in the low temperature range.

According to the literature, the change in conductivity slope
an be associated to a change in the stoichiometry of the material
riven by the release of lattice oxygen at high temperature. A
imple mechanism is proposed,27 which reads in Kröger–Vink
otation as:

CoCo
• + Ox

O ↔ 2Cox
Co + VO

•• + 1

2
O2 (1)

The reduction of the Co ions causes a loss of oxygen and
orms vacancies in the lattice. When the sample is heated above
00 ◦C and starts to lose oxygen (as observed in the TG–DTA
nd TPO cycles of Figs. 6 and 7), the increase in the num-
er of vacancies is responsible for the reduction of the number
f charge carriers and in turn of the reduction of the electrical
onductivity.

Moreover, due to Ba losses, some Ba deficiency is expected in
he perovskite structure of prepared LBC and YBC. As recently
iscussed26,30,31 cationic deficiency on the Ba site generates neg-
tive defects in the perovskite lattice (VBa

//); those have to be
ompensated by positive defects, and two possible mechanisms
re proposed: (i) generation of an equal number of oxygen vacan-
ies (VO

••) or (ii) oxidation of two B site cobalt ions (2CoCo
• or

h•). The first mechanism has a detrimental effect on the elec-
rical conductivity (on the other hand, it could enhance oxygen
ransport), while the second one has the opposite effect, increas-
ng the number of electronic charge carriers. From the above

easurements, it can be speculated that vacancy formation is
he dominant charge compensation defect for Ba deficiency in
BC and LBC; for LBC we are supported in this hypothesis by

he work of Pang et al.26

.2.1. EIS measurements: LBC cathode
EIS experiments at open circuit conditions were performed

o investigate the variation of the polarization resistance with
emperature and O2 partial pressure. The microstructure of the
ell was analyzed with SEM after the measurement: a section is
eported in Fig. 9A, which shows the porous LBC layer (∼15 �m
hick) in contact with the sintered LSGM electrolyte. The layer
orosity was estimated from the values of thickness and weight,
nd amounted to ∼65%.

Fig. 10 reports four typical impedance spectra obtained
etween 800 and 650 ◦C when feeding air. Panel A of Fig. 11

◦

ng the O2 molar fraction from 100% to 5%. Panel B reports
he variation of the impedance spectra with O2 partial pres-
ure at 750 ◦C, when using either N2 or He as the diluent. In



Fig. 9. SEM micrograph showing a part of the cross section of the LBC/LSGM/LBC cell (Panel A, 900× magnification) and of the YBC/LSGM/YBC cell (Panel
B, 1000× magnification).

Fig. 10. Complex plane impedance spectra of the LBC/LSGM/LBC symmetrical cell measured between 800 and 650 ◦C in flowing air (100 Ncc/min). Operating
conditions: open circuit conditions, 1 kHz to 0.1 Hz frequency range. Symbols are data, line is fitting.
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ig. 11. Complex plane impedance spectra of the LBC/LSGM/LBC symmetrical
requency range. (Panel A) Effect of O2 partial pressure. (Panel B) Effect of th
0% O2; (� �) 5% O2.

he figures, all the impedance spectra are normalized by the
eometric area of the cathode (0.95 cm2) and divided by two,
oherently with the adoption of a symmetrical cell configura-
ion. At all the temperatures and O2 fractions, the spectra were
tted with Zview, based on an equivalent circuit of the type
ROhm(RHFQHF)(RMFQMF)(RLFQLF), reported as an insert in
ig. 10. In the circuit, L is the inductance caused by the elec-

rical equipment and by the leads, Re is the ohmic resistance
ainly due to the electrolyte, while the three remaining RQ
lements are associated with processes occurring in the elec-
rodes at high (HF), middle (MF) and low (LF) frequency. The
imulated curves are reported as lines in the figures. A very

o
t
a

able 2
itting parameters for the EIS experiments on the symmetric LBC/LSGM/LBC cell w

lement 800 ◦C 750 ◦C

(H) 2.15E−06 2.18

ohm (� cm2) 0.615 0.96

HF (� cm2) 7.18E−03 1.99
PEHF − Q (F cm−2) 6.55E−03 2.85
PEHF − n 0.956 0.99

HF (F cm−2) 4.16E−03 2.70

HF (Hz) 5.33E+03 2.97

MF (� cm2) 1.36E−02 2.44
PEMF − Q (F cm−2) 0.0905 0.05
PEMF − n 0.801 0.81

MF (F cm−2) 1.72E−02 1.27

MF (Hz) 681.06 514.56

LF (� cm2) 1.49E−02 1.96
PELF − Q (F cm−2) 8.083 7.06
PELF − n 0.711 0.71

LF (F cm−2) 3.413 3.16

LF (Hz) 3.132 2.56
easured at 750 C. Operating conditions: open circuit conditions, 1 kHz–0.1 Hz
ent, filled symbols are He, open symbols are N2. (© �) 21% O2 (v/v); (	 �)

easonable description was obtained under all the investigated
onditions. The values of the fitted parameters are listed in
able 2 for the experiments carried out at varying temperature,
nd in Table 3 for the experiments performed at 750 ◦C and vary-
ng O2 partial pressure. For the sake of brevity, only the fitting
alues and the data collected at 750 ◦C were reported, which
re fully representative of the typical experiment at varying O2
ontent. At all the temperatures, the calculations at varying O2
artial pressure were performed keeping constant the estimate

f the ohmic resistance ROhm. The slight differences between
he values at 21% O2 of Tables 2 and 3 are due to a moder-
te conditioning effect that involved the cell during the first

ith air flow at varying temperature. Operating conditions as in Fig. 10.

700 ◦C 650 ◦C

E−06 2.48E−06 2.12E−06
2 1.396 2.087
E−02 4.91E−02 1.06E−01
E−03 6.68E−04 1.73E−04
4 0.981 1.003
E−03 5.47E−04 1.79E−04
E+03 5.92E+03 8.36E+03
E−02 4.31E−02 9.62E−02
65 0.0235 0.0188
5 0.820 0.819
E−02 5.19E−03 4.69E−03

711.41 352.89
E−02 2.28E−02 3.03E−02
5 2.767 2.673
1 0.697 0.690
7 0.888 0.865
2 6.745 6.063



Table 3
Fitting parameters for the EIS experiments on the symmetric LBC/LSGM/LBC cell with air flow at varying O2 partial pressure at 750 ◦C. Operating conditions as
in Fig. 11.

Element 100% 21% 10% 5%

RHF (� cm2) 1.08E−02 1.47E−02 1.87E−02 2.28E−02
QPEHF − Q (F cm−2) 3.75E−03 7.03E−03 6.66E−03 9.51E−03
QPEHF − n 0.994 0.988 0.992 0.994
CHF (F cm−2) 3.53E−03 6.30E−03 6.20E−03 9.04E−03
fHF (Hz) 4.18E+03 1.72E+03 1.38E+03 7.71E+02
RMF (� cm2) 1.53E−02 3.80E−02 5.27E−02 6.48E−02
QPEMF − Q (F cm−2) 0.1070 0.0398 0.0214 0.0212
QPEMF − n 0.820 0.820 0.820 0.820
CMF (F cm−2) 2.63E−02 6.73E−03 4.85E−03 5.01E−03
fMF (Hz) 395.49 622.57 623.37 490.04
RLF (� cm2) – 2.65E−02 4.84E−02 8.97E−02
QPELF − Q (F cm−2) – 2.803 1.931 1.413
QPELF − n – 0.705 0.707 0.707
CLF (F cm−2) – 0.943 0.724 0.602
f .369
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ours of activity. The values of the relaxation frequency and
f the capacitance are also estimated according to the following
quations:32

i = (RiQi)1/n

Ri

(2)

i = (RiQi)−1/n

2π
(3)

Based on values of Table 2, the Arrhenius plots of the resis-
ances of the HF and MF processes are reported in Fig. 12A.
he variation of these resistances with O2 partial pressure are

eported in Fig. 12B and C for all the temperature levels. The
eaction order n of the O2 partial pressure is also reported, esti-
ated according to:

i ∝ P−n
O2

(4)

With respect to the experiments at varying temperature, the
esults show that the amplitude of the arcs is always seen
o increase as temperature decreases. Concerning the experi-

ents at varying O2 molar fraction, the polarization resistance
ncreases upon decreasing the O2 partial pressure, maintaining
double-arc shape: the smallest polarization is observed when

eeding pure O2, which apparently shows only one depressed
rc. In the literature, a number of authors have previously
nvestigated the kinetic behavior of LBC cathodes under oper-
ting conditions close to the ones adopted in this work. Some
uthors25,33 assumed only two RQ elements for the impedance
nalysis, while other authors assumed either two or three RQ ele-
ents depending on the temperature and on the arc shape.34,35

n our case, three RQ elements were adopted under all tested
onditions, coherently with the occurrence of mass transport
henomena in the porous layer, which overlap with the chem-
cal processes. Exclusively in the case of the experiments with

ure O2, two RQ elements were adopted in the equivalent circuit,
iven that mass transport effects are absent (no N2 dilution). The
ccurrence of mass transport resistances was verified under all
emperatures by comparing the spectra obtained by using N2 as

(
v
v

4.541 2.947

he diluent with those obtained by using He: Fig. 11B shows the
esults of the experiments performed at 750 ◦C. A variation of
he resistance is clearly seen in the arc at low frequency, which
educes upon switching from N2 (open symbols, smaller O2
iffusion coefficients) to He (filled symbols, larger O2 diffusion
oefficients) at all the investigated O2 partial pressures. The same
ehavior was verified at all the other temperatures, suggesting
hat the arc at low frequency could be associated with diffu-
ive limitations. The values of the capacitances (0.6–3 F cm−2)
eported in Table 2 and 3 for the LF process are commonly
egarded as too high for chemical and electrochemical processes
nd are generally attributed to gas diffusion processes inside
r outside the electrode:30,35–37 similar results were obtained
y Pang et al.35 on symmetrical cells based on LBC cathodes
nder conditions close to the present ones and by Pang et al.30

nd Chen et al.37 on symmetrical cells based on PrBaCo2O5+δ

athodes. The correspondence of the LF arc to gas-diffusion in
he porous electrode is also supported by the estimated activa-
ion energy (0.38 eV) and by the dependence from the O2 partial
ressure, whose order varies between 0.94 at 800 ◦C and 0.82
t 650 ◦C. A linear dependence on O2 partial pressure is indeed
xpected for gas diffusion,35 accompanied by a low value of
he activation energy, much lower than that typical chemical
rocesses: the present result is fully in line with that reported by
ournoutis et al.38 (0.35 eV) for LSCF electrodes and within the

ange of 0.2–0.4 eV reported in the literature by authors working
n perovskite based cathodes.

Concerning the other two arcs, the estimated values of the
elaxation frequencies (104–103 Hz) and of the capacitances
10−2–10−4 F cm−2) suggest that the HF arc can be associated
o oxygen ion diffusion through the electrode followed by charge
ransfer at the interface between LBC and LSGM. In line with
his association and with the kinetic study of Escudero et al.,32

he capacitance values increase with temperature (Table 2) and
aintain almost constant at increasing the O partial pressure
2

Table 3). Based on the values of the resistance RHF, the acti-
ation energy of the process amounts to 1.51 eV (Fig. 12A),
ery similar to that of ionic transport in LBC (1.47 eV 25),



Fig. 12. (Panel A) Arrhenius plot of the resistance of the high frequency (RHF) and middle frequency (RMF) processes of the LBC cathode at PO2 = 21% (air flow).
(Panel B) Dependence of the HF resistance on O2 partial pressure between 650 and 800 ◦C. (Panel C) Dependence of the MF resistance on O2 partial pressure
between 650 and 800 ◦C. (Panel D) Arrhenius plot for the ASR of the LBC cathode on the LSGM electrolyte. Fresh sample (�); aged sample (500 h) (�); Ref.6
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hile the order of the O2 partial pressure dependence ranges
etween 0.27 and 0.22 (Fig. 12B), therefore close to the value
f 0.25 typical of processes rate-determined by charge trans-
er (O* + 2e− + Vo

•• ↔ Ox
o). The second arc shows values of

elaxation frequency between 103 and 102 Hz (Tables 2 and 3)
nd values of the capacitance between 10−2 and 10−3 F cm−2,
hich increase with temperature (Table 2). In line with the inter-
retation given in Ref.32 on perovskite cathodes, the estimated
ctivation energy (1.12 eV, Fig. 12A) and the dependence of O2
artial pressure (order of 0.49–0.36, Fig. 12C) suggest that a
rocess occurring at the electrode is rate determining, wherein
dsorbed atomic oxygen O* is involved possibly via dissociative
ctivation of the adsorbed molecule (O2* ↔ 2O*). Considering
hese associations, it is worth noting that the resistance values

stimated for the HF and MF processes are similar in the whole
emperature range (Fig. 12A), with a prevalence of the MF resis-
ance only over 750 ◦C: this result suggests that the two processes

(
L
a

ave similar rates and co-limit the reduction mechanism also
nder steady state conditions.

Relative to the HF process, the present results are in rea-
onable agreement with those obtained by Pang et al.35 and by
min and Karan25 on symmetric LBC/GDC/LBC cells, as well

s those by Setevich et al.33 for LBC/GDC graded cathodes. In
hese works, the HF impedance arc is associated to the oxygen
on charge transport at the electrode/electrolyte interface. For
his process, Amin and Karan estimated an activation energy
f 1.40 eV and found a reaction order of 0.23 at 700 ◦C, which
owever decreased to almost zero at 750 and 800 ◦C, revea-
ing a transition of the rate determining step. A similar behavior
as reported by Pang et al.,35 although with a smaller activa-

ion energy (1.35 eV) and a smaller range of the reaction order

0.01–0.103). In a companion paper, dedicated to cation-ordered
BC cathodes,34 the same authors associated the HF arch to
n oxygen ion transport process followed by charge transfer,



Fig. 13. Complex plane impedance spectra of the YBC/LSGM/YBC symmetrical cell measured between 800 and 650 ◦C in flowing air (100 Ncc/min). Operating
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onditions: open circuit conditions, 1 kHz to 0.1 Hz frequency range.

stimating 1.42 eV activation energy, the difference being
ttributed to the more favorable crystal structure. A wide debate
s present in the literature around the MF arc, which is gen-
rally associated to processes occurring in the electrode. Pang
t al.35 found an activation energy of 0.87 eV and a reaction
rder ranging between 0.25 and 0.5 when going from 600 to
00 ◦C, which was interpreted as an indication that the rate
etermining step shifted from a charge transfer process (inclu-
ion of O2− in the cathode structure) to a non-charge transfer

rocess (O2 dissociative activation). Amid and Karan25 report
he occurrence of a surface process, finding an higher order
or oxygen (0.77–0.9) and a lower activation energy, almost

h
v
w

ndependent on temperature: this latter result can be possi-
ly due to the equivalent circuit assumed in the analysis (two
rcs), which did not allow to separate the contribution of gas-
iffusion limitations from the chemical phenomena. Overall,
ith respect to the mechanistic interpretation of the MF and

he HF processes, the differences between the present results
nd the literature ones (the values of the reaction orders and
he absence of a shift) could be a possible indication of a
imiting role of the adsorbed oxygen O*. This, on the one

and, could be the result of an enhancement of the oxygen ion
acancies due to the slight Ba deficiency, as reported in Ref.26

hile, on the other hand, it suggests that better performance can
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cuit analysis was performed, due to the fact that the activity
significantly and quickly decreased with time on stream. Specif-
ically, the ohmic resistance and the polarization resistance were
e achieved by increasing the active area for O2 dissociative
dsorption and inclusion in the electrolyte, which is a morpho-
ogic characteristic, related mainly to the electrode preparation
rocedure.

The ASR of the LBC cathode is reported in Fig. 12D, com-
ared against results taken from the literature (empty symbols,
, © and ♦).6,25,26 For the estimation of the ASR, the polar-

zation resistance was derived from the measured impedance
pectra as the difference between the intercepts of the curve
ith the real axis at low frequency and at high frequency. The

quared symbols (�) refer to the fresh cathode, i.e. the cathode
t its first exposure to air between 800 and 550 ◦C. The activation
nergy amounts to 1.09 eV. This value is in the order of that esti-
ated from the data by Zhang et al.6 (1.38 eV, LBC/SDC/LBC

ells) and close to that found by Pang et al.26 (1.20 eV on
BC/GDC/LBC cells, no Ba deficiency), while it is much higher

han that found by Amin et al.25 (0.32 eV, LBC/GDC/LBC cells).
n line with this, the absolute ASR spans almost two orders
f magnitude values. Such a wide range can be due to sev-
ral factors, namely: the different geometrical and morphologic
haracteristics of the cathode (thickness, porosity, particle size
nd microstructure) achieved after the preparation of the cell
ay have influenced the impact of mass transfer resistances, as
ell as the characteristics of the interfaces; the use of different

lectrolytes may have influenced the polarization behavior (for
nstance, by increasing or decreasing the activation energy of
he O2− ion exchange rate); the different crystal structure, in
erms of order and disorder properties, may have caused varia-
ions in the chemical and electrochemical reaction mechanism
nd therefore in the global activation energy of the O2 activation
rocess. Specifically, as reported in Ref.,34 cation-disordered
BC structures (such as the one obtained in this work and those
f Refs. 6,33) are suggested to achieve lower electrochemical
erformance and higher ASR than cation-ordered ones. It is
orthy to note that among the disordered LBC cathodes from

he literature (one prepared via combined EDTA-citrate com-
lexing sol–gel process, the other via traditional solid state
oute), the material prepared in this work shows a lower ASR
etween 600 and 800 ◦C, which could suggest that the copre-
ipitation route may have led to a more favorable chemical
tructure.

Fig. 12D also reports the ASR of the aged cathode (�), that
s, the cathode after 500 h exposure to variable temperature and

2 partial pressure conditions. The corresponding EIS spec-
ra indicate that the ohmic resistance progressively shifted to
igher values and the polarization increased, while maintaining
he same number of arcs. An example of this aging process is
iven in Fig. 11 by comparing the spectra obtained at 750 ◦C in
2 at equal O2 partial pressure on the fresh cathode (panel A,
ata used for the quantitative analysis) and on the aged cathode
panel B): a shift in the intercept at HF is observed, accompanied
y an increase of the value of the intercept at low frequency and
distortion of the first arc. As a consequence of this process, the

SR and the estimated activation energy increased (1.20 eV).
he increase in the ohmic and in the polarization resistance could
e the result of local disconnections between the porous layer
nd the sintered electrolyte, due to the large difference in TEC

F
t

etween these two materials, as suggested in Ref.5 Nonetheless,
t is important to note that no delamination was observed and the
ell could be fully recovered at the end of the tests. Additionally,
he formation of a small amount of the secondary phase formed
etween LSGM and LBC during the cell firing (as demonstrated
y the XRD of Fig. 4B, Section 3.2.2) can have played a role in
ncreasing the ohmic resistance.

.2.2. EIS measurements: YBC cathode
The performance of YBC as a cathode was investigated in

ir between 450 and 800 ◦C, at open cell voltage. Experiments
ere also carried out by using He instead of N2 as the O2 diluent.
portion of the cross section of the YBC/LSGM/YBC cell is

eported in Fig. 9B, which shows the porous YBC layer in con-
act with the sintered LSGM electrolyte. The layer porosity was
stimated from the values of thickness (∼30 �m) and weight,
nd amounted to ∼68%.

Fig. 13 reports four of the typical impedance spectra obtained
ith the cell, only those collected between 800 and 650 ◦C. One

mall depressed arc is observed at 800 ◦C, which becomes pro-
ressively bigger upon decreasing the temperature. The shape
f the arc is complex and reflects the occurrence of more than
ne process involved in the reaction of O2 reduction. Also in
his case, a diffusive contribution is present, as demonstrated by
he decrease of the polarization resistance upon switching the
iluent from N2 to He, reported in the insert of panel B for the
est at 750 ◦C. Upon decreasing the temperature, a tendency in
he growth of the low frequency part of the arc is observed. The
ow frequency arc becomes thoroughly dominant at lower tem-
eratures possibly indicating a change in the process that limits
he reaction rate.

In the case of YBC cathodes, no quantitative equivalent cir-
ig. 14. Arrhenius plot for the ASR of the YBC cathode on the LSGM elec-
rolyte. Fresh sample (�); aged sample (500 h) (�); Ref.6 (©).
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oth seen to grow, while the spectra maintained the same shape
nd the same number of arcs. The occurrence of degradation
henomena with YBC cathodes has been previously reported in
he literature and related to the interaction with the electrolyte,
n particular with LSGM,5 and to the intrinsic instability of the
ayered perovskite structure.18 Taken as a whole, however, the
pectra obtained on the cathode could be used to estimate the
SR for the fresh (�) and the aged material (� after 500 h in

ir, Fig. 14). A comparison is also provided with the polarization
alues reported in the literature for a YBC/SDC/YBC cell tested
nder conditions analogous to the present ones (©, from Ref. 6)
nd prepared by the EDTA-citrate route. On the fresh sample an
ctivation energy of 0.92 eV could be estimated, which grew to
.98 eV upon aging. In line with the behavior of LBC, however,
n the whole temperature range lower polarization resistances
re found in the case of the present material, prepared by co-
recipitation, with respect to the one from the literature (1.44 eV
ctivation energy).

. Conclusions

LaBaCo2O5+δ and YBaCo2O5+δ cathodes were prepared for
he first time via simple and facile carbonate co-precipitation
ynthesis method in aqueous medium. Chemical characteriza-
ion of both materials showed that the achieved stoichiometry is
lose to the ideal one, except for a slight Ba deficiency; LBC was
btained as a disordered structure with La and Ba ions randomly
istributed on the perovskite A site, while YBC was obtained
n the ordered tetragonal phase. TPO and TG–DTA analysis
ompare well with previous reports about oxygen release and
ptake as a function of temperature in these materials. The
haracterization of the electrical properties of the samples was
erformed in terms of 4-probe conductivity measurements and
IS tests. Both LBC and YBC electrical conductivities show
transition from low-temperature semiconductor-like to high

emperature metal-like behavior, with absolute values in agree-
ent with some previous reports (600 S/cm at 300 ◦C for LBC,

0 S/cm at 300 ◦C for YBC), but lower than the highest values
btained in the literature. ASRs of the materials were measured
n symmetric cells with LSGM as electrolyte: LBC measured
olarization resistance is lower than that reported for similar dis-
rdered perovskites. The kinetic analysis of the LBC impedance
esponse revealed that the polarization was mainly contributed
t high frequency by oxygen ion diffusion and charge trans-
er, and at middle frequency by oxygen dissociative adsorption.
he slight Ba deficiency in the material could be responsible

or both the degradation of the electrical conductivity and the
nhancement of the electrochemical activity with respect to sim-
lar materials, due to the increased vacancy content. Even though
BC suffered from aging and reactivity with LSGM electrolyte,
hich led to instability at high temperature, the as-prepared cath-

de showed increased electrochemical activity with respect to
ther reports. Overall, the co-precipitation route adopted for the
ynthesis of LBC and YBC allowed to obtain improved electro-
hemical activity in symmetric cells and seems promising for

2

he synthesis of IT-SOFC cathode materials, also in light of the
ventual improvement or stabilization via doping.
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