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a b s t r a c t

Three different cathode configurations using porous layers of La0.4Ba0.6CoO3�d (LBC),

LBCeGDC composite in a 50:50 weight ratio, and GDC were prepared and measured by

impedance spectroscopy on symmetrical cells. These three cathode configurations were: A)

porous GDC þ LBC, B) porous GDC þ LBCLGDC composite, and C) porous GDC þ LBCeGDC

composite þ LBC. The minimum polarization resistance (Rp) value was obtained with

configuration C. The incorporation of both the porous GDC layer and the intermediate layer

of LBCeGDC composite, allowed us to solve adherence problems caused by the total

expansion mismatch between LBC (26$10�6 K�1) and GDC (12$10�6 K�1). The Rp values

obtained with cell C are comparable to the performance of another cell C prepared with

Ba0.5Sr0.5Co0.8Fe0.2O3�d (BSCF). For example, the Rp values at 600 �C, in air, were 0.071 and

0.065 Ucm2 for LBC and BSCF, respectively. These results suggest that configuration C is

very promising for developing IT-SOFC cathode with low Rp values.

Copyright ª 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction the intermediate temperature range for the SOFC operation,
Solid oxide fuel cells (SOFC) are devices that convert chemical

energy into electrical energy efficiently and in an environ-

mentally friendly manner. SOFC based on yttria-stabilized

zirconia (YSZ), operate at high temperatures (w1000 �C),
which improves both the ionic conductivity of the solid elec-

trolyte and the electrode reaction kinetic. However, to accel-

erate the commercialization process of these devices

a reduction in cost is required. This would be attained by

decreasing the operating temperature to an intermediate

range between 500 and 800 �C. However, as temperature

decreases a significant increase in the electrode’s polarization

resistance (Rp) is observed, in particular at the cathode side

where the oxygen reduction reaction (ORR) occurs. To achieve
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a new cathode material with low Rp must be developed [1].

Among the candidates to be used as cathode materials,

cobaltite compounds such as LnBaCo2O5þd [2e9],

LnBa0.5Sr0.5Co2O5þd (Ln¼ La, Pr, Nd, Pm, Sm, Gd andY) [10e12],

Ba0.5Sr0.5C0.8Fe0.2O3�d (BSCF) [13e16], and La0.6Sr0.4Co0.8
Fe0.2O3�d (LSCF) [17e21] are of interest because they exhibit

mixed ionic and electronic conductivity.

In the case of the perovskite compounds LnBaCo2O5þd

(Ln ¼ rare earth), the highest ionic conductivity and power

density values were reported for Ln ¼ La [4,5]. The crystal

structure of La0.5Ba0.5CoO3 is cubic, when the synthesis is

performed in air [5,6,8]. Recently, various studies have indi-

cated that La0.5Ba0.5CoO3�d shows potential as a candidate for

IT-SOFC cathode material [6,8]. The authors have reported Rp
com (F.D. Prado).
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values of 0.16 and 0.26 Ucm2 for La0.5Ba0.5CoO3�d and the

composite La0.5Ba0.5CoO3�deSDC, respectively [6,8]. Ishihara

et al. [2,3] have studied the influence of the Ba content on the

cathode performance for the La1�xBaxCoO3�d system (0� x� 1)

using LSGM as electrolyte. The authors obtained the

minimum cathode overpotential at T ¼ 600 �C for the x ¼ 0.6

composition.

These cobaltites with the perovskite crystal structure

exhibit non negligible oxide ion conductivity, which is some-

times as high as that reported for the electrolyte. However,

experimental evidence indicates that if an ionic conductor is

mixed with these mixed conductors oxides (MIEC), the

cathode performance is improved [7e9,11e13,17,19]. The

oxide mixed conductor/ionic conductor ratio is typically

expressed in weight percent. The optimum ratio can be

strongly affected by the microstructure of each component,

the method of preparation, temperature of heat treatment,

total expansion and chemical reactivity between theMIEC and

the ionic conductor [14,19,22]. For instance, at 600 �C, Rp

values as low as 0.064, 0.12 and 0.27 Ucm2 were obtained for

composites prepared with BSCF-SDC (70:30) [13],

SmBa0.5Sr0.5Co2O5þd-GDC (50:50) [11] and LSCFeGDC (40:60)

[19], respectively.

Recently, we have found that x ¼ 0.6 [23] is the limit of

stability for the cubic perovskite phase of the La1�xBaxCoO3�d

system, in air, which concurs with the composition reported

by Ishihara et al. [2,3] with the minimum overpotential.

Therefore, in this study we have synthesized and then eval-

uated the cathode performance of the cubic perovskite phase

La0.4Ba0.6CoO3�d by impedance spectroscopy measurements

using Ce0.9Gd0.1O1.95 as electrolyte and three different config-

urations for the electrode of the symmetrical cells. The results

are discussed and compared with impedance spectroscopy

data obtained with electrodes prepared with BSCF instead

of LBC.
2. Experimental

2.1. Sample preparation

La0.4Ba0.6CoO3�d was synthesized by a conventional solid

state reaction (SSR) technique. Samples of LBC and BSCF

were prepared by mixing commercial powders of La2O3,

BaCO3, Fe2O3 and Co3O4 in stoichiometric proportions. The

mixtures were ground in an agate mortar and pestle, and

then heat treated at 850 �C for 20 h, in air. Afterward,

samples were ground in an agate mortar once again. LBC

and BSFC samples were heat treated at 1150 �C and 1100 �C,
respectively during 24 h, in air, and cooled to room

temperature at a rate of 5 �C/min. The phase purity of the

samples was checked by XRD at room temperature. The

obtained products were ball-milled during 30 min using an

agate milling media, pressed into pellets and sintered at

1200 �C during 4 h, in air, and cooled to room temperature at

5 �C/min. The La0.4Ba0.6CoO3�deCe0.9Gd0.1O1.95 composite

was prepared mixing commercial GDC powder from Praxair

Specialty Ceramics and LBC in a 50:50 weight ratio in agata

mortar with pestle in presence of isopropanol.
Please cite this article in press as: Setevich CF, et al., Optimum c
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2.2. Basic characterization

X-Ray diffraction (XRD) data were collected at room temper-

ature with a Philips PW1700 diffractometer using Cu Ka radi-

ation and a graphite monochromator from 2q ¼ 20e110� with

a counting time of 12 s per 0.02�. The crystal structures of the

samples were analyzed by the Rietveld method using the

FullProf Program [24].

Reactivity tests were carried out on samples obtained by

mixing LBC and GDC or Pt powders in a 50:50 weight ratio and

heat treated in air in the temperature range 800 � T � 1100 �C
during 6 h. After the heat treatment, the mixture was

quenched to room temperature and analyzed by X-ray

diffraction.

The total expansions of LBC, LBCeGDC, BSCF and GDC

were measured on cylindrical samples (Ø w 5.5 mm,

h w 9 mm) heat treated at 1200, 1000, 1100 and 1350 �C,
respectively, during 4 h, in air. Thermal expansion measure-

ments were carried out from room temperature to 900 �C
using a dilatometer LINSEIS L75PT Series. All the samples

were heated at 900 �C at 5 �C/min and, after a 1 h dwell, were

cooled to room temperature and then heated once again at

900 �C at a rate of 1C�/min, in air.

Pellets of LBC and LBCeGDC for electrical conductivity

measurements (Ø w 14 mm, thick w 1.2 mm) were heat

treated at 1100 and 1000 �C respectively, during 4 h, in air, and

then cooled to room temperature at a rate of 5 �C/min. The

variations of the electrical conductivity with temperature

weremeasured with a four probe dcmethod using the van der

Pauw technique [25]. Measurements were performed in the

temperature range 25 � T � 900 �C in static air during a heat-

ing/cooling cycle with a rate of 1 �C min�1.

2.3. Electrochemical characterization

The polarization resistance of the three cathode configura-

tions was investigated in air by impedance spectroscopy

measurements on symmetrical cells using disks of GDC as

electrolyte. Both sides of the electrolytes were polished before

spraying the inks to form the electrode. The inks were

prepared mixing the corresponding ceramic powders with

ethanol, a-terpineol, polyvinyl butyral, and polyvinyl pyrri-

done in a 40: 40: 27: 2: 1 ratio. Inks containing LBC, LBCeGDC

composite and GDCwere sprayed on dense GDC to form three

different cathode configurations: A) a porous layer of GDC plus

a single porous layer of LBC, B) a porous layer of GDC plus

a porous composite layer of LBCeGDC in a 50:50 weight ratio

and, C) a porous layer of GDC plus a porous composite layer of

LBCeGDC and finally a porous layer of LBC. After deposition,

the porous GDC layer was heat treated at 1300 �C during 1 h,

while the LBCeGDC and LBC porous layers were heat treated

at 1050 �C. On the other hand, the BSCF and BSCFeGDC

composite layers were calcined at 950 �C [15].

The impedance spectroscopy measurements were per-

formed in a temperature range between 400 and 700� C in

static air by steps of 50 �C. The data acquisitionwas performed

by an Autolab system PGSTAT-30 coupled to amodule FRA2 in

a frequency range of 10�3 � f � 1 MHz. An ac signal of 50 mV

was applied to the cell, under zero DC polarization. Platinum

grids, slightly pressed on the porous electrodes using amullite
athode configuration for IT-SOFC using La0.4Ba0.6CoO3�d and
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tube, were used as current collectors. Impedance diagrams

were analyzed using Z-view2 software [26].
2.4. Microstructure

The microstructure and thickness of the porous layers and

interfaces were characterized by scanning electron micros-

copy (SEM) using a Philips 515 and a SEM-FEG FEI Nova Nano

Sem 230 microscopes.
3. Results and discussion

3.1. XRD data and chemical compatibility

The analysis of the XRD data indicated that the La0.4
Ba0.6CoO3�d sample was single phase and its crystal structure

was cubic with lattice parameter a ¼ 3.9168 (5) Å. The refine-

ment of the crystal structure was performed using the cubic

space group Pm-3m, with La/Ba at position (0,0,0)(2a), Co at

(½, ½, ½) (1b), and oxygen at (0, ½, ½) (3c). Similarly, the crystal

structure of the BSCF sample was also refined using the cubic

space group Pm-3m resulting in the lattice parameter

a ¼ 3.9975 (5) Å [16,27].

To investigate the chemical reactivity between the cathode

and the electrolyte or the Pt current collectors,mixtures of LBC

with GDC and LBC with Pt in a 50:50 weight ratio were heat

treated at 800e1100 �C during 6 h, in air. Fig. 1 shows the XRD

patterns of the mixture LBC þ GDC at 25 �C and after the heat

treatments. At T¼ 1000 �C, all the reflections could be assigned

to LBC and GDC, which indicates that LBC is chemically

compatible with GDC below 1000 �C. On the other hand, at

T¼ 1100 �C, additional peaks corresponding to the formationof

BaCeO3 [28] and CoO can be observed. Due to the formation of

BaCeO3, the Ba content of the LBC phase tends to decrease and

the Gd content of the GDC phase tends to increase. This

behavior is revealed by the shift of the LBC reflections to higher

angles and of the GDC peaks to lower angles. The presence of

BaCeO3 was also noticed by Kim et al. [10] and Gu et al. [8]

with the mixtures of GdBaCo2O5þd þ Ce0.9Gd0.1O1.95 and

La0.5Ba0.5CoO3�d þ Sm0.2Ce0.8O1.9 heat treated at 1100 �C,
respectively.
Fig. 1 e XRD patterns of the LBC and GDC mixtures at (a)

25 �C and (b) calcined at 1000 �C and (c) 1100 �C in air.

Please cite this article in press as: Setevich CF, et al., Optimum c
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No chemical reaction was found between LBC and Pt in the

temperature range 900e1100 �C. Chemical compatibility of

BSCF with GDC and SDC has been already studied [13,15].

Nevertheless, the stability of the cathode material phase was

checked by XRD for the three cell configurations before and

after impedance measurements. Our observations indicate

that the LBC cubic phase remains stable during these

measurements.

3.2. Total expansion measurements

Fig. 2 shows the DL/L0 vs T curves, where DL is the length

change and L0 the initial length of the sample, for LBC, the

LBCeGDC composite, and GDC. The total expansion values

obtained for the temperature range 30 � T � 900 �C were

26$10�6 K�1 and 17$10�6 K�1 for LBC and LBCeGDC, respec-

tively. In addition, the total expansion values obtained for GDC

and BSCF were 12$10�6 K�1 and 18$10�6 K�1, respectively,

which are similar to the values reported in the literature [27].

Clearly, the incorporation of GDC to form the composite

LBCeGDC led to a significant reduction of the total expansion

with respect to the value obtained for LBC alone. Similar

behavior was found for other composites prepared with the

cobaltites LnBaCo2O5þd or LnBa0.5Sr0.5Co2O5þd (Ln¼ Pr, Nd, Sm,

and Gd) and GDC or SDC [7e9,11,12]. The DL/L0 vs T curve for

LBC exhibits a slope change above Tw 400 �C. For these oxides,
the expansion at the low temperature range (30e400 �C) is

related to the thermal expansion, while the expansion at the

high temperature range (T > 400 �C) is caused by both thermal

and chemical contributions, simultaneously, the latter being

related to the expansion caused by the removal of oxygen

atoms from the crystal structure [4,27]. TheDL/L0 vs T curve for

the LBCeGDC composite, shows the presence of hysteresis

during the cooling/heating cycle. This behaviorwas confirmed

on pellets prepared at temperatures as low as 900 �C.

3.3. Electrical conductivity

Fig. 3 shows the variations of the electrical conductivity (s)

with temperature for LBC and LBCeGDC composite between
Fig. 2 e Thermal expansion curves for LBC, GDC, and LBCe

GDC composite in the temperature range of 30e900 �C in air.
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Fig. 3 e Variations of the electrical conductivity with

temperature for LBC and LBCeGDC composite in the range

20 £ T £ 900 �C, in air.

Fig. 4 e Schematic for the three cell configurations.
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30 and 900 �C, in air. The mixing of GDC and LBC to form the

composite reduces the s values in the whole temperature

range, compared to LBC. The difference is remarkable at low

temperatures, where s decreases almost three orders of

magnitude, for instance, at 100 �C, it changes from

1200 S cm�1 for LBC to 1 S cm�1 for the composite. As the

temperature increases, the electrical conductivity of LBC

decreases, reaching a value of s ¼ 150 S cm�1 at 900 �C. This
behavior is mainly due to the formation of oxygen vacancies

above T w 400 �C, which is accompanied by the reduction of

the high-valence-state Co4þ to Co3þ and thereby, the dimi-

nution of the hole concentration [4]. Simultaneously, the

electrical conductivity of the composite material increases,

reducing the difference observed at low temperature. Similar

results were observed for LnBaCo2O5þd/SDC composites

(Ln ¼ Pr, Gd) [7,9].
3.4. Cell configuration

During the preparation of the cells, adherence difficulties

were found between LBC and dense GDC due to the large

difference between the total expansion of La0.4Ba0.6CoO3�d

and GDC. In order to overcome this problem, the temperature

of the heat treatment, for the cathode, had to be increased,

however, in this case, chemical reactivity between LBC and

GDC was observed. The solution to this inconvenient was the

introduction of a porous layer of GDC, approximately 20 mm

thick, between the electrode and the dense electrolyte. Those

symmetrical cells prepared with the extra GDC porous layer

showed very good adhesion due likely to the rough surface of

the porous GDC layer, which increases the number of inter-

locked points between electrode and electrolyte. In addition,

an intermediate layer of composite LBCeGDC in a weight ratio

of 50:50 was incorporated on the porous GDC in order to

reduce the expansion mismatch between LBC and GDC. In

Fig. 4, a schematic of the three symmetrical cells used during

impedance spectroscopy measurements is shown. These

configurations are:
Please cite this article in press as: Setevich CF, et al., Optimum c
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A) porous LBC/porous GDC/dense GDC/porous GDC/porous

LBC

B) porous LBCeGDC composite/porous GDC/dense GDC/

porous GDC/porous LBCeGDC composite.

C) porous LBC/porous LBCeGDC composite/porous GDC/

dense GDC/porous GDC/porous LBCeGDC composite/

porous LBC.

The arrangement of the layers that form cell C is usually

known as graded cathode and has been used to reduce the

expansion differences between the cobaltites and the elec-

trolytes yttria-stabilized zirconia (YSZ) [20,21] or La0.8Sr0.2
Ga0.8Mg0.2O2.8 (LSGM) [4,10]. The porous GDC layer is usually

introduced between YSZ and the cobaltite to avoid the

chemical reaction at the cobaltite/YSZ interface.

Fig. 5 shows SEM micrographs of the top-view of the elec-

trode and the cross-section of two cells with configuration C

using LBC and BSCF. SEM images show good bonding,

continuous contact at the interfaces and no delamination. The

size of LBC and BSCF ceramic grains is larger than 1 mm, while

the size of the GDCparticles forming the composite is between

0.1 and 0.5 mm. Noteworthy, the GDC particles are located on

the surface of the LBC ceramic grains, as is clearly observed in

Fig. 5c. The thicknesses of the GDC, GDCþ LBC and LBC porous

layers were estimated, from SEM observations, to be approx-

imately 20, 40 and 25 mm, respectively.
3.5. Electrochemical characterization

It is well known that the use of composites increases the

performance of the cathode. One of the most important

parameters that affect these electrodes is the weight ratio

MIEC/electrolyte, whose optimum value may be different for

composites with different composition or even for composites

with the same composition but different microstructure,

which is usually controlled with the preparation method [19].

Thus, it is possible to find previous studies on composites

electrochemical performance using wt % ratios MIEC/elec-

trolyte varying from 70:30 to 30:70 [7e9,11e13,17,19,22]. In

particular, Gu et al. [8] have obtained an optimum ratio of

50:50 wt% for the composite La0.5Ba0.5CoO3�deSm0.2Ce0.8O1.9

containing La0.5Ba0.5CoO3�d prepared by the solid state reac-

tion method. Similarly, Kim et al. [12] also found that the

optimal ratio for the composite SmBa0.5Sr0.5Co2O5þdeGDC

with the cobaltite SmBa0.5Sr0.5Co2O5þd prepared by the solid

state reaction method was 50:50. Based on these results, the
athode configuration for IT-SOFC using La0.4Ba0.6CoO3�d and
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Fig. 5 e SEM micrographs of cell C prepared with LBC and BSCF: a) Top-view of the electrode for both cells. b) SEM

micrograph of the cross-section of both cells C. c) SEM micrograph of the LBCeGDC composite.
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wt% ratio 50:50 was chosen in the present work for the

LBCeGDC composite.

Fig. 6 shows the impedance diagrams measured at 600 �C,
in air, for the three cells prepared with LBC. The Rp values
Please cite this article in press as: Setevich CF, et al., Optimum c
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obtained for each electrode were 0.140, 0.125 and 0.071 U cm2

for cells A, B and C, respectively, revealing that configuration C

provides the lower Rp value for the temperature range

400 � T � 700 �C. For comparison, we have tested a cell with
athode configuration for IT-SOFC using La0.4Ba0.6CoO3�d and
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Fig. 6 e Impedance arcs measured, in air, at 600 �C for cells

A, B and C prepared with LBC as oxide mixed conductor.

Ohmic resistance values were eliminated from the graph

for better visualization of the electrode polarization

resistance.

Fig. 7 e Arrhenius plots of the polarization resistance of

cells A, B and C prepared with LBC and cell C prepared with

BSCF.
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configuration C, using BSCF instead of LBC [1,13] as MIEC. In

this case, a polarization resistance value of 0.065 U cm2, at

600 �C, was obtained.

These results indicate that the incorporation of the

composite LBCeGDC in the cathode improves the perfor-

mance of the cell. The composite LBCeGDC has some char-

acteristics in common with the composite BSCF-SDC used by

Wang et al. [13]. For example, like BSCF, La0.4Ba0.6CoO3�d has

cubic symmetry and oxide ion conductivity higher than the

double perovskites LnBaCo2O5þd (Ln ¼ Pr, Nd, Sm) [5], whose

crystal structure is not cubic. Also, the microstructure of the

composite (Fig. 5c) shows that small GDC particles of

0.1e0.5 mm in size are attached all over the surface of bigger

LBC ceramic grains (>1 mm). However, no evidence of chemical

reaction between LBC and GDC could be detected to fully

support the model suggested by Wang et al. [13], although

more research is needed either to confirm or rule out this

option.

Finally, we think that the porous LBC top layer in cell C

improves the contact of the cathode with the current collector

(Pt mesh). Fig. 3 shows the variations of the electrical

conductivity at the temperature range 20 � T � 900 �C for LBC

and the composite LBCeGDC, in air. Clearly, the electric

conductivity of the composite material results more than one

order of magnitude lower than that obtained for LBC. The

effect of the current collector and the preparation method on

the cathode performance was recently studied by Guo et al.

[14]. They showed that a LaCoO3 layer deposited on the BSCF

cathode as current collector reduces Rp, in agreement with

our results.

Fig. 7 shows the Arrhenius plots of the polarization resis-

tance for cells with configuration A, B and C and BSCF with

configuration C. The activation energy (Ea) values calculated

from the Rp vs. 1/T data were 1.31, 1.22 and 1.24 eV for cells A,

B and C, respectively. Systematically, the lowest Rp values
Please cite this article in press as: Setevich CF, et al., Optimum c
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were obtainedwith cell C prepared with LBC and BSCF. The Rp

values at 600 �C, in air, were 0.071 and 0.0658 Ucm2 for cell C

with LBC and BSCF, respectively, which is low for cathodes

produced by SSR [13,18]. Impedance measurements as

a function of time show that the Rp value obtained with the

cell configuration C prepared with LBC slightly increases with

time. Rp increased about w1.3 times its initial value after 2

days. Similar behavior was also observed by Amin et al. [6] for

electrodes prepared with La0.5Ba0.5CoO3�d. On the other hand,

no drift with time was observed for the Rp value of the cell C

prepared with BSCF. The low polarization resistance values

obtained with the cell configuration C are promising for IT-

SOFC applications.
4. Conclusions

The cubic perovskite La0.4Ba0.6CoO3�d (LBC) was used to test

the performance of three different electrodes configurations

through impedance spectroscopy measurements on

symmetrical cells. Systematically, the lowest polarization

resistance values were found with the graded electrode con-

sisting of: porous LBC/LBCeGDC composite/porous GDC/

dense GDC/porous GDC/LBCeGDC composite/porous LBC. The

GDC porous layer was crucial to get good adherence between

the electrode and the electrolyte due to the rough surface of

the porous GDC which increases the contact points for adhe-

sion resulting in better interlocking. In addition, the inter-

mediate layer of the 50% wt LBCeGDC composite helped to

reduce the difference in the expansion coefficients between

LBC and GDC leading to a better adherence of the electrode

and also a higher surface area for oxygen reduction. Finally

the top layer of LBC, whose electrical conductivity is higher

than that of the composite layer improves the current

collection at the electrode. Rp values as low as 0.071 and
athode configuration for IT-SOFC using La0.4Ba0.6CoO3�d and
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i n t e rn a t i o n a l j o u rn a l o f h y d r o g e n en e r g y x x x ( 2 0 1 2 ) 1e7 7
0.065 Ucm2 were measured with the cell configuration C for

LBC and BSCF at 600 �C, in air. These results are promising for

IT-SOFC applications.
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