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Composite cathodes composed of NdBa0.5Sr0.5Co2O5+d

and Ce0.9Gd0.1O1.95 for intermediate-temperature solid
oxide fuel cells

Jiyoun Kim,a Won-yong Seo,a Jeeyoung Shin,b Meilin Liuc and Guntae Kim*a
The electrochemical properties of a composite cathode composed of

NdBa0.5Sr0.5Co2O5+d (NBSCO) and Ce0.9Gd0.1O1.95 (GDC) are investi-

gated for intermediate-temperature solid oxide fuel cells (IT-SOFCs).

In particular, cells based on NBSCO–GDC composite cathodes

demonstrated higher performance than those based on a NBSCO

cathode, probably due to the extended triple phase boundary (TPB)

length. The oxygen reduction mechanism on the NBSCO–GDC

composite cathodes is proposed to explain the superior electro-

chemical behaviour.
Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy directly to
electrical energy by means of electrochemical oxidation of various
fuels, with high efficiency and low emissions. The conventional
operating temperatures above 1073 K pose many problems, such as
chemical reactions and mismatch in thermal expansion between
cell components, which impose severe limitations on the choice of
electrode and interconnector materials. Signicant efforts, there-
fore, have focused on lowering the operation temperature to
enhance long-term stability and reduce the costs.1,2 It is essential to
attain high electrochemical activity in the cathode for intermediate
temperature applications, because the polarization loss of the
cathode at intermediate-temperatures is a limiting factor to cell
performance.3,4

In this regard, cation ordered perovskite-related oxides, such as
LnBaCo2O5+d (Ln ¼ Pr, Nd, Sm, Gd and Y), have recently been
recognized as one of the best cathode materials for intermediate-
temperature (IT) SOFCs, owing to their substantially high electrical
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conductivities, rapid oxygen exchange, and fast oxygen diffusion
characteristics.4,5

The crystals of LnBaCo2O5+d (Ln ¼ Nd, Sm, and Gd) have Ln–O
and Ba–O layers alternating along the c-axis, where the difference in
the ionic radii between the Ln3+ and Ba2+ ions plays a dominant role
in determining the oxygen stoichiometry and the crystal structure.6,7

For example, the oxygen content increases from 5.57 (Ln ¼ Gd) to
5.78 (Ln ¼ Nd) with increasing lanthanide ionic radius, as the
crystal structure changes from an orthorhombic (Ln ¼ Gd) to a
tetragonal lattice (Ln ¼ Nd). They exhibit high electrical conduc-
tivity, reasonable oxygen non-stoichiometry, and good cell perfor-
mance.8 Kim et al. reported that PrBaCo2O5+d (PBCO) is a promising
material for IT-SOFC cathodes, as it showed unusually fast oxygen
kinetics at lower temperatures (773 to 973 K), resulting in low
cathodic polarization.9Taskin et al. proposed that the formation of a
layered crystal structure, with disorder-free channels for ion
migration and with a weakened bonding strength of oxygen, can
signicantly facilitate oxygen motion through the crystal lattice,
resulting in fast kinetics for GdBaCo2O5+d.10

Meanwhile, substitution of Sr2+ for Ba2+ may improve the elec-
trochemical characteristics of cathode materials due to higher
electrical conductivity and oxygen content followed by the smaller
size difference between Ln3+ and Sr2+. The substitution of Ba2+ by
Sr2+ in GdBaCo2O5+d, for example, increases the oxygen content
from 5.6 to 6.0; the corresponding increase of the oxygen content
will increase the concentration of Co4+, an electronicmobile species,
leading to higher electrical conductivity.6,11,12 In addition, when the
crystal structure changes from an orthorhombic (Pmmm) to a
tetragonal lattice (P4/mmm) with an increase of Sr2+, the O–Co–O
bond angle is also straightened toward the ideal value of 180�,
leading to an increase in bandwidth and the covalency of the Co–O
bond.13,14 This is another reason for higher electrical conductivity
with higher Sr2+ amounts.

It has been widely documented that a specic amount of
secondary phase within cathode materials can be used as an elec-
trocatalyst for optimized performance of the cathode. In particular,
ceria based oxides such as Ce0.9Gd0.1O1.95 (GDC) can improve the
electrocatalytic activity of the cathode when they form a composite
J. Mater. Chem. A, 2013, 1, 515–519 | 515
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with the cathode material due to possible extension of the electro-
chemically active area, such as the triple phase boundary (TPB)
where the electrochemical reaction occurs.15

The improved performance of the NdBa0.5Sr0.5Co2O5+d (NBSCO)–
xGDC (x ¼ 0, 20, 40, and 50 wt%) composite cathode can be
explained as follows: rst, GDC and NBSCO are compatible both
physically and chemically so that there is minimum reaction at the
interface between the two phases. Second, themismatch in thermal
expansion between the two phases is alsominimal, leading to better
connectivity between the two phases.16 Third, the mixture of GDC
and NBSCO may create more TPB, the active sites for oxygen
reduction.17

Schematically illustrated in Fig. 1 are the possible reaction zones
for oxygen reduction reaction (ORR) on electrodes with different
degrees of mixed-conductions, a traditional porous electronic
conductor (Fig. 1a), a typical porous MIEC (Fig. 1b), and a MIEC–
GDC composite cathode (Fig. 1c). When an electronic conducting
material such as (La, Sr) MnO3 (LSM) is used as the cathode, the
ORR is largely conned to the electrode–electrolyte interface (TPB),
where oxygen gas has synchronous access to both the electronically
and ionically conductive phases (Fig. 1a, path①).18 When an MIEC
is used as the cathode, however, the entire surface may serve as the
active sites for ORR, because oxygen anions can transport through
the MIEC bulk, e.g. La0.6Sr0.4Co0.2Fe0.8O3�d (Fig. 1b, path ②).19 The
electrochemically active region can be extended, because the ORRs
can also take place on the two phase boundary (2PB) where the gas
and mixed conductor meet.17,20–31 Further, the combination of ion-
ically conducting ceria with NBSCO may provide additional TPB
sites for ORR (Fig. 1c, path③). As illustrated in Fig. 1c, the reaction
rate of the composite electrodes would be the sum of those on the
2PB sites (the surface of MIEC) and those on the TPB sites (all
interface boundaries between NBSCO and GDC that are exposed to
oxygen gas), which could be greater than the ORR sites of the
electronic conductor or the MIECs.

In this study, we systematically varied the ratio of GDC to NBSCO
in the two-phase composite cathodes in an effort to optimize the
electrochemical properties under IT-SOFC operating conditions.
Fig. 1 Schematics of the oxygen reduction reaction at (a) electronic conductor
(TPB concept), (b) MIEC (TPB + 2PB), and (c) MIEC-ionic conductor, GDC (enlarged
TPB + 2PB) (path①; TPB point between the electrolyte and cathode, path②; 2PB
point on the surface of NBSCO, and path ③; enhanced TPB point by addition of
GDC).

516 | J. Mater. Chem. A, 2013, 1, 515–519
Experimental

The NBSCO oxide was synthesized via the Pechini process. Metal
nitrates are employed both as metal precursors and oxidizing
agents. Stoichiometric amounts of Nd(NO3)3$6H2O (Aldrich, 99.9%,
metal basis), Ba(NO3)2 (Aldrich, 99+%), Sr(NO3)2 (Aldrich, 99+%),
and Co(NO3)2$6H2O (Aldrich, 98+%) were added into a beaker
containing a suitable amount of concentrated nitric acid solution
under continuous heating and stirring. An adequate amount of
ethylene glycol was added into the beaker aer the mixture was
dissolved. Aer a viscous resin was formed, the mixture was heated
around 473 K. The resultant products were pre-calcined at 873 K for
4 hours, ball-milled in acetone for 24 hours, and calcined at 1273 K
for 12 hours in air.

The structure andmorphology of the NBSCO were characterized
by X-ray diffraction (XRD) and scanning electronmicroscopy (SEM).
X-ray powder diffraction measurements (Rigaku diffractometer, Cu
Ka radiation) were performed to conrm the structure with a scan
rate of 0.5� min�1 and a range of 20� < 2q < 60�. Chemical
compatibility between NBSCO and GDC was evaluated by careful
XRD analysis of an intimate mixture of 50 wt% NBSCO and 50 wt%
GDC (NBSCO–50GDC) red at high temperatures. An agate mortar
and pestle were used to mix the ne NBSCO and GDC powders.

Glycine was applied to the solution at a molar ratio of 1 : 1.5 for
metal nitrate and glycine. The electrode powders were blended with
a binder (Heraeus V006) to form slurries for both symmetric and
single cell fabrication. Electrochemical performances of the
NBSCO–xGDC (x ¼ 0, 20, 40, and 50 wt%) cathode were evaluated
with Ni-GDC anode-supported single cells. To determine the opti-
mized cell performance, theNBSCOpowder andGDCweremixed at
weight ratios of 10 : 0, 8 : 2, 6 : 4, and 5 : 5. The mixtures were ball-
milled for 12 hours. The Ni-GDC cermet anode, thereaer, was
fabricated from a mixture of nickel oxide, GDC prepared by GNP,
and starch at a weight ratio of 6 : 4 : 1.5. This mixture was ball-
milled in ethanol for 24 hours. The GDC powder electrolyte was
pressed over the pelletized Ni-GDC cermet anode. The Ni-GDC/GDC
anode-electrolyte layer was sintered at 1623 K for 5 hours. NBSCO–
xGDC slurries were screen-printed on the GDC electrolyte as a
cathode. The cells, with an active electrode area of 0.36 cm2, were
nally sintered at 1223K for 4 hours in air. Agwireswere attached as
a current collector to both the anode and cathode of a single cell
using Ag paste. An alumina tube was employed to x the single cell
using a ceramic adhesive (Aremco, Cerama bond 553). H2 con-
taining 3% H2O was supplied through a water bubbler with a ow
rate of 20 mL min�1, while ambient air was supplied as an oxidant
to the cathode during the single cell test. A BioLogic Potentiostat
was used tomeasure impedance spectra and I–V curves. Impedance
Spectra Ware recorded the area specic resistance (ASR) under OCV
conditions in a frequency range of 1 mHz to 500 kHz with an AC
perturbation of 14 mA at 973 K. I–V polarization curves were
measured between 773 K and 973 K.
Results
Chemical compatibility

XRD analysis was used to study the chemical compatibility between
NBSCO and GDC. The NBSCO cathode material has a double
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 XRD pattern of (a) NBSCO powder sintered at 1373 K for 12 hours, (b)
Ce0.9Gd0.1O1.95 (GDC) powder, and (c) NBSCO–GDCmixture sintered at 1273 K for
5 hours.
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perovskite structure aer being calcined at 1373 K for 12 hours, as
implied by the XRD pattern shown in Fig. 2a. The characteristic
diffraction peaks for the NBSCO sample suggest that it has a
tetragonal structure without any detectable second phases.32 The
XRD pattern of a pure GDC sample is shown in Fig. 2b for
comparison. The XRD pattern for a NBSCO–50GDCmixture red at
1273 K for 5 hours is shown in Fig. 2c. Since all observable
diffraction peaks correspond to those that are characteristic of the
two components, NBSCO and GDC, the chemical compatibility
between NBSCO and GDC is adequate under the processing
condition.
SEM

Themicrostructures of theNBSCO–40GDC cathodeswere examined
under a SEM; typical micrographs are presented in Fig. 3. The
thickness of the cathode is around 15–20 mm and it has a highly
Fig. 3 SEM images of NBSCO–xGDC single cells, (a) NBSCO–40GDC single cell
cross section, microstructure of (b) NBSCO–0GDC, (c) NBSCO–20GDC, and (d)
NBSCO–40GDC composite cathode.

This journal is ª The Royal Society of Chemistry 2013
porous morphology that ensures good gas diffusion (Fig. 3a). The
GDC electrolyte of 20 mm thick appears adhered well to the cathode
and anode layers without any cracks, indicating good compatibility
between the electrolyte and the electrode. Fig. 3c and d show that
the GDC grains (small grains in the gure) are well deposited on the
surface of the NBSCO backbone, as shown in Fig. 3b. It is clearly
shown that additional TPB sites are developed with the mixture of
the NBSCO backbone and small particles of GDC. With increasing
amounts of GDC on NBSCO, more TPB sites can be formed, as
shown as path ③ in Fig. 1c.
Electrochemical properties and performance

The area specic resistance (ASR) is used to describe all resistances
associated with the electrode and electrolyte of the cell, including
the gas–cathode interface, the bulk of the cathode, and the cathode–
electrolyte interface. In a typical impedance spectrum, the intercept
with the real axis at low frequency designates the total resistance of
the cell and the intercept at high frequency is the ohmic resistance
of the cell (mainly originated from the electrolyte). The magnitude
of the semi-circle or the difference between the total resistance and
the ohmic resistance is called the polarization resistance, and it is
the total resistance to the cathodic processes associated with oxygen
reduction reaction.

Fig. 4a shows the electrochemical impedance spectra of the
NBSCO–GDC/GDC/NBSCO–GDC symmetric cells as a function of
GDC content measured at 873 K in air under OCV conditions. The
polarization resistance of the NBSCO–xGDC (x ¼ 0, 20, 40, and 50)
composite is 0.241, 0.120, 0.105, and 0.155 cm2 at 873 K, respec-
tively. The ASR value is decreased with increasing the amount of
Fig. 4 (a) Typical impedance spectra of symmetric cells (NBSCO–GDC/GDC/
NBSCO–GDC) measured under an open-circuit condition at 873 K in air, and (b)
comparison of NBSCO–xGDC cathode area specific resistances plotted versus
inverse temperature.

J. Mater. Chem. A, 2013, 1, 515–519 | 517
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Fig. 5 Single cell performance of a cell with a NdBa0.5Sr0.5Co2O5+d–xGDC
cathode at various temperatures; (a) NBSCO–0GDC cathode and (b) NBSCO–
40GDC cathode (C; 773 K, -; 823 K, :; 873 K, A; 923 K).
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GDC up to 40 wt% and then starts to increase beyond 40 wt% of
GDC. The electrochemical characteristics of the NBSCO–GDC
composites indicate that GDC plays a signicant role in improving
the performance of the cathode. The observed higher catalytic
activity of the NBSCO–GDC composite cathode compared to pure
NBSCOmight be due to the extended TPB sites with the addition of
GDC, resulting in lower polarization loss of the electrodes.17 In other
words, the lower polarization of the composites can be explained on
the basis of the ability of ceria based oxides to store, release, and
transport oxygen under SOFC operating conditions.33 Meanwhile,
the ASR value tends to increase with excessive GDC amounts, for
example, above 40 wt% in this case. It appears that the inclusion of
an overly large amount of GDC particles reduces the continuity of
NBSCO in the composite, thereby resulting in a decrease of effective
electron-conducting paths in the electrode.

Fig. 4b shows Arrhenius plots of the polarization resistance of
NBSCO–xGDC (x¼ 0, 20, 40, and 50) composite cathodes at various
temperatures. The activation energy of NBSCO–40GDC composites,
105.7 kJ mol�1, is lower than that of pure NBSCO, 111.6 kJ mol�1.
The errors associated with the estimation of the activation energies
are listed in the table in Fig. 4b. The addition of GDC appears to
reduce the activation energy of the composite compared with pure
NBSCO, as the corresponding activation energy of GDC is found to
be 66.57 kJ mol�1. The lower activation energy of the composite
cathode, at least in part, accounts for the faster oxygen diffusion
process.34,35

Many researchers have noted that a composite cathode exhibits
advanced electrochemical properties compared with a pure
cathode, because the composite offers the electrochemical proper-
ties of the pure MIEC bulk as well as the electrocatalytic and ionic
conducting effects from the GDC bulk;16,36,37 this is known as the
“composite effect”. However, it is worth mentioning that the ASR of
NBSCO–GDC composite is not improved signicantly compared to
that of the pure NBSCO cathode, where the composite ASR is half
that of the pure cathode ASR. In contrast, Leng and Xia groups
reported that a composite system provided considerable improve-
ment in ASR compared to a pure cathode, as shown in Table 1. For
example, at 873 K, a La0.6Sr0.4Co0.2Fe0.8O3 composite with 60 wt% of
GDC yielded an ASR of 0.17 cm2 (ref. 36) and a Sm0.5Sr0.5CoO3

composite with 30 wt% of Sm0.2Ce0.8O1.9 showed a value of 0.18
cm2,38 reecting decreases of more than ten-fold compared with the
ASRs of pure cathodes. It is anticipated that, for a NBSCO–GDC
composite, the ionic conductivity of GDC might not lend a signi-
cant contribution in terms of increasing performance, because the
ionic conductivity of NBSCO can be considered sufficiently high for
ion bulk diffusion to provide superior performance. Some double
Table 1 ASR values of the composite system at 873 K

Pure cathode Composite cathode

NdBa0.5Sr0.5Co2O5+d–GDC 0.241 U cm2 0.105 U cm2

(40 wt% GDC)
La0.6Sr0.4Co0.2Fe0.8O3–GDC

36 1.2 U cm2 0.17 U cm2

(60 wt% GDC)
Sm0.5Sr0.5CoO3–Sm0.2Ce0.8O1.9(SDC)

38 2.5 U cm2 0.18 U cm2

(30 wt% SDC)

518 | J. Mater. Chem. A, 2013, 1, 515–519
perovskite materials have shown higher oxide-ion conductivities
compared with ceria based materials. For example, Taskin et al.
reported that the ionic conductivity of an ordered double perovskite
is as high as 0.01 S cm�1 at 773 K;10 this value is slightly higher or
comparable with that of GDC (0.0045 S cm�1) at the same
temperature.39 In this NBSCO–GDC composite system, therefore,
the favorable electrochemical characteristics might result from the
2PB sites of the NBSCO as well as the electrocatalytic effect at the
TPB sites produced within the NBSCO–GDC composite cathode. As
a result, the 40 wt% GDC composite cathode appears to be opti-
mized for higher electrochemical performance through a combi-
nation of the favorable electrochemical properties of NBSCO as a
MIEC and the high electrocatalytic characteristics of GDC.

Fig. 5 shows the power density and voltage as a function of the
current density for the NBSCO–GDC/GDC/Ni-GDC anode supported
cell using humidied H2 (3% H2O) as a fuel and static ambient air
as an oxidant in a temperature range of 773–923 K. The maximum
power densities of the cell with the NBSCO–xGDC (x ¼ 0, and 40)
cathode materials were 0.885 and 1.086 W cm�2 at 873 K, respec-
tively. The highest cell performance is achieved by the 40 wt% GDC
composite cathode, which can be predicted on the basis of it having
the lowest ASR. In other words, the sufficient 2PB and enhanced
TPB of the composite result in the highest ORR rate, as shown in
Fig. 1c, thereby providing high power density.

Conclusions

The electrochemical properties of NdBa0.5Sr0.5Co2O5+d–

xCe0.9Gd0.1O1.95 cathodematerials were investigated to optimize the
GDC ratio for a high performance cathode for IT-SOFC application.
This journal is ª The Royal Society of Chemistry 2013
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The XRD patterns show that both the NBSCO and the NBSCO–GDC
cathodes are chemically stable under IT-SOFC operating conditions.
SEM images show that the small-spherical GDC particles on the
NBSCO bulk backbone enhance the sites for the oxygen reduction
reaction. It is determined that GDC affects the electrochemical
properties in the NBSCO–GDC composite system. For the NBSCO–
GDC composite, however, the ionic conductivity of GDC might not
lend a signicant contribution in terms of increasing performance,
because the ionic conductivity of NBSCO can be considered suffi-
ciently high for ion bulk diffusion to provide superior performance.

The favourable electrochemical characteristics of NBSCO–GDC
compositesmight originate from the 2PB sites of the NBSCO as well
as the electrocatalytic effect at the TPB sites produced within the
NBSCO–GDC composite cathode, which yields a high power density
of 1.086W cm�2 at 873 K. These results demonstrate that a NBSCO
composite with 40wt%GDC is an optimumcathodematerial for IT-
SOFCs.
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