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Abstract: A class of double-perovskite compounds display fast
oxygen ion diffusion and high catalytic activity toward oxygen
reduction while maintaining excellent compatibility with the
electrolyte. The astoundingly extended stability of
NdBa1�xCaxCo2O5+d (NBCaCO) under both air and CO2-
containing atmosphere is reported along with excellent electro-
chemical performance by only Ca doping into the A site of
NdBaCo2O5+d (NBCO). The enhanced stability can be
ascribed to both the increased electron affinity of mobile
oxygen species with Ca, determined through density functional
theory calculations and the increased redox stability from the
coulometric titration.

Solid oxide fuel cells (SOFCs) are promising fuel cells that
offer very high efficiency and long-term stability. To make
SOFC technology affordable, however, the operating temper-
ature must be reduced so that much less expensive materials
can be used for other cell components during cell fabrication
and/or operation.[1–7] To overcome these problems, research-
ers have strived to lower the operating temperature of SOFCs
toward a low-temperature (LT) range (500–650 8C). One of
the challenges for LT-SOFCs, however, is to develop cathode
materials with sufficiently high electrocatalytic activity for
oxygen reduction. Intensive research has thus been carried
out to explore alternative cathode materials that achieve
superior and stable electrochemical performance.[8–12]

Recently, many groups have focused on LnBaMO5+d

(Ln = Pr, Nd, Sm, and Gd, M = Co, Fe, Ni, Cu, etc.) layered
perovskite oxides, based on their much higher chemical
diffusion and surface-exchange coefficients compared to
those of ABO3-type perovskite oxides. In particular, cobalt-
containing layered oxides, PrBaCo2O5+d (PBCO),[13] offer

faster oxygen ion diffusion and surface-exchange kinetics,
leading to very low area-specific resistance (ASR) and good
cell performance.[14]

Our group has extensively studied a class of double-
perovskite oxides,[15–18] NdBaCo2O5+d (NBCO), with the aim
of exploiting their high electrical conductivity and high
catalytic activity for the oxygen reduction reaction (ORR).
We have found that Sr doping into the Ba site enhanced the
electrical conductivity and the ORR. However, some draw-
backs such as redox instability and formation of secondary
phase, e.g., BaCO3 or SrCO3, arise from the reaction with CO2

in the atmosphere.[19, 20] In this regard, Lee et al.[21] demon-
strated dopant segregation occurring from the A site of
a perovskite with different dopants, such as Ba, Sr, and Ca.
They reported that a smaller size mismatch between the host
and dopant cations reduced the segregation level of the
dopant, leading to more stable cathode surfaces. Hence, Ca
doping at the A site of NBCO is anticipated to suppress
surface segregation, resulting in better long-term stability of
the cathode. There is thus a strong motivation to utilize the
favorable properties of Co-rich materials and simultaneously
the higher chemical stability originating from the dopants.[22]

Herein, we present excellent electrochemical perfor-
mance and stability under operating conditions by only Ca
doping into the A site of the double-perovskite structure as
a potential cathode material. In addition, we studied the
effects of Ca doping on electrical properties, oxygen kinetics,
redox properties, and morphology for application of
NBCaCO as a superior cathode material for LT-SOFCs.

The ideal double-perovskite structure of NdBaCo2O5+d

compounds can be generated by the stacking sequence
…BaO/CoO2/NdOx/CoO2…, which is closely related to the
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cuprate superconductors depicted in Figure 1a. Mobile
oxygen species are located between the NdO layers and
may show highly anisotropic oxygen diffusion depending on
directions.[13] To directly observe atom arrangements of
ordered NBCaCO, we used high-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) with a probe-side aberration corrector. Because

the contrast in STEM images increases with the atomic
number of elements, brighter atoms can be matched with
a heavy element (Nd) and darker atoms can be assigned as
Ba/Ca atoms, as shown in Figure 1b.

The development of new cathode materials with high
electrocatalytic activity for the ORR is of great importance
for operation at low temperature. As shown in Figure 2a and
b, the ASR values of NBCaCO are dramatically reduced to
0.066 Wc m2 at 600 8C compared to that of NBCO
(0.091 Wc m2). Based on previous reports,[23] the large pop-

ulation of mobile oxygen species may contribute to enhanced
oxygen kinetics associated with oxygen bulk diffusion and
surface exchange. Therefore, a higher concentration of
mobile oxygen species in the Ln�O layer as a result of Ca
doping may lead to faster oxygen kinetics and better electro-
chemical performance.

Identification of the surface exchange and oxygen bulk
diffusion properties will be helpful in understanding the
electrochemical properties required for cathode function. The
average oxygen tracer diffusion coefficients are represented
in an Arrhenius plot in Figure 2c for the entire temperature
range and compared with the published data.

The measured diffusion coefficients are quite high,
ranging from 9.9 � 10�10 to 4.37 � 10�8 cm2 S�1 at a temperature
range from 413 to 648 8C. These D* values are clearly higher
than those of PrBaCo2O5+d (PBCO) and GdBaCo2O5+d

(GBCO) with similar structures.[24,25] In addition, it can be
confirmed that Ca doping imposes a favorable effect on not
only electrical conductivity but also diffusivity. On the other
hands, in the case of the surface-exchange coefficients (Fig-
ure 2d), the effect of Ca doping does not appear to be
substantial. Even though Ca doping results in a change in
surface-exchange coefficients between NBCO and NBCaCO,
both exhibit much higher surface-exchange coefficients than
other materials (PBCO and GBCO). It is thus confirmed that
the lower ASR with Ca doping in the NBCO can be partly
explained by the high oxygen surface exchange and gas-phase
diffusion characteristics of NBCaCO.

To assess the performance and durability of new
NBCaCO cathode materials, the typical single cell perfor-
mance of the NBCaCO cathodes is measured using a Ni-GDC
anode-supported cell based on a approximately 15 mm thick
GDC electrolyte. Figure 3a shows typical I–V curves and the
corresponding power densities of single cells with NBCO-

GDCs and NBCaCO-GDCs as the cathodes at 600 8C.
The maximum power densities of the NBCO-GDCs and
NBCaCO-GDCs single cells were 1.647 W cm�2 and
2.114 W cm�2, respectively, at 600 8C. The single-cell
performances are enhanced with Ca doping in NBCO,
which can be anticipated from the behavior of the total
conductivities and area-specific resistance (ASR) with
Ca doping.

Stability of SOFC materials is also a key impediment
for the commercial success of various low-temperature
SOFCs, although high power density is still necessary.
Regarding the stability of a NdBa1�xCaxCo2O5+d jGDC j
Ni-GDC single cell, as shown in Figure 3c, the voltage of
NBCaCO-GDCs and NBCO-GDCs single cells was
recorded as a function of time under a constant current
load of 0.6 V, operating in humidified H2 as the fuel and
stationary air as the oxidant at 550 8C. After operation
for 150 h, the current density of the NBCO single cell
decreased dramatically by about 50%, while that of the
NBCaCO-GDCs single cell remained almost constant
with no degradation. The NBCaCO-GDCs single cell
exhibited excellent stability, demonstrating the high
potential of NBCaCO as an LT-SOFC cathode material.

In order to predict the stability of mobile oxygen
species (O*) in NBCaCO, we performed first-principles

Figure 1. a) Crystal structure of NdBa0.75Ca0.25Co2O5+d (NBCaCO).
b) HAADF STEM image of an NBCaCO sample. Scale bar = 0.5 nm.

Figure 2. a) Arrhenius plot of reciprocal ASR. Activation energy for x = 0:
109.568�1.39 kJ mol�1, for x = 0.25: 108.153�4.71 kJ mol�1. b) ASR under
open-circuit conditions at 600 8C. c) Arrhenius plots of oxygen tracer diffusiv-
ity (D*). d) Arrhenius plots of surface-oxygen-exchange coefficient (k).
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density functional theory (DFT) calculations for the forma-
tion energy of O*, defined as

Ef ¼ Etotðd ¼ 1Þ�Etotðd ¼ 0Þ�Nm0 ð1Þ

where Etot(d=1) and Etot(d=0) are the total energies of
systems with and without O*, respectively. N is the number of
O* atoms in the unit cell, m0 is the chemical potential of an
O atom, which is taken as the total energy of an O atom in an
isolated O2 molecule. The calculated formation energy of O*
in NBCaCO is shown in Figure 4a, and compared to those in

NBCO and Sr-doped NBSrCO. The formation energies are
negative for these three systems, and the magnitude increases
monotonically from NBCO to NBSrCO to NBCaCO. This
result indicates that Ca doping for the Ba site leads to
excellent stability for O* atoms in NBCO.

With regard to stability, cathode materials with high redox
and thermal stability should be developed for low-temper-
ature operation. Under operating conditions, the interface of
SOFCs between the electrolyte and the cathode experiences
a low p(O2), which may cause redox degradation of the
cathode and affect the long-term stability of the cathode
performance.[19] If a new electrode material possesses poor
redox properties or is decomposed at the fuel cell operating
temperature and p(O2) range, it cannot be used as an
electrode. Sufficient electrical conductivity at relatively low
p(O2) is also important to ensure efficient current collection
and long-term stability of the cell.

To confirm the redox properties and electrical conductiv-
ities at low p(O2), oxygen nonstoichiometry of the NBCaCO

and NBCO samples was investigated as a function of
p(O2) at 700 8C (Figure S4c) by coulometric titration.
The isotherm of NBCaCO shows a lower p(O2) for
decomposition than that of NBCO, implying that
NBCaCO has a higher redox stability and sufficient
electrical conductivity under cathodic polarization. Its
redox properties related to oxygen thermodynamics,
such as the oxidation enthalpies and entropies of
NBCaCO, were investigated using the results (Fig-
ure S11). The detailed proofs of related equations
have been described elsewhere.[15, 26] There are dra-
matic changes in the oxidation enthalpies according to
the extent of reduction.

The values of �DH become lower for a higher
oxygen content (d), implying that lower energy is

needed for the evolution of the mobile oxygen species
(Figure S11). Therefore, through the thermodynamic behav-
ior, it is also confirmed that NBCaCO is more stable than
NBCO, considering its higher oxidation enthalpy near the
cathode-operating conditions. These results indicate that Ca
doping provides favorable properties for practical applica-
tions in LT-SOFCs, that is, higher redox stability of the
NBCaCO oxides, which can be a key factor for achieving
stable electrochemical properties of a cathode material for
viable operation of LT-SOFCs.[27]

A class of cation-ordered, double-perovskite compounds
display fast oxygen ion diffusion and high catalytic
activity toward the ORR at low temperatures, while
maintaining excellent compatibility with the electro-
lyte under typical fuel-cell operating conditions. The
structural characteristics, electrical properties, elec-
trochemical performances, and redox and perfor-
mance stability of NBCaCO are investigated with
respect to the effects of Ca doping on the Ba site in
NBCO and a DFT analysis is carried out to evaluate
its cathode material for LT-SOFC applications. The
maximum power density of the NBCaCO single cell
was 2.114 W cm�2 at 600 8C and the typical cell
performance of NBCaCO was very stable at 550 8C
for 150 h as compared with that of NBCO. A more

comprehensive understanding of the mechanistic details may
help to envision the design of improved double-perovskite
cathode materials for a new generation of high-performance
SOFCs with enhanced durability.
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oxygen species). b) Oxygen nonstoichiometry as a function of p(O2) at 700 8C.
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[24] M. Burriel, J. Peňa-Mart�nez, R. J. Chater, S. Fearn, A. V.

Berenov, S. J. Skinner, J. A. Kilner, Chem. Mater. 2012, 24, 613 –
621.

[25] A. Taranc�n, S. J. Skinner, R. J. Chater, F. Hern�ndez-Ram�rez,
J. A. Kilner, J. Mater. Chem. 2007, 17, 3175 – 3181.

[26] S. Yoo, S. Choi, J. Shin, M. Liu, G. Kim, RSC Adv. 2012, 2, 4648 –
4655.

[27] S. Yoo, S. Choi, J. Shin, G. Kim, J. Electrochem. Soc. 2011, 158,
B632 – B638.

Angewandte
Chemie

13067Angew. Chem. Int. Ed. 2014, 53, 13064 –13067 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1126/science.1125877
http://dx.doi.org/10.1126/science.1125877
http://dx.doi.org/10.1016/S0167-2738(02)00269-2
http://dx.doi.org/10.1016/S0167-2738(02)00269-2
http://dx.doi.org/10.1002/anie.201307305
http://dx.doi.org/10.1002/ange.201307305
http://dx.doi.org/10.1002/ange.201307305
http://dx.doi.org/10.1002/anie.201006855
http://dx.doi.org/10.1002/ange.201006855
http://dx.doi.org/10.1002/ange.201006855
http://dx.doi.org/10.1021/cr020724o
http://dx.doi.org/10.1038/nature02863
http://dx.doi.org/10.1039/b600532b
http://dx.doi.org/10.1039/b600532b
http://dx.doi.org/10.1039/b618345j
http://dx.doi.org/10.1149/1.2839028
http://dx.doi.org/10.1149/1.2839028
http://dx.doi.org/10.1021/cm901720w
http://dx.doi.org/10.1021/cm901720w
http://dx.doi.org/10.1039/c0jm01779e
http://dx.doi.org/10.1016/j.ijhydene.2012.09.048
http://dx.doi.org/10.1016/j.ijhydene.2012.09.048
http://dx.doi.org/10.1016/j.electacta.2013.03.041
http://dx.doi.org/10.1016/j.electacta.2013.03.041
http://dx.doi.org/10.1021/ja3125349
http://dx.doi.org/10.1021/ja3125349
http://dx.doi.org/10.1039/c0cp00261e
http://dx.doi.org/10.1039/c0cp00261e
http://dx.doi.org/10.1016/j.jcat.2006.09.019
http://dx.doi.org/10.1021/cm203502s
http://dx.doi.org/10.1021/cm203502s
http://dx.doi.org/10.1039/b704320a
http://dx.doi.org/10.1039/c2ra20402a
http://dx.doi.org/10.1039/c2ra20402a
http://dx.doi.org/10.1149/1.3571008
http://dx.doi.org/10.1149/1.3571008
http://www.angewandte.org

