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A B S T R A C T

In this study, the crystal structure, thermal, oxygen transport, electrical conductivity and electrochemical
properties of the perovskite NdBa0.5Sr0.5Co2O5+δ (NBSC55) are investigated. In the temperature range of
250 °C–350 °C, the weight loss upon heating was due to a partial loss of lattice oxygen and along with a reduction
of Co4+ to Co3+. The tend of weight-loss slows down as temperature increased above 350 °C indicating a re-
duction of Co3+ to Co2+ during this stage. The oxygen migration is dominated by surface exchange process at
high temperature range (650-800 °C); however, the bulk diffusion process prevails at low temperature range
(500–600 °C). For long-term testing, the polarization resistance of NBSC55 increases gradually form 3.13Ω cm2

for 2 h to 3.34Ω cm2 for 96 h at 600 °C and an increasing-rate for polarization resistance is around 0.22% h−1.
The power density of the single cell with NBSC55 cathode reached 341mW cm−2 at 800 °C.

1. Introduction

Recent studies paid attention to lower the operating temperature of
solid oxide fuel cells (SOFCs) below 800 °C to improve long-term sta-
bility and reduce costs. However, lowering the operating temperature
leads to a reduction in cell performance, largely due to the high acti-
vation energy of the oxygen reduction reaction of cathode [1,2]. There
are two major strategies being adopted to enhance the cell power
density at intermediate temperatures. One strategy is to minimize the
ohmic loss by reducing the thickness of the electrolyte layer to 10 μm or
below by developing anode-supported electrolyte cells [3]. The other is
to reduce the electrode polarization loss by developing a high perfor-
mance cathode [4]. Therefore, the exploitation of new electrodes with
higher electrocatalytic activities is critical for IT-SOFCs [5,6]. Per-
ovskite-type (ABO3) ceramics with mixed ionic and electronic con-
ductors (MIECs) have been widely investigated as potential cathodes for
intermediate-temperature SOFCs (IT-SOFCs). There are some reports
concerning the impressive oxygen reduction reaction (ORR) for oxygen-
deficient layered perovskites, which show excellent electrocatalytic
activity for the ORR at intermediate temperatures range [7–9]. Based
on previous literature, oxygen surface sorption and bulk diffusion limit
the characteristic depth of oxygen reduction in porous MIEC electrodes
[10]. To improve the efficiency of SOFCs performance at reduced
temperatures, cathode with faster oxygen diffusion rates through the
material bulk and better surface exchange kinetics are vital. Substituted

perovskite oxides have been the most thoroughly investigated oxides
for these purposes [11].

In recent years, layered perovskites, LnBaCo2O5+δ, have been ex-
tensively studied due to the facts that oxygen can easily and fast mi-
grate through the LnO plane, and it was noticed via neutron diffraction
technique and molecular dynamics simulations [12–14]. There are lots
of studies doping lanthanides and/or alkali-earth metals into the A-site
of the LnBaCo2O5+δ such as SmBa0.5Sr0.5Co2O5+δ [15–18],
YBa0.6Sr0.4Co2O5+δ [19], GdBa0.5Sr0.5Co2-xFexO5+δ [20,21],
PrBa0.5Sr0.5Co2-xFexO5+δ [22], NdBa1-xSrxCo2O5+δ [23] to enhance the
oxygen transport in the LnO plane. Kim et al. proposed that substitution
of Sr for Ba in GdBaCo2O5+δ improved chemical stability between the
cathode and electrolyte, and expedited oxygen transport [24]. Mckinlay
et al. reported that the substitution of Sr for Ba resulted in a significant
increase of conductivity in YBaCo2O5+δ. The conductivity value of
YBa0.5Sr0.5Co2O5+δ is much higher than YBaCo2O5+δ, presumably due
to the smaller lattice volume for Sr-substituted specimen [25]. Meng
et al. reported that Sr doping in YBaCo2O5+δ enhance the electrical
conductivity possibly due to the greater amount of electronic holes and
mobile interstitial oxygen [26]. On the basis of these reports, it con-
cludes that the LnBaCo2O5+δ substitution of Sr2+ for one-half of Ba2+

sites may result in higher electrical conductivity as well as better
electrochemical performance.

In this study, we studied the effect of Nd and Sr substitution on
layered perovskites LnBaCo2O5+δ with the formula,
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NdBa0.5Sr0.5Co2O5+δ (NBSC55). The crystal structure, thermogravi-
metric property, oxygen non-stoichiometry, electrical conductivity, and
electrochemical properties with long-term testing have been in-
vestigated. Moreover, to evaluate the oxygen-transportation properties,
the oxygen permeation, oxygen migration mechanism, ionic con-
ductivity, single cell performance were studied.

2. Experimental

2.1. Cathode and electrolyte materials preparation

The NdBa0.5Sr0.5Co2O5+δ (NBSC55) cathode powder was prepared
via the solid-state reaction, where Nd2O3, SrCO3, BaCO3 and CoO
powders were used as starting materials. The ball-milled mixture was
dried and ground into a powder with mortar and pestle, and then cal-
cined in air at 1100 °C for 4 h [27]. The Ce0.8Sm0.2O1.9 (SDC) electrolyte
powder was synthesized by co-precipitation using Ce(NO3)3·6H2O and
Sm(NO3)3·6H2O as the starting materials. These starting materials with
stoichiometric ratio were dissolved in distilled water and then added to
a solution of ammonia. The pH value of the solution was adjusted to
9.5∼10. Then, the coprecipitation powder was calcined in air to 600 °C
for 2 h. The detailed procedure regarding the preparation of SDC can
refer to reference [28].

2.2. Material characterization

The structure the sintered NBSC55 cathode was characterized by X-
ray powder diffractometer (XRD; Rigaku D/MAX-2500V), with a
scanning rate of 4°/min and scanning range of 20–80°, using a Cu Kα
(1.5418 Å) radiation source. The powder pattern and lattice parameter
were analyzed by Rietveld refinement. To understand the particle size
distribution of NBSC55 powder, it was carried out using particle size
analyzer (LS-POP (6), Beatop Electric Limited). This instrument works
on the basis of light source of He-Ne laser with 2.0mW. The instrument
is capable to measure particle sizes distributed within a range of
0.2–500 μm. In this study, the distilled water was used as a solvent, and
polyacrylic acid (PAA) was used as the dispersant. Thermogravimetric
properties of NBSC55 cathode powder was performed by a thermo-
gravimetric analyzer (TGA, SII TG/DTA 6300) in air with flow rate of
100mLmin−1. The oxygen non-stoichiometry (δ) in air as a function of
temperature was calculated based on the following equation [29].

= M m
M m

δΔ Δs

o (1)

where Δδ is the change in oxygen content, Ms is are the molar mass of
the sample, Mo is the molar mass of oxygen, m is the sample mass at
room temperature, Δm is the sample mass change after being heated,
and the room temperature oxygen non-stoichiometry was determined
by iodometric titration [30]. In order to investigate the oxygen vacancy
concentration variation, the weight loss of the calcined powder were
also performed from room temperature to 800 °C in N2 with a constant
heating rate of 10 °C/min. The thermal expansion coefficient (TEC) of
the NBSC55 sintered at 1100 °C for 4 h was measured using a thermo-
mechanical analyzer (TMA; Hitachi TMA7300) with a constant heating
rate of 10 °C/min in the temperature range of 25–800 °C in a static air.

2.3. Oxygen permeation flux measurement

Oxygen permeation properties of NBSC55 membrane was measured
using an in-house oxygen permeation. The membrane preparation is
described below. The ball-milled calcined NBSC55 powder was press-
formed into a disk diameter 13mm and sintered at 1000 for 4 h in air.
The membrane for oxygen permeation test was polished in the range of
0.8–1.4 mm in thickness, and sealed with gold ring between two quartz
rods. The feed side fed with synthetic air (21 vol% O2+ 79 vol% N2) at
a flow rate of 50mlmin−1, while high pure He was applied to sweep

side at a flow rate of 25mlmin−1. An online-coupled Agilent 7890 gas
chromatograph with a RT-Msieve 5A column was used to analyze the
concentration of nitrogen and oxygen. The oxygen permeation flux was
determined by the following equation [31].

⎜ ⎟= ⎛
⎝

− ⎞
⎠

O C C F
S

J( ) 0.21
0.79

28
32O N2 2 2

(2)

where J(O2) is the oxygen permeation flux (mLmin−1 cm-2), where CO2
and CN2 are the measured gas-phase concentrations in percentage of
oxygen and nitrogen in the penetrative stream, respectively, F is the
flow rate (mLmin−1) of the sweeping gas, and S is the effective surface
area (cm2) of the disk exposed to the sweeping gas. The measurement
was conducted over a temperature range of 500–800 °C.

2.4. Symmetrical cell fabrication and measurement

A symmetrical cell of NBSC55 |SDC| NBSC55 configuration was
fabricated by screen-printing technique. The NBSC55 cathode was
pasted on both sides of SDC electrolyte discs in circles of 13mm dia-
meter and 1mm thick. After the NBSC55 cathode was painted on the
SDC electrolyte, it was sintered at 1000 °C for 4 h in air. The NBSC55
cathode was used as the working electrode (WE) with surface area of
0.385 cm2. The Ag reference electrode (RE) was placed away from the
WE by about 0.3–0.4 cm. The NBSC55 cathode counter electrode (CE)
was placed on the other side of the SDC disk.

The symmetrical testing cell experiments were carried out under
various oxygen partial pressures in temperatures ranged from 600 to
800 °C at intervals of 50 °C in air. The AC impedance measurement was
performed using the VoltaLab PGZ301 potentiostat with frequency
applied range from 100 kHz to 0.1 Hz with 10mV AC signal amplitude.
Under the cathodic polarized condition, the electrochemical impedance
spectrometry (EIS) was conducted as a function of the applied cathodic
voltage. For long-term testing, EIS was measured at 600 °C during 96 h
in air. The EIS fitting analysis was performed with the Z-view software.

A NBSC55|SDC|Ni-SDC single cell performance was measured with
humidified hydrogen (3 vol% H2O) as the fuel and air as the oxidant to
evaluate the performance of the fabricated anode-supported SOFCs.
Anode substrates consisting of 58 wt% NiO, 38 wt% SDC and 4wt%
graphite were prepared by a die pressing process. SDC nanopowders
were added onto the prepressed green NiO-SDC substrate. And then, the
SDC powders and NiO-SDC substrate were co-pressed to form a green
bilayer and subsequently co-sintered at 1400 °C for 4 h. Before the
cathode was screen printed on electrolyte, the anode/electrolyte bilayer
substrate have to anneal at 800 °C for 2 h in reducing atmosphere to
reduce NiO to metallic Ni. Finally, NBSC55 was screen printed onto the
SDC surface, and the resultant cell was sintered at 1000 °C for 4 h to
form the porous cathode. The dimensions of a single cell is listed as
follows: diameter of 13mm, Ni-SDC anode thickness of 1mm, SDC
electrolyte thickness of 30 μm, and SBSC55 cathode thickness of
15–20 μm. Silver metal grids were applied as current collectors. The
current-voltage characteristics of the single cell were collected using a
digital source meter (Keithley 2420) at intervals of 100 °C over a tem-
perature range of 600–800 °C.

3. Result and discussion

3.1. Crystal structure

The XRD pattern of NBSC55 after being calcined at 1100 °C for 4 h
revealed in Fig. 1(a). Obviously, the pattern exhibited the double-per-
ovskite structure without any peaks owing to impurities. The Rietveld
refinement of NBSC55 including the measured, the calculated profile,
and the difference between them depicted in Fig. 1(b). The experi-
mental data and the calculated profiles are wonderful agreement, and
the cations are well ordered between Nd3+ and Ba2+/Sr2+ ions in the
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ordered perovskite lattice [32]. Based on the diffraction pattern,
NBSC55 is indexed to a tetragonal structure with space group: P4/mmm,
lattice parameter: a= 3.86 Å, b=3.86 Å, c= 7.72 Å and
v=115.01 Å3. In NBSC55 structure, Nd atoms are resided at 1b (0, 0,
0.5) sites, Ba and Sr are distributed randomly over 1a (0, 0, 0) sites.
While Co atoms are placed at 2 h (0.5, 0.5, 0.25) sites and O atoms are
randomly distributed over 4i (0, 0.5, 0.25), 1c (0.5, 0.5, 0), and 1d (0.5,
0.5, 0.5) sites. Table 1 detailed the crystallographic information for
NBSC55. Fig. 2 shows the particle size distribution of NBSC55 powder
prepared by solid-state reaction technique calcined at 1100 °C,

indicating the average particle size is about 2.6 μm as shown in SEM
image.

3.2. Oxygen vacancy concentration variation and thermal expansion
behavior

To determine the oxygen vacancy concentration variation of cal-
cined NBSC55, the weight loss of specimen in air and N2 atmosphere as
a function of temperature is shown in Fig. 3(a). The oxygen vacancy
concentration variation (ΔCv) of the calcined powder at different tem-
perature could be defined as follows [33].

≈ −C
ρ

M
W WΔ ( )(Δ % Δ %)v N air2 (3)

in which, ρ and M are the theoretical density (g/cm3) and molar weight
(g/mol) of the oxygen atom for the specimen, respectively; WΔ %air , and

WΔ %N2 are the percentage of weight difference in air and N2 atmo-
sphere, respectively. Based on Eq. (3), the oxygen vacancy concentra-
tion variation of the powder in air and N2 atmosphere is shown in
Fig. 3(b). A conspicuous weight gain is observed in the range of
220–280 °C in air. It is closely related to O2 incorporation into oxygen
vacancies resulting in the formation of lattice oxygen (Oo

x) accom-
panied by partial oxidation of cobalt ions from Co3+ to Co4+ as form of
CoCo−. As the temperature further increases above 300 °C, the CoeO
bonds gradually broke and oxygen was released such as gained and
original lattice oxygen. In this study, oxygen vacancy concentration
variation is not obvious under 220 °C. However, the weight-loss in N2

and weight-gain in air during the temperature range of 220–280 °C
result in a significant oxygen vacancy concentration variation. The in-
crease in oxygen vacancy concentration variations above 300 °C is due
to the reduction of Co4+ (Co4+→ Co3+) with formation of plentiful
amount of oxygen vacancy in air.

The thermal expansion coefficient (TEC) is a crucial property for
cathodes as it impacts on the performance of a single cell. A bulk
thermal expansion curve for NBSC55 cathode was carried out from
room temperature to 800 °C using a thermomechanical analyzer and
first derivative δL/L vs. temperature as shown in Fig. 3(c). The NBSC55
specimen seemingly shows a linear expansion in the temperature region
of 100–800 °C. Actually, the thermal expansion curve could be divided
into two regions, one is the low temperature region (100–250 °C); the
other is the high temperature region (250–850 °C). The TEC value
calculated from 100–800 °C for NBSC55 was 25.2× 10−6 K−1. The
specimens show a linear expansion in the low temperature region
(100–250 °C) with TEC value of 17.2× 10−6 K−1 and an increase in
slope in the higher temperatures region (250–800 °C) with TEC value of
27.4×10−6 K−1. The information about thermal expansion coefficient
values of NBSC55 are detailed in Table 2. Generally, cobalt-based
perovskite with a larger TEC values can be due to the increase of the
ionic radius of Co during the thermal expansion measurement. As seen

in the curve of ( )d

dT

δL
L vs. temperature, there is an inflection region

ranged from 230 to 300 °C. The inflection point may be associated to
the initial temperature for the loss of lattice oxygen and the formation
of oxygen vacancies [34]. At the same time, the reduction of the Co ion
has to take place to maintain the electrical neutrality [35]. As the
temperature is elevated above 250°C, a part of the Co4+ ions are re-
duced to Co3+ with a loss of oxygen; and Co3+ ions transit from low-
spin (t2g6eg°) to high-spin (t2g4eg2) states [36,37]. The relationship
based on the defect reaction using the Kroger-Vink notation is described
as follows.

+ ↔ + + + → +∙ × × ∙∙Co O Co V O2 2 1
2

(Co4 Co3 )Co O Co O 2 (4)

The ionic radium of Co4+and Co3+ with the coordination number of
6 and high spin are 0.53 and 0.61 nm, respectively [38]. The reduction
of Co ions results in a decrease in the BeO bond according to Pauling’s

Fig. 1. (a) Room-temperature X-ray powder diffraction pattern; (b) Rietveld refinement
of NBSC55 after being calcined at 1100 °C for 4 h. Observed (cross symbols), calculated
(solid line) XRD profiles and the difference (bottom line) between them.

Table 1
Crystallographic information for NBSC55 calculated by Rietveld refinement.*

Atom Wyckoff position x y z Uiso Fractional occupancy

Nd1 1b (0 0 ½) 0 0 0.5 0.0100 0.9800
Ba2 1a (0 0 0) 0 0 0 0.0010 0.4920
Sr3 1a (0 0 0) 0 0 0 0.0102 0.5000
Co4 2h (½ ½ z) 0.5 0.5 0.2478 0.0092 1.0000
O5 1c (½ ½ 0) 0.5 0.5 0 0.0250 1.0000
O6 4i (½ 0 z) 0.5 0 0.2486 0.0250 1.0000
O7 1d (½ ½ ½) 0.5 0.5 0.5 0.0097 1.0000

* Rp= 0.27, Rwp= 0.36, Rexp= 0.14, Space group P 4/m m m (No. 123) - tetragonal,
a= 3.861 Å, b= 3.861 Å, c= 7.715 Å, v= 115.01 Å3.
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second rule, causing an increase in the size of BO6 octahedra, therefore,
the lattice expansion is enhanced [39,40].

3.3. Oxygen permeation flux and oxygen migration mechanism

The temperature dependence of the oxygen permeation flux (Jo2)
for NBSC membrane with 1.0 mm thickness under an air/He with
oxygen partial pressure gradient over the temperature range of

Fig. 2. Particle size distribution of NBSC55 powder prepared by solid-state reaction technique and its SEM image.

Fig. 3. Thermal properties: (a) Thermogravimetric results in air and N2 with a constant heating rate of 10 °C/min; (b) oxygen vacancy concentration differences for calcined NBSC55
powder; (c) thermal expansion curve and first derivative δL/L vs. temperature for sintered NBSC55 specimen.

Table 2
TEC values of NBSC55 cathode.

Specimen TEC (10−6 K−1)

100–800 °C 100–250 °C 250–800 °C

NBSC55 25.2 17.2 27.4
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500–800 °C is shown in Fig. 4(a). The oxygen permeation flux raised
from 0.198mLmin−1 cm−2 at 500 °C to 0.267mLmin−1 cm−2 at
800 °C under synthetic air with a flow rate of 50mLmin−1, helium with
a flow rate of 25mLmin−1. The oxygen permeation flux increased
steadily with temperature because of the increase in oxygen ionic bulk
diffusion, the surface exchange rate and oxygen vacancy concentration
[41,42]. The ionic conductivity could be estimated via using the
Wagner relationship based on the following equation [43].

⎜ ⎟= ⎛
⎝ +

⎞
⎠

−′ ′′O RT
F L

σ σ
σ σ

lnPo lnPoJ( )
16

( )e i

e i
2 2 2 2

(5)

where R is the ideal gas constant, L is the membrane thickness, T is the
absolute temperature, F is the Faraday constant, σe is the electronic
conductivity, σi is the oxygen ionic conductivity. ′Po2 and ′′Po2 denote
the oxygen partial pressure on the air side and the oxygen partial
pressure on the sweep side, respectively. In this case, the electrical
conductivity (σe) is significantly greater than ionic conductivity (σi).

The ionic conductivity can be calculated using the following equa-
tion.

=
′

′′
−σ O F L

RT
ln

P
P

J( ) 16 ( )i
o

o
2

2
12

2 (6)

The ionic conductivities were distributed in the range of
6.03×10−3–6.54× 10−3 S cm−1, it seems to be independent of as a
function of temperature. The ionic conductivity of NBSC55 almost keep

constant value. To further understand the oxygen migration process,
the Arrhenius plot for oxygen permeation flux versus the reciprocal
temperature was drawn as shown in Fig. 4(b). The Arrhenius plot could
be divided into two temperature regions (500–600 °C and 650–800 °C).
It implied that there are two different rate-determined processes (bulk
diffusion process and slow surface exchange process) within two tem-
perature regions. Generally, for the entire oxygen diffusion activation
energy, the slow surface exchange process with a higher activation
energy compared with the bulk diffusion process. Based on the calcu-
lation from the Arrhenius plot, the activation energies for the high-
temperature region (650–800 °C) and low-temperature region
(500–600 °C) are 4.15 and 0.98 kJmol−1, respectively. It suggested that
surface exchange process with higher activation energy is dominated
above 650 °C; whereas, when the temperature in the range of
500–600 °C, the bulk diffusion process with lower activation energy
plays an important role.

In order to further understand the relationship in association with
the oxygen migration mechanism and the membrane thickness, several
membrane thicknesses (0.8 mm–1.4 mm) were prepared. Based on Eq.
(5), the rate-limiting step of the oxygen permeation is the bulk diffu-
sion. The relationship between oxygen permeation flux (Jo2) and the
reciprocal of the membrane thickness (1/L) should be a straight line
passing through the origin of the coordinates [44]. When the membrane
thickness is larger than 1.2 mm over the temperature range of
500–800 °C, oxygen permeation flux (Jo2) is proportional to the re-
ciprocal of the membrane thickness (1/L) as shown in Fig. 4(c). It

Fig. 4. (a) Oxygen permeation flux and nominal ionic conductivities as a function of temperature in thickness of 1.0mm; (b) in the corresponding Arrhenius plot; (c) oxygen permeation
flux as function of the reciprocal membrane thickness for NBSC55 membrane.
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suggested that the oxygen permeation process is dominated by the bulk
diffusion of oxygen ions as the membrane thickness is greater than
1.2 mm, On the contrary, as the membrane thickness is less than
1.2 mm, the oxygen permeation process is mostly governed by surface
oxygen exchange.

3.4. Oxygen content (5+ δ) and electrical conductivity

Oxygen content (5+ δ) and oxidation state of Co for NBSC55 as a
function of temperature in air is shown in Fig. 5(a). The slight weight
loss from room temperature to 250 °C is due to desorption of the ab-
sorbed water from sample. As temperature ranged from 250 °C to
350 °C, the magnitude of weight reduced rapidly, implying that the
specimen start to lose lattice oxygen significantly. The lattice oxygen
was gradually removed and the additional oxygen vacancies were
formed simultaneously [45]. The weight loss upon heating was due to a
partial loss of lattice oxygen and along with a reduction of Co4+ to
Co3+ from 250 °C to 350 °C. The weight-loss increase tend toward slows
down as temperature increased from 350 °C to 1000 °C. It suggested
that weight loss accompanied with a reduction of Co3+ to Co2+ during
this stage [46–48]. Based on iodometric titration result, the initial

oxygen content (5+ δ) is 5.72 at room temperature. The trend of
oxygen content reveals as same as the weight loss as a function of
temperature. It can be seen that the oxygen content, 5+ δ, decreased
with temperature. The oxygen content of NBSC55 decreases gradually
from 5+ δ=5.72 at room temperature with Co valence-number of
3.22 to 5+ δ=5.45 with Co valence-number of 2.95 at 800 °C. Table 3
detailed the oxygen-content (5+ δ) values and oxidation state of Co as
a function of temperature in air.

Fig. 5(b) shows the electrical conductivity in air as a function of
temperature for the dense NBSC55. The conductivity decreases with

Fig. 5. (a) Oxygen content (5+ δ) and oxidation state of Co; (b)
electrical conductivity as a function of temperature in air for
NBSC55.

Table 3
The oxygen content (5+ δ) and oxidation state of Co for NBSC55 as a function of tem-
perature in air.

Specimen NBSC55

Temperature (°C) Oxygen content (5+ δ) Oxidation state of Co
200 5.72 3.22
400 5.66 3.16
600 5.55 3.05
800 5.45 2.95
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increasing temperature exhibiting a metallic behavior. A gradual re-
duction of electrical conductivity from 384 S cm−1 of 400 °C to
202 S cm−1 of 700 °C due to lattice defects breaking the CoeOeCo
bonds, resulting in escape of oxygen atoms from lattice and reduction of
Co3+ to Co2+, which corresponds to our previous TGA data. In this
case, the major defects are the oxygen interstitials, Oi′′ and the elec-
tronic holes, h= ∙CoCo [49]. Using the Kroger-Vink notation, the forma-
tion of the oxygen interstitials and electronic hole is expressed as below.

+ ↔ +× ′′ ∙O Co O Co1
2

( ) 2Co i Co2 (7)

The electrical neutrality condition is given by

′ =′ ∙O Co2[ ] [ ]i Co (8)

The apparent metallic conductivity behavior of NBSC55 may be
related to the following reasons [50–52]: (1) an energy band overlap
between Co-3d and O-2p; (2) the presence of Co3+ ions from thermally
generated charge disproportion of Co2+ along with the loss of oxygen
from the lattice simultaneously at higher temperatures. As the tem-
perature is greater than 750 °C, the electrical conductivity revealed
stable value about 191 S cm−1. This means that the electronic hole
concentration no more decreased above 750 °C. Over the temperature
range of 400–800 °C, the electrical conductivity is above 100 S cm−1

indicating that NBSC55 could meet the requirement of electrical con-
ductivity as an IT-SOFC cathode.

3.5. Impedance spectra as function of oxygen partial pressures and long-
term testing

In order to further investigate the process of oxygen reduction re-
action for NBSC55 cathode, EIS was investigated at different oxygen
partial pressures. In general, the interfacial polarization resistance (RP)
changes with PO2 can be described by the following equation [53,54]:

= −Rp R (P ) n
P
0

O2 (9)

The overall oxygen reduction reaction could be expressed as follow.

+ =′ −1
2

O (g) 2e O2
2

(10)

The processes are complex containing charge transfer, surface ad-
sorption/dissociation, gas diffusion, and so on. The magnitude of n
provides valuable information about the rate-limiting step in the
oxygen reduction reactions at cathodes [55,56]:

= ⇔ − + +n 0.10, O O2 TPB 2TB VOO
x (11)

= + + ⇔′ ′′n 0.25, Oads. 2e V OO O
x (12)

n=0.50, O2, ads.⇔ 2Oads. (13)

n=1.00, O2(g)⇔O2, ads. (14)

where n=0.10 has been associated with oxygen ion transfer from
triple–phase boundary (TPB) to the electrolyte, n= 0.25 with the
charge transfer processes, n= 0.50 with oxygen adsorption/desorption
processes, and n=1.00 with gas phase diffusion of oxygen molecules in
a porous cathode. However, the entire surface may sever as the active
sites for ORR in MIEC conductors. It is due to the facts that oxygen ions
transport through the MIEC bulk [57,58]. In Eq. (11), the oxygen ion
transfer is not only form TPB sites but also two-phase boundary (2PB)
sites (cathode/electrolyte interface). The RP dependence of PO2 for
NBSC55 measured at various temperatures are shown in Fig. 6(a).
Clearly, the RP values raised with reducing P(O2). This behavior is be-
cause of the decrease in mobile interstitial oxygen at lower p(O2). Based
on slopes of log(RP) vs. log(PO2), the n value decreased from 600 °C of
n=0.25 to 800 °C of n=0.13. This indicated that the rate-limiting
process of ORR dominated by charger transfer (Oads.+2 ′e + ′′VO⇔OO

x )

gradually transfers to oxygen ion transfer from TPB and/or 2PB sites of
cathode (OO

x ⇔O2−
TPB+VO

․․) as the temperature increasing from 600 °C
to 800 °C. It implied that overall ORR accomplished at 800°C in air.

To evaluate the stability the NBSC55 for a long time, the perfor-
mance of a NBSC55 | SDC| NBSC55 half-cell was tested, and Rp values
were recorded dependence of time under stationary air at 600 °C as
shown in Fig. 6(b). Markedly, Rp increased gradually with time, which
values were increased form 3.13Ω cm2 for the initial 2 h to 3.34Ω cm2

for 96 h long-term testing at 600 °C. A slight increase in cathodic po-
larization resistance is observed that an increasing-rate is around
0.22% h−1 from the initial 2 h to 96 h. Cathode delamination from
electrolyte may be one possible cause of increasing in polarization re-
sistance at initial fast degradation. Based on our group previous re-
search, the difference in thermal expansion coefficient between NBSC55
(TEC=25.2 ppm K−1) and SDC (TEC=12.4 ppm K−1) is approxi-
mately 12.8 ppm K−1 [59]. The delamination between layers causes the
decline of reaction sites for ORR, leading to increase polarization re-
sistance. With increasing the testing time, the following slow de-
gradation in the MIEC-cathode performance may be several possible
mechanisms such as (1) the grain size of NBSC55 may coarsen [60], (2)
interdiffusion may occur between NBSC55 and SDC interface [61], and
(3) Sr may segregate from Sr-contained cathode [62].

-1.6 -1.4 -1.2 -1.0 -0.8 -0.6
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0
(a)

Lo
g 

R
p (

O
hm

 c
m

)

Log p(O2) (atm)

n = 0.13 800oC

700oCn = 0.22

n = 0.25 600oC

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3

4

5

6

(b)

R
p 

(O
hm

 c
m

2 )

Fig. 6. (a)The interfacial polarization resistance (RP) of NBSC55|SDC|NBSC55 half-cell
dependence of oxygen partial pressure in the temperature range of 600–800 °C; (b) po-
larization resistance (Rp) of under static air at 600°C for long-term testing.
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3.6. Interfacial polarization resistance and a single cell performance

Cathode electrochemical properties were investigated by the AC
impedance spectroscopy based on a NBSC55 |SDC| NBSC55 symme-
trical cell. Interfacial polarization resistance of NBSC55 cathode was
measured directly from the difference between high-and low-frequency
intercepts on the real axis of the impedance plot [63]. Fig. 7(a) shows
the impedance spectra measured under open-circuit conditions over the
temperature range of 600–800 °C in air. In this study, the electrolyte/
cathode interfacial polarization resistance was represented by area
specific resistance (ASR). The cathode polarization resistance (Rp) was
decreased markedly from 2.83Ω cm2 at 600°C to 0.09Ω cm2 at 800 °C
for NBSC55 cathode as shown in Fig. 7(b). The activation energies (Ea)
of cathode polarization resistance from Ln (Rp) vs. 1000/T plot was
102.5 kJmol−1 as shown in Fig. 7(c). The detailed information re-
garding the technique could refer to our group published paper [27].
The io values were increased from 6.6 mA cm-2 of 600 °C to
256.8 mA cm−2 of 800 °C for EIS technique. The overall activation en-
ergy (Ea) for the ORR was identified from the slope of the Arrhenius plot
as shown in Fig. 7(d). The Ea calculated from the plot for Ln (i0) versus
1000/T was 132.7 kJmol−1. The Ea value is relatively similar to our
previous report as cited in reference [27]. Fig. 8(a) displays the power
density and voltage as a function of the current density for the

NBSC55|SDC|Ni-SDC anode supported cell using hydrogen as a fuel and
air as an oxidant in a temperature range of 600–800 °C. The power
densities of the single cell were 45, 138 and 341mW cm−2 at 600 °C,
700 °C, 800 °C, respectively. Based on literatures, the power density
values of layered perovskite cathodes have been reported such as,
Nd0.96BaCo2O6−δ, the powder density is 600mW cm−2 at 700 °C [64],
for SmBa0.75Ca0.25CoFeO5+ δ is 366mW cm−2 at 800 °C [65]. In this
study, the highest powder-density reached 341mW cm−2 that is closed
to 366mW cm−2 of SmBa0.75Ca0.25CoFeO5+ δ at 800 °C. However, the
powder density is lower than 760mW cm−2 for
NdBa0.5Sr0.5Co1.5Fe0.5O5+ δ at 650 °C [66], it may be ascribed to the
following reasons: (1) the higher polarization resistance of NBSC55, (2)
the delamination between SDC electrolyte and NBSC55 cathode due to
higher TEC of cathode. Fig. 8 (b) exhibits SEM image of cross-sectional
microstructure of NBSC55|SDC|Ni-SDC anode supported single cell
after electrochemical measurement. The SDC electrolyte is highly dense
with a thickness of 30 μm. The NBSC55 cathode reveals well-necked
particles with an average size about 2–3 μm and moderate porosity that
facilitating the gas diffusion from cathode to electrolyte. The thickness
of the NBSC55 cathode layer was about 15 μm. Moreover, the Ni-SDC
anode is porous, and the particles are well conjoined.

Fig. 7. (a) Nyquist plots of EIS; (b) interfacial resistance as a function of temperature; (c) Ln(Rp) vs. 1000/T; (d) Arrhenius plots of oxygen reduction reaction for NBSC55 cathode on SDC
electrolyte over the temperature range of 600–800 °C.
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4. Conclusions

The structural characteristics, thermogravimetric behavior, oxygen
non-stoichiometry, oxygen permeation, oxygen migration mechanism,
electrical conductivity and electrochemical properties for long-term
testing of layered perovskite NdBa0.5Sr0.5Co2O5+δ have been studied in
this work. The weight loss upon heating was due to a partial loss of
lattice oxygen and along with a reduction of Co4+ to Co3+ from 250 °C
to 350 °C. The weight-loss increase tend toward slows down as tem-
perature increased from 350 °C to 1000 °C indicating that weight loss
accompanied with a reduction of Co3+ to Co2+ during this stage. The
electrical conductivity decreases with increasing temperature from
384 S cm−1 of 400 °C to 202 S cm−1 of 700 °C. This metallic-like be-
havior is ascribed to lattice defects breaking the CoeOeCo bonds, re-
sulting in escape of oxygen atoms from lattice and reduction of Co3+ to
Co2+.

Based on the oxygen permeation flux versus temperature results, it
could be conclude that the oxygen migration is dominated by surface
exchange process at high temperature range, and the bulk diffusion
process plays an important role at low temperature range. As for the
effect of membrane thickness on oxygen process, it concluded that
oxygen permeation process is dominated by the bulk diffusion of
oxygen ions as the membrane thickness is greater than 1.2 mm, On the

contrary, as the membrane thickness is less than 1.2mm, the oxygen
permeation process is mostly governed by surface oxygen exchange.

For long-term testing, polarization resistance was gradually in-
creased form 3.13 Ω cm2 for the initial 2 h to 3.34Ω cm2 for 96 h long-
term testing at 600 °C with an increase rate of 0.22% h−1. The im-
pedance spectra as function of oxygen partial pressures revealed that n
value decreased from 600 °C of n=0.25 to 800 °C of n=0.13. This
implied that the rate-limiting process of ORR is dominated by charger
transfer (Oads. + 2 ′e + ′′VO ⇔OO

x ) gradually transfers to oxygen ion
transfer from TPB and/or 2PB sites of cathode (OO

x ⇔O2-
TPB+VO

․․) as
the temperature increasing from 600 °C to 800 °C.
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