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ion, thermal expansion behavior
and electrochemical properties of
LaBa0.5Sr0.5Co2O5+d cathode for SOFCs†

Adi Subardi,ab Kun-Yu Liaoa and Yen-Pei Fu*a

In this study, the double perovskite LaBa0.5Sr0.5Co2O5+d (LBSC55) is investigated as a potential cathode for

solid oxide fuel cells (SOFCs). In the curve of the first derivative dL vs. temperature, there is an inflection

region ranging from 230 to 330 �C. The peak inflection point located about 260 �C is associated with

the initial temperature for the loss of lattice oxygen and the formation of oxygen vacancies. The

concentration of Co4+ ions in LBSC55 decreased significantly above 260 �C due to the loss of lattice

oxygen (Co4+ / Co3+) and creation of Vcc
O at the same time. The electrical conductivity exhibited

a metallic behavior with values that gradually decreased from 232 S cm�1 at 400 �C to 178 S cm�1 at

800 �C. The chemical bulk diffusion coefficient (Dchem) values of LBSC55 are 1.49 � 10�4, 2.75 � 10�4

and 5.37 � 10�4 cm2 s�1 at 700 �C, 750 �C and 800 �C, respectively. The oxygen permeation flux for

LBSC55 membrane with 1.0 mm thickness increased from 0.210 mL min�1 cm�2 at 500 �C to 0.302 mL

min�1 cm�2 at 800 �C under synthetic air at a flow rate of 50 mL min�1, with helium at a rate of 25 mL

min�1. The activation energies of oxygen permeation for the high temperature region (750–800 �C) and
low temperature region (500–700 �C) are 10.60 and 2.75 kJ mol�1, respectively. This suggested that the

surface exchange process is dominant above 750 �C and at low temperature ranges the bulk diffusion

process is dominant for oxygen ion diffusion. The main process of the oxygen reduction reaction is

dominated by oxygen ion transfer from TPB and/or 2PB sites of the cathode to electrolyte in the

temperature range of 600–800 �C. Based on the chemical bulk diffusion coefficient, oxygen permeation

and electrochemical properties, LBSC55 is a potential cathode for solid oxide fuel cells (SOFCs).
Introduction

A fuel cell is an electrochemical device that converts chemical
energy into electrical energy with high efficiency and low
pollutant emissions.1,2 The development of cathode materials
with high electrocatalytic activity for the oxygen reduction
reaction (ORR) at intermediate temperatures has received
considerable attention during the past decades.3,4 Unfortu-
nately, the fabrication of high performance and reliable IT-
SOFCs still remains a big challenge, mainly due to the slug-
gish oxygen surface kinetics at the electrolyte surface and
reluctant ORR activity in the cathode.5 It is known that the
cathode material may limit a cell’s performance, especially in
the lower temperature regime, because of insufficient catalytic
activity towards oxygen reduction and inadequate transport
properties.6,7
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It is known that cobalt-based materials exhibit excellent
mixed ionic and electronic conductor (MIEC) performance in
the intermediate temperature range. Recently, extensive
research has been also carried out on the evaluation of the
properties of so called layered perovskites with a chemical
formula LnBaCo2O5+d (Ln-selected lanthanides).8–11 The effect of
Sr2+ substitution of Ba2+ in LnBaCo2O5+d revealed higher elec-
trical conductivity, an increase in oxygen content, excellent area
specic resistance (ASR) values and good chemical stability.12–14

In this work, LaBa0.5Sr0.5Co2O5+d cathode characteristics such
as thermogravimetric properties, electrical conductivity, chem-
ical bulk diffusion coefficient (Dchem), oxygen permeation, the
exchange current density (io) determined via electrochemical
impedance spectrometry (EIS), low-eld (LF) and high eld (HF)
techniques, and the main process of the ORR were studied, as
a potential cathode for IT-SOFC cells.
Experimental

The LaBa0.5Sr0.5Co2O5+d (LBSC55) cathode powders were
prepared via a conventional solid-state reaction. Stoichiometric
amounts of La2O3, BaCO3, SrCO3, and CoO powders were
thoroughly mixed under ethanol, and calcined in air at 1100 �C
RSC Adv., 2017, 7, 14487–14495 | 14487
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for 4 h. The Ce0.8Sm0.2O1.9 (SDC) powder was synthesized via co-
precipitation using Ce(NO3)3$6H2O and Sm(NO3)3$6H2O as the
starting materials. These starting materials were dissolved in
distilled water and adjusted to a pH value in the range of 9.5–10
by adding a solution of ammonia. The resulting precipitate was
washed, dried and calcined at 600 �C for 2 h in air. The SDC
powder was pelletized with the dimensions of 13 mm in
diameter and 1 mm in thickness. The SDC discs for half-cell
assembly were sintered at 1500 �C for 5 h.15

The structure of the calcined LBSC cathode powder was
characterized using an X-ray powder diffractometer (XRD;
Rigaku, D/MAX-2500 V) with a scanning rate of 4� min�1 and
scanning range of 20–80�, using a Cu Ka (1.5418 Å) radiation
source. The XRD pattern was analyzed via Rietveld renement
using the GSAS program. In order to understand the particle
size distribution for the LBSC55 powder, it was studied using
a particle size analyzer (LS-POP (6), Beatop). Distilled water was
used as the medium, and polyacrylic acid (PAA) was used as the
dispersant. The thermogravimetric properties of calcined
LBSC55 were investigated using a thermogravimetric analyzer
in static air. The oxygen content (d) was calculated based on the
following equation.

d ¼ MSDm

MOm
(1)

whereMS is the molar mass of the sample,MO is the molar mass
of oxygen, Dm is the sample mass change, and m is the sample
mass at room temperature in air.16 The room temperature
oxygen nonstoichiometry of the calcined LBSC55 specimen was
determined via iodometric titration.17 The thermal expansion
coefficient (TEC) of the LBSC55 sintered at 1100 �C for 4 h was
measured using a thermomechanical analyzer (TMA; Hitachi
TMA7300) with a constant heating rate of 10 �C min�1 in the
temperature range of 25–800 �C in static air. The electrical
conductivity was measured using the four-probe DC method.
The LBSC55 pellet for the electrical conductivity measurement
was sintered at 1200 �C for 1 h in air with the size of 5 � 5 � 10
mm3. A constant current was delivered to the two current wires,
and the voltage response was studied using a Keithley 2420
SourceMeter in the temperature range of 400–800 �C. The
electrical conductivity relaxation (ECR) technique was carried
out to determine the chemical bulk diffusion coefficient (Dchem)
of the cathode. A sudden change at p(O2), from 0.05 to 0.21 atm
was caused by introducing standard gas mixtures of Ar and O2.
Typically, a sequence of reduction/oxidation cycles was per-
formed at each temperature. The electrical conductivity relaxa-

tion curve was plotted as
sðtÞ � sð0Þ
sðNÞ � sð0Þ versus t. The values for

Dchem could be estimated by tting the ECR curves. The exper-
imental details follow those of our group’s earlier published
paper.18

The oxygen permeation properties of LBSC55 membrane
were measured using an in-house oxygen permeation set-up.
The membrane preparation is described as follows. The ball-
milled calcined LBSC55 powder was press-formed into a disk
with diameter 13 mm and sintered at 1000 �C for 4 h in air. The
LBSC55 membranes for the oxygen permeation test were
14488 | RSC Adv., 2017, 7, 14487–14495
polished from 0.8 to 1.4 mm in thickness and sealed with gold
rings between two quartz rods. The feed side fed in synthetic air
(21 vol% O2 + 79 vol% N2) at a ow rate of 50 mL min�1, while
high purity helium was applied to the sweep side at a ow rate
of 25 mL min�1. An online-coupled Agilent 7890 gas chro-
matograph with a RT-Msieve 5A column was used to analyze the
concentration of nitrogen and oxygen. The oxygen permeation
ux was determined using the following equation.19

JðO2Þ ¼
 
CO2

� 0:21

0:79

ffiffiffiffiffi
28

32

r
CN2

!
F

S
(2)

where J(O2) is the oxygen permeation ux (mL min�1 cm�2), CO2

and CN2
are the measured gas-phase concentrations in

percentage of oxygen and nitrogen in the penetrative stream,
respectively, F is the ow rate (mL min�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.

A symmetrical cell of LBSC55/SDC/LBSC55 conguration was
fabricated via a screen-printing technique. The LBSC55 cathode
paste was applied on both sides of the SDC electrolyte discs in
circles of 13 mm diameter and 1 mm thick. Aer the cathode
material was painted on the electrolyte, it was sintered at 1000 �C
for 4 h in air. On one side, the cathode paste was painted as the
working electrode (WE) with a 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 cathode counter electrode (CE) was placed on the
other side of the SDC disk. The symmetrical testing cell experi-
ments were carried out under various oxygen atmospheres at
temperatures ranging from 600 to 800 �C in intervals of 50 �C in
a furnace. The AC impedancemeasurement was performed using
a VoltaLab PGZ301 potentiostat with the frequency applied in the
range of 100 kHz to 0.1 Hz with a 10mV AC signal amplitude. The
EIS tting analysis was performed with the Z-view soware.
Linear sweep voltammetry was measured between�0.4 and 0.1 V
with sweep rate 0.5 mV s�1 versus the RE.
Results and discussion

Fig. 1 shows the renement of LBSC55 patterns including the
measured XRD data, the calculated prole and the difference
between them. The sample is single phase and the crystal
structure can be indexed with double perovskite structure.
There are no peaks due to impurities, when the LBSC55 powder
is calcined at a temperature of 1100 �C, implying that the
process of synthesizing the sample is successful. The lattice
parameters obtained from the Rietveld renement are listed in
Table 1. The experimental data highly agree with the calculated
proles, suggesting that cations are well ordered in the perov-
skite lattice.20 The particle size distribution of the LBSC55
powder prepared via the solid-state reaction technique calcined
at 1100 �C, revealed that the average particle size is about 2.40
mm as shown in Fig. S1,† and the detailed information
regarding cumulative volume is listed in Table S1.†

The thermal expansion coefficient (TEC) is a crucial property
for cathodes as it impacts signicantly on the performance of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) X-ray powder diffraction pattern and (b) observed (crosses)
and calculated (solid line) XRD patterns and the difference (bottom
line) between them for the LBSC55 powder calcined at 1100 �C for 4 h
in air. Note that Ba2+/Sr2+ ions exist in the ordered perovskite lattice.

Table 1 Crystallographic information for LBSC55 from XRD data at
room temperature, with cell parameters obtained from the Rietveld
refinementa

Atom Wyckoff position x y z Uiso Occup.

La1 1b (0 0 1/2) 0 0 0.5 0.0162 0.9162
Co2 2h (1/2 1/2 z) 0.5 0.5 0.2532 0.0128 0.9644
Ba3 1a (0 0 0) 0 0 0 0.0101 0.5167
O4 1c (1/2 1/2 0) 0.5 0.5 0 0.0573 0.9325
O5 4i (1/2 0 z) 0.5 0 0.2487 0.0572 1.4271
O6 1d (1/2 1/2 1/2) 0.5 0.5 0.5 0.0417 0.7247
Sr7 1a (0 0 0) 0 0 0 0.0003 0.4750

a c2 ¼ 1.44, RP ¼ 0.23, Rwp ¼ 0.32, Rexp ¼ 0.27, tetragonal (space group:
P4/mmm), a ¼ 3.868 Å, b ¼ 3.868 Å, c ¼ 7.731 Å, and v ¼ 115.69 Å3.
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a single cell. A bulk thermal expansion curve for the LBSC55
cathode was determined from room temperature to 800 �C
using a thermomechanical analyzer and the rst derivative dL/L
vs. temperature as shown in Fig. 2. The LBSC55 specimen
seemingly shows a linear expansion based on the dL/L–T plot
from 100 to 800 �C. Based on the rst derivative dL/L vs.
This journal is © The Royal Society of Chemistry 2017
temperature plot, the thermal expansion curve could be divided
into two regions, one is the low temperature region (100–260
�C); the other is the high temperature region (260–850 �C). The
TEC value calculated from 100–800 �C for LBSC55 was 24.9 �
10�6 K�1. The specimens show a linear expansion in the low
temperature region (100–260 �C) with a TEC value of 17.1 �
10�6 K�1 and an increase in slope in the higher temperature
region (260–800 �C) with a TEC value of 27.0 � 10�6 K�1. The
information about the thermal expansion coefficient values of
LBSC55 is detailed in Table 2. Generally, larger TEC values in
cobalt-based perovskites can be due to the increase of the ionic
radius of Co during the thermal expansion measurement. As

seen in the curve of
d
�
dL
L

�
dT

vs. temperature, there is an inec-

tion region ranging from 230 to 330 �C. The peak inection
point located at about 260 �C is associated with the initial
temperature for the loss of lattice oxygen and the formation of
oxygen vacancies.21 Meanwhile, the reduction in Co valence has
to take place to maintain the electrical neutrality.22 As the
temperature is elevated above 260 �C, some of the Co4+ ions are
reduced to Co3+ with a loss of oxygen; and Co3+ ions transit from
low-spin (t62ge

0
g) to high-spin (t42ge

2
g) states.23,24 The relationship

based on the defect reaction using the Kroger–Vink notation is
described as follows.

2Coc
Co þO�

O42Co�
Co þ Vcc

O þ 1

2
O2

�
Co4þ/Co3þ� (3)

The ionic radii of Co4+ and Co3+ with a coordination number
of 6 and high spin are 0.53 and 0.61 nm, respectively.25 The
reduction of Co ions results in a decrease in the B–O bond
according to Pauling’s second rule, causing an increase in the
size of BO6 octahedra, therefore, the lattice expansion is
enhanced.26

To determine the oxygen content (5 + d), thermogravimetric
analysis was carried out in air. The change in mass and oxygen
content (5 + d) as a function of temperature for LBSC55 is shown
in Fig. 3. The oxygen content is about 5.71 at room temperature
determined via iodometric titration. Obviously, there is
a signicant weight loss above 260 �C indicating that the
specimen lost lattice oxygen above this certain temperature. The
weight loss upon heating was due to a partial loss of lattice
oxygen along with a reduction of Co4+ to Co3+ and/or Co3+ to
Co2+ with increased temperature.27–29 It is interesting that the
weight loss result is consistent with thermal expansion
behavior. There is an onset temperature of about 260 �C at
which Co4+ ions are initially reduced to Co3+ accompanied with
a loss of oxygen. The average valence of cobalt ions was
decreased from 3.21 at room temperature to 3.08 at 800 �C.
Meanwhile, there is about a 0.13 oxygen atom loss per formula
unit of LBSC55. The oxygen content (5 + d) and average Co
valence values as a function of temperature in air are detailed in
Table S2.†

Fig. 4(a) shows the electrical conductivity of the sintered
LBSC55 in temperature range of 400–800 �C in air. The LBSC55
revealed a gradual decrease in electrical conductivity with
RSC Adv., 2017, 7, 14487–14495 | 14489
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Fig. 2 Thermal expansion curve and first derivative dL vs. temperature
for LBSC55.
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increasing temperature, exhibiting a metallic behavior. The
predominant defects in LBSC55 are interstitial oxygen O00

i and
electronic holes hc ¼ CocCo.

30 Using the Kröger Vink notation,
the following pseudo-chemical reaction exhibits the interaction
between the defects and the atmosphere.

1

2
O2ðgÞ þ V�

i þ 2Co�
Co4O00

i þ 2Coc
Co (4)

The electroneutrality condition is given by the following
equation.

2
h
O00

i

i
¼ �Coc

Co

�
(5)

The values of conductivity were in the range of 232–178 S
cm�1 at temperatures ranging from 400 �C to 800 �C. The
conductivity of the LBSC55 cathode meets the requirement for
a SOFC cathode.31 The concentration of Co4+ ions in LBSC55
decreased with increasing temperature due to the loss of lattice
oxygen, and creation of Vcc

O instead of CocCo, therefore the
conductivity decreased. Similar conductivity behavior has also
been observed in other perovskite-typed mixed conductors.32–34

The electrode performance is highly associated to the
intrinsic properties such as bulk diffusion and surface exchange
kinetics. In this research, Dchem was measured by an ECR
technique based on the principle that a variation in the ambient
atmosphere leads to a change in the oxygen vacancy concen-
tration of the MIEC. Due to the local electroneutrality require-
ment, the abrupt change in the p(O2) of the surrounding
Table 2 Thermal expansion coefficient (TEC) values of LBSC55
cathode

Specimen

TEC (10�6 K�1)

100–800 �C
100–260
�C

260–800
�C

LBSC55 24.9 17.1 27.0

14490 | RSC Adv., 2017, 7, 14487–14495
atmosphere induces a corresponding change of the charge carrier
concentration (oxygen vacancy), which is reected as a relaxation
of the apparent macroscopic electrical conductivity. Conductivity
relaxationmodels usually assume small departures from thermal
equilibrium and a simple linear model for the surface exchange
kinetics.35 Fig. 4(b) reveals the electrical conductivity relaxation
curves of LBSC55 from 700 to 800 �C (at intervals of 50 �C) with
a sudden change in p(O2) from 0.21 to 0.05 atm. The conductivity
reached its steady state value faster for high temperatures than
for low temperatures, leading to the fact that the Dchem at high
temperatures was larger than at low temperatures. The Dchem

values of LBSC55 are 1.49 � 10�4, 2.75 � 10�4 and 5.37 � 10�4

cm2 s�1 at 700 �C, 750 �C and 800 �C, respectively. Based on
previous literature, for single perovskites, the Dchem values of
Ba0.6Sr0.4Co0.9Nb0.1O3�d ranged from 1.2 � 10�5 cm2 s�1 at
450 �C to 1.3 � 10�6 cm2 s�1 at 600 �C.36 Chen et al.37 reported
that theDchem values of Ba0.5Sr0.5Co0.8Fe0.2O3�d are between 2.5�
10�5 and 3.9 � 10�4 cm2 s�1 for temperatures between 600–
800 �C; similarly, the Dchem value of La0.1Sr0.9Co0.8Fe0.2O3�d is
1.85 � 10�5 cm2 s�1 at 650 �C.38 For a double perovskite, Kim
et al. presented that Dchem values of PrBaCo2O5+d are between 3�
10�6 and 5 � 10�5 cm2 s�1 for temperatures between 300–
500 �C.39 The variance between the previous literatures and this
work is attributed to the different procedures applied during the
ECRmeasurement or the variation between sample compositions
especially crystallinity and stoichiometry. In this study, the order
of the Dchem values is very close to previously published papers.

The temperature dependence of the oxygen permeation ux
(JO2

) for LBSC55 membrane with a 1.0 mm thickness under air/
He with an oxygen partial pressure gradient over the tempera-
ture range of 500–800 �C is shown in Fig. 5(a). The oxygen
permeation ux increased from 0.210 mL min�1 cm�2 at 500 �C
to 0.302 mL min�1 cm�2 at 800 �C under synthetic air at a ow
rate of 50 mL min�1, and helium at a rate of 25 mL min�1. The
reason for this could be ascribed to the fact that the oxygen
permeation ux raised steadily with temperature because of the
increase in oxygen ionic bulk diffusion, surface exchange rate
and oxygen vacancy concentration.40,41
Fig. 3 Oxygen content (5 + d) and oxidation state of Co for calcined
LBSC55 as a function of temperature in air. The inset reveals the weight
loss as a function of temperature.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Oxygen permeation flux and nominal ionic conductivities as
a function of temperature for LBSC55 and (b) the corresponding
Arrhenius plot.

Fig. 4 (a) Temperature dependence of the electrical conductivity in
air; (b) normalized conductivity relaxation plots for the step-change
reduction in oxygen pressure from p(O2) ¼ 0.21 to p(O2) ¼ 0.05 atm.
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The ionic conductivity also could be evaluated via the Wag-
ner relationship based on the oxygen permeation ux results.42

JðO2Þ ¼ RT

16F 2L

�
sesi

se þ si

��
ln P

0
O2

� ln P00
O2

�
(6)

where R is the ideal gas constant, L is the membrane thickness,
T is the absolute temperature, F is the Faraday constant, se is
the electronic conductivity, and si is the oxygen ionic conduc-
tivity. P0

O2 and P00
O2

denote the oxygen partial pressure on the air
side and the oxygen partial pressure on the sweep side,
respectively. In this case, the conductivity of LBSC55 is totally
dominated by electrical conductivity. se is signicantly greater
than si so that eqn (6) could be rewritten as follows.

JðO2Þ ¼ RT

16F 2L
ðsiÞ
�
ln P

0
O2

� ln P00
O2

�
(7)

The ionic conductivity can be estimated based on the oxygen
permeation ux using the following equation.

si ¼ JðO2Þ 16F
2L

RT

�
ln

P0O2

P00O2

��1

(8)
This journal is © The Royal Society of Chemistry 2017
The calculated ionic conductivity is also depicted in Fig. 5(a).
The ionic conductivity ranged from 6.67 � 10�3 to 7.27 � 10�3 S
cm�1, and it seems to be independent of temperature. This is
due to the fact that the conductivity of LBSC55 is mostly from
electronic not ionic contributions. To further understand the
oxygen migration process, the Arrhenius plot for oxygen
permeation ux versus the reciprocal temperature was drawn. It
was worth noting that the Arrhenius behavior for the oxygen
permeation ux could be divided into two temperature regions
(500–700 �C and 750–800 �C) as shown in Fig. 5(b). It was
presumed that there are two different rate-determined
processes (bulk diffusion process and slow surface exchange
process) within two temperature regions. Generally, for the
entire oxygen diffusion activation energy, the slow surface
exchange process has a higher activation energy compared with
the bulk diffusion process. Based on the calculation of the slope
of the Arrhenius plot, the activation energies for the high-
temperature region and low-temperature region are 10.60 and
2.75 kJ mol�1, respectively. This suggested that the surface
exchange process is above 750 �C, whereas when the tempera-
ture ranged from 500 to 700 �C, the bulk diffusion process plays
an important role.

To further understand the oxygen migration mechanism
related to the membrane thickness, several membrane thick-
nesses from 0.8 to 1.4 mm were prepared. Based on eqn (6), the
RSC Adv., 2017, 7, 14487–14495 | 14491
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Fig. 6 Oxygen permeation flux dependence on the reciprocal thick-
ness of the membrane for LBSC55 at different temperatures.
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limiting step of the oxygen permeation is the bulk diffusion.
The relationship between oxygen permeation ux (JO2

) and the
reciprocal of the membrane thickness (1/L) should be a straight
line passing through the origin of the coordinates.43 This is
observable, when the thickness is larger than 1.2 mm over the
temperature range of 500 to 800 �C, as shown in Fig. 6. This
implied that as themembrane thickness is greater than 1.2 mm,
Fig. 7 (a) Nyquist plots of EIS; (b) cyclic voltammograms; (c) Tafel plots a
the ORR of the LBSC55 cathode on SDC electrolyte, where io values
temperature range of 600–800 �C in air.

14492 | RSC Adv., 2017, 7, 14487–14495
the oxygen permeation process is dominated by the bulk
diffusion of oxygen ions. On the contrary, as the membrane
thickness is less than 1.2 mm, the oxygen permeation process is
mostly limited by surface oxygen exchange.

The io value is an important parameter for assessing the
intrinsic oxygen reduction rate and the electrochemical prop-
erties of a cathode.44 In the present work, the io values were
identied using electrochemical impedance spectrometry (EIS),
low-eld (LF) and high-eld (HF) techniques. For the EIS tech-
nique, io values were determined from the RP of the Nyquist plot
as depicted in Fig. 7(a). For the LF technique, io values were
identied from the slope of the i vs. h plots as shown in Fig. 7(b).
For the HF technique, io values can be obtained from the y-
intercept of i vs. h plots as shown in Fig. 7(c). The detailed
information regarding these techniques can be found in our
group’s earlier published paper.45 The io values of LBSC55
determined via EIS, LF and HF techniques are summarized in
Table 3. The io values increased from 11.1 mA cm�2 for 600 �C to
154.1 mA cm�2 for 800 �C for the EIS technique, the io values
increased from 7.5 mA cm�2 for 600 �C to 63.6 mA cm�2 for
800 �C for the LF technique, while the io values increased from
23.4 mA cm�2 for 600 �C to 172.9 mA cm�2 for 800 �C for the HF
one. Obviously, the io values determined by the HF technique
are greater than the other techniques for all temperatures.
Fig. 7(d) shows the Arrhenius plots for io values collected at the
LBSC55 cathode over the operating temperature range of 600–
t 0.5 mV s�1 between 100 mV and �400 mV; and (d) Arrhenius plots of
were obtained via EIS, low-field and high-field techniques over the

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 The interfacial polarization resistance (RP) dependence on
oxygen partial pressure for the LBSC55 cathode in the temperature
range of 600–800 �C.
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800 �C. The overall activation energy (Ea) for the ORR was
determined using the following equation.

ln io ¼ ln K � Ea

RT
(9)

where K is the pre-exponential constant, which can be calcu-
lated from the y-intercept, and Ea is the reaction activation
energy. The Ea for the ORR may be related to different cathode
preparation methods or the cathode structure. The Ea values
determined via EIS, LF and HF techniques were 102.2, 83.2 and
76.2 kJ mol�1, respectively. The linearity of the Arrhenius plots
indicates that LBSC cathodes are stable as a function of
temperature. The activation value is relatively similar to our
previous report in ref. 45, which suggested that LBSC55 is
a potential cathode for SOFCs due to its highly electrocatalytic
activity.

In order to further investigate the process of the oxygen
reduction reaction for the LBSC55 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:46

RP ¼ R0
PðPO2

Þ�n (10)

and the overall oxygen reduction reaction could be expressed
as follows.

1

2
O2ðgÞ þ 2e0 ¼ O2� (11)

The processes are complex, involving charge transfer,
surface adsorption/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:47

n ¼ 0:10; O�
O5OTPBþ2TB

2� þ Vcc
O (12)

n ¼ 0:25; Oads: þ 2e0 þ V00
O5O�

O (13)

n ¼ 0.50, O2,ads. 5 2Oads. (14)

n ¼ 1.00, O2(g) 5 O2,ads. (15)

where n ¼ 0.10 has been associated with oxygen ion transfer
from a triple-phase (TPB) and/or two-phase boundary to the
electrolyte, n¼ 0.25 with the charge transfer processes, n¼ 0.50
Table 3 The io values of the LBSC55 cathode via EIS, low-field and
high-field techniques over the temperature range of 600–800 �C

T (�C)

io (mA cm�2)

EIS LF HF

600 11.1 7.5 23.4
650 25.2 14.7 48.4
700 72.3 26.2 77.3
750 88.1 41.9 115.2
800 154.1 63.6 172.9

This journal is © The Royal Society of Chemistry 2017
with oxygen adsorption/desorption processes, and n¼ 1.00 with
gas phase diffusion of oxygen molecules in a porous cathode.
However, the entire surface may serve as the active sites for ORR
in MIEC conductors. This is due to the fact that oxygen ions
transport through the MIEC bulk.48,49 In eqn (12), the oxygen ion
transfer is not only from TPB sites but also two-phase boundary
(2PB) sites (cathode/electrolyte interface). The RP values are
based on the Nyquist diagram of the impedance spectroscopy of
the LBSC55 cathode on SDC electrolyte with various oxygen
partial pressures at different temperatures as shown in Fig. S2.†
The log(RP) dependence on log(PO2

) for LBSC55 measured at
various temperatures is shown in Fig. 8. Clearly, the RP values
increased with reducing p(O2) due to the decrease in mobile
interstitial oxygen at lower p(O2). Based on the curve slopes, the
n values ranged from n ¼ 0.07 to n ¼ 0.12. This indicated that
the main process of the ORR is dominated by oxygen ion
transfer from TPB and/or 2PB sites of the cathode
O�

O5OTPB
2� þ Vcc

O to electrolyte in the temperature range of
600–800 �C.
Conclusions

The conductivity values of LBSC55 are in the range of 232–178 S
cm�1 over the temperature range of 400–800 �C. The concen-
tration of Co4+ ions decreased with increasing temperature due
to the loss of lattice oxygen (Co4+/ Co3+). The weight loss upon
heating was due to a partial loss of lattice oxygen along with
a reduction of Co4+ to Co3+ above 260 �C. The oxygen perme-
ation ux for LBSC55 membrane with 1.0 mm thickness was in
the range of 0.210–0.302 mL min�1 cm�2, and the ionic
conductivity ranged from 6.67 � 10�3 to 7.27 � 10�3 S cm�1

and is independent of temperature over the range of 500–800 �C
under air at a ow rate of 50 mL min�1, and helium at a rate of
25 mLmin�1. As for the oxygenmigrationmechanism related to
the membrane thickness, when the membrane thickness is
greater than 1.2 mm, the oxygen permeation process is domi-
nated by the bulk diffusion of oxygen ions. Whereas, when the
membrane thickness is less than 1.2 mm, the oxygen
RSC Adv., 2017, 7, 14487–14495 | 14493
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permeation process is mostly limited by surface oxygen
exchange. The activation energies (Ea) of the oxygen reduction
reaction (ORR) determined from the slope of Arrhenius plots for
electrochemical impedance spectrometry, low-eld and high-
eld techniques are 102.2, 83.1 and 76.1 kJ mol�1, respec-
tively. The main process of the oxygen reduction reaction is
dominated by oxygen ion transfer from TPB and/or 2PB sites of
the cathode to electrolyte in the temperature range of 600–
800 �C. Based on the chemical bulk diffusion coefficient, oxygen
transportation and electrochemical properties, they indicated
that LBSC55 is a candidate cathode for SOFCs.
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