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Oxygen transportation properties of SmBa0.5Sr0.5Co2O5þd (SBSC55) layered perovskite has

been investigated as a potential cathode for intermediate-temperature solid oxide fuel cells

(IT-SOFCs). This research includes the following items: (1) structural characteristics,

thermogravimetric behavior, oxygen permeation, chemical bulk diffusion coefficient

(Dchem), and (2) the electrochemical performance of long-term testing carried out to eval-

uate its electrochemical stability. The Dchem values for SBSC55 cathode are 2.6 � 10�6,

9.1 � 10�6 and 1.8 � 10�5 cm2 s�1 at 500 �C, 600 �C, and 700 �C, respectively. The oxygen

permeation flux for SBSC55 membrane with 1.0 mm thickness increased from

0.143 mL min�1 cm�2 at 500 �C to 0.406 mL min�1 cm�2 at 800 �C under synthetic air at a

flow rate of 50 mL min�1, helium at a rate of 25 mL min�1. The activation energies of ox-

ygen permeation for the high temperature region (700e800 �C) and low temperature region

(500e650 �C) are 23.67 and 6.96 kJ mol�1, respectively. It suggested that oxygen diffusion for

high temperature range is surface exchange process, low temperature range is bulk

diffusion process. The long-term test of cathodic polarization resistance for

SBSC55rSDCrSSBSC55 half-cell at 600 �C during 96 h has been carried out with an increase

rate of 0.30% h�1. Based on the impedance spectra with various oxygen partial pressure

results, the rate-limiting process of ORR is determined that the oxygen ion transfer from

triple-phase boundary (TPB) and/or two-phase boundary (2PB) sites of cathode is major

with the minority of charger transfer reaction.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Solid-oxide fuel cells (SOFCs) have the prospective for being

one of the cleanest and quite a few effective energy for direct

transformation of chemical fuels to electricity [1]. The high
erials Science & Enginee
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operating temperature limit the application of SOFCs such as

using expensive materials to endure high temperature, while

lower operating temperature leads to sluggish oxygen reduc-

tion kinetics and high over-potential at the cathode [2,3]. A

lower operating temperature can reduce problemswith sealing

and thermal degradation, and allow the use of low-cost metal
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interconnection materials, and suppress reactions between

the cell components, thus lowering the cost of SOFCs. How-

ever, the electrochemical activity of the cathode dramatically

decreaseswith decreasing temperature. Generally, the cathode

becomes the confining factor in identifying the overall cell

performance. Therefore, the exploitation of new electrodes

with higher electrocatalytic activities is critical for IT-SOFCs

[4,5]. The high performance cathodes with regard to IT-SOFCs

mainly based on perovskite structure and its derivative struc-

tures. The cobaltites with prominent electrochemical proper-

ties have been investigated for IT-SOFC cathode applications

[6e8]. They are notable for their superb mixed-ionic-and-

electronic conductor (MIEC) performance in the intermediate

temperature range. Recently, there have been some reports

concerning the impressive oxygen reduction reaction (ORR) for

oxygen-deficient layered perovskites. They are suitable for

application as cathodes in IT-SOFCs, which require faster ox-

ygendiffusion rates aswell as higher surface exchange kinetics

at intermediate temperatures range [9e11].

A-site ordered perovskites, LnBaCo2O5þd, oxygen can easily

migrate through the LnO plane, which was observed via

neutron diffraction technique and molecular dynamics sim-

ulations [12e14]. In order to improve the oxygen mobility in

the LnO plane, many researchers tried to dope different lan-

thanides and alkali-earth metals into the A-site of oxygen-

deficient layered perovskites such as NdBa1�xSrxCo2O5þd [15],

GdBa0.5Sr0.5Co2�xFexO5þd [16,17], PrBa0.5Sr0.5Co2�xFexO5þd [18],

YBa0.6Sr0.4Co2O5þd [19], SmBa0.5Sr0.5Co2O5þd [20e23]. Mckinlay

et al. reported that the substitution of Sr for Ba resulted in a

significant increase of conductivity in YBaCo2O5þd. The con-

ductivity value of YBa0.5Sr0.5Co2O5þd is much higher than

YBaCo2O5þd, presumably due to the smaller lattice volume for

Sr-substituted specimen [24]. Kim et al. proposed that sub-

stitution of Sr for Ba in GdBaCo2O5þd improved chemical sta-

bility between the cathode and electrolyte, and expedited

oxygen transport [25]. Meng et al. reported that Sr doping in

YBaCo2O5þd enhance the electrical conductivity possibly due

to the greater amount of electronic holes and mobile inter-

stitial oxygen [26]. Based on the above-mentioned reports, it

concludes that the substitution of Sr2þ for Ba2þ site results in

higher electrical conductivity aswell as better electrochemical

performance of layered perovskites.

In this study, the layered perovskite, SmBa0.5Sr0.5Co2O5þd

(SBSC55), is chosen as a cathode material. The crystal struc-

ture, thermogravimetric property, oxygen non-stoichiometry,

oxygen permeation, electrical properties, and electrochemical

properties with long-term testing have been investigated.

Moreover, to evaluate the oxygen-transportation property, the

oxygen permeation measurement was carry out. Base on the

test, it is easy for us to look into the cathode if it is suitable as a

cathode for SOFC.
Experimental

Cathode and electrolyte materials preparation

Stoichiometric amounts of Sm2O3, SrCO3, BaCO3 and CoO

(powders were used as starting materials). The

SmBa0.5Sr0.5Co2O5þd (SBSC55) cathode powders were prepared
via the solid-state reaction. The ball-milled mixture was dried

and ground into a powder with mortar and pestle, and then

calcined in air at 1100 �C for 4 h [27]. The Ce0.8Sm0.2O1.9 (SDC)

powder was synthesized by co-precipitation using Ce(N-

O3)3∙6H2O and Sm(NO3)3∙6H2O as the starting materials.

These starting materials with stoichiometric ratio were dis-

solved in distilled water and then added to a solution of

ammonia. The pH value of the solution was adjusted to

9.5e10. Then, the coprecipitation powder was calcined in air

to 600 �C for 2 h. The detailed procedure regarding the prep-

aration of SDC can refer to Ref. [28].

Material characterization

The structure the sintered SBSC55 cathode was characterized

by X-ray powder diffractometer (XRD; Rigaku D/MAX-2500V),

with a scanning rate of 4�/min and scanning range of

20e80�, using a Cu Ka (1.5418 �A) radiation source. The powder

pattern and lattice parameter were analyzed by Rietveld

refinement. The microstructures of the SBSC55 cathode were

observed by scanning electron microscope (SEM; Hitachi

3500H). Thermogravimetric properties of SBSC55 cathode

powder was performed by a thermogravimetric analyzer

(TGA, SII TG/DTA 6300) at various oxygen partial pressure,

p(O2) ¼ 0.20, 0.10, 0.03, 0.01 and 3.20 � 10�3 atm. Controlled

p(O2) valueswere generated by use of O2eN2 gasmixture using

a total flow rate of 100 mL min�1, and p(O2) monitored with a

zirconia-based oxygen sensor. The weight loss of SBSC55

measured at p(O2) ¼ 0.2 atm is used to evaluate amount of

desorption oxygen. The oxygen non-stoichiometry (d) with

varying p(O2) and temperature was calculated from the

following equation [29].

Dd ¼ MsDm
Mom

(1)

where Dd is the change in oxygen content, Ms is are the molar

mass of the sample,Mo is the molar mass of oxygen, Dm is the

samplemass change after being heated, m is the samplemass

at room temperature, m is the sample mass at room temper-

ature, and the room temperature oxygen non-stoichiometry

was determined by iodometric titration [30].

Electrical conductivity relaxation technique

The electrical conductivity relaxation was measured by the

four-probe DC method, where two silver wires acting as cur-

rent leads and two other silver wires acting as voltage probes

were attached to the electrodes. A constant current was

delivered to the two current wires, and the voltage response

was recorded by a digital source meter (Keithley 2420). Mea-

surement was performed on a specimen with a rectangular

geometry, having typical size of 5� 5� 10mm3 and above 95%

of the theoretical density over the temperature range of

500e700 �C at an interval of 50 �C. After each temperature

change, the bar was stabilized for at least 30 min. A sudden

change at p(O2), from 0.05 to 0.21 atm was caused by intro-

ducing standard gas mixtures of Ar and O2. Small oxidation

and reduction steps were alternatively applied to study the

Dchem. Typically, a sequence of several reduction/oxidation

cycles was performed at each temperature. The electrical

http://dx.doi.org/10.1016/j.ijhydene.2016.11.123
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conductivity relaxation curve was plotted as sðtÞ�sð0Þ
sð∞Þ�sð0Þ versus t.

The values for Dchem could be determined by fitting the ECR

curves. The experimental details have been reported in an

earlier publication [31].
Oxygen permeation measurement

Oxygen permeation properties of SBSC55 membrane was

measured using an in-house oxygen permeation set-up as

shown in Fig. 1. As for themembrane preparation is described

as follows. The ball-milled calcined SBSC55 powderwas press-

formed into a disk diameter 13mmand sintered at 1000 for 4 h

in air. The SBSC55 membrane for oxygen permeation test was

polished to thickness of 1.0 mm and sealed with gold ring

between two quartz rods. The feed side fed with synthetic air

(21 vol% O2 þ 79 vol% N2) at a flow rate of 50 mL min�1, while

high pure helium was applied to sweep side at a flow rate of

25 mL min�1. An online-coupled Agilent 7890 gas chromato-

graph with a RT-Msieve 5A column was used to analyze the

concentration of nitrogen and oxygen. The oxygen perme-

ation flux was determined by the following equation [32].

JðO2Þ ¼
 
CO2

� 0:21
0:79

ffiffiffiffiffiffi
28
32

r
CN2

!
F
S

(2)

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

where CO2
and CN2

are themeasured gas-phase concentrations

in percentage of oxygen and nitrogen in the penetrative

stream, respectively, F is the flow 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 500e800 �C.
Symmetrical cell fabrication and measurement

A symmetrical cell of SBSC55rSDCrSBSC55 configuration was

fabricated by screen-printing technique. The SBSC55 cathode

was pasted on both sides of SDC electrolyte discs in circles of

13 mm diameter and 1 mm thick. After the SBSC55 cathode

was painted on the SDC electrolyte, it was sintered at 1000 �C
Fig. 1 e Schematic of oxygen permeation set-up.
for 4 h in air. The SBSC55 cathode was used as the working

electrode (WE) with surface area of 0.385 cm2. The Ag refer-

ence electrode (RE) was placed away from the WE by about

0.3e0.4 cm. The SBSC55 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

ranging from 600 to 800 �C at intervals of 50 �C in a tube-

furnace. The AC impedance measurement was performed

using the VoltaLab PGZ301 potentiostat with frequency

applied range from 100 kHz to 0.1 Hz with 10 mV AC signal

amplitude. Under the cathodic polarized condition, the elec-

trochemical 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.

The Linear sweep voltammetry was measured between �0.4

and 0.1 V with sweep rate 0.5 mV s�1 versus the RE.
Result and discussion

Crystal structure

The XRD pattern of SBSC55 calcined at 1100 �C for 4 h showed

in Fig. 2(a). Obviously, the SBSC55 revealed the double-

perovskite structure without any peaks attributable to impu-

rities. The Rietveld refinement of SBSC55 including the

measured, the calculated profile, and the difference between

them depicted in Fig. 2(b). The experimental data and the

calculated profiles are wonderful agreement, and it revealed

that the cations are well ordered between Sm3þ and Ba2þ/Sr2þ

ions in the ordered perovskite lattice [33]. The Rietveld

refinement data reveal that the diffraction pattern of SBSC55

could be indexed to a tetragonal structure as listed in Table 1

with space group: P4/mmm, lattice parameter: a ¼ 3.88 �A,

b ¼ 3.88 �A, c ¼ 7.58 �A, and v ¼ 114.30 Å3. In SBSC55 structure,

Sm atoms are located at 1a (0, 0, 0) sites, Ba and Sr are

distributed at random over the 1b (0, 0, 0.5) sites. While Co

atoms are placed at 2h (0.5, 0.5, 0.25) sites and O atoms are

randomly located at 4i (0, 0.5, 0.27), 1c (0.5, 0.5, 0), and 2h (0.5,

0.5, 0.44) sites.

Chemical bulk diffusion coefficient (Dchem)

The electrode performance is highly related to the intrinsic

properties of the electrodematerial such as bulk diffusion and

surface exchange kinetics properties. In present research,

Dchem was measured by an ECR technique based on the prin-

ciple that a variation in the ambient atmosphere leads to a

change in the oxygen vacancy concentration of the MIEC. Due

to the local electroneutrality requirement, the abrupt change

in the p(O2) of the surrounding atmosphere induces a corre-

sponding change of the charge carrier concentration (oxygen

vacancy), which is reflected as a relaxation of the apparent

macroscopic electrical conductivity. Conductivity relaxation

models usually assume small departures from thermal equi-

librium and a simple linear model for the surface exchange

kinetics [34]. Fig. 3(a) shows the electrical conductivity relax-

ation curves of SBSC55 at various temperatures by a sudden

http://dx.doi.org/10.1016/j.ijhydene.2016.11.123
http://dx.doi.org/10.1016/j.ijhydene.2016.11.123


Fig. 2 e (a) X-ray powder diffraction pattern and (b) Rietveld

refinement of SBSC55 calcined at 1100 �C for 4 h. Observed

(cross symbols), calculated (solid line) XRD profiles and the

difference (bottom line) between them.
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change at p(O2) from 0.21 to 0.05 atm. The elemental steps for

the oxygen exchange could be considered as (i) surface reac-

tion that involves ionization of oxygen or deionization of

oxide ions at the gas/solid interface and (ii) diffusion in solid

specimen. In a solid, movement of oxide ions is counter-

balanced by a simultaneous motion of electron holes, which

is characterized as a chemical diffusion process.
Table 1 e Crystallographic data of SBSC55 from the
Rietveld refinement.a

Atom Wyckoff position x y z Uiso

Sm1 1a (0 0 0) 0 0 0 0.0146

Co2 2h (½ ½ z) 0.5 0.5 0.2534 0.0007

Ba3/Sr3 1b (0 0 ½) 0 0 0.5 0.0062

O4 4i (0 ½ z) 0 0.5 0.2678 0.0177

O5 1c (½ ½ 0) 0.5 0.5 0 0.0098

O6 2h (½ ½ z) 0.5 0.5 0.4411 0.0304

a Space group: P4/mmm, tetragonal structure, a ¼ 3.88 �A, b ¼ 3.88 �A,

c ¼ 7.58 �A, v ¼ 114.30 Å3, Rp ¼ 1.81, Rwp ¼ 2.80%, Rexp ¼ 2.72%.
The conductivity reached its steady state value and faster

for high temperatures than low temperatures, leading to the

fact that Dchem at high temperatures was larger than one at

low temperature. Dchem values of SBSC55 measured via ECR

technique are 2.6 � 10�6, 9.1 � 10�6, and 1.8 � 10�5 cm2 s�1 at

500 �C, 600 �C, and 700 �C, respectively. There are some pre-

vious studies regarding Dchem values determined by ECR

methods [35e38]. 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 [35]. Chen et al. [36] re-

ported that Dchem values of Ba0.5Sr0.5Co0.8Fe0.2O3�d are be-

tween 2.5 � 10�5 and 3.9 � 10�4 cm2 s�1 for temperatures

between 600 and 800 �C; similarly, the Dchem values of the of

La0.1Sr0.9Co0.8Fe0.2O3�d is 1.85 � 10�5 cm2 s�1 at 650 �C [37]. For

double perovskite, Kim et al. presented that Dchem values of

PrBaCo2O5þd are between 3 � 10�6 and 5 � 10�5 cm2 s�1 for

temperatures between 300 and 500 �C [38]. The variance be-

tween the previous paper and this work is attributed to the

different procedures applied during the ECR measurement or

the variation between sample compositions especially crys-

tallinity and stoichiometry.

The activation energy of Dchem for SBSC55 is 57.96 kJ mol�1

calculated by the Arrhenius plot of Dchem vs. 1000/T as shown

in Fig. 3(b). The equation of Dchem as a function of reciprocal
Fig. 3 e (a) Normalized conductivity relation plots for

SBSC55 for reduction step change in oxygen pressure with

a final oxygen pressure of 0.05 atm; (b) Arrhenius plot of

Dchem vs. 1000/T for SBSC55 cathode ranged from 500 to

700 �C.

http://dx.doi.org/10.1016/j.ijhydene.2016.11.123
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temperature calculated from the in the temperature range of

500e700 �C exhibits as follow:

Dchem ¼ 1:92� 10�5exp

�
� 57:96 ðkJ mol�1Þ

RT

�
ðm2s�1

�
(3)

The activation energy obtained from the Arrhenius plot of

Dchem vs. 1000/Tmay be considered in terms of the enthalpy of

mobility of the defects involved in the gas/solid equilibration

for the O2/SBSC55 system. This behavior is considered to

result from the effect of p(O2) is significantly related to the

concentration of defects and the extent of interactions be-

tween the defects and their mobility [36].
Fig. 4 e (a) Oxygen permeation flux and nominal ionic

conductivities as a function of temperature for SBSC55 and

(b) in the corresponding Arrhenius plot.
Oxygen permeation

The temperature dependence of the oxygen permeation flux

(Jo2) for SBSC55 membrane with 1.0 mm thickness under an

air/He with oxygen partial pressure gradient over the tem-

perature range of 600e800 �C is shown in Fig. 4(a). The oxygen

permeation flux increased from 0.143mLmin�1 cm�2 at 500 �C
to 0.406 mL min�1 cm�2 at 800 �C under synthetic air at a flow

rate of 50 mL min�1, helium at a rate of 25 mL min�1. The

reason could be ascribed to the facts that the oxygen perme-

ation flux raised steadily with temperature because of the

increase in oxygen ionic bulk diffusion, the surface exchange

rate and oxygen vacancy concentration [39,40].

The ionic conductivity also could be evaluated via using the

Wagner relationship based on the oxygen permeation flux

results [41].

JðO2Þ ¼ RT
16F2L

�
sesi

se þ si

��
lnPo02 � lnPo

00
2

�
(4)

where R is the ideal gas constant, L is the membrane thick-

ness, T is the absolute temperature, F is the Faraday constant,

se is the electronic conductivity, si is the oxygen ionic con-

ductivity. Po02 and Po
00
2 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 SBSC55 is totally

dominated by electrical conductivity. se is significantly great

than si so that Eq (4) could be rewritten as follows.

JðO2Þ ¼ RT
16F2L

ðsiÞ
�
lnPo02 � lnPo

00
2

�
(5)

The ionic conductivity can be estimated based on the ox-

ygen permeation flux using the following equation.

si ¼ JðO2Þ 16F
2L

RT

 
ln

P0
O2

P00
O2

!�1

(6)

The calculated ionic conductivity is depicted in Fig. 4(a).

The trend of ionic conductivity as a function of temperature is

proportional to oxygen permeation flux. To further under-

stand the oxygen migration process, the Arrhenius plot for

oxygen permeation flux versus the reciprocal temperature

was drawn. It was worthy to notice that the Arrhenius

behavior for the oxygen permeation flux could be divided into

two temperature regions (500e650 �C and 700e800 �C) as

shown in Fig. 4(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 with 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 23.67 and 6.96 kJ mol�1, respectively. It

suggested that oxygen diffusion for high temperature range is

surface exchange process, low temperature range is bulk

diffusion process.
Thermogravimetric behavior and oxygen content (5þd)

To prove the oxygen content (5þd) for SBSC55, thermogravi-

metric analysis was carried out at various p(O2) in the range of

0.21 and 3.2 � 10�3 atm as a function of temperature as shown

in Fig. 5. The weight loss upon heating was due to a partial loss

of lattice oxygen and along with a reduction of Co4þ to Co3þ or

Co3þ to Co2þ with increased temperature, so that the oxygen

content, 5þd, decreased with temperature [42e44]. It is seen

that the magnitude of oxygen loss during heating was depen-

dent on p(O2).With increasing the temperature, theweight loss

and the magnitude of oxygen loss were gradually increased.

Fig. 5(a) shows that slight weight loss from room temperature

to 300 �C is attributed to desorption of the absorbedwater from

sample. When temperature increases above 300 �C, the

http://dx.doi.org/10.1016/j.ijhydene.2016.11.123
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Fig. 5 e (a) Thermogravimetric data and (b) Oxygen content

(5þd) data for SBSC55 cathode as a function of temperature

with various oxygen atmosphere.

Table 2 e The oxygen content (5þd) as a function of
temperature with various oxygen atmospheres.

Oxygen partial
pressure (atm)

Oxygen content (5þd)

Temperature (
�
C)
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magnitude of weight loss is dramatic, implying that the spec-

imen start to lose lattice oxygen significantly. A significant

linear weight loss from 300 to 1000 �C indicates the lattice ox-

ygen is gradually removed and the formation of additional

oxygen vacancies [45]. With reducing p(O2) from 0.21 to

3.2 � 10�3 atm, the magnitude of weight loss is gradually sig-

nificant especially as temperature above 300 �C, suggesting the

escape of oxygen atoms from lattice and leading to decrease of

oxygen content at lower p(O2). Based on iodometric titration

result, the initial oxygen content (5þd) is 5.76 at room tem-

perature. Fig. 5(b) shows the trend of oxygen content is as same

as the weight loss as a function of temperature. At

p(O2) ¼ 0.21 atm, the oxygen content of SBSC55 decreases

gradually from 5.76 of 25 �C to 5.29 of 1000 �C. Similarly, at

p(O2) ¼ 3.2 � 10�3 atm, the oxygen content significantly de-

creases from5.76 of 25 �C to 5.01 of 1000 �C. The oxygen content

decreased with decreasing p(O2), indicating that the amount of

escape of oxygen atoms increases with decreasing p(O2). Table

2 listed the detailed oxygen content (5þd) as function of tem-

perature with various p(O2).
200 �C 400 �C 600 �C 800 �C 1000 �C

0.21 5.75 5.65 5.52 5.40 5.29

0.10 5.74 5.63 5.49 5.36 5.25

0.03 5.74 5.62 5.47 5.32 5.18

0.01 5.74 5.59 5.43 5.26 5.11

3.2 � 10�3 5.74 5.56 5.37 5.18 5.01
Electrical conductivities and impedance spectra as function
of oxygen partial pressures

Fig. 6 shows the temperature dependence of the electrical

conductivity of the dense SBSC55 sample at p(O2) ¼ 0.21 and
0.01 atm. At p(O2) ¼ 0.21 atm, the conductivity significantly

decreases with increasing temperature exhibiting a metallic

behavior. It can be seen that an abrupt reduction of electrical

conductivity from 300 �C due to lattice defects breaking the

CoeOeCo bonds, resulting in escape of oxygen atoms from

lattice and reduction of Co4þ to Co3þ or Co3þ to Co2þ, which

corresponds to our previous TGA data. The apparent metallic

conductivity behavior of SBSC55 may be related to the

following reasons [46e48]: (1) an energy band overlap between

Co-3d and O-2p; (2) the presence of Co4þ ions from thermally

generated charge disproportion of Co3þ; and (3) the loss of

oxygen from the lattice at higher temperatures. At

p(O2) ¼ 0.01 atm, the electrical conductivities decrease with

decreasing p(O2), which is in agreement with the results of

previous studies [49,50]. This is due to decreasing concentra-

tion of mobile interstitial oxygen at lower p(O2) [50]. In

SmBa0.5Sr0.5Co2O5þd, the major defects are the oxygen in-

terstitials, Oi
0 0 and the electronic holes, h¼ Co

�

Co [51]. Using the

KrogereVink notation, the formation of the oxygen in-

terstitials and electronic hole is expressed by

1
2
O2 þ 2Co�Co4O

00
i þ 2Co

�

Co (7)

The electrical neutrality condition is given by

2
h
O

00
i

i
¼ �Co�

Co

�
(8)

We can obtain the information from the neutrality condi-

tion that the decrease in the interstitial oxygen concentration

by lowering p(O2) leads a reduction in electronic holes. The

decrease in electronic holes is significantly related to lower

electronic conductivities at lower p(O2). It is noted that the

decreasing magnitude in electrical conductivity as a function

of temperature for p(O2) ¼ 0.01 atm is much lower than

p(O2) ¼ 0.21 atm. This indicates that the concentration of

mobile interstitial oxygen is sensitive to temperature in air.

To further understand the effect of oxygen partial pres-

sure, p(O2), on the cathode and mechanisms of oxygen

reduction, 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 [52,53]:

Rp¼ R0
P

�
PO2

��n
(9)

The overall ORR is expressed as follow.

1
2
O2ðgÞ þ 2e0 ¼ O2� (10)
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Fig. 6 e Temperature dependence of the electrical

conductivity with various oxygen pressure.

Fig. 7 e The interfacial polarization resistance (RP) as a

function of oxygen partial pressure for SBSC55 cathode

measured in the temperature range of 600e800 �C.
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The processes are complex containing 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

[54,55]:

n ¼ 0:10; O2�
TPB þ VO

��
⇔ Ox

O (11)

n ¼ 0.25, Oads. þ 2e0 þ V
00
O ⇔ Ox

O (12)

n ¼ 0.50, O2, ads. ⇔ 2Oads. (13)

n ¼ 1.00, O2(g) ⇔ O2, ads. (14)

where n¼ 0.10 has been associatedwith oxygen ion transfer

from triple-phase boundary (TPB) to the electrolyte, n ¼ 0.25

with the charge transfer processes, n ¼ 0.50 with oxygen

adsorption/desorption processes, and n ¼ 1.00 with gas phase

diffusion of oxygen molecules in a porous cathode. However,

the entire surfacemay sever as the active sites for ORR inMIEC

conductors. It is ascribed to that oxygen ion can transport

through the MIEC bulk [56,57]. Above-mentioned eq. (11) is

mainly applied to pure electronic conductor, so that oxygen

ion transfer is not only form TPB sites but also two-phase

boundary (2PB) sites (cathode/electrolyte interface). In this

case, Eq. (11) should be revised to following equation.

n ¼ 0:10; O2�
TPBþ2PB þ VO

��
⇔ Ox

O (15)

The RP as a function of PO2
for SBSC55 measured at various

temperatures are shown in Fig. 7. Obviously, the RP values

increased with decreasing P(O2). This behavior is consistent

with electrical conductivity at various p(O2) due to the decrease

in mobile interstitial oxygen at lower p(O2). Based on slopes of

log(RP) vs. log(PO2
), the n values ranged from 0.10 to 0.17 in the
temperature range of 600e800 �C. This indicated that the rate-

limitingmechanism of ORR ismostly dominated by oxygen ion

transfer from TPB and/or two-phase boundary (2PB) sites of

cathode with a small quantity of charger transfer reaction.
Long-term testing and polarization resistance

In order to evaluate the stability the SBSC55rSDCrSBSC55 half-

cell for a long time, the performance of a SBSC55jSDCrSBSC55

half-cell was tested, and the EIS and Rp were recorded as a

function of time under stationary air as the oxidant at 600 �C as

shown in Fig. 8. Obviously, Rp increased gradually with time,

which values were increased form 4.17 U cm2 for the initial 2 h

to 5.37 U cm2 for 96 h long-term testing at 600 �C. A slight in-

crease in cathodic polarization resistance is observed with an

increasing-rate around 0.30% h�1 from the initial 2 he96 h.

Fig. 9(a) presents some typical impedance spectra of SBSC55

cathode measured in symmetrical cells using AC impedance

spectrometry under open circuit condition ranged from 600 �C
to 800 �C in air. The polarization resistances (Rp) of SBSC55

cathode reduced from 4.17 U cm2 of 600 �C to 0.35 U cm2 of

800 �C. Cathode delamination from electrolyte may be one

possible cause of increasing in polarization resistance at initial

fast degradation. Based on our group previous research, the

difference in thermal expansion coefficient between SBSC55

and SDC is approximately 7.4 ppm K�1 [58,59]. The delamina-

tion between layers causes the decline of reaction sites for ORR,

leading to increase polarization resistance. With increasing the

testing time, the following slow degradation in the MIEC-

cathode performance may be several possible mechanisms

such as (1) the grain size of SBSC55 may coarsen [60], (2)

interdiffusion may occur between SBSC55 and SDC interface

[61], and (3) Sr may segregate from Sr-contained cathode [62].
Exchange current density (io)

The exchange current density (io) value is an important in-

formation to evaluate the intrinsic oxygen reduction rate and

http://dx.doi.org/10.1016/j.ijhydene.2016.11.123
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Fig. 8 e Long-term testing for a SBSC55jSDCjSBSC55 half-

cell at 600 �C: (a) Nyquist diagram of the impedance

spectroscopy and (b) polarization resistance (Rp).

Fig. 9 e (a) Nyquist plots of EIS, (b) Cyclic voltammogram

and (c) Tafel plots at 0.5 mVs¡1 between 100 mV and

¡400 mV of SBSC55 cathode on SDC electrolyte over the

temperature range of 600e800 �C.
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the electrochemical properties of cathode. The io value is

proportional to the capacity of oxygen reduction reaction for

cathode. The io values could be acquired via different testing

techniques. In the present work, the io values were identified

using electrochemical impedance spectrometry (EIS), low-

field (LF) and high-field (HF) techniques. For EIS technique, io
values were determined from the Rp of the Nyquist plot as

depicted in Fig. 9(a). For LF technique, io values were identified

from the slope of the i vs. h plots as shown in Fig. 9(b). For HF

technique, io values can be obtained from the y-intercept of i

vs. h plots as shown in Fig. 9(c). The detailed information

regarding these techniques could refer to our group published

paper [27].

The io values of SBSC55 identified via EIS, LF and HF tech-

nique are summarized in Table 3. Generally, the io values are

rising with temperature. The io values were increased from

4.5 mA cm�2 of 600 �C to 64.2 mA cm�2 of 800 �C for EIS

technique, the io valueswere rising from 2.6mA cm�2 of 600 �C
to 16.5 mA cm�2 of 800 �C for LF and the io values were

enhanced from 7.6 mA cm�2 of 600 �C to 50.8 mA cm�2 of
800 �C for HF. The overall activation energy (Ea) for the ORR

was identified from the slope of the Arrhenius plots, as shown

in the following equation.

Lnio ¼ ln K� Ea
RT

(16)

where K is the pre-exponential constant, which can be calcu-

lated from the y-intercept, and Ea is the reaction activation

energy. Fig. 10 exhibited the Arrhenius plots for io values for

SBSC55 ranged from 600 �C to 800 �C. The Ea values identified

via EIS, LF andHF techniqueswere 172.9, 68.9 and 70.2 kJ mol�1,

respectively. The linearity of the Arrhenius plots implying that

SBSC55 cathode is stable as a function of temperature. The
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Table 3 e Exchange current density, io of ORR for the
SmBa0.5Sr0.5Co2O5þd cathode using EIS, low-field and
high-field techniques over the temperature range of
600e800 �C.

T(�C) io (mA cm2)

EIS LF HF

600 4.5 2.6 7.6

650 9.7 4.8 14.1

700 22.1 8.0 23.1

750 38.7 12.3 39.5

800 64.2 16.5 50.8

Fig. 10 e Arrhenius plots of ORR for SBSC55 cathode, io was

obtained using the EIS, low-field and high-field technique.

Fig. 11 e SEM image SBSC55∣SDC half cell: (a) cross-section

view and (b) surface view of SBSC55 cathode.
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activation value is relatively similar to our previous report as

cited in Ref. [27], it indicates that SBSC55 is a candidate cathode

for SOFCs due to its highly electrocatalytic activity.
SEM images

Thecathodemicrostructure isclosely related to theelectronand

oxygen transportation. These properties influence the perfor-

mance of fuel cell such as the reaction kinetics, charge trans-

port, andmass transport preprocess [63,64]. Themicrostructure

of a cross-section of SBSC55jSDC half cell and surface view of

SBSC55 cathode as shown in Fig. 11 revealed SBSC55 cathode

with a thickness of 15 mm, and the adhesion between the cath-

ode and electrolyte is quite good. The SBSC55 particles distrib-

uted uniformly, and the particle size ranged from 1 to 2 mm.
Conclusions

This study mainly investigated structural characteristics, ther-

mogravimetric behavior, oxygen non-stoichiometry, oxygen

permeation, electrical conductivity, chemical bulk diffusion

coefficient (Dchem), electrochemical properties and long-term

testing for SBSC55 cathode. The weight loss upon heating was

due to a partial loss of lattice oxygen and alongwith a reduction

of Co4þ to Co3þ or Co3þ to Co2þ with increased temperature, so

that the oxygen content (5þd) decreasedwith temperature. The

conductivity significantly decreases with increasing tempera-

ture exhibiting ametallic behavior. The oxygenpermeationflux

for SBSC55membrane with 1.0 mm thickness was in the range

of0.143e0.406mLmin�1 cm�2, and the ionic conductivitywas in

the rangeof0.0048e0.0098Scm�1 from500 �Cto800 �Cunderair

at a flow rate of 50 mL min�1, helium at a rate of 25 mL min�1.

The Dchem values for SBSC55 cathode are in the range of

2.6 � 10�6- 1.8 � 10�5 cm2 s�1 from 500 �C to 700 �C with acti-

vation energy of 57.96 kJ mol�1. For long-term testing, Rp of

SBSC55 was gradually increased from 4.17 U cm2 to 5.37 U cm2

after 96 h testing at 600 �C with an increase rate of 0.30% h�1.

Therefore, SmBa0.5Sr0.5Co2O5þdis desirable candidate cathode

materials in IT-SOFCs in accordance with electrochemical per-

formance. The rate-limiting step of ORR is the majority of the

oxygen ion transfer from TPB and/or 2PB sites of cathode with

the minority of charger transfer reaction.
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