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a  b  s  t  r  a  c  t

Sm0.5Sr0.5CoO3−ı (SSC)  cathode  prepared  by  a  glycine–nitrate  process  (GNP)  is  investigated  for  solid
oxide  fuel  cells  (SOFCs)  based  on Ce0.85Sm0.075Nd0.075O2−ı (SNDC)  electrolyte.  SSC  forms  cubic  perovskite
structure  after  being  annealed  at 1100 ◦C for  5  h. SSC  cathode  and  SNDC  electrolyte  can  retain  their  own
structure  and  there  is no  reaction  between  the  two compositions.  The  microstructure  of  the  cathode
and  the  interfaces  between  cathodes  and  SNDC  electrolytes  are  studied  by  scanning  electron  microscopy
(SEM)  after  sintering  at various  temperatures.  Impedance  spectroscopy  measurements  reveal  that  area
specific  resistances  (ASRs)  of SSC–SNDC30  cathode  are  much  lower  than  those  of  SSC  cathode.  Kinetics  of
oxygen reduction  reaction  (ORR)  on  porous  SSC  cathode  is  investigated  by analysis  of impedance  spec-
tra.  Medium-frequency  conductivities  show  no dependency  on oxygen  partial  pressure  (PO2 ),  which  can
be attributed  to the  oxygen  ions  transfer  across  the  electrode/electrolyte  interface.  The  dependencies
of  low-frequency  conductivities  on  oxygen  partial  pressure  (PO2 )  vary  in  the  range  from  ca.  0.31  to ca.
0.34  and  increase  with  the  increasing  temperatures.  The  low-frequency  electrode  process  is a  mixing
process  involving  oxygen  reduction  reaction  related  to  atomic  oxygen  and  oxygen  ions conduction  step

together  with  total  charge-transfer  step.  IR-compensated  current  density  (i)–overpotential  (�)  relation-
ship  is  established  and  the  exchange  current  densities  io originated  from  high-field  approximations  are
much  higher  than  those  of  low-field  approximations  and a.c.  impedance  data  under  OCV  state.  It  demon-
strates  the  polarization  overpotential  has  great  effect  on the kinetics  of ORR.  The  polarization  current
is  observed  to  increase  with  time  in the  long-term  stability  measurement,  which  can  be  ascribed  to the
propagation  process  of  oxygen  vacancies.
. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy to electri-
al power with high efficiency and low emissions. Recently, most
esearch has focused on low to intermediate-temperature SOFCs
500–800 ◦C) since they facilitate the use of metallic interconnects
ogether with versatile seals and improve the long-term stability.
owever, the fuel cell performance dramatically decreases with

he lowering operating temperature, mainly ascribed to the ohmic
osses of the electrolyte and deterioration of electrochemical activ-
ty of cathode [1,2].
Ohmic polarization of electrolyte can be greatly improved by
tilizing novel electrolyte materials with high ionic conductivity
nd thin-film technique. Ceria-based solid solution has been widely
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accepted as a suitable alternative to yttria-stabilized zirconia (YSZ).
However, singly doped ceria suffers from the reduction of Ce4+ to
Ce3+ at low oxygen partial pressures, which results in electronic
conduction causing a loss in power output [2].  In addition, the
grain-boundary resistivity is extraordinarily high at reduced tem-
peratures. Co-doping strategies have been utilized to improve the
properties of ceria-based electrolyte and enhancement of ionic con-
ductivity has been observed [3–5]. Among varieties of co-doped
ceria electrolytes, Sm3+ and Nd3+ co-doped ceria with the com-
position of Ce0.85Sm0.075Nd0.075O2−ı (SNDC) exhibits promising
performance [3].  However, there is lack of information on the com-
patible cathodes with the Ce0.85Sm0.075Nd0.075O2−ı electrolyte.

It is critical to exploit an ideal cathode with high electronic and
ionic conductivity in addition to high catalytic and electrochem-
ical activity for the oxygen reduction reaction (ORR). Mixed ionic
and electronic conducting (MIEC) perovskite-type oxides have been

investigated as cathode materials for low-temperature SOFCs in the
past decades and conspicuous performances have been achieved
[1,6–11].  Among varieties of MIEC cathodes, Sm0.5Sr0.5CoO3−ı

(SSC) cathode demonstrates excellent electrocatalytic activity and

dx.doi.org/10.1016/j.jpowsour.2011.07.012
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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erformances [7].  Several studies concerning the kinetics of ORR on
SC cathode have been reported. Baek et al. investigated cathode
eaction mechanism of porous Sm0.5Sr0.5CoO3−ı/Sm0.2Ce0.8O1.9;
xygen ion conduction in the bulk cathode and gas phase dif-
usion of oxygen was the dominant processes based on the
mpedance spectra analysis using series equivalent circuit [12].
aumann et al. studied the dense thin-film microelectrode and

ound the oxygen exchange reaction on the Sm0.5Sr0.5CoO3−ı cath-
de dominated the ORR kinetics [13]. Adler et al. developed a
ontinuum model to analyze the mechanism of ORR on porous
IEC cathodes and found the solid-state oxygen diffusion and

xygen surface exchange reaction dominated the electrochemi-
al behavior [14]. However, research from Wang et al. illustrated
he mechanism of ORR on Sm0.5Sr0.5CoO3−ı cathode was deter-

ined strongly by the reaction conditions [15]. Koyama et al.
roposed a model to study the porous SSC cathode with high

onic conductivity. The model takes the processes of (i) diffu-
ion of oxygen in the gas phase, (ii) surface adsorption/desorption
rocess, and (iii) ionic conduction in the bulk SSC into account.
he three processes correspond to the low-frequency, medium-
requency, and high-frequency arcs in impedance spectra. The
ow-frequency, medium-frequency, and high-frequency specific
lectrode conductivities are proportional to P1

O2
, P1/2

O2
, P1/4

O2
,

espectively [16].
Although many studies on SSC cathode have been performed so

ar, little information about the characteristics of SSC supported on
he Ce0.85Sm0.075Nd0.075O2−ı electrolyte is available. In this work,
SC is investigated as promising compatible cathode with the SNDC
lectrolyte and the electrochemical kinetics of ORR on SSC cathode
re presented.

. Experimental

.1. Electrolyte preparation

Ce0.85Sm0.075Nd0.075O2−ı (SNDC) was synthesized by an oxalate
oprecipitation process. Ce(NO3)3·6H2O (99.9%, Alfa Aesar),
m(NO3)3·6H2O (99.9%, Alfa Aesar) and Nd(NO3)3·6H2O (99.9%,
lfa Aesar) were used as the starting materials. The stoichiomet-
ic starting materials were dissolved in the distilled water, and
hen the solution was dripped to the oxalic acid solution, which
as adjusted to neutral pH (6.6–6.9) by dilute ammonia solution.
fter the precipitate was fully washed by water and ethanol, it was
alcined at 700 ◦C for 2 h. Pellets with about 10 mm in diameter
nd 1 mm in thickness were prepared by uniaxially pressing SNDC
owder and sintering at 1500 ◦C for 5 h.

.2. Cathode preparation

Sm0.5Sr0.5CoO3−ı (SSC) cathode was prepared by using a
lycine–nitrate process (GNP). Stoichiometric amount of Sm2O3
99.9%, Alfa Aesar), Sr(NO3)2 (99.9%, Alfa Aesar) and Co(NO3)2
99.9%, Alfa Aesar) was dissolved in dilute nitric acid. Glycine
99.9%, Alfa Aesar) was introduced to the solution with molar ratio
f glycine:nitrate of 1:2 under heating and stirring. It was then
oiled to evaporate excess water in a hot plate. The solution con-
erts to viscous gel and ignites to combustion, resulting in an oxide
sh. The ash was finally annealed at 1100 ◦C for 5 h in air to remove

arbon residues and form a well-crystalline structure. To examine
he phase reactivity between SSC cathode and SNDC electrolyte, the
wo components are mixed thoroughly and sintered at 1200 ◦C for

 h.
Fig. 1. Schematic diagram of three-electrode setup.

2.3. Symmetric cell construction

Slurries of Sm0.5Sr0.5CoO3−ı cathode and Sm0.5Sr0.5CoO3−ı–
Ce0.85Sm0.075Nd0.075O2−ı (30 wt.%) cathode, identified as SSC and
SSC–SNDC30, respectively, were prepared by ball-milling the pow-
ders, terpineol and ethylcellulose for 24 h. The slurries were
subsequently coated onto both sides of the SNDC pellets by screen-
printing technique to form symmetric cells. The coated electrode
layer was  dried at 150 ◦C for 2 h and subsequently fired at 1000,
1100 and 1200 ◦C for 5 h in air, respectively.

2.4. Half-cell construction

A schematic diagram of three-electrode configuration is shown
in Fig. 1. SSC–SNDC30 slurry was  screen-printed on a masked SNDC
electrolyte as working electrode (WE). The mask was removed after
the slurry was dried in the oven at 100 ◦C for 1 h. The cathode on the
electrolyte was sintered at 1100 ◦C for 5 h. The effective electrode
area was 0.24 cm2. Pt electrodes, prepared by painting Pt paste
on electrolyte and sintered at 800 ◦C for 2 h, were used as refer-
ence electrode (RE) and counter electrode (CE). Reference electrode
located at the same side of working electrode and was 3 mm away
from the working electrode. Counter electrode located symmetri-
cally at the opposite side of working electrode. Such arrangement
was chosen to minimize the misalignment error of working elec-
trode and counter electrode [17,18].

2.5. Electrochemical measurement

Cyclic voltammetry (CV) measurements between +0.1 V and
−0.7 V vs.  RE with scan rate of 5 mV  s−1 were performed using an
IM6ex electrochemical workstation (Zahner IM6ex, Germany). A.c.
impedance measurement was performed in the frequency range
of 100 kHz–100 mHz  with an excitation voltage of 10 mV under
open-circuit voltage (OCV) state. A.c. impedance was conducted
under different oxygen partial pressures (PO2 ) from 1 atm, 0.5 atm,
0.21 atm, 0.105 atm to 0.05 atm. Different oxygen partial pressures
were realized by pre-mixing O2 and N2 controlled by the mass
flowmeter with total volumetric flow rate of 240 mL  min−1 under
1 atm pressure.

Impedance spectra were analyzed by a non-linear least squares
program handled by ZSimpwin software. To establish resistance-
free current density (i)–overpotential (�) characteristics, IR drop
originated from the electrolyte resistance between the working
electrode and reference electrode was compensated for by post-
factum correction of the CVs using series resistances obtained from
impedance data. The overpotential of the cathode under cathodic

polarization was calculated by the following equation [19]:

� = E − I × Rs (1)
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Fig. 2. XRD patterns of (a) SNDC sintered at 1500 ◦C for 5 h, (b) SSC sintered at
1100 ◦C for 5 h, (c) SSC–SNDC30 composite cathode sintered at 1200 ◦C for 5 h. (*) is
for  SSC phase, and (+) is for SNDC phase.

Fig. 3. SEM cross-sectional images for (a) SSC sintered at 1000 ◦C for 5 h, (b) SSC sintered
at  1100 ◦C for 5 h.
rces 196 (2011) 9195– 9203 9197

where �, E, I and Rs represent the overpotential of cathode, applied
cathodic voltage, polarization current and series resistance, respec-
tively.

2.6. Microstructure characterizations

X-ray diffraction (XRD) was  performed by using a PANalytical
X’pert Pro diffractometer equipped with Cu target operating at volt-
age and current of 40 kV and 40 mA.  The microstructure of cathode
was detected by scanning electron microscope (SEM, JSM-7000F,
JEOL Ltd., Japan).

3. Results and discussion

3.1. Microstructure characterization

Fig. 2 illustrates the XRD patterns for different specimens. The
SSC powder sintered at 1100 ◦C for 5 h has formed crystalline with
cubic perovskite structure. The SNDC appears cubic fluorite struc-
ture. In the XRD pattern of SSC–SNDC30 cathode, SSC and SNDC
in the composites retain their own structures. Stable phases do

not form via solid state reaction after SSC–SNDC30 cathode being
sintered at 1200 ◦C for 5 h.

Fig. 3 presents the SEM cross-sectional morphologies of dif-
ferent cathodes. Generally, the increasing sintering temperature

 at 1100 ◦C for 5 h, (c) SSC sintered at 1200 ◦C for 5 h, and (d) SSC–SNDC30 sintered
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Fig. 4. A.c. impedance spectra for SSC–SNDC30 cathode measured at 650 ◦C and
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(vi) Surface diffusion of atom adsorbed oxygen to the TPBs:

Oad � Oad,TPBs
00 ◦C under atmospheric pressure. Insert is the equivalent circuit employed to fit
he impedance spectra. The solid lines are fitting curves.

nhances the sinterability of cathode particles and adhesion to
he electrolyte, which ensures a better contact with the elec-
rolyte and a better current collection. However, it reduces the
athode porosity, which decreases the electrode surface area-gas
olid interface (triple phase boundaries, TPBs), resulting in high
nterfacial polarization resistance. Therefore, obtaining cathodes

ith fine microstructures and strong adhesion to electrolyte with
espect to sintering temperatures is a trade-off relationship. As pre-
ented in Fig. 3a, the SSC cathode sintered at 1000 ◦C exhibits poorer
ontact to the electrolyte compared with the cathode sintered at
100 ◦C and 1200 ◦C. However, SSC sintered at 1200 ◦C (Fig. 3c)
hows poorest microstructure. Fig. 3b indicates SSC cathode sin-
ered at 1100 ◦C results in a microstructure with both reasonable
orosity and strong adhesion to the electrolyte. The optimum sin-
ering condition is chosen to be 1100 ◦C for 5 h. As is evident in
ig. 3d, the addition of SNDC into SSC results in improvement of
athode microstructure, enhancement of interface adhesion to the
lectrolyte and particle connection.

.2. Area specific resistances

Fig. 4 presents the impedance spectra of SSC–SNDC30 cathode
ecorded in atmospheric pressure (PO2 = 0.21 atm) under open-
ircuit voltage (OCV) state. Area specific resistance (ASR) of the
ymmetrical cathode can be calculated as follows:

SR (� cm2) = ARi

2
(2)

here A is the effective electrode area, Ri is the resistance originated
rom a.c. impedance spectrum, e.g. RM represents the electrode
esistance obtained from a.c. impedance spectrum in the medium-
requency range. As shown in Fig. 4, the ASR is as low as 0.34 � cm2

t 700 ◦C. Impedance spectra take on depressed arcs, in which three
ifferent contributions can be clearly distinguished. The impedance
pectra can be fitted using an equivalent circuit. However, the
roblem for equivalent circuit is raised from that one impedance
pectrum can be fitted well by different equivalent circuits, giving
ifferent physical meanings [20,21]. In this work, the impedance
pectra are fitted using an equivalent circuit with the config-
ration of L1R1(C1(R2(CPE1R3))) based on the previous research
13,15,20–22]. L1 is the inductance; R1 is the electrolyte ohmic

esistance in high-frequency range; C1 is the interfacial capacity;
PE1 is the constant phase element; R2 and R3 are the electrode

nterfacial polarization resistances at medium-frequency and low-
requency range.
rces 196 (2011) 9195– 9203

Fig. 5 shows the temperature dependence of ASR values for dif-
ferent cathodes. For SSC cathode, the lowest ASRs are yielded when
it is sintered at 1100 ◦C for 5 h, which are in good agreement with
the SEM reports. The ASRs for SSC–SNDC30 cathode are much lower
than those of SSC. The activation energies for SSC and SSC–SNDC30
are 1.493 eV and 0.976 eV, respectively. The incorporation of SNDC
greatly improves the performance of SSC cathode.

3.3. Possible oxygen reduction reaction (ORR) mechanism

The following processes involved in the ORR on mixed ionic
and electronic conductors (MIECs) are widely accepted based on
previous research [12,13,15,19,22–25]:

(i) Adsorption of O2 onto the cathode surface:

O2,gasphase � O2,ad

ii) Dissociation of molecular adsorbed oxygen into atom adsorbed
oxygen on cathode surface:

O2,ad � 2Oad

iii) Reduction reaction of atom adsorbed oxygen into adsorbed oxy-
gen ion on cathode surface:
(a) Oad + e � O−

ad

(b) O−
ad + e � O2−

ad
iv) Transfer of surface adsorbed oxygen ion to three phase bound-

aries (TPBs):

O2−
ad � O2−

TPBs

(v) Charge-transfer reaction at TPBs:

O2−
TPBs + V

••
O � OX

O

In parallel, steps (vi)–(viii) could also occur, competing with
steps (iii)–(v):
Fig. 5. Dependency of area specific resistances on temperatures for different cath-
odes.



Z. Gao et al. / Journal of Power Sources 196 (2011) 9195– 9203 9199

F
(

(v

(vi

(

(

f
o
a
s
o
(

c

�

w
e
i
t
a
c

Table 1
Dependencies of electrode conductivities on oxygen partial pressures at different
temperatures.

t (◦C) �M �L

700 0.0156 0.341
650 0.0450 0.325
600 −0.161 0.330

decreasing temperatures, which lowers the oxygen ion conductiv-
ity. The low-frequency capacitance can be calculated from Eq. (5),

Table 2
Elementary reactions and corresponding reaction orders.

Elementary reactions Reaction orders (n)

(i) O2,gasphase � O2,ad 1
(ii) O2,ad � 2Oad 1
(iii-a) Oad + e � O−

ad 3/8
(iii-b) O−

ad + e � O2−
ad 1/8

(iv) O2−
ad � O2−

TPBs 1/4
(v) O2− + V

•  • � OX 0
ig. 6. Dependency of specific electrode conductivities on oxygen partial pressures
PO2 ) for SSC–SNDC30 cathode at various temperatures.

ii) Reduction reaction of atom adsorbed oxygen into adsorbed oxy-
gen ion at TPBs:
(a) Oad,TPBs + e � O−

ad,TPBs

(b) O−
TPBs + e � O2−

TPBs
ii) Charge-transfer reaction at TPBs:

O2−
TPBs + V

••
O � OX

O

The reactions in steps (vii) and (viii) can also be combined
into one total reaction shown in step (ix):

ix) Oad,TPBs + 2e + V
••
O � OX

O
It is difficult to distinguish step (ix) and steps (vii)–(viii), since

they exhibit the same characteristics.
x) The total ORR can be written in step (x):

O2,gasphase + 4e + 2V
••
O → 2OX

O

where O2,gasphase, O2,ad, Oad, O−
ad, Oad,TPBs, O−

ad,TPBs, O2−
TPBs, V

••
O

and OX
O represents molecular oxygen in gas phase, molecular

adsorbed oxygen, atom adsorbed oxygen on surface, surface
adsorbed O− ion, atom adsorbed oxygen at TPBs, adsorbed O−

ion at TPBs, O2− ion at TPBs, oxygen vacancies and oxygen ions
in electrolyte, respectively. Steps (iii), (iv), (vii), (ix) might be the
rate determining steps (RDSs) in the overall ORR on cathode.

In our equivalent circuit in Fig. 4, medium-frequency resistance
eature might be raised from reduction reaction of atom adsorbed
xygen into adsorbed oxygen ion (step (iii)), transfer of surface
dsorbed oxygen ion to three phase boundaries (TPBs) (step (iv)),
urface diffusion of atom adsorbed oxygen (step (vi)) and transport
f oxygen ions across the cathode/electrolyte interface (step (v) or
viii)).

We define specific electrode conductivity for each electrode pro-
ess:

i = 1
ARi

(3)

here �i is the specific electrode conductivity, e.g. �M is the specific
lectrode conductivity originated from a.c. impedance spectrum

n the medium-frequency range. The specific electrode conductivi-
ies varying with oxygen partial pressures at different temperatures
re shown in Fig. 6, from which, dependencies of specific electrode
onductivities on PO2 are calculated and presented in Table 1.
550 −0.0539 0.313

The relationship between the specific electrode conductivity
(�i) and oxygen partial pressure (PO2 ) can be given by Eq. (4):

�i ∝ Pn
O2

(4)

Medium-frequency conductivities show no dependency on PO2 .
Table 2 summarizes the elementary reactions and the correspond-
ing reaction orders. The adsorption/desorption process on the
cathode surface and diffusion of adsorbed oxygen atoms has a
dependency of 0.5 on PO2 [14,16,21,26],  the conduction of oxy-
gen ions in the bulk cathode exhibits a dependency of 1/4 on
PO2 , since the ionic conductivity of the cathode is determined
by the oxygen vacancy concentrations [7].  Consequently, the
medium-frequency conductivities can only be attributed to the
oxygen ions transfer across the electrode/electrolyte interface.
(La0.82Sr0.18)0.82MnO3 (LSM) cathode also exhibits similar phenom-
ena in medium-frequency range using same nested RC equivalent
circuit [20]. The dependencies of low-frequency conductivities on
PO2 vary in the range from ca.  0.31 to ca.  0.34 and increase with
increasing temperatures. The nested RC equivalent circuit demon-
strates two  interrelated limiting electrode processes; however, it
also has limitation due to its low distinguishability with respect
to PO2 . Therefore, we  cannot simply and directly assign the single
element of equivalent circuit to distinct physical process [21]. It is
reasonable to extrapolate that the low-frequency electrode process
is a mixing process involving oxygen reduction reaction related to
atomic oxygen (step (iii-a) or step (vii-a)) with reaction order of 3/8
and oxygen ions conduction process (step (iv)) together with total
charge-transfer process (step (ix)) with reaction order of 1/4 into
RDSs. At 700 ◦C, the reaction order n equals to 0.341, approaching
to 3/8. It indicates that the oxygen reduction reaction related to
atomic oxygen (step (iii) or step (vii)) participates in the RDS and
plays a predominant role, since the oxygen surface exchange kinet-
ics, oxygen ion bulk conduction and total charge-transfer process
have been enhanced at high temperatures. At 550 ◦C, the reaction
order n equals to 0.313, approximately approaching to 1/4, which
shows that oxygen ions conduction process (step (iv)) and total
charge-transfer process (step (ix)) may  involve in the RDSs and
dominate. This is because the ohmic polarization increases with
TPBs O O
(vi) Oad � Oad,TPBs 1/2
(vii-a) Oad,TPBs + e � O−

ad,TPBs 3/8
(vii-b) O−

TPBs + e � O2−
TPBs 1/8

(ix) Oad,TPBs + 2e + V
• •
O � OX

O 1/4
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transferred in the ORR, v is the number of times that RDS occurs for
one full ORR reaction, � is the number of electrons transfers before
the RDS, r is the number of electrons transfers in the RDS,  ̌ is the
symmetry coefficient of the RDS, which is always assumed to be
ig. 7. Dependency of specific electrode conductivities on temperatures for
SC–SNDC30 cathode under various oxygen partial pressures (PO2 ).

here CL is the low-frequency capacitance, RL is the low-frequency
esistance, QL is the low-frequency pseudocapacitance [27].

L = (RLQL)1/n

RL
(5)

The low-frequency capacitances vary between 0.077 F cm−2 and
.366 F cm−2, which are reasonable for our ratiocination on the low-
requency electrode process. Based on the above analysis, we  can

ake the conclusion that the RDSs occur two times in the whole
RR, since step (iii) and step (vii) have the same possibility to occur
nd it cannot be distinguished at this stage, so are step (iv) and step
ix).

Fig. 7 presents the temperature dependence of medium-
requency and low-frequency electrode conductivities under
arious oxygen partial pressures. The medium-frequency conduc-
ivities exhibit no dependency on the oxygen partial pressures.
his indicates that the medium-frequency electrode process might
e associated with the oxygen ions transfer across the elec-
rode/electrolyte interface. On the contrary, the low-frequency
onductivities increase with the increasing PO2 . It indicates that
ow-frequency electrode process presumably originates from
he oxygen exchange reaction at the gas/electrode interface
13,22,28–30]. The calculated activation energies are shown in
able 3. The activation energies of EM and EL are around
.03–2.33 eV and 1.07–1.19 eV, respectively. Both the medium-
requency and low-frequency activation energies are independent
f PO2 .

.4. Determination of oxygen reduction reaction (ORR) kinetics

IR-compensated current density (i)–overpotential (�) relation-

hip is presented in Fig. 8. For a specific overpotential, the current
ensity is observed to increase with the operating temperature,

ndicating the electrochemical activity of the SSC–SNDC30 cathode
t high temperature is superior to that of low temperature. The cur-

able 3
ctivation energies of electrode conductivities of medium-frequency arcs (EM) and

ow-frequency arcs (EL) under different oxygen partial pressures.

1 atm 0.5 atm 0.21 atm 0.105 atm 0.05 atm

EM (eV) 2.33 2.10 2.03 2.12 2.11
EL (eV) 1.13 1.10 1.19 1.13 1.07
Fig. 8. IR-compensated current density (i)–overpotential (�) relationship (5 mV s−1)
of  the ORR on SSC–SNDC30 cathode at various temperatures in air.

rent density can keep stable even the applied overpotential extends
to relatively negative value of −500 mV.  It verifies that the negative
overpotential does not cause any deleterious effect on the electro-
chemical activity of the cathode. Fig. 9 presents the Tafel plots of
the data originated from Fig. 8.

The well-known Butler–Volmer equation can be expressed as:

i = io

[
exp

(
˛aF�

RT

)
− exp

(−˛cF�

RT

)]
(6)

where

˛a + ˛c = n

v
(7)

for the ORR:

˛c = �

v
+ r  ̌ (8)

In the above equations, i is the measured current density for the
ORR, ˛a is the anodic transfer coefficient, ˛c is the cathodic transfer
coefficient, � is the overpotential, n is the total electron numbers
Fig. 9. Tafel plots of the ORR on SSC–SNDC30 cathode (data from Fig. 8).
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Table 4
Comparison of io values of ORR on SSC–SNDC30 cathode and SG-LSCF cathode.

t (◦C) io (high-field) (mA cm−2) io (low-field) (mA  cm−2) io (impedance spectra) (mA cm−2)

SSC–SNDC30 SG-LSCF SSC–SNDC30 SG-LSCF SSC–SNDC30 SG-LSCF

700 134.68 13 46.68 60 54.84 65
650  70.99 – 25 – 26.92 –
600 31.72 4 15.8 12.5 10.4 13
550 17.14 – 8.74 – 5.6 –

0
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fi
I
o
c
t
w
t
t
s
t

fer coefficient [33].
As shown in Fig. 10,  the m value is observed to increase with

the increasing temperature. m equals to 0.27 at 550 ◦C, which
approximately approaches to 1/4, indicating the total charge-
.5, F, R and T are Faraday constant, ideal gas constant and absolute
emperature, respectively [24].

The exchange current density, io, indicates the intrinsic electro-
hemical activity of cathode and ORR rate. It can be yielded by using
he high-field and low-field approximations to the Butler–Volmer
quation and charge-transfer resistance (Rct) from a.c. impedance
ata.

For low-field approximations, io can be obtained from the slope
f current density (i)–overpotential (�) relationship:

o = RTv
nF

slope (9)

Eq. (9) can be reasonable, provided that the linear low-field
egion is ±27 mV  at 500 ◦C, ±28 mV at 550 ◦C, ±30 mV  at 600 ◦C,
32 mV at 650 ◦C and ±34 mV  at 700 ◦C, respectively, so that the

elative error is less than 2% [24].
For high-field approximations, io can be readily calculated using

q. (10):

og i = log io − ˛cF

2.3RT
� (10)

With the aim of minimizing the relative error to less than 1%, the
inimum overpotential should exceed 153 mV  at 500 ◦C, 163 mV

t 550 ◦C, 173 mV at 600 ◦C, 183 mV  at 650 ◦C and 193 mV  at 700 ◦C,
espectively, to reach the linear Tafel region, assuming reaction
echanism with v = 2, n = 4, according to our previous analysis in

ection 3.3.
Eq. (11) can be approximately established in the low-field

pproximations:

i

�
= 1

Rct
(11)

here Rct represents the charge-transfer resistance obtained from
mpedance data under OCV state.

Consequently, Eq. (9) can be expressed as:

o = RTv
nF

1
Rct

(12)

Table 4 presents the io values from Eq. (9), (10) and (12). All
he io values for ORR on SSC–SNDC30 cathode are observed to
ncrease with the increasing temperature. Values of io for ORR
riginated from low-field approximation are quite similar to the
alues obtained from a.c. impedance data. The io values originated
rom high-field approximations are much higher than those of low-
eld approximations and a.c. impedance data under OCV state.

t demonstrates the polarization overpotential has great effect
n the kinetics of ORR. This phenomenon clearly indicates the
harge-transfer reactions (step (v), step (viii) and step (ix)) is elec-
rochemical in nature and plays a dominant role in the whole ORR,
hich could most likely be the RDSs under high cathodic overpo-
ential. However, under low-field or near equilibrium condition,
he disassociative adsorption of oxygen (step (ii)) and the diffu-
ion of oxygen atoms (step (vi)) are presumably involved into
he RDSs. The io values for ORR at single phase sol–gel derived
La0.8Sr0.2Co0.8Fe0.2O3 (SG-LSCF) are also shown in Table 4 for com-
parison [31]. It is observed that the SSC–SNDC30 cathode possesses
higher io values than that of SG-LSCF in the high-field approxi-
mations, indicating the electrochemical activity and ORR rate of
SSC–SNDC30 cathode is superior to that of SG-LSCF cathode under
high cathodic polarization. It again certifies that the charge-transfer
reactions involve in the RDSs under high cathodic overpotential.
The incorporation of SNDC into the SSC cathode greatly extends
the active reaction zone of TPBs, where most charge-transfer reac-
tions occur. However, SSC–SNDC30 cathode exhibits lower io values
than that of SG-LSCF in the low-field approximations or in a.c.
impedance spectra near equilibrium state. It agrees well with our
conclusion that the disassociative adsorption of oxygen (step (ii))
and the diffusion of oxygen atoms (step (vi)) are the RDSs since
the incorporation of SNDC reduces the active area of SSC for the
disassociative adsorption and diffusion of oxygen atoms.

The dependency of equilibrium exchange current density on PO2
can be expressed [32]:

io = (PO2 )m (13)

in which equilibrium exchange current density is obtained from
Eq. (12) originated from a.c. impedance data under OCV state. m is
closely related to electrons transferring in the RDSs. If the electrons
transfer to atomic oxygen, m can be expressed:

m = ˛a

2(˛a + ˛c)
(14)

in which ˛a and ˛c represent the anodic and cathodic charge trans-
Fig. 10. Dependency of exchange current densities on oxygen partial pressures (PO2 )
for  SSC–SNDC30 cathode at various temperatures.
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Fig. 11. Dependency of exchange current densities on temperatures for
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SC–SNDC30 cathode obtained from different methods.

ransfer process (step (ix)) involves in the RDSs since the ˛a

nd ˛c equals to unity. m increases to 0.34 at 700 ◦C, which
pproximately approaches to 3/8, illustrating the oxygen reduc-
ion reaction related to atomic oxygen (step (iii-a) or step (vii-a)) is
he RDSs [32,34,35].  These results are in good accordance with the
nalysis of Fig. 6. It indicates that our proposed mechanism for the
RR on SSC–SNDC30 cathode is quite reasonable.

Fig. 11 illustrates the temperature dependence of io values for
RR on SSC–SNDC30 cathode using different techniques. The ORR
ctivation energies obtained from Fig. 11 are summarized in Table 5,
n which the ORR activation energies for SG-LSCF are also pre-
ented. The ORR activation energies of SSC–SNDC30 cathode are
uch lower than those of SG-LSCF cathode and composites of LSCF

nd GDC [36], indicating the SSC–SNDC30 cathode possesses much
igher electrochemical activity.

.5. Stability of the cathode

Fig. 12 presents the long-term stability of SSC–SNDC30 cathode
nder constant polarization voltage of −0.4 V vs.  OCV, indicating the
SC–SNDC30 cathode can keep essentially stable over 52 h. There is

 rather rapid activation process in the first 20 min  with the appli-
ation of cathodic polarization. Consistently, a dramatic decrease in
he electrode polarization resistance is observed [37]. This behav-
or could be attributed to the elimination of passivated SrO on SSC
urface [38]. The polarization current gradually increases with time,
hich can be ascribed to the activation process of interface between

he cathode and electrolyte, corresponding to the minor decrease in
lectrode polarization resistance. The activation process is assumed
o be closely related to the propagation process of oxygen vacancies

rom SSC/SNDC interface at the initial stage to the whole internal
nd external surface through grain boundary. Co ions are reduced
nder cathodic polarization, resulting in extraction of interstitial

able 5
omparison of activation energy of the ORR at different cathodes.

Ea (eV) of SSC–SNDC30 Ea (eV) of SG-LSCF

High-frequency field 0.964 1.35
Low-frequency field 0.757 1.402
a.c.  impedance 1.075 1.09
Fig. 12. Long-term stability measurement for SSC–SNDC30 cathode under constant
polarization voltage of −0.4 V vs.  OCV at 650 ◦C.

oxygen ions from SSC cathode for charge compensation [39]:

2Co3+ + O2− (interstitial) → 2Co2+ + V
••

(interstitial)

+ 1
2

O2 (gas) (15)

2Co3+ + O2− (lattice) → 2Co2+ + V
••

(lattice) + 1
2

O2 (gas) (16)

where V
••

indicates oxygen vacancies in the interstitial or lat-
tice sites. The formation of oxygen vacancies is responsible for
electrochemical activity enhancement of SSC–SNDC30 cathode
presumably resulting from extension the active reaction zone from
TPBs to the cathode surface [39–42].  The exchange current densities
obtained from high-field approximation are much higher than that
originated from low-field approximation or a.c. impedance spec-
trum at OCV state according to our previous calculation in Section
3.4, which is in accordance with our results. Evidently, the high
polarization voltage does not cause any degradation and deleteri-
ous effect to the morphology and adhesion of the interface. These
results indicate that the SSC–SNDC30 cathode has excellent long-
term stability and is suitable for application in SOFCs based on SNDC
electrolyte.

4. Conclusions

SSC has been investigated as promising cathode material for
SOFCs based on SNDC electrolyte. XRD and SEM techniques are
employed to characterize the SSC cathode. Area specific resistances
of SSC–SNDC30 cathode are much lower than those of SSC cathode
after being sintered at 1100 ◦C for 5 h. Possible ORR mechanism has
been proposed for the SSC–SNDC30 cathode. Medium-frequency
conductivities have no dependency on PO2 , which can be attributed
to the oxygen ions transfer across the electrode/electrolyte inter-
face. The low-frequency electrode process is a mixing process
involving oxygen reduction reaction related to atomic oxygen and
oxygen ions conduction process together with total charge-transfer
process. The exchange current densities io from high-field approx-
imations are much higher than those of low-field approximations
and a.c. impedance data under OCV state, indicating the polar-

ization overpotential has great effect on the kinetics of ORR. The
SSC–SNDC30 cathode exhibits excellent long-term stability. The
polarization current increases with time, which can be ascribed to
the propagation process of oxygen vacancies. These results indicate
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