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The Pr; _,SryCoO3 _s perovskite-type oxides have received extensive attention as a promising cathode
material due to their favorable properties for realizing high performance intermediate temperature solid
oxide fuel cells (IT-SOFCs). This study focuses on the electrical properties, electrochemical performance,
and redox behavior of a perovskite oxide of Pry_,SryCoO3_s (x=0.1, 0.3, 0.5, and 0.7). For x=0.1 and
0.3, the electrical conductivities increase with increasing strontium content. In the case of x>0.3, how-
ever, decreased electrical conductivity is observed with increasing x. The oxygen non-stoichiometry of

Is(gjl/i‘gl/i::liil:e fuel cells Pr; _xSrxCo0s _ 5 using coulometric titration and its electrical conductivity in a wide range of oxygen par-
Cathode tial pressure at 973 K are also investigated. A Ni-GDC anode-supported cell is fabricated to evaluate the

electrochemical performance of the Pr; _xSryCoO3_s cathode material. The maximum power density at
973K is 1.19W cm~2 for x=0.3, and the other samples also show high power density over 1.0 W cm™2,
except for at x=0.7. Given its high electrical conductivity and cell performance, Pro7Srp3C003_g is a

Perovskite
Oxygen non-stoichiometry
Electrochemical performance

favorable cathode material candidate for IT-SOFC applications.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) offer numerous advantages for
power generation, including high efficiency to generate electric
energy from chemical energy, rapid reaction kinetics, an eco-
friendly process, and efficient reclamation of waste heat. High
operating temperature (1073-1273 K), however, leads to high cost
and undesired reactions between the electrode and electrolyte,
which in turn cause electrode densification and polarization.
Recently, intermediate temperature solid oxide fuel cells (IT-
SOFCs) operated at 773-973 K have been introduced to resolve the
problem of high operating temperature of SOFCs, thereby allowing
long-term stability and flexible choice in cell materials. The lowered
operating temperature, however, causes relatively slow reaction
kinetics for the oxygen reduction reaction (ORR) at the cath-
ode, which results in considerable over-potential at the interface
between the electrode and electrolyte. Therefore, the development
of new cathode materials for lower operating temperature is con-
sidered an important avenue of research for IT-SOFC applications
[1-5].

The requirements of cathode materials for IT-SOFCs are high
oxide ionic and electronic conductivities, lower thermal expansion,
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and high catalytic activity for the ORR [6]. Mixed ionic/electronic
conductors (MIECs) containing Mn, Fe, Co, and/or Ni are IT-SOFC
cathode materials, offering the capability to conduct oxygen ions
and electrons simultaneously, leading to enlarged triple phases
boundary (TPB) sites [7-10]. In particular, various MIEC oxides
containing cobalt oxides, such as LaCoOs3, (La, Sr)CoO3, BaCoOs3,
and (Ba, Sr)Co03, have attracted strong interest due to their high
electro-catalytic activity for the ORR. Recently, Sr doped rare-
earth cobalt oxides, Ln; _ 4SrxCoO3 _s (Ln=La, Pr, Nd, Sm, and Gd),
have been extensively investigated on the basis of their good
mixed conductivity and performance as IT-SOFC cathode materi-
als [11-15]. Among them, La; _4SrxCoO3_ 5 shows better electrical
properties and higher catalytic activity, as well as good thermal sta-
bility at various temperatures and oxygen partial pressure [16,17].
La; _,SrxCo0O3 _; cathodes, however, show an increased thermal
expansion coefficient (TEC) caused by the increased Ln-O bond
strength and the formation of oxide ion vacancies, indicating reduc-
tion of the smaller Co*" ions to larger Co®* ions [18]. In order
to achieve lower thermal expansion, the La lanthanide is substi-
tuted by other smaller lanthanides to decrease the ionicity of the
Ln-0 bond and the electro-negativity of Ln. Among the smaller
lanthanides (Pr, Nd, Sm, and Gd), Pr affords a relatively lower
TEC than La and higher electrical conductivity and electrochemical
performance than Nd, Sm, and Gd due to its comparatively straight-
ened Co-O-Co bond angle approaching 180° and a consequent
increase in bandwidth [11,18]. Therefore, a Sr doped rare-earth
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cobalt oxide, Prq_,SrxCoOs _g4, has been studied as a prospective
cathode material for IT-SOFC applications.

This study mainly focuses on the structure, electrochemical
properties, and electrical performances of Pry _4SrxCoO3_5 (x=0.1,
0.3, 0.5, and 0.7) using Ceg9Gdg 10195 (GDC) electrolyte to elimi-
nate inappropriate reactions between the electrolyte and cathode.
For example, the reaction between La; _,SrxCoO3_s and yttria
stabilized zirconia (YSZ) electrolyte stimulates the formation of
La;Zr,07 and SrZrOs5 at high temperature [19]. Additionally, oxy-
gen non-stoichiometry and redox properties of Pr _ ,SrxCoO5 _ g are
measured by coulometric titration (CT).

2. Experimental

Pr; _,SrxCoO3_5 oxides were synthesized by the Pechini
method to fabricate samples for evaluation of the 4-probe conduc-
tivity and coulometric titration. The solution was prepared with
stoichiometric amounts of Pr(NOs3)3-6H,0 (Aldrich, 99.9%, metal
basis), Sr(NO3), (Aldrich, 99+%), and Co(NOs3),-6H,0 (Aldrich,
98 +%) with the addition of ethylene glycol and citric acid as het-
erogeneous agents in distilled water. The solution was heated until
submicron powder particles were formed via a self-combustion
process. These powders were precalcined at 873 K for 2 h and then
ball-milled in acetone for 24 h. For the final step to achieve a single
phase, the powders were pelletized at 5MPa and then sintered at
1423 K for 4h in air.

The glycine-nitrate process (GNP), which can produce fine par-
ticles, was used to prepare Pr; _,SrxCoOs_s for the cathode and
GDC powder for the electrodes and electrolyte. The glycine was
applied to the solution at a molar ratio of 1:1.5 for metal nitrate
and glycine. To measure cell performances of the Pry _,SrxCoO5 _g
cathodes, the powders and GDC were mixed at a weight ratio of 6:4
and ball-milled for 24 h. The electrode powders were blended with
an organic binder (Heraeus V0O06) to form slurries for a cell test.

All samples were identified by X-ray powder diffraction (XRD)
(Rigaku-diffractometer, Cu Ka radiation) patterns. To confirm
the microstructure of the interface between the GDC electrolyte
and Pryq _,SrxCoO5 _g cathodes, a field emission scanning electron
microscope (SEM)(Nova SEM)was used. A thermogravimetric anal-
ysis (TGA) was carried out using a SDT-Q600 (TA instrument, USA).
TGA experiments were performed from 373K to 1073 K with a
heating/cooling rate of 2Kmin~! in air. The electrical conductiv-
ities of the Prj_,SrxCoO3_s oxides with average dimensions of
1.4mm x 2.7 mm x 5.5 mm in air were evaluated by a four-terminal
DCarrangement, and a potentiostat (BioLogic) was used to measure
the current and voltage at intervals of 50 K at temperature ranging
from 373 K to 1023 K.

The redox properties of the Pry _,SrxCoO5 _5 oxides were mea-
sured using coulometric titration (CT) as a function of the oxygen
partial pressure, p(O,). The detailed procedure has been described
elsewhere [20]. The sample was placed inside an oxygen ion (02~)
conducting membrane, a YSZ tube (McDanel Advanced Ceramic
Technologies, Z15410630). Ag paste (SPI Supplies, 05063-AB) was
painted on the inner and outer walls of the tube as electrodes. Pt
wire was used as a lead wire to make electrical connections to the
instruments. After purging 5% O,-Ar gas over the sample in the
tube for 12 h, p(O;) was determined from the open-circuit volt-
age (OCV). Oxygen could be added or removed from the tube by
passing current through the same electrodes as used for the OCV
sensor. The sample was allowed to equilibrate until the potential
varied in a range of less than 1 mV h~!. Oxygen non-stoichiometry
was determined through this procedure at 973 K over a wide range
of oxygen partial pressure. Electrical conductivity was simultane-
ously measured by a four-terminal DC arrangement with a BioLogic
Potentiostat.
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Fig. 1. X-ray diffraction patterns of Pr; _xSryCoOs_; (x=0.1, 0.3, 0.5, and 0.7) sin-
tered at 1423 K for 4 h.

For evaluation of the electrochemical performances, Ni-GDC
anode-supported cells were used. The cells consist of 3 layers:
Ni-GDC as an anode, GDC as an electrolyte, and a cathode. The Ni-
GDC cermet anode was fabricated from a mixture of nickel oxide,
GDC prepared by GNP, and starch at a weight ratio of 6:4:1.5. This
mixture was ball-milled in ethanol for 24 h. The GDC powder elec-
trolyte was pressed over the pelletized Ni-GDC cermet anode. The
Ni-GDC/GDC anode-electrolyte layer was sintered at 1623 K for 5 h.
For the top layer cathode, the Prq _4SryCoOs3 _ 5 oxide slurries were
screen-printed on the GDCelectrolyte. The cells, with an active elec-
trode area of 0.36 cm?, were finally sintered at 1173 K for 2 h under
an air atmosphere. The single cells had the following properties:
diameter of 0.36 cm?, electrolyte thickness of 20-30 wm, cathode
thickness of 20 wm, cathode porosity of approximately 30%, and
mean pore size of 1 wm. Ag wires were attached to both the anode
and cathode of a single cell using Ag paste as a current collector. An
alumina tube was employed to fix the single cell using a ceramic
adhesive (Aremco, Ceramabond 553). H, containing 3% H,0 was
applied through a water bubbler with a flow rate of 20 mLmin~!,
while air was applied as an oxidant and supplied to the cathode by
ambient air flow during the single cell test. A BioLogic Potentiostat
was used to measure impedance spectra and I-V curves. Impedance
spectra were recorded under OCV in a frequency range of 1 mHz to
500 kHz with AC perturbation of 14mA at 973 K. I-V polarization
curves were measured between 773 K and 973 K.

3. Results and discussion

The XRD patterns of Pry_,SrxCoO3_g cathodes with various
strontium content (x=0.1, 0.3, 0.5, and 0.7) are shown in Fig. 1.
Prq _,SrxCoO3 _ 5 oxides sintered at 1423 K for 4 h show appropri-
ate peaks, indicating that the perovskite structure is formed and
there are no impurity peaks. The peaks reflect an orthorhombic per-
ovskite GdFeO-type structure (space group Pbnm) [21]. The XRD
spectra of Prj_,SrxCoO;3_5—GDC powder composites calcined at
1173K for 2h in air are illustrated in Fig. 2. There are no obvi-
ous reactions between Pry _4SrxCo0O3 _ s and GDC at 1173 K and the
patterns verify that all samples obtain a stable perovskite struc-
ture. Secondary phases are observed at approximately 20=32.2°
and indexed to a tetragonal system [21].

The microstructure of the Pry _,SryCoO3 _ 5 cathode is examined
by SEMimage in Fig. 3. The electrode microstructure is related to the
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Fig. 2. X-ray diffraction patterns of Pry _,SryCoO3;_5-GDC (x=0.1, 0.3, 0.5, and 0.7)
sintered at 1173 K for 2 h.

characteristics of the surface area, electrochemically active area,
volume fraction of chemical phases present, and electron trans-
port. These properties affect the reaction kinetics, charge transport,
and mass transport processes, which are correlative with the fuel
cell performance [22,23]. SEM images of Pr; _,SrxCoO3_; screen
printed onto the GDC electrolyte confirm good adhesion between
the cathode and the GDC electrolyte, which is expected to enhance
the thermal compatibility and the long-term thermal stability of
the cathode/electrolyte interface. The particle size of all samples
are similar except for x=0.7, where the particles are slightly larger
than those of the other samples. Therefore, it is believed that the
microstructure of Pry _,SrxCoO5 _ s does not significantly affect the
electrochemical characteristics.

Thermogravimetric analysis (TGA) data of Pry _4SrxCoO3_ are
shown in Fig. 4. The TGA data describe the tendency of oxy-
gen nonstoichiometry (vacancy concentration) of Pry _,SrxCoOs _.
All samples initiate a weight change at approximately 573 K.
The magnitude of the weight change, indicating a loss of oxy-
gen from the lattice in Pr; _,SrxCoO3_g, decreases in the order
of x=0.7>0.5>0.1>0.3. This oxygen vacancy formation can be
associated with Co reduction due to the charge compensation
mechanism.

The electrical conductivities of the Pry_,SrxCoOs;_g are
described by an Arrhenius plot in Fig. 5. All samples show decreased
electrical conductivities with increasing temperature, indicating
metallic behavior. At higher temperatures (>673 K), the electrical

Fig. 3. SEM images showing the microstructure of a single cell (Pry _xSryCoO5_s~GDC/GDC/Ni-GDC): (a) x=0.1, (b) x=0.3, (¢) x=0.5, and (d) x=0.7.
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Fig.4. Thermogravimetric data of Pry _,SrxCoO3; _5(x=0.1,0.3,0.5,and 0.7) showing
the variation of oxygen content as a function of temperature in air.

conductivities for all samples decrease significantly with temper-
ature; this could be due to the loss of oxygen from the lattice, as
indicated by the TGA data, and a consequent decrease in the Co**
charge carrier concentration. As can be seen, the electrical conduc-
tivity of the sample with x=0.3 reaches a maximum with a value of
2000Scm~! at 973 K in air. Therefore, in Pry _,SryCo05 _ 5, the elec-
trical conductivity increases with the amount of strontium doping
for x <0.3 but decreases for x>0.3.

The replacement of Pr3* by Sr?* in Pry _,SrxCo0O5_s destroys
the electro-neutrality, which is mostly compensated by oxidation
of Co3* to Co*" (electronic compensation) and/or the formation of
oxide ion vacancies (ionic compensation) [11]. Generally, the elec-
tronic compensation mechanism is dominant at high oxygen partial
pressures and low temperatures while the ionic compensation
mechanism conversely dominates at low oxygen partial pressures
and high temperatures. The increased conductivity with increas-
ing Sr (Sr%*) content for x < 0.3 can be explained by the fact that the
formation of Co*" ions prevails over the formation of oxygen vacan-
cies to compensate the electro-neutrality. In contrast, the decreased
conductivity with increasing Sr content for x > 0.3 indicates that the
ionic compensation is dominant compared to electronic compen-
sation. The overall electro neutrality condition can be explained by
the following simplified equation:

[Sr;,r} = [Co'CO] +2 [V;']
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Fig. 5. Electrical conductivities of Pry _,SryCoO3;_5 (x=0.1,0.3, 0.5, and 0.7) in air as
a function of temperature.
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Fig. 6. Oxygen non-stoichiometry of Pry _,SryCoO5;_s (x=0.1, 0.3, 0.5, and 0.7) at
973 K by coulometric titration.

Petrov’s group [24], using iodometric titration, reported that the
concentration of Co** in a Laj_,SrxCoO;3_; system is increased
with x, reaches a maximum at x=0.4, and then decreases. In other
words, the electro-neutrality is accommodated primarily by the
ionic mechanism at higher doping levels (x> 0.4). These ionic and
electronic mechanisms could be distinguished by the oxidation
state of cobalt and the oxygen content.

Coulometric titration is used to examine the dependence of the
oxygen deficiency of Pr; _ 4SrxCoO3 _ g as a function of p(03) at 973 K
[25]. The oxygen non-stoichiometry of Pr; _,SrxCoO3_ s in Fig. 6 is
obtained as a function of p(O,) at 973 K by coulometric titration
in order to characterize the redox properties. The initial oxygen
content of all samples is determined as 3.0 by TGA in air at room
temperature, as shown in Fig. 6. The isotherms of Pry _ ,SrxCoO3 _
have similar shapes, implying that they have nearly equivalent
reduction mechanisms. All samples begin to decay at 10~4 atm and
decomposition occurs at around 10-° atm. The sample of x=0.5
starts to show reduction at lower p(O;) than the other samples,
and it is concluded that Prys5Srg5Co03_5 shows the best redox
stability among Pr; _,SrxCoO5 _ 5 series. Therefore, redox isotherm
data in this study, Pr; _ xSrxCoO; _ 5 operating at 10~ atm at 973K
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Fig. 7. Electrical conductivities of Pry _,SryCoO3;_s (x=0.1, 0.3, 0.5, and 0.7) under
various p(0;) (atm) at 973 K.



S. Park et al. / Journal of Power Sources 210 (2012) 172-177

176
15
o= A 973K
1 [ (@) x=0.1 A 9K
] ® 873K
v 823K
m 773K S
oay =
— Y —11 2
= s 2
g 2
= <
> 04 05 é
3
02 b
0 3 L A1}
0 0.5 1 1.5 2 2.5 3
Current Density (A cm™)
L 2ok 15
(b)x=0.3 A
] ® 873K
v 823K
m 773K S
. 3
5 2
g o,
= =3
S 4053
3
0.2 )
L}
0 hb' 0
0 1 2 3 4 5

Current Density (A cm™)

Fig. 8. I-V curves and corresponding power density curves of a single cell (Pry _,SryCoO5_ s—GDC/GDC/Ni-GDC) under various temperatures: (a) x=0.1, (b) x=0.3, (¢) x=0.5,

and (d) x=0.7.
0.5 = A 973K
|(@x=01 s
® 873K
P L v 823K
< m 773K
g L
9’ 025 -
N L
e r "
r— L
T L 2 .t PR ™ .. - .
[ ] L
L e PP ".. .- [ ] .
0 TR AR | M T Y s y PF o P | L L
0 0.2 04 0.6 0.8 1
Re Z (Q cm?)
0.5 = 2 97K
_(b).\‘-0.3 * 93K
® 873K
s L v 823K
NE m 773K
5 L
g 0.25 [
N
_E‘ r = i = =
- . » | ]
L L.
0 1 gy ¥ty JC.OI..u-' ..-1... L T N l-. " PR R T T
0 0.2 0.4 06 0.8
Re Z (Q em?)

Fig. 9. Impedance spectra of a single cell (Pry _,SryCoO3 _s—GDC/GDC/Ni-GDC) measured under OCV using H; as a fuel and ambient air as an oxidant at various temperatures:

(a)x=0.1,(b)x=0.3,(c)x=0.5,and (d) x=0.7.

Voltage (V)

Voltage (V)

-Im Z (Q cm?)

-m Z (0 cm?)

-
[&)]

A 973K
* 923K
® 373K

(z-wd AN Alisuaq Jamod

Current Density (A cm™)

1_| (d)x=07

1.5

A 973K
* 923K
® 873K

o
o
(z-wo Ap) Aysuaq Jemod

L
v

2

3

Current Density (A cm™2)

0.5

o A 973K
_(C).\ 0.5 o 023K
® 873K
L v 823K
m 773K
025 -
[ L n " -
r -
we" i --ll“.-. [}
= oe "%y ] . [}
0 L o wtPiPL il S R T ‘. 1
] 0.2 0.4 0.6 0.8 1
Re Z (Q cm?)
05 — a 973K
_(d)x—O.? * 03K
® 873K
L ¥ 823K
m 773K
025
|
- | | n
L}
-
L}
[ II....-. I...-......
u® | L ]
r oo S0V, o ma %
o et N LI
0 0.2 0.4 0.6 0.8 1
Re Z (Q cm?)



S. Park et al. / Journal of Power Sources 210 (2012) 172-177 177

0.08

At 923K
E A x=0.1
e x=03
& i x=0.5
E L * x=07
G
=~ 0.04 -
N
_g r Py % "0‘0 + . . .
L .t a B a
& o‘. ..-. * ., A -
[ o = B
*
0 L L Tl | L L 1 lo L 1 | L Y 1
0.08 0.12 0.16 0.2 0.24
Re Z (Q cm?)

Fig. 10. Impedance spectra of the single cell (Pr; _,SryCoO3 _5-GDC/GDC/Ni-GDC)
measured under OCV using H; as fuel and ambient air as oxidant at 923 K.

might undergo steep oxygen non-stoichiometry gradients and cor-
responding structural instability.

The 4-probe electrical conductivities of Pry_,SrxCoOs_j
depending on the p(0,) at 973 K are presented in Fig. 7. The elec-
trical conductivities increase with p(0;) in all cases, indicating that
this material is a p-type electronic conductor under the present
experimental conditions. The conductivities range from about 900
to 2000Scm~! at 973 K, which is sufficiently high for the IT-SOFC
operating temperature. However, the electrical conductivities of
Pr; _,SrxCo0s5 _ 5 significantly decrease at a p(O;) of approximately
10-6-10-° atm at 973 K. This suggests that the electrical proper-
ties are closely related with the decomposition of the material,
which can be speculated from the oxygen nonstoichiometry in the
isotherm data.

The electrochemical performances of the Pry _ 4SryCoO3 _ 5 using
aNi-GDC anode supported cells are presented in Fig. 8 with humid-
ified Hy (3% H,0) as a fuel and static ambient air as an oxidant in a
temperature range of 773-973 K. The OCV for all samples is approx-
imately 0.8V at 973 K and increases with decreasing temperature.
Generally, high oxygen vacancy concentration in a perovsikte type
leads to an increase in the kinetics of oxygen exchange and dif-
fusion of oxide ions in cathode materials, which in turn results
in increased electrochemical performance [18]. The electrochemi-
cal performance trend of Prq _ ,SrxCoO5 _ 5, however, follows that of
the electrical conductivity instead of the concentration of oxygen
vacancy. Therefore, the effect of electronic charge compensation
might overwhelm the oxygen ionic compensation. The maximum
power density is 1.19Wcm~2 for x=0.3 at 973 K. The other sam-
ples also show excellent power density, 1.16, 1.05,0.92 W cm~2 for
x=0.5, 0.1, and 0.7, respectively.

The impedance spectra show similar trends with the power
density, as seen in Fig. 9. For easier approach to recognize the
impedance data at 923 K, Fig. 10 is additionally presented. In these
spectra, the intercepts with the real axis at low frequency indicate
the total resistance of the cell, and the value at high frequency is
the ohmic resistance of the cell. The variation between the two
values on the real axis indicates the sum of electrode-electrolyte
interface resistance and electrode reactions, which is identified as
the non-ohmic resistance of the cell [26]. The increase in operating
temperature results in a considerable reduction of the non-ohmic
resistance due to the faster oxygen reduction kinetics. The mini-
mum non-ohmic resistance is 0.023 2 cm? at 973K for x=0.3, i.e.,
Pro7Sro3 COO3 _5-

4. Conclusions

Pri _4SrxCoO3_5 (x=0.1, 0.3, 0.5, and 0.7) perovskite oxides
have been studied as a cathode material for IT-SOFCs. The
Pry _4SrxCoO3 _5 powders are prepared by the Pechini method

and the glycine-nitrate-process (GNP) method. The electrical con-
ductivity of Pry_,SryCoO3_s measured by a four-terminal DC
arrangement increases with increasing Sr content but decreases
at a high Sr doping range (x > 0.3) in air. For the samples with x=0.1
and 0.3, Co** ions, which indicate the formation of electronic holes,
maintain the electro-neutrality dominantly with strontium addi-
tion and result in higher electrical conductivity. On the other hand,
the decreased electrical conductivity with higher Sr content for
x>0.3 is mostly caused by the formation of oxygen vacancies and
a consequently decreased amount of Co?* ions. The redox prop-
erties of Pry_,SrxCoO;3_4 are evaluated by coulometric titration,
and electrical conductivity depending on p(0;) is measured simul-
taneously. All samples show similar isotherm shapes and start
to decompose at around 10> atm at 973 K. The sample of x=0.5
shows reduction at lower p(O, ) than the other samples (at approx-
imately 10-6 atm). The electrical performances of Pr; _ ,SryCoO5 _
are evaluated using an anode-supported cell based on a GDC
electrolyte with humidified H, (3% H,0). The maximum power
density is 1.19W cm~2 for x=0.3 at 973 K. The other samples also
show good performance above 1.0 W cm~2, except for x=0.7. These
results are explained by the higher electrical conductivity of the
Pry7Srg.3Co05 _ 5, possibly due to the higher concentration of holes
caused by electronic compensation rather thanionic compensation.
Therefore, Prg7Srg3Co03_5 is a more suitable candidate cathode
material for IT-SOFCs in terms of electrical conductivity and elec-
trochemical performance.
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