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ABSTRACT: Perovskite Sr;_,Ce,CoO;_s (0.05 < x < 0.15) have been prepared S TV p——— 12

by a sol—gel method and studied as cathodes for intermediate temperature solid 081%4, , e 700(‘]0 —
oxide fuel cells. As SOFC cathodes, Sr;_,Ce,CoO;_s materials have sufficiently s 077 '.""'-__” 650°C ;
high electronic conductivities and excellent chemical compatibility with SDC = °° P L )
electrolyte. The peak power density of cells with SryesCeosC0O;_s is 0.625 W £ 03] L eizeette.. Log B
cm ™2 at 700 °C. By forming a composite cathode with an oxygen ion conductor 204 '-"' '-. i
SDC, the peak power density of the cell with SryesCeysC0O;_5-30 wt %SDC & 31 R T04 =2
composite cathode, reaches 1.01 W cm™ at 700 °C, better than that of 021 ra Loz (E:
Smy;Sry sCoO;-based cathode. All these results demonstrates that Sr;_,Ce, CoO;_; o1y ¢ -
(0.05 < « < 0.15)-based materials are promising cathodes for an IT-SOFC. T 0s 0 s 20 2
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1. INTRODUCTION

Solid oxide fuel cells (SOFCs) are the most attractive among all
kinds of fuel cells, especially considering the fuel flexibility and
high energy conversion efficiency due to high operating
temperatures.l’2 However, high operation temperature puts
harsh requirements on SOFCs component materials and thus
leads to rapid degradation of the cells. Therefore, great efforts
have been devoted to lowering the operating temperature to
intermediate temperature range of 600—800 °C or even lower.”
However, reducing the operating temperature decreases the
electrode kinetics and results in large interfacial polarization
resistances as well. This effect is most pronounced for the
oxygen reduction reaction (ORR) at the cathode.® In recent
years, much attention has been paid to modification of the
conventional cathode materials and searching for new materials
that can efficiently work at intermediate or low temperature
ranges.

Cobalt containing perovskite StCoO;_;s has attracted much
attention as potential cathode materials for oxygen permeation
and SOFCs because of its high electrochemical activity,
however, SrCoO;_s is unstable, chemically and thermally
incompatible with yttria-stabilized zirconia (YSZ), samaria/
gadolinia-doped ceria (SDC/GDC) and lanthanum strontium
gallium magnesium oxide (LSGM) electrolytes. Doping on A-
site or/and B-site were usually adopted to stabilize SrCoO;_s
and reduce the thermal expansion coefficient (TEC). Although
iron partially substituting of cobalt successfully limits the phase
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transition of SrCoO;_z and does reduce the thermal expansion
coefficient of SrCoQO;_s down to the appropriate level of the
commonly used electrolytes, oxygen vacancy ordering arised
from ferrite-doping deteriorates its electrochemical perform-
ance. Partially substituting Sr with Ba to form
Bay sSro5CogsFep,0; (BSCF) suppresses the oxygen vacancy
ordering process and shows excellent electrochemical perform-
ance at intermediate temperature,” but it is reactive to CO, and
water.”® Therefore, the design of an efficient and stable cathode
for ORR at intermediate temperature is still a major challenge
to the construction of IT-SOFCs.

James et al.” studied structure and magnetism in the oxygen-
deficient perovskites Sr;_,Ce,CoO;_s (hereafter abbreviated as
SCCO). Maignan et al® found that the most metallic
composition of Sr;_,Ce,CoO;_s corresponds to x = 0.05 and
0 = 028. Wei et al. studied the electrical properties of
SrCo0;_; doped by CeO,.” It was found that the conductivity
of Sr;_,Ce,Co0O;_s enhanced with increasing CeO, within the
solubility limit. The conductivity over S00 S cm™" was obtained
at x = 0.15 when testing at 350—400 °C for the sample sintered
at 1100 °C. To the best of our knowledge, there is no report on
the electrochemical performance of SCCO as a cathode for
solid oxide fuel cells so far. In this work, we investigated
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perovskite Sr;_,Ce,CoO;_5 (0 < x < 0.2) and their composites
with SDC as cathode materials for immediate temperature
SOFCs. For the composition of x = 0.2 in SCCO, the sample
has low electronic conductivity due to more CeO, impurity. So
we only present the results of three compositions
Sr;_,Ce,CoO5_, (x = 0.0S, 0.10, and 0.15) in this paper.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Sr;_,Ce,CoO;_s (x = 0.05, 0.10, 0.15). In a
typical sol—gel synthesis of Sr;_,Ce,CoO;_5 (x = 0.05, 0.10, 0.15),
stoichiometric amounts of AR-grade strontium nitrate (Sr(NO;),),
cobalt nitrate (Co(NO;),6H,0), and cerium nitrate (Ce-
(NO;);-6H,0) were dissolved in 100 mL of distilled water. Then,
2.31 g of citric acid were dissolved in a solution consisting of 8 mL of
ethylene glycol (EG) and 10 mL of distilled water, and added to the
above solution with uniformly mixed; a pink solution was obtained.
After stirring the solution for 10 h at 80 °C on a hot plate, the solution
became a stiff gel. The brown gel was dried in an electric oven at 250
°C to obtain a dark-gray precursor. Then the precursor was pelleted
and calcined at 1100 °C in air for more than 72 h followed by
repeatedly grinding, pelleting, and calcining until no further reactions
were detected.

2.2. Characterizations. X-ray powder diffraction (XRD) patterns
were recorded in a Philips X'Pert PRO diffractometer equipped with
Cu Ka radiation over the 26 range of 20—80° or 10—130° for each
sample, and refinement of the SCCO structure was conducted using a
GSAS-EXPGUI software'® with PowderX for data preparation.

Chemical compatibility between SCCO and SDC was examined by
mixing SCCO and SDC in a weight ratio of 1:1 and calcining for S h at
1000 °C and then checked by X-ray diffraction test.

Thermogravimetric analysis (TGA) profiles were collected with a
NETZSCH STA 449C high-temperature thermoanalyzer apparatus
(Netzsch Inc., Germany) at a heating/cooling rate of 2.5 °C/min from
20 to 900 °C in air. About 130 mg of the SryysCeqsCoO;_5 sample
was used in the TGA experiment. Thermal mechanical analysis
(TMA) was employed for the measurement of the thermal expansion
coeflicient with a NETZSCH DIL 402C apparatus and with an AL,O;
reference in the temperature range of 17.5—1000 °C and a ramp rate
of 5 °C min~" in air.

Electronic conductivity of SCCO samples were measured in
temperature range of 400 to 800 °C using a 4-probe configuration
with a Keithley 2400 SourceMeter (Keithley Instruments, Inc.). The
relative density of the bar-shaped samples is about 83%, measured with
Archimedes method.

2.3. Fabrication and Testing of Cells. The electrochemical
performance of SCCO as intermediate temperature SOFC cathodes
was characterized with a samaria-doped ceria (Smg,Ce(30;, SDC)-
based symmetric cell and a single cell. A symmetric cell was fabricated
by uniaxial pressing 300 mg highly porous SDC powder obtained by a
glycine-nitrate combustion process'' at 500 MPa and sintering for 5 h
at 1400 °C, SCCO powder was thoroughly mixed with ethyl cellulose
and terpinol, the cathode paste was painted symmetrically on the both
sides of the electrolyte followed by sintering at 900—1000 °C for 2 h,
Ag paste was painted subsequently on the SCCO cathodes as a current
collector.

SDC-based single cells were fabricated by a dry-pressing procedure,
using highly porous SDC and NiO powder prepared by a glycine-
nitrate method and calcined at 600 °C for 2 h and 850 °C for 4 h,
respectively. For a single cell, the mixture of SDC, NiO, graphite with a
weight ratio of 35: 65: 20 was pressed at 200 MPa to form a green
anode support, SDC powder was then added, uniformly distributed
and copressed onto the obtained green support pellet at 300 MPa. The
resultant green half cells were then calcined at 1300 or 1350 °C for S
h; SCCO cathode was painted onto both sides of the SDC electrolyte
in a symmetric cell, then dried and sintered at 950 °C. Ag paste was
subsequently painted onto the cathode as a current collector.
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The polarization resistances of the symmetric cells were determined
by electrochemical impedance using IM6e (Zahner) from 600 to 700
°C in a frequency range of 0.1 Hz to 1 M Hz.

Single cell was first reduced in wet hydrogen (3 vol.% H,O) at 600
°C and tested in humidified hydrogen and air from 600 to 700 °C with
an interval of 50 °C using a SOLARTRON electrochemical
workstation.

3. RESULTS AND DISCUSSION

3.1. Structure and Chemical Compatibility. Figure 1
shows the XRD patterns of the as-synthesized Sr,_,Ce,CoO;_s
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Figure 1. Powder X-ray diffraction patterns of the as-synthesized
Sr;_,Ce,Co0;_s with different Ce-doping amount.

(x = 0.05, 0.10, 0.15), abbreviated as SCCO005, SCCO010,
and SCCOO1S respectively hereafter. It can be seen that the
SCCOO00S and SCCOO010 samples were phase pure, but for the
nominal SCCOO01S sample, a second phase marked with # was
observed. As indicated in Figure 1, the second phase can be
indexed to a face-centered cubic phase CeO, (JCPDS No. 34—
0394)."> This result indicates the solid solution limit of CeQ, in
SrCo0O;_; is between 10 and 15%.

To identify the structures of Sr;_,Ce,CoO;_; the XRD
pattern of the as-synthesized Sr;_,Ce,CoO;_s(x = 0.05 and
0.10) samples were refined in the tetragonal space group P4/
mmm. The observed, calculated, and difference profiles together
with the ascribed Bragg reflections are displayed in Figure 2.
The obtained Srj¢5Ce(sC00;_s and SrygoCey0C00;5_5
samples are a single phase with lattice parameters a
3.84983(5) A, b = 3.84983(5) A, ¢ = 7.70711(18) A, and a =
3.84640(4) A, b = 3.84640(4) A, ¢ = 7.68366(12) A,
respectively, which are in good agreement with those reported
in the literature. The lattice parameters, atomic coordinates,
occupancy, and the selected bond lengths for Sr;_,Ce, CoO;_s
(x = 0.05 and 0.10) from the powder XRD data are
summarized in Table 1. It can been seen that the lattice
parameters and unit-cell volume of SCCOO005 are bigger than
those of SCCOO010 due to the larger ionic radius of Sr** (1.18
A) compared with that of Ce*" (0.97 A)," indicating that Ce
doping causes the lattice contraction.

The evolution of the oxygen concentration in
Sr4.95Ceg0sC00;. 5 during thermal cycling in air was determined
by TGA in the temperature range of 20—900 °C with a
heating/cooling rate of 2.5 °C/min. As shown in Figure 3, it
can be seen that the SryysCeyosC00O;5 sample experiences a
weight loss at higher temperatures. Up to 700 °C, the highest
temperature for electrochemical performance measurements in
the present study, a weight loss of 1.9% was observed,
corresponding to about 7.8% of total oxygen content. It is also
noted that the oxygen loss in SrygsCeysCoO;_5 during high
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Figure 2. Observed (solid circle) and calculated (solid line) XRD
patterns of SryosCe0sC00;_s (a) and SrygCeyoC0O5_5 (b) after
refinement in the tetragonal space group P4/mmm. The vertical marks
below the pattern give the positions of the ascribed Bragg reflections,

and the difference profile is shown at the bottom.

Table 1. Lattice Parameters, Atomic Coordinates,
Occupancy, and the Selected Bond Lengths for
Sr;_,Ce,Co0;_s(x = 0.05 and 0.10) from the Powder XRD

Data

space group
a (A)

b (A)

c(A)

V (A%)

d (g em™)

Ce_ Ol (A) (x4)
Ce 02 (A) (x4)
Ce_03 (A) (x4)
Col Ol (A)
Col_02 (A)
Co2_02 (A)
Co2 03 (A)
Sr_0l (A)
Sr_02 (A)
Sr_03 (A)

Ol (x, 0, 0)

02 (0,0, 2)
03(x, 0, z)
Rop(%)

R,(%)

SCCO00S

P4/mmm
3.84983(5)
3.84983(5)
7.70711(18)
114.228(5)
5.733
2.68119(4)
2.72315(4)
2.76660(4)
1.92491(3) (x4)
1.93680(5)(x2)
1.91676(5)(x2)
1.92491(3)(x4)
2.68119(4)(x4)
2.72315(4)(x4)
2.76660(4)(x4)
0.5000000(0)
0.2513000(0)
0.5000000(0)
2.04

1.49

SCCO010
P4/mmm
3.84640(4)
3.84640(4)
7.68366(12)
113.678(3)
5.837
2.68119(4)
2.72315(4)
2.76660(4)
1.92320(2)(x4)
1.93090(3)(x2)
1.91093(3)(x2)
1.92320(2)(x4)
2.67405(2)(x4)
2.72080(3)(x4)
2.76309(3)(x4)
0.5000000(0)
0.2513000(0)
0.5000000(0)
2.20
1.63

temperature is not reversible upon cooling down. The oxygen
recover upon cooling down to 50 °C reached almost the same
level of SrygsCeyosC00O;_5 at 700 °C during heating.

To reveal the chemical compatibility of SCCO with ceria-
based electrolyte, Figure 4 shows the XRD patterns of SDC,
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Figure 3. TGA curves of Srg5Ce(sCoO;_s measured upon heating
up and cooling down between room temperature and 900 °C in air.
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Figure 4. XRD patterns of the composites of Sr;_,Ce,CoO;_s and
SDC calcined at 1000 °C for S h to show their chemical compatibility.

SCCO, and SDC mixed with SCCO of the same weight before
and after heat treatment at 1000 °C for Sh. It clearly
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demonstrates that there is no impurity phase in the patterns,
indicating that SDC and SCCO are chemically compatible at
1000 °C. Therefore, SCCO-based cathode is a potential
cathode for SDC-electrolyte-based SOFCs.

3.2. Electrical Conductivity. The electrical conductivities
of SCCO samples were measured in the temperature range of
400 to 800 °C using a DC four-probe configuration, as shown
in Figure S. It indicates that the electrical conductivity of

650 T
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. —4—SCCO015

5004 M .

T 4501 \\ o

>} . .
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Figure S. Electrical conductivities of Sr;_,Ce,CoO;_s (x = 0.05, 0.10,
0.15) from 400 to 800 °C measured using a DC 4-probe method.

SCCOO010 is the highest among the three compositions studied,
which is different with the result reported by Guo et al.” The
three samples with different Ce-doping amount all show
metallic conductivity characteristic in the temperature range of
400—800 °C. In the solid solution range that shows only
perovskite phase, partial substitution of Sr by Ce in SrCoQO;_;
would induce the electric charge imbalance in the material.”
Trofimenko et al.'* found that the electrical neutrality of this
material could be realized by both valence variation of B-site
ions and formation of oxygen vacancies. Not only oxygen
vacancies but also the transition of Co** to Co®" leads to the
increase in electronic hole and conductivity with increasing the
doping amount of cerium. The transition from Co** to Co®*
would be enhanced when x > 0.10° However, further
increasing the doping amount of cerium will lead to the
decrease in electrical conductivity due to the occurrence of
CeO, impurity phase.

The thermal expansion coefficient of Sr;_,Ce,CoO;_s was
also measured by thermal mechanical analysis as shown in
Figure 6. The TECs of SCCO005 and SCCOO010 samples were
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o
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= 0.006
©
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Figure 6. Thermal expansion coeflicients of SrygsCesC0O;_s and
S10.90Cep1C00;_5.
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17.5 % 10° K" and 16.6 X 10~° K" between 600 and 900 °C,
respectively. This result shows that the TEC of SCCO is higher
than those of SDC electrolyte materials (12.2 X 107 K™').” To
decrease the TEC of the cathode, we studied a composite
electrode consisting of SCCO and electrolyte materials in the
latter section.

3.3. Polarization Resistance. An effective measure of the
catalytic activity of the fuel cell cathode for oxygen reduction
reactions is the area specific polarization resistance (R,), which
can be obtained from the electrochemical impedance spectros-
copy (EIS) measurements on symmetric cathode fuel cells.
Impedance spectra of the symmetric cells of Sr;_,Ce,CoO;_s (x
0.05, 0.10 and 0.15) in open circuit voltage (OCV)
conditions are shown in Figure 6. All the spectra were collected
when the cell reached a stable state. The polarization resistance
of SCCO cathodes can be calculated through the difference
between the intercepts of the impedance arcs with the real axis
at high frequencies and at low frequencies. To clearly show the
difference in the electrode polarization behavior, the bulk
resistances were removed from the spectra, showing only the
cathode polarization impedances. Thus, the ASR values of the
single electrode layer have been obtained from the
experimentally measured values divided by two. The high-
frequency arc is likely associated with an ion charge transfer
process at the electrolyte—electrode interface. The high-to-
intermediate frequency arc is associated with the charge transfer
process at the air—electrode interface and the intermediate-to-
low frequency arc is caused by oxygen surface adsorption,
dissociation, and surface diffusion.'>'® As shown in Figure 7,
the SCCOO010 exhibits the lowest polarization resistance from
600 to 700 °C, and only 0.23 Q cm* at 700 °C, whereas the
nominal SCCOO015 shows the largest, consistent with the
previous results that SCCOO015 shows the lowest electrical
conductivity and SCC010 shows the highest.

4
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Figure 7. Impedance spectra of Sr,_,Ce,CoO,_s cathodes (O, O, and
A denote x = 0.0S, 0.10, and 0.1S, respectively) in symmetric cells with
a SDC electrolyte tested at different temperatures: (a) 600, (b) 650,
and (c) 700 °C.
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3.4. Single Cell Performance. Figure 8 shows the cross-
sectional SEM images of the cell after the electrochemical

_ Electrolyte

Anode 7

Figure 8. Cross-sectional SEM images of a single cell with a SCCO
cathode, a SDC electrolyte, and a NiO-SDC composite anode: (a)
overview image, and (b) high-magnification SEM image revealing the
microstructural details of the electrolyte and electrodes.

testing. As seen from the image, it is clear that the three layers,
cathode, electrolyte and anode, are well bonded together. The
electrolyte is a dense layer with a thickness of about 44 um.
Both anode and cathode have porous microstructures with
thicknesses of about 363 and 26 pm, respectively.

The electrochemical performance of Sr;_,Ce,CoO,_5 (x =
0.05, 0.10, 0.15) as cathode materials was evaluated in cells Ni-
SDCISDCI SCCO. Figure 9 shows the cell voltages and power
densities, as a function of current density tested in 3 wt % H,O
humidified H, as fuel and ambient air as oxidant at the
intermediate temperature range of 600—700 °C. At 700 °C, the
peak power densities of cells with Sryg5CeosC0O;_s,
Sry90Ce0.10C00;_5 and SrygsCey15C00;_s reach 0.625, 0.562,
and 0.32 W cm™?, respectively. Although the conductivity of
Sry.90Cey.190C00;_5 is the highest, the cell with
Sr.90Ce.10C00;_s cathode did not exhibit better performance
than the composition of SrjsCeg0sC0oO;_s. It may be ascribed
to the oxygen vacancy and Ce*'/Sr** cation ordering as
observed by James et al. within the (I4/mmm) 2a, X 2a, X 4a,
supercell in SCCO010,” which requires further studies.

It is well-known that the electrochemical reaction at the
electrodes in SOFCs is generally believed to occur at the
interface among gas, electronic conductor, oxygen ion
conductor, which is termed the triple-phase boundary
(TPB)."”'® When the SCCO was mixed with SDC, besides
effectively reducing the TEC of the cathode as mentioned
above, it would also significantly extend the TPB for ORR,
therefore, the composite cathodes would give enhanced
performance. As shown in Figure 10, the peak power density
of cells with SCCO005—30 wt % SDC is 1.01 W cm™ at 700
°C, much higher than that of 0.585 W cm™ for the cell with
Smy Sty sCoO; (SSC)-30 wt % SDC cathode and comparable
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Figure 9. Cell voltage (left) and power density (right) as a function of
the current density for the SDC electrolyte cell with different cathodes
measured in 97% H,-3% H,O fuels and ambient air oxidants at 600—
700 °C (M, @, and A denote 700, 650, and 600 °C, respectively.): (a)
Sr95Ce0sC00;_s (b) Sro90Ce10C00;3_5 and (c) Sro5Ce015C005 5.

to that of the LaygSry,Gagg3sMgg 1702814 (LSGM) electrolyte
cell with a Sry,Y(3C00,¢:.5 cathode reported by Goodenough
et al."’

4. CONCLUSIONS

Perovskite Sr;_,Ce,CoO;5 (0.05 < x < 0.15) have been
prepared and studied as cathodes for intermediate temperature
solid oxide fuel cells. The solubility limit lies in 10—15%
between SrCoO; and CeO,. As SOFC cathodes,
Sr;_,Ce,CoO;_s materials have sufficiently high electronic
conductivities and excellent chemical compatibility with SDC
electrolyte. The peak power density of cells Ni-SDCISDCI
St)05Ceq05sC00;_5 is 0.625 W cm™ at 700 °C. By forming a
composite cathode with an oxygen ion conductor SDC, the
peak power density of cell with SrygsCeysC0O5_5-30 wt %
SDC cathode, reaches 1.01 W cm™2 at 700 °C, better than that
of Sm Sty ;CoO;-based cathode. All these results demonstrates
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Figure 10. Characteristics of anode-supported, thin SDC electrolyte
fuel cells with different composite cathodes measured in 97% H,-3%
H,O fuel and ambient air oxidant at 600—700 °C(H, @, and A denote
700, 650, and 600 °C, respectively.): (a) SryesCeosC0O5_5-30 wt %
SDC, and (b) SmgSrosCoO; (SSC)-30 wt % SDC.

that Sr;_,Ce,CoO;_s (0.05 < x < 0.15)-based materials are
promising cathodes for an IT-SOFCs.
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