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a b s t r a c t

Calcium doped yttrium iron garnet, Y2.5Ca0.5Fe5O12�d (YCFO), was studied as a new cathode material for
intermediate temperature solid oxide fuel cells. Low polarization resistance of 0.55 Ucm2 at 650 �C was
realized with the use of YCFOeCe0.8Sm0.2O1.9 (SDC, 40 wt.%) composite electrode. An investigation over
limiting steps of the cathode reaction suggests that oxygen ion diffusion, oxygen dissociative adsorption,
and gas-phase diffusion might be the rate-limiting steps for the YCFOeSDC cathode. Of a single cell using
the YCFOeSDC composite cathode, the polarization resistance reduces to as low as 0.14 Ucm2 measured
at 650 �C, and the maximum power density reaches 438 mW cm�2 with a 40 mm e thick SDC electrolyte.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Finding suitable cathode materials is crucial to intermediate
temperature solid oxide fuel cells (IT-SOFCs) with the goal to
improve their catalytic activity at the reduced operating tempera-
tures. To meet the reaction demand on both electronic and ionic
conducting paths, an effective cathode material for IT-SOFCs has
been mainly reported as the electroniceionic mixed conductors,
which includes the doped perovskite [1e14], double perovskite
oxides [15e18], and K2NiF4 type oxides [19,20]. Among such mixed
conductors, cobalt-based perovskite or ordered-double perovskite
oxides, such as La0.8Sr0.2CoO3�d (LSC) [1], La0.6Sr0.4Co0.2Fe0.8O3�d

(LSCF) [2e6], Sm0.5Sr0.5CoO3�d (SSC) [7e11], and Ba0.5Sr0.5
Co0.8Fe0.2O3�d (BSCF) [11e14], have been found to exhibit fairly
good electrochemical activity to oxygen reduction. For example,
low interfacial polarization resistances of 0.33, 0.18 and 0.064 Ucm2

at 600 �C were achieved in LSCFeCe0.8Gd0.2O3 (GDC) [2],
SSCeCe0.8Sm0.2O1.9 (SDC) [7] and BSCFeSDC composite cathodes
.
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[12], respectively. In such composite cathodes, doped ceria was
normally added in order to enlarge the length of triple-phase
boundaries (TPBs). However, the high contents of non-earth-
abundant lanthanide and cobalt elements in these materials had
led to a high cost of the resulting cells [21]. Therefore, a new
electrochemical active cathode using as much as possible earth-
abundant materials would be important for commercializing such
IT-SOFCs at the market-acceptable prices.

Yttrium irongarnet, Y3Fe5O12 (YIG), haddrawnmuchattention in
the past as a promising ferrimagnetic oxide, andwaswidely applied
in microwave and magneto-optic devices [22]. With the introduc-
tionof lowervalence cations, suchasCa2þ, intoA-site, relativelyhigh
specific oxygen permeability with the value of 10�11 mol s�1 cm�2

could be achieved [23]. In addition, the thermal expansion coeffi-
cient (TEC) of YIG was approximately 10.6 � 10�6 K�1 [23], which
was very close to those of stabilized zirconia (10.5 � 10�6 K�1 [24])
and doped ceria (11.4 � 10�6 K�1 [25]) electrolytes. It should be
reasonable to predict the potential use of the modified garnet as
a cathode material in SOFCs. Unfortunately, little investigation has
been put on utilizing a garnet as cathodes in the past, except that it
was referred as an undesirable product from the reaction between
electrolyte and cathode in one literature [26]. In this research, we
thoroughly investigated the use of garnet Y2.5Ca0.5Fe5O12 (YCFO) as
a cathode material for IT-SOFCs. Polarization resistances of the
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Fig. 1. X-ray diffraction patterns of Y2.5Ca0.5Fe5O12�d (YCFO), Ce0.8Sm0.2O1.9 (SDC) and
YCFOeSDC powders. YCFOeSDC powders in the weight ratio of 1:1 were co-fired at
1100 �C for 2 h.
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YCFOeSDC composite cathodes were studied as functions of the
weight ratio of the SDC phase, the tested temperature, and the
oxygen partial pressure using symmetric cells. Electrochemical
performances of single cells using the YCFO-based composite cath-
odes were also characterized in details.

2. Experimental

2.1. Preparation of powders, symmetric cells and single cells

The powders involved in this study, including Y2.5Ca0.5Fe5O12�d

(YCFO), Ce0.8Sm0.2O1.9 (SDC) [27] and NiO [28], were all synthesized
by the glycine nitrate process. The detailed synthesis procedure for
YCFO powders was shown as follows. Proper amount of Y2O3
powders were dissolved in dilute nitrate to form an yttrium
nitrate solution. Stoichiometric amount of Ca(NO3)2$4H2O and
Fe(NO3)3$9H2O were dissolved in distilled water, and then mixed
with the yttrium nitrate solution. Glycine, working both as
a combination agent and as a fuel, was added into the nitrate
solution with the glycine/nitrate molar ratio of 0.5:1. The formed
solution was heated on an electric oven till self-combustion
occurred. The as-synthesized powders were subsequently fired at
1100 �C for 2 h to obtain YCFO powders. YCFOeSDC composite
powders with the weight ratio of 1:1 were fired at 1100 �C for 2 h to
evaluate their chemical compatibility.

To make electrical conductivity measurement, YCFO powders
were shaped into a rectangular bar by cold-pressing technique, and
then sintered at 1350 �C for 5 h in air. The sintered bar was
approximately 36.52mm in length, 6.12 mm inwidth, and 2.05mm
in height. Four silver wires were wound tightly around the sintered
samples as current collector, in which the two outer electrodes
32.30 mm apart supplied the current and the two inner electrodes
23.06 mm apart measured the potential drop.

Symmetric cells were fabricated with SDC as electrolytes. SDC
powders were cold-pressed at 220 MPa into disks about 13 mm in
diameter and 1 mm in thickness, and then sintered at 1400 �C for
5 h in air as electrolyte substrates. YCFO and SDC powders were
mixed at an SDC weight ratio ranging from 0 to 60% as composite
electrodes. Screen-printing technique was applied to fabricate the
YCFOeSDC composite electrode film on both surfaces of the SDC
disks with 6 wt.% ethylcelluloseeterpineol as organic binder. The
samples were then fired at 1100 �C for 2 h to complete the fabri-
cation procedure. YCFOeSDC composite cathodes were abbreviated
as YCFOeSDCx, where the number x after SDC denoted the weight
percentage of SDC in the composites. For example, YCFOeSDC40
meant 40 wt.% SDC in the composite cathode.

Single cells were fabricated by a co-pressing technique. NiO and
SDC powders were mixed at the weight ratio of 65:35 as
a composite anode. Bi-layers of the anode substrate and SDC elec-
trolytewere co-pressed at 250MPa and then sintered at 1250 �C for
5 h to obtain a dense SDC membrane. YCFOeSDC40 composite
cathodes were prepared by the screen-printing techniques with the
same process as that for symmetric cell fabrication.

2.2. Characterization

Structural characterizations of YCFO, SDC and YCFOeSDC
powders were carried out by powder X-ray diffraction (XRD)
using a Philips X’pert PROS diffractometer with Cu-Ka radiation at
room temperature. The electrical conductivity measurement of
YCFO pellets was conducted using a four-probe direct current (DC)
technique. The impedance spectra of the symmetric cells were
investigated using an Electrochemical Workstation (IM6e, Zahner).
The measurements were conducted from 500 to 650 �C in a dry
O2eN2 atmosphere over a frequency range from 0.1 Hz to 1 MHz
with a 10 mV AC signal amplitude. The oxygen partial pressures in
O2eN2 atmosphere were controlled at 0.01 � 105, 0.10 � 105,
0.21 � 105 and 1.00 � 105 Pa using a mass flow controller.

Single cells were tested from 500 to 650 �C in a home-developed
cell testing system with humidified (w3% H2O) H2 and ambient air
as reactant. The flow rate of hydrogen was 40 ml min�1. The AC
impedance spectra and discharging performance of single cells
were measured using an electrochemical workstation (IM6e, Zah-
ner). Fracture microstructure of tested cells was analyzed using
a JEOL scanning electron microscopy (SEM, JXA-8100).

3. Results and discussion

3.1. XRD characterization

Fig. 1 shows the X-ray diffraction (XRD) pattern of Y2.5Ca
0.5Fe5O12�d (YCFO) powders sintered at 1100 �C for 2 h. All observed
diffraction peaks of the YCFO sample can be well indexed based on
a cubic garnet structure (PDF #430507) with a simulated lattice
parameter of 12.3511 Å. XRD patterns of SDC powders (as a refer-
ence) and YCFOeSDC mixture are also shown in Fig. 1(b) and (c),
respectively. According to Fig. 1(c), those diffraction peaks of the
YCFOeSDC powders can be referred clearly to either YCFO or SDC
phase, indicating that the YCFO cathode will be chemically stable
with the use of SDC electrolyte at the tested temperature.

3.2. Impedance spectra for symmetric cells

Fig. 2 shows the impedance spectra of the symmetrical cells
using the YCFOeSDCx (x ¼ 0, 30, 40, 50, 60, the SDC weight
percentage) composite cathodes measured at 650 �C in air. The
determined polarization resistances (Rp) are shown in Fig. 3 as
functions of weight ratio of the SDC and the tested temperature.
The polarization resistance firstly reduces with the increase of the
SDC weight ratio, and it reaches a minimum at SDC of 40 wt.%.
Actual Rp values are 9.99, 0.77, 0.55, 5.21 and 5.49 Ucm2 at the SDC
weight ratio of 0%, 30%, 40%, 50%, and 60%, respectively. This
behavior is in fact consistent with the statement that the length of
triple-phase boundaries could be greatly enlarged by introducing
a suitable amount of ionic conducting phase into the composite
cathode [3,7,29].

Linear temperature dependences of Rp for the YCFO-based
composite electrodes are shown in Fig. 4. This linear dependence



Fig. 4. Temperature dependences of the interfacial polarization resistances (Rp) using
YCFOeSDCx cathodes, La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF) cathode [2], and
LSCFeCe0.8Gd0.2O3 (GDC) cathode [2].

Fig. 2. Impedance spectra of the symmetric cells tested at 650 �C based on YCFOeSDCx
composite cathodes.
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for every tested electrode in the studied temperature range implies
the same reactionmechanism. For the YCFO single-phase electrode,
the Rp values are 312.21, 81.30, 28.94 and 9.99 Ucm2 measured at
500, 550, 600 and 650 �C, respectively. And for the YCFOeSDC40
composite electrode, they are 11.81, 3.48, 1.43, and 0.55 Ucm2,
respectively. The activation energies for such YCFO-based elec-
trodes are in the range of 1.38e1.22 eV. For comparison, the
polarization resistances of La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF) [2] and
LSCFeCe0.8Gd0.2O3 (GDC) electrodes [2] are also shown in Fig. 4.
The polarization resistance with the LSCF single-phase electrode is
1.10 Ucm2 measured at 650 �C [2], approximately an order of
magnitude smaller than that with the pure YCFO electrode, sug-
gesting a much faster reaction rate when using the LSCF single-
phase electrode. Fortunately, the polarization resistance of our new
YCFOeSDC40 composite electrode is very close to that with
LSCFeGDC (40 wt.%) (also shown in Fig. 4), especially at tempera-
tures lower than 600 �C because of a smaller activation energy. The
value of the polarization resistance of the LSCFeGDC composite
electrode was 0.27 Ucm2 at 650 �C [2].

Fig. 5 shows the temperature dependence of electrical conduc-
tivity of the YCFO sample in air measured by the four-probe
method. Conductivity of the YCFO sample increases when
increasing the temperature. It is approximately 0.69, 0.87 and
1.01 Scm�1 measured at 500, 600 and 700 �C, respectively.
Conductivity of the YCFO sample is approximately 2e3 orders of
magnitude lower than that of LSCF (>300 Scm�1at 750 �C [2]) and
SSC (w103 Scm�1 [9]), which might be the reason to explain the
Fig. 3. Polarization resistances (Rp) of the symmetric cells as a function of the SDC
weight ratio in the YCFOeSDC composite cathodes.
observed large polarization resistance with the YCFO single-phase
electrode. The lowered polarization resistances of the YCFOeSDC40
composite cathode may also imply that the enlarged length of
triple-phase boundaries might have a larger beneficial effect on the
cathode behavior than the intrinsic electrical conductivity of the
used electrode materials.

Dependence of polarization resistance on oxygen partial pres-
sure was investigated in order to clarify the possible rate-limiting
steps for the YCFO-based composite electrodes. Fig. 6 shows typical
impedance spectra of the YCFOeSDC40 composite electrode
measured at various oxygen partial pressures at 650 �C. Two
depressed semicircles could be clearly observed in these spectra,
indicating at least two limiting reaction steps for the oxygen
reduction reaction. The length of low frequency arc reduces much
faster with the increase of oxygen partial pressure than that of the
high frequency arc does. An equivalent circuit composed of two RQ
Fig. 5. Electrical conductivity of the Y2.5Ca0.5Fe5O12 samples sintered at 1350 �C for 5 h
measured in air.



Fig. 6. Impedance spectra of the symmetric cell with YCFOeSDC40 composite elec-
trode measured in dry N2eO2 atmosphere with various oxygen partial pressures.

Fig. 8. SEM image of the cross-section of a tested single cell.

Fig. 9. Impedance spectra of a single cell with YCFOeSDC40 composite cathode
measured at various temperatures.
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elements (RHQH) (RLQL) is proposed to resolve these spectra, where
R represents the polarization resistance, Q represents the constant-
phase element, and the subscripts H and L correspond to the high
and low frequency arc, respectively. The dependence of RH and RL
on oxygen partial pressure (PO2

) can be presented in a common
format, Ri3P�m

O2
, wherem is the reaction order of Ri with respect to

PO2
. As shown in Fig. 7, RH is almost independent of PO2

with
a reaction order of 0.07 (error of 3.5%), indicating an oxygen ion
diffusion rate-limiting step [18]. The reaction order of RL is 0.63
(error of 1.9%), which is intermediate between 0.5 and 1.0, indi-
cating both a dissociative adsorption-limiting step (form¼ 0.5) and
a gas-phase diffusion-limiting step (for m ¼ 1) [30]. Improved
electrochemical reaction rate could thus be highly anticipated with
the optimization of electrode microstructure because of its bene-
ficial effect on gas-phase diffusion-limiting step. At 0.21 � 105 Pa
and 650 �C, the simulated RH and RL are 0.37 and 0.18Ucm2with the
capacitances of 2.10 � 10�4 Fcm�2 and 5.76 � 10�3 Fcm�2,
respectively.

3.3. Performance of single cells

Fig. 8 shows the cross-sectional view of a tested single cell with
YCFOeSDC40 composite cathode. The cathode adheres well to the
SDC electrolyte, and no reaction layer is observed between the
electrolyte and the cathode. The thickness of the cathode and the
electrolyte film are approximately 50 and 40 mm, respectively.

Fig. 9 shows the impedance spectra of the single cells with
YCFOeSDC40 cathode. The total resistances of the cells are 1.95,
Fig. 7. The simulated high frequency polarization resistance (RH) and low frequency
polarization resistance (RL) of the cell with the YCFOeSDC40 composite electrode as
a function of oxygen partial pressures in dry N2eO2 atmospheres.
0.86, 0.46 and 0.29 Ucm2 at 500, 550, 600 and 650 �C, respectively.
The polarization resistances of the cells are 1.38, 0.54, 0.25, and
0.14 Ucm2 at 500, 550, 600, and 650 �C, respectively, which are
much lower than that of the above symmetric cells. This might
result from the partial electronic conductivity of the SDC electrolyte
at the operating atmosphere, which activates the electrode reac-
tion. Fig. 10 shows the IeV and IeP curves of the single cell with
YCFOeSDC40 composite cathodemeasured from 500 to 650 �C. The
maximum power densities with the values of 113, 221, 351, and
438 mW cm�2 are obtained at 500, 550, 600, and 650 �C, respec-
tively. The values of these maximum power output are very close
Fig. 10. IeV and IeP curves of the single cell with the YCFOeSDC40 composite cathode
measured at various temperatures.
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to those with LSCF (350 mW cm�2 at 700 �C [2]) and SSC
(350e400 mW cm�2 at 600 �C [8,11]) based composite cathodes,
suggesting that the YCFO-based composite electrode could become
an alternative, low-cost but electrochemically active cathode for
future IT-SOFCs.
4. Conclusions

An iron garnet, Y2.5Ca0.5Fe5O12�d (YCFO), was fully characterized
as a promising cathode material for intermediate temperature solid
oxide fuel cells. The polarization resistance with YCFO single-phase
cathode was 9.99 Ucm2 at 650 �C, about an order of magnitude
larger than that with La0.6Sr0.4Co0.2Fe0.8O3�d single-phase cathode.
The conductivity measurements suggested that the low conduc-
tivity of YCFO should account for the large polarization resistance
of the YCFO single-phase cathode. With the introduction of
Ce0.8Sm0.2O1.9 ionic conducting phase to enlarge the length of
triple-phase boundaries, the polarization resistances of YCFO-based
composite cathodes reduced greatly and reached a minimum at
SDC of 40 wt.%. The low polarization resistance value of the
YCFOeSDC40 cathode, approximately 0.55 Ucm2 at 650 �C, is close
to that with LSCFeGDC (40 wt.%) composite cathode, implying that
the introduction of an ionic conducting phase has amore important
effect on the reaction rate than the conductivity of the material.
With YCFOeSDC40 as composite cathode, the maximum power
density of the cell was 438 mW cm�2 measured at 650 �C. Such
electro-performances of the cells indicate that the YCFO-based
composite materials could become a promising and low-cost
cathode for future IT-SOFCs.
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