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Intermediate temperature solid-oxide fuel cells (IT-SOFC) has been becoming a worldwide need for

reaching greater fuel efficiency, lower air pollution, much reduced cost and excellent longtime stability in

energy conversion devices. In the intermediate temperature range (500-700°C), SOFCs based on proton

conducting electrolytes (P-SOFCs) display unique advantages over those based on oxygen ion conducting

electrolytes. A key obstacle to the practical operation of past P-SOFCs is the poor stability of the used

traditional composite cathode materials in the steam-containing atmosphere and their low contribution to

proton conduction. Here we report the identification of a new Ruddlesden Popper-type oxide Sr;Fe,O75

that meets the requirements for much improved long-term stability and shows a superior single-cell

performance. With a Sr;Fe,07.5-5wt.% BaZr, 3Ce( 5Y(,03.5 cathode in a uniform other than the common
composite structure, the P-SOFC exhibits high power densities (683 and 583 Wem™ at 700 °C and 650 °C,
respectively) when operated with humidified hydrogen as the fuel and air as the cathode gas. More

importantly, no decay in discharging was observed within a 100-hour test.

1. Introduction

Demand for clean and renewable energy has aroused worldwide
interests in intermediate-temperature solid-oxide fuel cells (IT-
SOFCs) because of their great potential with long-term stability,
economic competitiveness and conversion efficiency when in
practical usage. Compared with IT-SOFCs using oxygen ion
conductors (e.g., doped ceria), SOFCs with proton conductors
(e.g. BaCe(3Smy,0,9, BaZr,;CesSmy,0,4) in general can offer
quite a few advantages'”’. Firstly, activation energy of proton
transporting can be much lower than that for oxygen ion
transporting, which may potentially offer a higher ionic
conductivity at the intermediate temperature. Secondly, water
product will be formed inside the cathode chamber, which will
facilitate better fuel utilization efficiency and lower fuel cycling
cost. Major progresses on proton conducting SOFCs (P-SOFCs)
have been achieved, and single cells with acceptable power
outputs have been reported by several research groups in the
past." '6 Nevertheless, it is still vital for P-SOFCs in regard of
the unavailability of stable and highly conductive electrolytes,
and also stable and efficient cathode materials.

Cathode electrochemical reactions for a P-SOFC are different
with those for an oxygen ion conducting SOFC!” (O-SOFC), as
shown in equations 1 and 2, respectively. In an O-SOFC, the
primary function of the cathode material is to facilitate the
oxygen reductive dissociation and to accelerate the migration of
formed oxygen ions to the electrolyte. In order to gain at this end,
materials with good oxygen ionic and electronic mixed
conductivities and with sufficient catalytic activities toward the
oxygen reduction, for examples, Lag¢Sry4Co;.Fe, O35 (LSCF),

Smy 5Srg s5C00;.5 (SSC), Bayg 5519.5C00 8Fep203.5 (BSCF), La;NiOs,
are highly recommended. For a P-SOFC, however, protons
transferred from electrolytes will react with oxygen to generate
so water molecule to be further released to gas phase. As depicted in
equation 2, proton conduction, instead of oxygen ion conduction,
should be vital to speed up the cathode reactions for a P-SOFC®.
However, most cathode materials for P-SOFCs till now are those
oxygen ion-electronic mixed conductors inherited from the O-
ss SOFC. Therefore, the proton conducting phase (usually 30-60
wt.%) has to be added to form the composite structure in order to
provide the proton transferring paths’. Typical materials include,
for example, SSC-BZCY'®, LSCF-BZCY'? and LSCF-BZPY''.
Such traditional composite structured cathode materials, however,
are unstable in the high water-containing atmosphere'” *and are
harmful to the long-term stability in a P-SOFC. Furthermore,
effective reaction regions in these composite structured cathodes
are highly restricted to the triple phase boundaries
(proton/electronic/gas) and therefore will retard the cathodic
65 reaction, as shown in Fig.1 (a).

However, if a uniform (single phase, other than the before
mentioned composites) proton—electronic mixed conducting
cathode being applied, the cathodic reaction area would be
extended to the entire surface, and much improved cathodic

70 reaction can be expected, as shown in Fig.1(b).

0-SOFC: O,+4e—2 O (1)

P-SOFC: 4H'+0,+4e—2H,0  (2)

Early efforts to develop uniform proton-electron mixed
conductors mainly focused on substituting altervalent elements

ssinto  the proton conductors, such as BaCe, sBig 50552,
BaCeo_g5Feo_15O3_522, BaZrl_xPrXO3_523, BaCeO_4Pr0_4Y0_ZO3_51 and
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Co-doped BaZrO,**. Unfortunately, such past attempts are not so
successful. Tao et al. demonstrated a BaCe gsFe( 1505.5 cathode
based single cell’, and the maximum power density was about
150 mW c¢m™ at 700°C with a polarization resistance (Rp) of ~
1.74 Q cm?®. With a BaCey 4Pro4Y0.205.5 single phase cathode, a
polarization resistance of ~0.70 © cm? at 600 °C was achieved by
Liu’s group'. Rao et al used a BaZry¢Co,40;.5 cathode, and the
polarization resistance was ~0.19 Q cm”** Low performances of
such uniform proton-electron mixed conducting cathodes mainly
roots in their poor electronic conductivity. For example,
electronic conductivities of  BaZrysCop40s5°"  and
BaZry,Pry4Yo,055> are about 524 and 0.045 Scm’,
respectively, at 700 °C**, about 2 or 3 orders of the magnitude
lower than those of typical cathode materials. Increasing the
altervalent dopants’ concentration is certainly helpful to improve
the electronic conductivity; however, impurities might also form
as the secondary phases.”> >* 2

Ruddlesden-Popper (R-P) oxides with a general formula of
A,4B O3y, €.g. LaNiO4 and ProNiOy4, have attracted wide
attentions potentially as effective electrode materials. With their
unique crystal structure where perovskite layers (n-ABO;)
sandwiched between rock-salt layers (AO), both high oxygen ion
conductivity and electronic conductivity can be obtained in these
oxides.?” **Recently, high water-intercalation along with possible
proton defects was detected in double layered R-P oxides
SryFe,0,.5%°. With the potential being a potential uniform proton-
electronic mixed conductor, in this work, Sr;Fe,0, 5 was firstly
developed as a single-phase cathode for the P-SOFC. Effective
proton concentration and conduction in the moist atmosphere
have been suggested for Sr;Fe,0;5 by the density functional
theory calculation, which enables it an interesting uniform and
single phase cathode for P-SOFCs. With the new Sr3Fe,O;;
cathode, single cells based on BaZry3Ceys5Y(,0;55 (BZCY)
electrolytes demonstrate a good electrochemical performance
with high peak power density of 683 Wcm?and a low
polarization resistance of 0.07 Qcm™at 700°C, among the best
values ever reported so far. Importantly, our cells demonstrate so
far the best long-term stability, to the best of our knowledge.
Within the 100 hours’ test, no performance degradation was
observed when discharging at 0.2 Acm at 700 °C.

2. Experimental

2.1 Preparation and Characterization of Sr;Fe,0,_; samples

Sr;Fe,07.5 (SFO) powders were synthesized using a solid-state
reaction method. Stoichiometric amounts of SrCO; (99.9%,
Sinopharm) and Fe,O; (99.9%, Sinopharm) were mixed in
ethanol and then ball milled for 48 hours. After drying at 90 °C
for 6 hrs, the mixture was calcined at 1100 °C for 2 hrs to get the
final powders. X-ray diffraction (XRD) analysis was performed
to investigate the crystalline structure of the SFO powders using a
Philips X’pert PRO diffract meter with Cu-Ko radiation at room
temperature. Lattice parameters were fitted using FullProf
2011Rietveld refinement software.

BaZry3Cey5Y02055 (BZCY)® and NiO®! powders were
prepared through combustion synthesis procedure, as reported
ss previously. Sr;Fe,07.5 and BZCY mixture (1:1 in weight ratio)
were co-fired at 1000 °C to investigate their chemical
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compatibility.

2.2Fabrication and testing of symmetric and single cells

For the fabrication of symmetric cells, BZCY powders were cold-
pressed into disks of about 15 mm in diameter and 1 mm in
thickness at 200 MPa, and then sintered at 1400 °C for 5 hrs to
obtain dense electrolyte substrates. SFO (95wt.%) and BZCY
(5wt.%) powders were mixed with ethocel and abietyl alcohol at
a proper weight ratio to prepare the print-ink. The SFO electrodes
with approximately 20 pum in thickness were formed by screen-
printing the ink onto each side of the electrolyte substrate. The
samples were fired at 1000 °C for 2hrs in air to form the
symmetric cells. Ag paste was applied onto the electrode surface
as the current collector.

Symmetric cells were tested from 500 to 700°C with a home-
developed cell- testing system by A.C. impedance method using
an electrochemical workstation (IM6e, Zahner). Measurements
were conducted with the oxygen partial pressure ranging from
0.01 to 0.21 atm by using oxygen sensor (GNL-2100) with the
general atmosphere pressure controlled at 1.00atm. The water
vapor partial pressure of 0.05to 0.25 atm was achieved by
heating the bubble at different temperatures. The frequency
range applied for impedance measurements was from 0.01Hz to
IMHz. Curve fittings were performed using the Zview software.

For single cells fabrication, half cells of anode-supported thin
electrolyte film were prepared by a co-pressing method using
NiO-BZCY mixture as composite anode and BZCY as electrolyte,
as described previously”. Sr;3Fe;05.5 and BZCY mixtures in the
weight ratio of 95:5 were blended with a 6wt.% ethylcellulose —
terpineol binder to obtain the cathode slurry. The slurry was
screen-printed on the surface of electrolyte films, and then
sintered at 1000°C for 2 h in air to complete the fabrication of
single cells.

Single cells were tested in a home-developed cell-testing
system using humidified hydrogen (~3% H,O) as the fuel and the
atmospheric air as oxidant. The flow rate of the fuel gas was
about 20 ml min"'. A.C. impedance spectra and the discharging
properties of the cells were investigated using an electrochemistry
workstation (IM6e, Zahner). Fracture microstructures of the cells
after testing were analyzed using a JEOL scanning electron
microscopy (SEM, JXA-8100).

2.3 Computational details

First-principles calculation method was adopted to study the bulk
proton formation and migration energies. All total energy
calculations were based on the projector augmented wave (PAW)
32 method, implemented in Vienna ab initio simulation package
(VASP) ***, The Perdew-Burke-Ernzerh of (PBE) ** functional
was used to treat the exchange-correlation effects. The kinetic
energy cutoff was set to 450 eV and the energy convergence
criterion was 107 eV per unit cell. In the structure optimization
performance, the Hellmann-Feynman force on each atom was
smaller than 0.01 eVA™'. Ferromagnetic (FM) states were applied
in order to simplify the calculations. And all calculations were
spin-polarized. DFT+U theory is used with Ug = 5.3 eV

1o applied to Fe ions.
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3. Results and discussion

3.1 Properties of SFO samples

Fig.2 shows the Rietveld fit of the X-ray diffraction (XRD)
pattern of Sr3Fe 0,5 (SFO) powders carried out using FullProf
2011 program. The peaks can be indexed on a tetragonal unit cell
with space group I4/mmm. The background was fitted using a
cubic spline during the initial stage of the refinement and fixed
for the subsequent refinement cycles. A total of 12 parameters
including unit cell parameters, scale factor, peak shape
parameters, atomic positions and zero point were refined. The
reliability factors obtained were Rp = 3.70, Rwp = 5.27, 2 = 5.31.
The tetragonal phase structural parameters obtained based on this
model are a = b = 3.86683(6) A, ¢ = 20.1737(4) A, in good
accordance with the values in PDF#820416%. Fig.3 shows the
crystal structure of Sr;Fe,07.5 according to the Rietveld analysis
result. Good chemical compatibility between SFO and BZCY
mixture co-fired at 1000 °C, the cathode fabrication temperature,
can be also observed. As shown in Fig. 4, no impurities formed at
this heating temperature.

As depicted in supporting information Fig. S1 and S2,
Sr;Fe,075 is a good oxygen ion-electronic conductor with high
surface exchange coefficient in dry atmosphere. Yet, with respect
to its proton conduction in moist atmosphere, we failed to get
direct access to the values using hydrogen permeation method
because of the low chemical stability of Sr;Fe,O,; in reducing
condition. Here, we used the first-principle calculation based on
DFT (Density Functional Theory) method to reveal the possible
proton conducting property in Sr;Fe,0;.5 The calculations were
carried out on a 2x2x1 96 atoms [4/mmm super cells of Sr3Fe,O-.
swith a 3x3x1 Monkhorst-Packk-point mesh for the integration
over the first Brillouin zone. Proton defects ( OHy, ) might form at
three different oxygen atoms, depicted in Fig. 3 as d1, d2 and d3,
and the corresponding proton formation energies at d1, d2 and d3
sites are -0.23, -0.34 and -1.44 eV, respectively, suggesting that
protons prefer to form at d3 sites. It should be noted that the
calculated values of formation energies for proton defects are all
negative here, indicating that the formed proton defects are
energetically stable in the Sr;Fe,075.

Two representative proton diffusion pathways were mapped
out to examine the proton mobility in the SFO cathode. Fig. 5 (a)
and (b) illustrate the proton migrating processes along [001] and
[010] directions via rotation (R) and transfer (T) approach,
respectively. An overall proton migration pathway along the [001]
direction can be summarized as the following process: T12 —
R23 — R34 — T45 — T56 (forward) and T65 —»T54 —R43 —
R32 — R21 (backward, or the intensive forward in next periodic
block). The migration barriers of proton involving in these
processes are summarized in Table 1. We found that T56 and T65
processes (proton transferring from one SrO layer to the adjacent
SrO layer) offer the highest migration barrier of 0.62 eV and T45
process has the lowest migration barrier of 0.00 eV. This result
indicates that the protons formed at d3 (SrO) prefer to transfer to
the perovskite layer rather than to another SrO layer. We attribute
this noticeable difference to the special trapping effect of the SrO
layer to proton transferring. And therefore, the process of proton
transferring away from SrO layer suffers from the trapping effect
(T56, T65 and T54) whereas that proton diffusing to a SrO layer
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(T45) benefits from the special attraction. This is also consistent
with the calculation results of proton formation energies, where
d3 (in SrO layer) has the lowest formation energy values. It
should be also noted that T45 and T54 also propose a transferring
path for protons along [010] direction within the SrO layer.

To map out the proton transferring paths along [001] direction,
we adopted those within the perovskite slab since those along
SrO layer has been proposed by the above calculation. Fig. 5b
shows the migrating process for protons via T12 — T23 — R34
— R45 (41) along the [010] direction. The migration energies for
those pathways are summarized in Table 2, and T12 gives the
highest migration energy barrier of 0.28 eV. Along the [010]
direction, the highest migration energy barrier of proton is about
0.34 eV lower than that along the [001] direction. Yet,
considering the relatively small proton formation energies at dl
and d2 sites and the large energy barrier for protons transferring
SrO layer to perovskite slab (T54), we cannot conclude that the
proton diffusing within perovskites ([010] direction) is more
dominant than that through SrO layer ([001] direction). It should
be also noted that the proton transporting along other directions
can all be considered as the combination of the elementary steps
along [001] and [010] directions.

Remarkably, the energy barrier for proton diffusion in SFO is
within the typical range for BaZrO; doped with Y *”*% and Co®
as dopants. The low energy barrier for proton migration and the
low proton formation energy strongly suggest very good proton
conduction in SFO in humid atmosphere and enable SFO as a
promising cathode for P-SOFC along with its sufficient electronic
conductivity.

3.2 Characterizations of single cells

Single cells with SFO based cathodes were characterized using
wet H, as fuel and static air as oxidant. To improve the contact
between electrolyte and Sr;Fe,O;scathode, Swt.% BZCY is
added in Sr3Fe,07 5 cathode. The SEM image of the tested cell
using SFO-BZCY (5wt%) cathode is shown in Fig.S6. The
electrolyte is very dense and adheres well to both electrodes. The
thickness of the electrolyte and cathode are 14 and 20 um,
respectively.

Discharging performance of the cells with Sr;Fe,0;_5 cathode
is presented in Fig. 6(a), of which maximum power densities with
the values of 683, 530 and 372 mWcm™ are achieved at 700, 650
and 600 °C, respectively. With Sr;Fe,0_5 cathode, the cells offer
better electro-performance than those using composite cathodes,
for examples, SSC-CeysSmy,0;5 (SDC) (504 mWcm? at
650 °C)!°,  SSC-BaZry;CeysYo.16Znpu0s5 (BZCYZ) (364
mWem™? at 650 °C)*, PrBaCo,0s,5-BZCYZ (266 mWcem™ at
650 °C)*!' , LSCF- BaZry sPry3Y,0;-5 (BZPY30) (~130 mWem™
at 650 °C)'" composite cathodes.

EIS plots of the cells using Sr;Fe,O,; cathode under open
circuit conditions are shown in Fig. 6(b). The polarization
resistances, determined from the arc length of the impedance
spectra, reduce with the increasing testing temperatures, about
0.07, 0.15, and 0.35Qcm® measured at 700, 650, and 600 °C,
respectively. Comparisons in Rp values for cells with different
cathodes are shown in Fig. 7. Among various cathode materials
including both composite cathodes and single phase cathodes,
Sr;Fe, 075 cathode based cells offer the lowest Rp values '* %1%

This journal is © The Royal Society of Chemistry [year]
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16. 21 92" quggesting promising electro-catalysis and good ionic

transporting properties of Sr;Fe,0;;5 cathode. Especially, an
increasing loss in the discharging performance of cells can be
observed with the increase of BZCY weight ratio in Sr;Fe,O0;.5—
BZCY cathodes, as shown in Fig.8. With the BZCY weight ratio
of 15%, 25% and 35%, the maximum power densities of cells are
379, 313 and 175 mWem™, respectively, measured at 650 °C. The
depressed performance with higher BZCY content, resulting from
the increase of the polarization resistance as shown in Fig.S4
(ESIY), strongly suggests the good proton conduction in SFO and
the effectiveness of SFO single phase cathode if the adhesion
problem not considered.

Remarkably, with SFO cathode, the cell presents the best long-
term stability so far. As shown in Fig. 9, no performance
degradation is observed within the 100 hours’ test. While with
SSC-BZCY (35wt.%) cathode, the cell fails completely after 12
hours’ test. The good electrochemical performance and great
long-term stability highly recommend SFO as an excellent
cathode for P-SOFC.

3.3 Symmetric cells performance

Impedance spectra of the symmetrical cell using a S;Fe,O;5-
Swt.%BZCY electrode were measured in various atmospheres to
further investigate its cathodic electro-performance. As shown in
Fig. 10(a) and (b), two depressed arcs are observed in each
spectrum measured in humid atmosphere, a small high-frequency
arc and a large low-frequency arc with relaxation frequencies of
6309 Hz and 0.5 Hz, respectively, implying two rate-limiting
steps at least. An equivalent circuit composed of two RQ
elements (RyQy) (R QL) are proposed to resolve these spectra, as
shown in Fig.S5 (ESIt), 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. As shown in Fig. 10(c), both Ry and Ry reduce with
the increase of oxygen partial pressures, while keeps almost
constant with the increase of steam partial pressures, suggesting
that these rate-limiting steps are not proton related reactions.

Typically, the dependence of Ry and R; on oxygen partial
pressure ( P, ) and steam partial pressure ( Py, ) can be presented
in the usual form of

log(1/Ri) < Py P

here n and m are deemed as reaction order of Ri with respect to
Py, and P, , respectively. As shown in Fig. 10(c), the fitted ny
and n; with respect to oxygen partial pressure are close to 1/4
(0.23+£0.015) and 3/8 (0.34+0.033), respectively, and with respect
to water partial pressure are almost zero. This result is quite
different to those for Smy sSrysC00;.5(SSC)-BaCejgSmy,0s 5
(BCS)®, of which Ry is independent to P, whereas has a
reaction order of 1/2 to P, , and Ry has a reaction order of 1/4
with respect to P, where as independent to P, , suggesting
different rate limiting steps*. The activity energies for the Ry and
Ry can be fitted as 1.36 and 1.42 eV, respectively, as shown in
Fig. 11.

The dependence of Ry and Ry of SFO cathode on Py, and

can be concluded as Eq. (1) and Eq. (2):
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R, = Pé/ngzo (1)
R, < PéiSszo 2)

To confirm the rate limiting steps, detailed reaction processes for
SFO cathode, a proton-electronic mixed conductor, are proposed,
as illustrated in Fig. 12: 1) the surface adsorption and dissociation
of oxygen molecules; 2) the reduction of oxygen atom to O7; 3)
the incorporation of O into Sr3Fe,0;5 lattice; 4)the reduction of
O to O%; 5) protons migrating from electrolyte to the SFO
surface; and 6-7) protons reacts with the incorporated oxygen
species to form water molecule; and 8) desorption of H,O from
SFO into gas phase. Table.3 summarized the elementary steps
and the calculated reaction orders of each step with respect to
Py, and P .

As shown in Table.3, step 2 and step 3 have similar
dependence on P and P, with the Ry and Ry, respectively,
suggesting that the reduction of adsorbed oxygen atom and the
incorporation of O™ into lattice should be the rate-limiting steps
for Sr;Fe,0,5 cathode. Unlike those of SSC-BCS cathode®,
proton related steps seem to be pretty quick for SFO cathode'" '*,
The high activity energies for the Ry and Ry also support this
much statement since they are much higher than that for proton
conduction, usually 0.4-0.6¢eV.

4. Conclusions

The present study demonstrated that high power densities and
stable power output could be achieved in IT-SOFCs based on
proton conductors using a proper cathode Sr;Fe,O,; The
Sr3Fe,075 cathode with Ruddlesden-Popper structure offers
unique ion (proton and/or oxygen ion)-electronic transporting
properties, depending on the steam content in the testing
atmosphere, and excellent surface exchange coefficient of oxygen,
facilitating the cathodic electrochemical reactions in P-SOFCs.
With Sr;Fe,07.5-5wt.%BZCY as cathode, a maximum power
density of 683 mWcm™ was achieved at 700°C for a single cell.
Furthermore, great discharging stability of the single cell with
Sr3Fe,07.5 as cathode has been demonstrated through a 100 hours’
test.
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Table.1. The bulk proton migration energy barriers along [001] direction in Sr;Fe,O;

[001] 1—2 2—3 3—4 4—5 5—6
Forward/eV 0.25 0.32 0.25 0.00 0.62
Backward/eV 0.05 0.08 0.27 0.53 0.62

Table.2. The bulk proton migration energy barriers along [010] direction in Sr;Fe,O;

[010] 1—>2 2—3 3—4 4—5

Forward/eV 0.28 0.05 0.18 0.18

Table.3. Elementary cathode reaction steps and their reaction orders with respect to oxygen partial pressure (n) and water vapor partial pressure (m)

Elementary reaction n m
Step 1 Oy, — 20, ! 0
Step2 O,+e >0, 3/8 0
Step3 0. = Oisice 14 0
Step6 0,..+e >0 0 0
Step4 Hyyo = Hypee 0 12
Step5 02, + H. > Oy, 0 12
Step7 OH,,. +H ;mce — H,0, 0 I
Step8 H,0,, — H,0,, 0 :

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 |6
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(a) 0, (b)

H* ® electrolyte H* electrolyte

Fig.1 Schematic of the reaction at the cathode electrode for P-SOFCs using:(a) a composite cathode made of a proton-conducting oxide and an oxygen
ion-electron mixed conducting oxide; (b) a proton and electron mixed conducting oxide.
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Fig.2. XRD Rietveld refinement of Sr;Fe,O-.; prepared by a solid state reaction method
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20.1737A

3.8668 A

10 Fig.3. The crystal structure of Sr;Fe,07.; oxide. Here, d1-d3 denote three types of oxygen sites for possible proton defects formation.
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Fig.4. XRD patterns of BaZr3Ce5Y20s.5(blue), SrsFe,07.5(black) and the BaZr,3Ceo5Y,0;.5-Sr3Fe,07.s mixture(1:1 in weight ratio) co-fired at 1000

(a)

Fig.5 Schematic representations of the proton transporting along (a) [001] and (b)[010] directions

°C.
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Fig.6. (a) the I-V curves and (b) the impedance spectra of the single cell with a Sr;Fe,07.5-5wt.% BZCY cathode measured at various temperatures.
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Fig.7. Comparison of the polarization resistance of Sr;Fe,O7.5-5wt.% BZCY cathode with difference cathodes as determined from impedance spectra
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Fig.8 I-V and I-P curves of cells as function of BZCY weight ratio in SFO/BZCY composite cathodes measured at 650 °C.
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Fig.9. The long-term stability of Sr;Fe,07.5-5wt.%BZCY and SSC-BZCY cathodes at the discharging current density of 0.2 Acm™ at 700 °C.
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Fig.10.The impedance spectra of the symmetrical cells using Sr;Fe,07.5-5wt.%BZCYas cathode measured at 600 °C with (a) various oxygen partial
s pressures; and (b) various steam partial pressures; and (c) oxygen partialpressure ( P, ) dependence of high-frequency resistance (Ry, black) and low-

frequency resistance (Ry, red) measured in humidified N,—O, atmospheres, respectively; and (d) steam partial pressure ( P, ) dependence of high-
frequency resistance (Ry, black) and low-frequency resistance (R;, red) measured in humidified N,—O, atmospheres, respectively
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Fig.11 (a) Impedance spectra of the symmetric cell with SFO cathode measured at various temperatures; and (b) the Arrhenius plots of RH,R; and the
total interfacial polarization resistance (Rp).

Fig.12. The schematic diagram of the reaction model over the Sr;Fe,07.scathode
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