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ABSTRACT

Protonic ceramic fuel cells (PCFCs) are more suitable for operation at low temperatures due to their smaller activation energy
(E,). Unfortunately, the utilization of PCFC technology at reduced temperatures is limited by the lack of durable and high-activity
air electrodes. A lot number of cobalt-based oxides have been developed as air electrodes for PCFCs, due to their high oxygen
reduction reaction (ORR) activity. However, cobalt-based oxides usually have more significant thermal expansion coefficients
(TECs) and poor thermomechanical compatibility with electrolytes. These characteristics can lead to cell delamination and
degradation. Herein, we rationally design a novel cobalt-containing composite cathode material with the nominal composition of
Sr,Fe;C0,043,5 (SFC). SFC is composed of tetragonal perovskite phase (SrgFegOys.s 4/mmm, 81 wt.%) and spinel phase
(Co30,, Fd3m, 19 wt.%). The SFC composite cathode displays an ultra-high oxygen ionic conductivity (0.053 S-cm™ at 550 °C),
superior CO, tolerance, and suitable TEC value (17.01 x 10° K"). SFC has both the O%*/e~ conduction function, and the triple
conducting (H*/O*/e") capability was achieved by introducing the protonic conduction phase (BaZr,,Ce( ;Y 103-5 BZCY) to form
SFC+BZCY (70 wt.%:30 wt.%). The SFC+BZCY composite electrode exhibits superior ORR activity at a reduced temperature
with extremely low area-specific resistance (ASR, 0.677 Q-cm? at 550 °C), profound peak power density (PPD, 535 mW-cm™ and
1.065 V at 550 °C), extraordinarily long-term durability (> 500 h for symmetrical cell and 350 h for single cell). Moreover, the
composite has an ultra-low TEC value (15.96 x 10° K"). This study proves that SFC+BZCY with triple conducting capacity is an
excellent cathode for low-temperature PCFCs.
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maintaining adequate power output [15-18]. To date, various
methods have been explored to reduce the working temperature.
One of the most extensively studied is the exploitation of new
cathodes with higher oxygen reduction reaction (ORR) activity
[19-22]. Compared with conventional SOFCs, protonic ceramic
fuel cells (PCFCs) are more suitable for low-temperature
applications because of two major advantages. On the one hand,

1 Introduction

Energy generation through the utilization of renewable sources
(wind, solar, and hydro) is constrained by the intermittent supply,
thus leading to the mismatch between the power supply and
demand. To avoid such problems, the development of innovative
electrochemical energy storage and conversion technologies, such

as metal air cells, fuel cells, and water splitting devices, has
attracted considerable attention over the past few decades [1-5].
Among them solid oxide fuel cells (SOFCs) have been widely
researched due to their high energy conversion efficiency,
environmental friendliness, and adaptability to various fuels [6-9].
However, conventional SOFCs operate at very high temperatures
(> 800 °C), which causes the difficulty of cell sealing, poor
durability, and disappointing cell components’ chemical
compatibility, thus hindering the commercialization of this
technology [10-14]. It is necessary to reduce the cell operating
temperature to a low-temperature range (400-650 °C) while

the protonic conduction electrolyte has higher ionic conductivity
than the oxygen ionic conduction electrolyte at reduced
temperatures. On the other hand, water is generated on the
cathode side of PCFCs, which can not only improve the fuel
utilization rate, but also minimize the probability of nickel anode
oxidation. Therefore, PCFCs have a better development prospect
at low temperature [23-28]. However, the electrochemical
performance of PCFCs is degraded mainly due to the high
polarization impedance and low ORR activity of the cathode
materials at low temperatures [29].

Cobalt-based perovskite materials with dual electronic and
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ionic  conductivity, such as  Smy;Sr;;CoO;5  (SSC),
Bay5S1r5CoysFe),05_5 (BSCF), and LaySr,,CoO; 5 (LSC), are
investigated as air electrodes for PCFCs, demonstrating good ORR
activity and considerable power density [30-32]. However, their
thermal expansion coefficients (TECs, 24 x 10°-32 x 10° K™) are
higher than PCFCs electrolytes, such as BaZr;,Cey,Y,;0;5 s
(BZCY, 10.1 x 10°-10.2 x 10° K"'), because of the transition of
Co* to Co* from the low spin to high spin [33]. Therefore, it is
imperative and challenging to reduce TECs of cobalt-based
perovskite. Zhang Yuan et al. have successfully reduced the TECs
through the mechanism of thermal expansion compensation by
introducing negative thermal expansion features [34]. However,
the additional components often impede the charge transport in
the electrode bulk. Cobalt-free perovskite oxides typically have
more suitable TECs than cobalt-based perovskite, but generally
exhibit lower ORR activity.

Spinel oxides possess high conductivity and good chemical
compatibility with other ingredients, and have long been widely
used in the protective coating on the metal interconnection layer
of SOFCs. Recently they have been studied as feasible air electrode
materials for SOFCs [35-39]. However, few studies have been
conducted on spinel oxides as cathode materials of PCFCs. Cobalt
spinel oxide materials have ideal TECs (11 x 10°-12.5 x 10° K"')
and high electron conductivity. The low ionic conductivity of
spinel structure is the main obstacle of the independently as a
SOFC cathode material, which is more suitable for combining
with other materials to prepare high-performance composite
cathode, to take advantage of the tremendous thermal stability of
spinel [39].

Here, we report a durable and high-performance triple
conducting composite via composition tuning, serving as an air
electrode for low-temperature PCFCs. During the simple and
convenient calcination process, the Sr,Fe,Co,0,3,5 (SFC) material
with the nominal component of SFC intelligently self-assembles
into two phases, the cobalt-free tetragonal perovskite phase
SrgFegO,s,5 (I4/mmm) and cobalt spinel phase Co,O, (Fd3m),
respectively. We achieve SFC cathode with extremely low TEC
values (17.01 x 10° K') from the ordinary high TEC cobalt
containing oxides. Besides that, The SFC cathode exhibits good
ORR activity at reduced temperatures, achieved peak power
density (PPD, 356 mW-cm™ at 550 °C) with open-circuit voltage
(OCV) of 1.081 V, affordable electronic conductivity (10.07 S-cm™
at 550 °C), high oxygen ionic conductivity (0.053 S-cm™ at 550 °C),
and significant reversibility between pure air and air containing
CO,. And using a physical mixing method to introduce the
protonic conduction composition into the SFC material with
O*/e” conduction function to synthesize a novel triple-conducting
composite electrode (the SFC+BZCY). The SFC+BZCY composite
electrode achieves the lowest area-specific resistance (ASR) of
0.677 Q-cm* at 550 °C, and an extraordinarily high PPD of
535 mW-cm™ at 550 °C with the OCV of 1.065 V. Moreover, the
robust durability of the SFC+BZCY electrode is enabled 350 h for
a single cell and over 500 h for a symmetrical cell operation.

2 Experimental

2.1 Materials synthesis and cell fabrication

SFC powder was rationally prepared by the sol-gel method. A
stoichiometric ~ amounts of  Sr(NO,),,  Fe(NO;);9H,0,
Co(NO;),6H,0, ethylenediaminetetraacetic acid, and citric acid
were dissolved in the deionized water. The pH of the solution was
adjusted to 7 by adding an appropriate amount of ammonia. The
solution was keep stirred at a temperature of 80 °C until the
solution turned to a transparent gel. The gel was heated at a
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temperature of 250 °C for 5 h to receive the precursor. And the
precursor was further calcined at a temperature of 700 °C for 5 h
under the control of oxygen partial pressure. The final SFC
powder was obtained by calcining at 900 °C for 5 h under an
ambient air atmosphere. Electrolyte powder BZCY was also
prepared in the same method. The final phase formation
temperature of the BZCY powder was controlled at 1100 °C.

The SFC was physically mixed with the BZCY at a proportional
mass ratio of 7:3. Mixed powder was placed in a ball grinding tank
with isopropanol, ethylene glycol, and propanetriol, and the ball
grinding tank was ground for 2 h at 400 rpm. The electrolyte
powder was placed in a die and the powder was pressed into a
15 mm diameter disk. Then, by sintering in an air atmosphere of
1450 °C for 5 h to obtain a dense electrolyte. To prepare
symmetric cell, the mixed cathode slurry was evenly sprayed on
the surface of electrolyte, and the silver layer was served as the flow
collecting layer.

Ni+BZCY-supported single cells were prepared by co-pressing
and co-firing. NiO powder was physically mixed with BZCY
electrolyte powder and starch in a ratio of 6:4:1 to prepare the
anode powder. The anode powder was pressed into the shape of a
disk, and the appropriate amount of electrolyte powder was evenly
spread on the disk and sintered at 1450 °C for 10 h for preparation
of the half cell The cathode slurry was sprayed on the
electrolyte side of the half cell and prepared into an
SFC+BZCY|BZCY|Ni+BZCY single cell.

2.2 Essential characterization and electrochemical testing

X-ray diffraction (XRD) instrument was used to explore the
structure of the SFC sample. XRD diffraction instrument used Cu-
K ray (wavelength A = 1.5418 A). The resulting XRD data with
SFC powder was analyzed by GSAS refined software to obtain the
unit cell parameters of the material. The conductivity of the
cathode material was determined by the four-probe method. TEC
of cathode materials was measured by Netsch DIL 402C/3/G
thermal expansion instrument. The TEC was tested in air
atmosphere from room temperature to 1000 °C. O, temperature-
programmed desorption (O,-TPD) was tested by a PCA1200
thermal weight analyzer. Scanning electron microscopy (SEM)
was observed based on the cross-section of single cells.

The oxygen permeability was determined by gas
chromatography (GC). The electrolyte powder was placed in a die
and the powder was pressed into a 15 mm diameter disk to
prepare thin disc. The thin disc was placed in a high-temperature
furnace and calcined at 1100 °C for 5 h, before grinding both sides
of the thin disc until a thickness of 1 mm. The thin disc was sealed
on the side of the quartz pipe with conductive glue and placed in
the test furnace. Argon was fed into the quartz pipe to exclude air,
then oxygen passing through the disc was collected and sent into
the chromatograph for analysis. The oxygen ion conductivity of
the SFC cathodes could be determined from the oxygen
permeation flux and the calculation methods are shown in Ref.
[40].

Electrochemical impedance spectroscopy (EIS) was one of the
common methods used to study the electrode polarization
impedance and the electrolyte ohmic impedance. Prinston
impedance spectrum analyzer was used to obtain EIS,
measurement frequency range of 1 MHz-0.01 Hz, stable AC
signal amplitude of 10 mV, and temperature range of 400-650 °C.
Fitting analysis of the EIS was performed by the ZView software.
And the obtained spectra were further analyzed by the distribution
of relaxation time (DRT) technology using a MATLAB tool
developed by Ciucci et al. [41]. When testing the current-voltage
(I-V) and current-power (I-P) curves of a single cell, the anode-
supported single cell was packaged at the quartz pipe, with H, as

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



9282

=

the fuel on the anode side, and the flow rate was controlled at
80 mL-min™ [STP] through the mass flow meter. The cathode side
was exposed to the external air, and the ambient air was an
oxidant. The cell test temperature was 400-650 °C, and the test
instrument was Keithley 2460 digital power supply meter.

3 Results and discussion

X-ray diffraction was used to explore the phase compositions of
the SFC sample. The XRD data were further analyzed by GSAS
refinement software. As illustrated in Fig. 1(a), the as-prepared
SFC oxide consists of two crystal phases, tetragonal perovskite
phase SrgFegOs,5 (I4/mmm) and spinel phase Co;O, (Fd3m),
respectively. According to the Rietveld refinement results, the
tetragonal perovskite structure with lattice parameter a = b =
109354 A and ¢ = 7.7040 A (81 wt.%), the spinel perovskite
structure with lattice parameter a = b = ¢ =8.2599 A (19 wt.%),
and the refinement reliability factors were R, = 3.20%,R,,, =
4.08%, and y* = 1.341. The formation of the SrgFesO,;, 5 and Co;0,
in the SFC sample was also observed by a high-resolution
transmission electron microscopy (HR-TEM). Two lattice
spacings demonstrated in Fig. 1(b) were 0.253(3) nm and 0.294(5)
nm, corresponding to the (440) lattice plane of SrgFesO,;,5 and
(422) lattice plane of Co;0, respectively. The existence of
nanoscale spinel oxide Co;0, is detected. The spinel phase Co;0,
and tetragonal perovskite phase SrgFesO,3,5 were connected very
well.

Undoubtedly, the electron and oxygen ionic conductivity of
cathode materials play an important role in ORR activity. The
electron conductivity of the SFC sample was tested using a four-
probe DC technique. The test results are shown in Fig. 2(a), the
electron conductivity of SFC is above 6.5 S-cm™ at the temperature
range from 400 to 650 °C, and the electron conductivity increases
with increasing temperature, up to 12 Scm™ The oxygen
permeability was determined by GC, and the oxygen ionic
conductivity was calculated and shown in Fig. 2(b), at 400-650 °C,
increasing from 0.006 to 0.095 S:cm™ The oxygen ionic
conductivity of SFC (0.095 S-cm™ at 650 °C) reported here shows a
significant advantage over some high-activity PCFCs cathodes,
such as BaCoy;(CeyY2)030;-5 (BCCY, 0.04 S-cm™ at 650 °C) and
BayesCagosFeg Y1055 (BCYF, 0.06 S-cm™ at 650 °C) [42,43].
These results reveal that the SFC is an excellent mixed ionic and
electronic conductor (MIEC), representing the potential of SFC as
a PCFC cathode.

The operational stability of the PCFCs is mainly related to the
CO, tolerance of the cathode material and thermal compatibility
between the fuel cell components. Due to the presence of CO, in
ambient air (about 0.03%), the tolerance of the cathode to CO,
poisoning is crucial for the practical application of PCFCs.
Typically, CO, reacts with cations on the cathode surface to form
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Figure1 (a) Refined XRD profile of SEC sample. (b) HR-TEM image of SFC sample.
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a carbonate, thereby covering the active site and reducing the ORR
activity. The CO, tolerance of the SFC cathode is investigated by
changing the test environment of the SFC[BZCY|SFC symmetric
cell (from wet air to wet air containing 1% CO, to wet air of
removed 1% CO,), and the results are shown in Fig. 3(a). The ASR
values were increased from 0.83 to 1.78 Q-cm? when 1% CO, was
introduced, probably owing to the competitive adsorption of CO,
to O, at active sites [44]. However, after the removal of CO,, the
ASR values were instantly decreased to the initial state, indicating
remarkable reversibility of the SFC material between pure air and
air containing CO,, which may be attributed to the outstanding
stability of the spinel oxide against CO, [45]. Stabilize for 200 min,
and the ASR value is found to stabilize at about half of the initial
value, as shown in Fig. 3(b). This phenomenon is consistent with
the test results of Gu et al. [46], which can be attributed to the CO,-
induced carbonate formation and decomposition leading to the
surface reconstruction, resulting in a significant improvement of
the charge transfer process for ORR.

EIS spectra of symmetrical cells with a configuration of
SFC|BZCY|SFC measured at 450-650 °C are shown in Fig. 3(c),
and the ASR values of the symmetrical cells with the SFC cathode
were 0.26, 0.65, 1.81, and 5.73Q-cm’ at 650, 600, 550, and 500 °C,
respectively. The SFC|BZCY|Ni+BZCY single cell obtains power
density, as shown in Fig. 3(d). At 650, 600, 550, 500, 450, and
400 °C, the PPD of SFC-based PCFCs is 502, 444, 356, 263, 193,
and 154 mW-cm?, respectively. Corresponding OCV is 1.033,
1.06, 1.081, 1.094, 1.115, and 1.122 V, approximating the
theoretical values calculated through the Nernst equation, which
proves the rationality of the above experimental results. Figure S1
in the Electronic Supplementary Material (ESM) gives the cross-
section image of the SFC|BZCY|Ni+BZCY single cell, and BZCY
electrolyte with a thickness of ~ 20 um.

Triple conducting composite cathode was evaluated to optimize
the performance of PCFCs. By introducing protonic conductor
BZCY into the SFC cathode, the proton could be transported from
the electrolyte to the cathode, thus extending the active center
from the TPB to the entire cathode, and greatly enhancing the
ORR activity. Therefore, the SFC+BZCY composite cathode was
prepared by physically mixing the SFC and the BZCY powder
with a 7:3 mass ratio.

To evaluate the effect of the introduced protonic conductor on
the oxygen desorption capacity of cathode materials, O,-TPD was
estimated for SFC, SFC+BZCY, and BZCY oxides, and the O,-
TPD plots are shown in Fig. 4(a). For the SFC, SFC+BZCY, and
BZCY oxides under the rising temperature in an argon
atmosphere, the B-site metal ions with variable valence in the
samples were thermally reduced, accompanied by lattice oxygen
desorption. Two oxygen desorption peaks corresponded to o
oxygen at the lower temperature zone (200-450 °C) and p oxygen

T SR g
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~
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(d) I- V and power density curves of PCFC with the configuration of SFC|BZCY|Ni+BZCY at 400-650 °C.

at the higher temperature zone (550-900 °C), respectively. The
onset desorption temperatures for a oxygen of the SFC+BZCY
were significantly lower than those of the SFC, suggesting that the
introduced protonic conductor reduces the initiation temperature
of oxygen desorption. Moreover, SFC+BZCY has the highest
oxygen desorption degree, suggesting the reduction of the
transition metal ions was significantly facilitated by the addition of
BZCY, indicating the SFC+BZCY electrolyte has increased oxygen
mobility.

The thermal mismatch between the cathode and the electrolyte
results in a sizeable internal strain and thus triggers a severe
degradation and stratification of the PCFCs. In this work, the TEC
of SF (SrgFegO,s,5), SFC, and SFC+BZCY cathode materials is
thoroughly investigated. As shown in Fig. 4(b), at the temperature
range of 50-800 °C, the average TEC values of the SF and SFC are
31.90 x 10° and 17.01 x 10° K, respectively. The SF shows a high
TEC value, thereby the gigantic thermal expansion offset of SFC
composite is mainly ascribed to the existence of cobalt spinel
phase (19 wt.%). The average TEC value of the SFC+BZCY triple
conducting composite is ultra-low, only 15.96 x 10 K, which is

much less than the reported TEC values of classical cobalt-
containing cathode materials.

EIS can directly reflect the ORR activity of the cathode
materials. This work evaluated the effect of introducing the
protonic conductor on the ORR activity of the SFC cathode by
comparing the ASRs of the SFC with the SFC+BZCY. Symmetric
cells SFC|BZCY|SFC and SFC+BZCY|BZCY|SFC+BZCY were
prepared and subjected to the electrochemical impedance test.
Arrhenius plots displayed in Fig. 4(c) indicate that the impedance
of the SFC+BZCY-based symmetric cells is significantly below the
SFC. Moreover, the activation energy (E,) of the SFC+BZCY
(120.67 kJ-mol™) was also slightly lower than that of the SFC
(123.04 kJ-mol ™). The introduction of a protonic conductor greatly
enhanced the ORR activity of the cathode material and reduced
the activation energy of the material. Table S1 in the ESM gives
specific ASR values of the symmetrical cell with the SFC+BZCY as
electrode, and the ASR values were 0.68 Q-cm’ at 550 °C, which is
only 37% of the value obtained for the SFC cathode at the same
temperature.

The Ry~ (Rg-CPE1)-(Rg,-CPE2) equivalent circuit was used to

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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fit the EIS data as shown in Figs. 4(d) and 4(e). The R, is mainly
related to the ohmic impedance of the cell. Ry, and Ry, represent
the charge transfer process and the oxygen surface exchange
process, respectively. Figure 4(f) shows the fitting results of Rg,
and Rg, for the two cathodes at 500 °C, with the R, being the sum
of Rg and Ry, The fitting results showed that the Ry, of the
SFC+BZCY was slightly larger than the SFC. At the same time, the
R, of the SFC+BZCY was exceedingly more minor than the SFC
single cathode at 500 °C, which indicates that the addition of the
BZCY electrolyte slightly hindered electron conduction, but
significantly accelerated the oxygen surface process. Overall,
adding BZCY electrolyte powder is an effective method to reduce
the polarization resistance of the material and enhance the ORR
activity, which may be assigned to the triple conductivity
capability of the SFC+BZCY composite cathode.

To further investigate the promoting effects of introducing the
protonic conductor on the ORR activity of the SFC cathode, the

Tsinghua University Press

DRT technology has been used to analyze the obtained EIS data as
shown in Fig. 4(g). The high frequency (HF) and low frequency
(LF) regions are shown, and the HF and LF represent the charge
transfer process and the oxygen surface exchange process,
respectively. It is found that the peak of HF for the SFC+BZCY
composite cathode is slightly higher than that of the SFC single
cathode. The peak intensity of LF for SFC+BZCY is much lower
than that of the SFC cathode, which suggests that although the
introduction of a protonic conductor hinders the charge transfer,
it dramatically improves the oxygen surface exchange process,
which is inconsistent with the results of EIS fitting analysis.

Figure 5(a) illustrates the impedance spectra of symmetrical
cells with a configuration of SFC+BZCY|BZCY|SFC+BZCY
measured at 450-650 °C. Furthermore, SFC+BZCY symmetrical
cell exhibited excellent long-term durability, as shown in Fig. 5(b),
and the ASR value of the symmetric cell increased at a rate of 1.5 x
10" Q-cm*h™ during 500 h in the air atmosphere at 550 °C. The
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Figure5 (a) EIS curves of symmetrical cell with SFC+BZCY as air electrode measured at 450-650 °C. (b) Stability diagram of the symmetric cell with SFC+BZCY as
air electrode at 550 °C. (c) I-V and power density curves of PCFC with SEC+BZCY as air electrode at 450-650 °C. (d) Stability of PCFC with the structure of
SFC+BZCY|BZCY|Ni+BZCY at constant current densities of 0.2 and 0.3 A-cm™ at 550 °C. (e) The ASR values obtained by SFC+BZCY composite cathode compared
with other reported composite cathodes with protonic electrolytes in PCFCs. (f) The comparison mapping of TEC and PPD for SFC and SFC+BZCY with the recently

well-known cathodes at 550 °C.

SFC+BZCY composite cathode has exceedingly good operating
stability, assigned to the extremely low TEC of the composite
cathode material.

Figure 5(c) gives the electrochemistry performance of
SFC+BZCY|BZCY|Ni+BZCY single cell. Under similar test
conditions, the PPD of PCFCs for the SFC+BZCY is 766, 659, 535,
403, 278, and 167 mW-cm™, and the corresponding OCV is 1.012,
1.048, 1.065, 1.08, 1.094, and 1.116 V, at 650, 600, 550, 500, 450,
and 400 °C. It indicates that the appropriate amount of BZCY
powder introduced in the SFC cathode material is an effective way
to optimize cell performance. This positive result should be owing
to the H/O* /e triple conductivity capability extending the active
center from the TPB to the entire cathode, thus increasing ORR
activity sites. The output performance of PCFCs, whether based
on a single cathode or composite cathode, is better than the many
well-known cathode materials [47-66].

Furthermore, the single cell for the SFC+BZCY showed
exceeding operational stability, as shown in Fig. 5(d). During the

350 h test period, no significant cell performance decline was
observed at a test temperature of 550 °C. Figure S2 in the ESM
shows the SEM diagram of the cross-section of the
SFC+BZCY|BZCY|Ni+BZCY single cell after the duration test,
containing the porous cathode, dense BZCY electrolyte (~ 25 um),
and Ni+BZCY composite anode three layers. The adhesion
between the cathode and the BZCY electrolyte is tight, signifying
the thermal compatibility of the two layers.

The ASR values obtained by SFC+BZCY composite cathode
compared with other reported composite cathodes with protonic
electrolytes in PCFCs [40] are shown in Table S2 in the ESM. The
TEC and corresponding PPD values of various cathode materials
based on PCFCs were summarized, the comparison mapping is
shown in Fig. 5(f), and the specific values are listed in Table S3 in
the ESM. The comparison mapping revealed the SFC and
SFC+BZCY cathode materials exhibit excellent electrochemical
properties as well as a sufficiently low thermal expansion
coefficient [28, 42, 43, 51, 54, 56, 58—66].
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4 Conclusions

In summary, the SFC cathode has been synthesized via self-
assembled. SFC is composed of a tetragonal perovskite phase
(mass ratio 81 wt.%) and a spinel phase (19 wt.%). In addition, the
SFC cathode has outstanding CO, tolerance, superior oxygen
ionic conductivity, and ultra-low TEC. And the PPD value of SFC-
based PCFC was 356 mW-cm™ at 550 °C. The triple-conducting
composite cathode was prepared by introducing protonic
conducting capability into the SFC cathode via physically mixing
the SFC cathode and the BZCY electrolyte at a 7:3 mass ratio. And
expanding ORR active sites from TPB to the entire cathode
region, thus effectively promoting the oxygen ion migration rate
and improving the oxygen surface process. As for PCFCs
performance, the SFC+BZCY cathode takes an excellent PPD of
535 mW-cm™ at 550 °C, 50% higher than the SFC cathode. At the
same time, the SFC+BZCY cathode showed an exceeding long-
term operational durability (symmetric cell for over 500 h at
550 °C and the single cell for 350 h at 550 °C). These studies reveal
that SFC+BZCY is a highly active and durable triple-conducting
composite air electrode material for low-temperature PCFCs.
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