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Abstract

A layered perovskite PrBa(Feo.sSco.2)20s+5 (PBFSc) is applied as both cathode and anode
in the symmetrical solid oxide fuel cells (SOFCs) field and its electrochemical properties
are investigated. Lao.9Sro.1GaosMgo.203-5s (LSGM) supported symmetrical cell with PBFSc
electrode exhibits polarization resistances of 0.05 Q cm? in air and 0.18 Q cm? in wet Ha
at 800 °C. A maximum power density of 921 mW cm is obtained using wet Hz as the fuel
and ambient air as the oxidant at 850 °C. Moreover, the electrode demonstrates good redox
stability in both oxidizing and reducing atmospheres. The layered perovskite PBFSc with
favorable performance characteristics is shown to be an effective, redox-stable electrode

candidate that can be used for both cathode and anode.

Keywords: symmetrical solid oxide fuel cell, electrode, layered perovskite, catalytic

activity



1. Introduction

Solid oxide fuel cells (SOFCs) are devices that convert chemical energy directly to
electric power with high energy conversion efficiency and fuel flexibility [1]. A typical
single cell usually consists of three ceramic layers: anode, electrolyte and cathode, and the
anode and cathode normally are different components because they are exposed to different
atmospheres. Recently, symmetrical SOFCs with a same material as the cathode and anode
have attracted much attention [2-4]. This kind of symmetrical configuration leads to a
number of advantages, such as decreasing cost for simple fabrication, minimizing
compatibility problems, and eliminating possible sulfur poisoning and carbon deposition

by simply reversing the gas flows [4].

The requirement for the electrode of symmetrical SOFCs is rather restrictive, because
the electrode should be applied in the reducing and oxidizing atmospheres simultaneously
as the anode and cathode. It is required that the electrode exhibits robust structural and
chemical stability in both reducing and oxidizing environments while maintains sufficient
electrical conductivity and electrocatalytic activity [4, 5]. A few materials have been
reported as electrodes of symmetrical SOFCs and most of them are perovskite-based oxides.
To ensure high stability of electrode, the cations in B-site of those perovskite-based oxides
should withstand reduction in reducing environment, therefore, the cations with sufficient
chemical stability in reducing atmosphere like Cr, Mo, Nb, Sc and Ti have been doped into
B-site of perovskite structure. For instance, Lao.75Sr0.25CrosMnos03-5, SroFe15sM0g.50e6-s,

Lag.4Sro6C00.2Fe0.7Nbp 1035, LaosSro2Sco2MnogOs.s and LagsSrosCoosTiosOs.5 were



successfully applied in symmetrical SOFCs [2, 6-9]. Additionally, the catalytic activity of

fuel oxidation seemed to be improved by doping Sc into perovskite oxides [10].

Recently, layered perovskite oxides have drawn much attention for their significant
electronic and electrochemical properties [11-15]. The structure in layered perovskites with
ordering of A-site cations localizes the oxygen vacancies within the rare-earth layers and
benefits for oxygen ion transfer, which contribute to the rapid surface exchange, bulk
diffusion and high catalytic activity [13]. The catalytic activity is mainly affected by the
B-site cations [16], and it was reported that some oxides with Fe cations demonstrated high
activity  for  fuel  oxidation. For  example,  PrBaMnisFeos0s«s  and
(PrBa)o.os(Feo.aMo00.1)20s+5  have been reported as potential electrodes in symmetrical
SOFCs, which both exhibited excellent stability and good catalytic activity under reducing

atmosphere [5, 17].

Herein, the iron-rich layered perovskite PrBa(Feo.sSco2)205+5 (PBFSc) was applied as
the electrode of symmetrical SOFCs and the electrochemical properties were investigated.
The layered perovskite demonstrated high electrocatlytic activity in both oxidizing and
reducing atmospheres and good redox stability, indicating a promising electrode for

symmetrical SOFCs.

2. Experimental

2.1. Powder synthesis: PBFSc powder was synthesized by a sol-gel combustion
method. The metal nitrates of Ba(NO3)2, Pr(NO3)3-6H>0, Fe(NO3)3'9H20 and Sc(NO3)3
(Sc(NOs)s was prepared by dissolving Sc2O3 powder in nitric acid) with stoichiometric

ratio were dissolved in deionized water. The ethylenediaminetetraacetic acid (EDTA) and
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citric acid were added into the solution as complexing agents, and extra acid was
neutralized by NH3'H>O to keep pH ~7. After heating with stirring, a gel was obtained.
This gel was fired at 250 °C to form a precursor, and subsequently calcined at 1100 °C for
2 h to obtain the PBFSc powder. The LSGM was synthesized by a solid-state reaction

method [18].

2.2. Cell fabrication: Symmetrical cells with PBFSc|[LSGM|PBFSc configuration were
fabricated by spraying PBFSc slurries on the surface of the dense LSGM pellets. The dense
LSGM substrates were prepared by dry pressing method with subsequent calcination at
1450 °C for 5 h. The PBFSc slurries were prepared by dispersing powder in mixed solution
of glycerol, ethylene glycol, and isopropyl alcohol via ball-milling. After spraying the

electrode, the cells were finally calcined at 900 °C for 0.5 h in air.

2.3. Characterization: The crystal structure of the PBFSc powder was characterized by
X-ray diffraction (XRD, Rigaku Smartlab) and transmission electron microscope (TEM,
JEOL JEM-2100F) equipped with energy dispersive X-ray (EDX). The XRD pattern was
further refined by Fullprof [19]. The microstructures of the cell were observed by scanning
electron microscope (SEM, JEOL 6490). For the electrical conductivity, the bar-shaped
dense samples were preferred and tested by a four-probe DC method with a Keithley 2420
source meter. The impedance spectra of the symmetrical cell were measured using a
Solartron 1260A frequency response analyzer with a Solartron 1287 potentiostat with
frequency from 0.1 Hz to 1 MHz at open circuit condition (AC amplitude 10 mV).
Performances of single cells were investigated by a homemade testing system and /-V
curves were also obtained by a Keithley 2420 digital source meter using four probe

configuration.



3. Results and discussion

Fig. 1a presents the refined XRD pattern of PBFSc. The PBFSc powder exhibits a
well-formed tetragonal structure with space group of P4/mmm. The lattice parameter of a
= b is calculated to be ~3.95 A, which is approximately half of parameter ¢ (7.91 A) due to
the ordered Pr and Ba cations. The low reliability factors of Rp = 6.83%, Rwp = 9.03%, and
¥ = 1.60 imply the validity of refinement result. The PBFSc powder is further investigated
by the TEM. Fig. 1b shows that PBFSc sample displays well-defined lattice fringes in the

high-resolution TEM image. The crystal structure is also confirmed by the corresponding

fast Fourier transform (FFT) pattern along the [0 2 1] zone axis (Fig. 1c). An interplanar
spacing of 3.94 A, which is related to (100) lattice plane, is obtained in reverse FFT from
Fig. 1d. The TEM analysis is in agreement with the Rietveld refinement result of XRD
pattern (dioo = 3.95 A). The Pr, Ba, Fe, and Sc elements are detected by the EDX
spectroscopy as shown in Fig. S1. The results above suggest that the Sc has been
incorporated into the layered perovskite PBFSc. In addition, the structure of the PBFSc in
reducing atmosphere is investigated, with the results shown in Fig. S2. After annealing in
5% H./N> and wet H» for 10 h at 800 °C respectively, the phase structure of PBFSc powder

is retained, indicating the superior structural stability of PBFSc in reducing atmosphere.
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Fig. 1. (a) XRD pattern of PBFSc, (b) high-solution TEM image of PBFSc, (c) FFT pattern of the

selected region, (d) reverse FFT image of the selected region.
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Fig. 2. Arrhenius plots of ASR values of PBFSc electrode in air, wet H, and wet CHa.

Fig. S3 shows the electrical conductivities of the PBFSc versus temperature in air, 5%
H> and wet H,. The electrical conductivities are not high but achieve the minimum required
value of 0.01 S cm™ [20], and values in reducing atmospheres are comparable to those of
Lao.75Sr0.25Cro.5sMnos03-5 electrode under similar condition [21]. The lower conductivity in
more reducing atmosphere may be ascribed to the loss of the electron holes after thermal
reduction [5]. The electrochemical properties are evaluated by area specific resistances
(ASRs) in different gas conditions, which are measured by electrochemical impedance
spectroscopy (EIS) for the PBFSc|LSGM|PBFSc symmetrical cell configuration, and the
results are shown in Fig. 2. The ASRs in air are 0.05, 0.19 and 0.92 Q cm? at 800, 700 and
600 °C, respectively, which are lower than those of some prevailing cathode materials

deposited on the same electrolyte, such as Lao.sSro1MnOs.5 (~10 Q cm? at 870 °C) [22],



Lag.6Sr0.4C00.sFe0.203-5 (0.28 Q cm? at 800°C) [23], and Smo.5Sro5C00s-5 (0.45 Q cm? at
800 °C) [24]. The PBFSc also exhibits excellent catalytic activity in humidified H. (3%
H20). The ASRs of 0.18, 0.53 and 2.35 Q cm? are observed at 800, 700 and 600 °C,
respectively, which are similar to those of some perovskite-based anode materials, e.g.
Lao.75Sr0.25CrosMnos0s-5 (0.3 Q cm? at 900 °C in wet Hy) [2], Sr2Fe15M0os506-5 (0.27 Q
cm? at 800 °C in wet Hy) [6], and PrBaMn1 sFeos0s+5 (0.68 © cm? at 800 °C in 5% Hy) [5].
The ASRs of PBFSc increase to 1.49 and 5.65 Q cm? at 800 and 750 °C, respectively, while

the atmosphere is switched to humidified CHa.
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Fig. 3. I-V curves and corresponding power densities of a symmetrical cell with PBFSc electrode

using wet H, and wet CH, as the fuels at different temperatures.

Fig. 3 presents the electrochemical performance of electrolyte-supported symmetrical
cell with PBFSc electrode measured using two different fuels. The thickness of dense
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LSGM electrolyte is approximately 275 pum, as shown in Fig. S4. In the case of wet H» as
the fuel, the open circuit voltages (OCVs) of cell are all above 1.067 V from 750 to 850 °C,
which are close to the theoretical values. The maximum power densities of 921, 713 and
398 mW cm are observed at 850, 800 and 750 °C, respectively, which are higher than
those obtained for similar cell configuration by applying other symmetrical electrodes like
Sr2Fe1.5M00.506-5, Lao.5Sr0.5C00.5Tio503-5, and Lao.7Caon3CrOz—Cep.8Gdo201.9 [6, 9, 25]. The
high performance may be ascribed to its low resistances, which are shown in Fig. S5a. The
internal polarization resistances under open circuit condition (difference between high and
low frequency intercept on the real axis) are 0.19, 0.28 and 0.39 Q cm?at 850, 800 and
750 °C, respectively. The ohmic resistances (high frequency intercept, mainly electrolyte
resistances) can’t be ignored, indicating that reducing the electrolyte thickness will
decrease the whole resistance and improve the performance. The performance and
impedance spectra of the cell using wet CHa as the fuel are presented in Fig. 3 and Fig.
S5b. The cell performance is lower than that in H2 condition. A maximum power density
of 275 mW cm is obtained at 900 °C, which is comparable to that of SroFe1sMoo506-s
electrode. It is noted that OCVs in wet CH4 are lower than the calculated theoretical
potentials. This phenomenon is mostly due to the low conversion of methane in the anode
side [26]. The catalytic activity of electrode for CH4 oxidation is not as good as that for H
oxidation, some researches revealed that impregnation or doping of Ni could improve the

cell performance in CHa4 [27-29].
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Fig. 4. Polarization impedance of single cell at 750 °C after each cycling test.

Redox stability is of importance for electrode in symmetrical SOFCs for its unique
operating conditions. The stability is measured by a symmetrical cell using the wet H. as
the fuel and the ambient air as the oxidant at 750 °C. The anode gas is switched between
the wet Hz and the air. In one cycle, electrode is oxidized and reduced by air and wet H>
respectively, and the N2 serves as the protection gas. After each redox cycle, the impedance
spectra of electrode in wet Hy are shown in Fig. 4 under open circuit condition. The
interfacial polarization resistances are around 0.35 Q cm? in the redox test, indicating the

good redox stability of the electrode.

4. Conclusions

11



In summary, layered perovskite PBFSc was synthesized and its properties were
investigated. The PBFSc demonstrated high catalytic activity and redox stability in
oxidizing and reducing atmospheres. With these particular properties, a symmetrical SOFC
with PBFSc electrode as both cathode and anode was fabricated and a favorable
electrochemical performance was achieved. The superior electrocatalytic performance

justifies the potential of PBFSs as an electrode for symmetrical SOFCs.
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Figure Captions

Fig. 1. (a) XRD pattern of PBFSc, (b) high-solution TEM image of PBFSc, (c) FFT pattern

of the selected region, (d) reverse FFT image of the selected region.

Fig. 2. Arrhenius plots of ASR values of PBFSc electrode in air, wet H and wet CHa.

Fig. 3. I-V curves and corresponding power densities of a symmetrical cell with PBFSc

electrode using wet Hz and wet CHa as the fuels at different temperatures.

Fig. 4. Polarization impedance of single cell at 750 °C after each cycling test.

16



Supplementary materials

Spectrum 1

Fig. S1. EDX spectroscopy of PBFSc powder.
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Fig. S2. XRD patterns of PBFSc powder (a) as-prepared, (b) after thermal treatment in

5% H, for 10 h, (c) after thermal treatment in wet H> for 10 h.
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Fig. S3. Electrical conductivities of PBFSc in air, 5% H> and wet Ho.
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Fig. S4. (a) Cross-sectional SEM image of a symmetrical cell with PBFSc electrode, (b)

close-up image of the interface between electrode and electrolyte.
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Fig. S5. Impedance spectra of symmetrical cells measured under open-circuit conditions

using different fuels (a) wet H> as the fuel, (b) wet CH4 as the fuel.

21





