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Abstract

Solid oxide fuel cells (SOFCs) have attracted tremendous attention for their combination
of environmental power generation and fuel flexibility. Proton conducting SOFCs (P-
SOFCs) demonstrate advantages over oxygen-ion conducting SOFCs, such as less
activation energies on ionic transport and higher fuel utilization efficiency. Central to the
devices is a suitable cathode with high catalytic activity. Herein, a cubic perovskite
BaCoo.7Fe0.22S¢0.0803-5 (BCFSc) has been applied as the cathode in proton-conducting solid
state fuel cell (SOFC) with BaZro.1Ceo.7Y0.203-5 (BZCY) electrolyte. Peak power densities
of 760, 591, 452 and 318 mW cm™ are obtained at 650, 600, 550 and 500 °C with
humidified hydrogen as the fuel and air as the oxidant. A low polarization resistance of

0.05 Q cm? under open circuit at 650°C is observed.
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1 Introduction

Considering the high energy conversion efficiency and great fuel flexibility in
production of electivity directly from fuel oxidation reaction, solid oxide fuel cells (SOFCs)
have much potential in commercial application[1, 2]. In the field of SOFCs, it is of great
interest to reduce the operation temperature, because low temperature can bring plenty of
advantages, such as the higher chemical and structural stability, more sealing materials

selection, short start-up time and so on[3, 4].

Recently, proton conducting SOFCs (P-SOFCs) operating at the intermediate
temperature have attracted much attention[5-7]. Compared with oxygen-ion conducting
SOFCs, P-SOFCs exhibit less activation energies on ionic transport (H")[8, 9]. Besides,
the water forms in the cathode side, which avoids the dilution of fuel in oxygen-ion
conducting SOFCs[10]. Many efforts have been made to develop a proper proton
conductor[7, 11, 12]. Among all the electrolyte materials, the BaZro.1Ceo.7Y0.203-5 (BZCY)
exhibited high proton conductivity and stability under operation condition[13]. Therefore,
the central to the P-SOFC at reduced temperature is the suitable cathode with high catalytic
activity. Due to the generation of water in the cathode side, the requirements for cathode
in P-SOFC is more restrict than that in oxygen-ion SOFCs[14], and the performance of the
intermediate temperature P-SOFC is strongly determined by the cathode, especially the
interface of the cathode and interface, because the polarization resistance increases rapidly

with decreasing temperature[15].



The mixed ionic and electronic conductor (MIEC) cathodes with good oxygen
transport and surface exchange properties have been applied in P-SOFCs, and show
excellent performances, especially the perovskite cathode with cobalt element[16-18]. It
was reported that the oxygen diffusion in some cathode in P-SOFC was the limit reaction
in the dry and wet oxidizing atmospheres[19, 20]. BaCoo.7Fe0.22S¢0.0803-5 (BCFSc) is a
mixed oxygen-ion and electron conductor (MIEC), and has been applied in oxygen-ion
SOFC recently[21]. The BCFSc exhibited excellent electro-catalytic activity in oxygen
reduction reaction due to its high cubic symmetry structure and fast oxygen bulk diffusion
rate and oxygen surface exchange kinetics, e.g., polarization resistance of 0.03 Q cm? in
symmetric cell and peak power density of 1446 mW cm in single cell at 600 °C. Thus,
the BCFSc with high electrocatalytic activity is considered to be a promising candidate
material for P-SOFC cathode. In this study, the BCFSc was applied as the cathode in P-
SOFC. A power density of 760 mW cm™ was obtained at 650 °C, meanwhile, a low

polarization resistance of 0.05 Q cm? was observed under open circuit condition.

2 Experimental section

2.1. Powder preparation

BCFSc powder was synthesized by a sol-gel in combination with combustion method.
A water solution with stoichiometric ratio Ba, Co, Fe and Sc nitrate was first prepared, then
Ethylenediaminetetraacetic acid and citric acid were added into the solution as the
complexing agents and the extra acid was neutralized by NH3-H-O to keep pH at ~7. A gel

was obtained after stirring with heating, subsequently the gel was pre-fired at 250 °C, and



self-combustion occurred to form solid precursor. The precursor was finally calcined at
850 °C for 2 h to form the BCFSc powders. The BZCY and BaCoo.7Fe0.303-5 (BCF)

powders were produced by the same method.

2.2 Cell fabrication

The symmetrical cells with a BCFSc|BZCY|BCFSc configuration were fabricated by
dry pressing employing spray-painting method. Dense BZCY substrates were prepared
through dry pressing with subsequent calcination at 1450 °C for 5 h. BCFSc powder was
dispersed with glycol, ethylene glycol, and isopropyl alcohol to form a suspension through
ball milling. The resulting electrode slurries were sprayed onto both surfaces of the BZCY
disks and subsequently fired at 950 °C for 0.5 h in air to form the symmetrical cells. Silver
paste was then applied onto the electrode surface as the current collector. The single cell
was fabricated by the similar method. Mixed powders consisting of BZCY + NiO +
Polyvinyl butyral (weight ratio 4:6:0.8) were pressed and then sintered at 800 °C for 2 h to
produce an anode substrate. An electrolyte suspension containing 10 wt. % BZCY was
sprayed on the anode substrate. After drying in air at room temperature, this substrate was
co-fired at 1450 °C for 5 h, a half fuel with dense BZCY electrolyte film formed. The
BCFSc cathode was coated on the electrolyte surface using the similar spray-painting
method in symmetric cell and calcination temperature was 950 °C. The effective area of

the cathode was about 0.48 cm?.

2.3 Characterization and cell testing

The structure of the powder was indexed by X-ray diffraction (XRD, Rigaku

Smartlab). The microstructures for single cell were characterized by a scanning electron



microscope (SEM, JEOL 6490). The performance of fuel cell was examined by homemade

testing system from 500 to 650 °C, with humidified Hz (50 mL min?) as the fuel and air as

the oxidant. The electrochemical impedance spectra were measured by a Solartron 1260A

frequency response analyzer with a Solartron 1287 potentiostat under open-circuit from

0.1 Hz to 10 Hz with AC amplitude of 10 mV.

3 Results and discussion
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Fig. 1 XRD patterns of oxides (a) BCF, (b) BCFSc, (c) BZCY, (d) mixed BCFSc and BZCY powders

with weight ratio of 1:1 after annealing at 1200 °C for 5 h.

Fig. 1 presents the XRD patterns of BCF, BCFSc, BZCY and mixed BCFSc-BZCY

powders. The Sc doing stabilizes the structure of BCF and the BCFSc shows a cubic

perovskite structure. It is noted that there are only peaks corresponding to the BZCY and



BCFSc in the mixture of BCFSC and BZCY powders after annealing, indicating that

BCFSc is compatible with BZCY.

The area-specific resistances (ASRs) of the electrode in symmetrical cell are shown
in Fig. S1. The values in wet air are 0.13, 0.57 and 2.32 Q cm? at 700, 600 and 500 °C,
which are lower than the case in dry air. According to the analyst in Ref.[16], the
introduction of water may facilitate the process of non-charge transfer such as
adsorption—desorption and diffusion of oxygen. It is noted that the apparent activation
energies (Ea) of the PBFSc in wet air and dry air are about 90.0 kJ mol™ and 92.2 kJ mol
! lower than the 120.3 kJ mol™* of BaosSrosCoo.sFeo20s-5 cathode in air[18]. Low apparent
activation energy indicates less chemical barrier for oxygen reduction, which results in a

low ASR value[22].
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Fig. 2 SEM image of the single cell (a) cross section view, (b) close-up image of the interface of cathode
and electrolyte.

To investigate the BCFSc as the cathode for P-SOFC, an anode-supported fuel cell
(BCFSc|BZCY|NiO-BZCY) was fabricated. Fig. 2(a) is the microstructure of the single

cell after testing from the cross sectional view. The densified electrolyte with thickness of



~ 10 um indicates that spray-painting is an effective way to fabricate the thin film for

electrolyte. The thickness of the porous cathode is also ~ 10 um and no crack is found at

the interface between the cathode and the electrolyte from Fig. 2(b), which is expected to

enhance the compatibility and the stability of the cathode-electrolyte interface.
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Fig. 3 Electrochemical performance of single cell (a) current density dependence of voltages and
power densities for anode-supported cell at different temperatures, (b) impedance spectra of the testing
single cell at open circuit condition.

Fig. 3(a) displays the I-V and I-P curves measured from 500 to 650 °C with

humidified hydrogen (3% H-O) as the fuel and ambient air as the oxidant. The open circuit

voltages (OCVs) are observed to be from 1.07 V to 1.00 V, and maximum power densities

of 760, 591, 452 and 318 mW cm™ are obtained at 650, 600, 550 and 500 °C. The table 1

shows a performance comparison of PBFSc and several other cobalt-containing cathodes

using the same electrolyte of BZCY. The BCFSc exhibits a higher performance, which

may be related to the low polarization resistances shown in Fig. 3(b).

Cathode

Electrolyte
thickness (um)

Peak power density (mW

Ref
cm)




PBFSC 10 760 (650 °C) This study

NbBaC00s: 10 438 (700 °C) [17]
Ag-Bao5Sr05C008Fe0.203-5 35 595 (750 °C) [18]
PrBaC020ss 10 545 (700 °C) [23]
Bao.aC00.7Fe0.2Nb0.103-5 20 300 (700 °C) [24]
BZCY-PrBaosSrosC020s:s 15 522 (700 °C) [25]
Y0.25Bi0.7501.5-L80.65r0.4C00.2F€0.803-5 20 167 (550 °C) [26]
BZCY-Smo.5Sro5C003-5 20 650 (700 °C) [27]
BZCY-Bao.5Sro5C00.8F€0.203-5 20 418 (700 °C) [28]

Table 1 Summary of the performance data for our cell with literature reports

Fig. 3b exhibits the single cell resistances under operation condition. The intercept
with the real axis at high frequency is the ohmic resistance of the cell (Ro), and the low
frequency intercept means the total resistance of cell (Rwta). The difference between the
high and low frequency intercept presents the total interfacial polarization resistance (Rp)
of the cell, which contains the cathode-electrolyte and anode-electrolyte interfacial
resistances. As expected, all the estimated resistances decrease with increasing temperature
as shown in Fig. S2. R, of the single cell are 0.27, 0.37, 0.45 and 0.55 Q cm?and R, are
measured as 0.05, 0.09, 0.20, 0.49 Q cm?at 650, 600, 550, 500 °C respectively. It is noted
that the polarization resistances are much lower than some other cobalt containing cathode
in P-SOFC. At 600 °C, the R, of this cell is about 0.1 - 0.7 times that of cells with cathode
of PrBaCo20s+5,[23] BaosSrosCoosFeo2035s - BaZroiCeo7Y02035 [28] and
NdBao 5SrosC015F€050s+5,[29] i.e., 0.92, 0.6, and 0.128 Q cm? The low polarization
resistance of PBFSc may be due to its fast oxygen diffusion and surface exchange Kkinetics,
which is related to its symmetrical structure and high catalytic activity of Co/Fe cations[21].
The limit to the performance of the cell is the ohmic resistance, which mainly originates
from the electrolyte. Therefore, the future research will be focused on decreasing the ohmic
resistance to improve the performance of the P-SOFC. The stability of the cell is of
importance. The short-term stability test is shown in Fig. S3. Under current density of 400
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mA cm at 550 °C, the voltage of ~0.75 V is obtained without observable degradation,

indicating a relative stability of the cathode.
4 Conclusions

A perovskite BCFSc was applied in P-SOFC and the properties were investigated.
The anode-supported cell exhibited an excellent performance with humidified hydrogen as
the fuel and air as the oxidant. Peak powder density of 760 mW cm was obtained at
650 °C. And meanwhile the low polarization resistance of 0.05 Q cm? was observed under
open-circuit. The cathode also demonstrated relative stability in the duality test. The results
indicate that BCFSc is an excellent cathode candidate for P-SOFC at intermediate

temperature.
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Captions

Fig. 1. XRD patterns of oxides (a) BCF, (b) BCFSc, (c) BZCY, (d) mixed BCFSc and
BZCY powders with weight ratio of 1:1 after annealing at 1200 °C for 5 h.
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Fig. 2. SEM image of the single cell (a) cross section view, (b) close-up image of the

interface of cathode and electrolyte.

Fig. 3. Electrochemical performance of single cell (a) current density dependence of
voltages and power densities for anode-supported cell at different temperatures, (b)
impedance spectra of the testing single cell at open circuit condition.
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Fig. S1 Arrhenius plots of the area specific resistances for BCFSc cathode between 500
and 700 °C.
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Fig. S2 The resistances of the single cell as a function of the temperature.
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Fig. S3 Short-term stability of the single cell under a constant current density of 400
mV at 550 °C.
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