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Inert-substrate-supported tubular solid oxide fuel cells with multi-functional layers were fabricated in this work. The tubular single cells consisted of a porous yttria-stabilized zirconia inert-substrate supporting layer, a Ni anode current collecting layer, a Ni-Ce0.8Sm0.2O1.9 anode electrochemical layer, an yttria-stabilized zirconia/Ce0.8Sm0.2O1.9 bi-layer electrolyte, and a La0.6Sr0.4Co0.2Fe0.8O3−δ cathode. Thickness of the La0.6Sr0.4Co0.2Fe0.8O3−δ cathode layer could be varied from 2.5 to 25.0 μm by controlling the number of dip-coatings in the single cell fabrication process. Electrochemical performance of the tubular single cells was investigated as a function of cathode thickness. Area specific resistance and maximum power density of the single cell were significantly affected by the thickness of the cathode. Increasing the cathode thickness to 15 μm was effective in reducing the sheet resistance of the layer and the area specific resistance of the single cell. Further increasing the cathode thickness induced a higher electrode polarization loss, which originated from insufficient gas diffusion and transport processes. Therefore, the optimum thickness of the La0.6Sr0.4Co0.2Fe0.8O3−δ cathode layer was determined to be 15 μm. At 800°C, the tubular single cell with the optimum cathode thickness displayed the highest observed maximum power density of 559 mWcm−2 under the hydrogen/air operation mode. Additionally, the tubular single cell exhibited good thermal cycling stability between 800 and 25°C for five cycles. These results illustrate the advantages of this system for future applications of the inert-substrate-supported tubular single cells in repeated startup and shut down conditions.
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INTRODUCTION

Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy into electricity. As the chemical energy present in fuels is directly converted into electrical energy, SOFCs show a higher energy conversion efficiency than conventional gas turbine engines (Stambouli and Traversa, 2002; Kirubakaran et al., 2009). Compared to widely developed button type SOFCs, tubular type SOFCs exhibit benefits of reduced sealing area and improved mechanical properties. Hence, they can be applied for fast startup and shutdown operating conditions, which is a significant advantage for future commercialization (Singhal, 2012; Orera et al., 2014). In the past several decades, the Ni-yttria-stabilized zirconia (YSZ) anode supported single cell configuration has been regarded as the mainstream for SOFC developments. This is due to the high conductivity of the nickel cermet, good electrocatalytic activity and low electrode polarization (Singhal, 2012; Shri Prakash et al., 2014). However, the thermal expansion coefficient (TEC) of the Ni-YSZ anode (with a Ni content >50 vol.%) is much higher than typical YSZ and doped-ceria electrolyte materials. The mismatch in TEC between bulk Ni-YSZ and the electrolyte layers may induce cracks in the electrolyte and eventual failure of the single cell (Aruna et al., 1998; Sameshima et al., 1999; Hayashi et al., 2005).

To match the TECs between the supporting layer and the electrolyte layer, the thermal and mechanical properties of Ni-YSZ has been investigated with respect to the nickel content in the cermet. Lowing the nickel content was found to be effective in reducing the TEC of Ni-YSZ, and the Ni-YSZ cermet with 15 vol.% of Ni exhibits TEC of 1.04 × 10−5 K−1, which is comparable with that of YSZ (1.05 × 10−5 K−1; Aruna et al., 1998; Hayashi et al., 2005). On the other hand, the insufficient nickel loading (15 vol.%) in the anode leads to poor connectivity between the nickel grains. Hence, the anode displays an unsatisfactory electronic conductivity of ~0.103 S cm−1 at 900°C, resulting in evidently high ohmic loss of the single cells and reduction in the maximum power density (Aruna et al., 1998). In order to maintain mechanical compatibility between the supporting layer and the electrolyte in the single cell while ensuring sufficient electronic conductivity in the anode layer, a porous YSZ inert-substrate-supported tubular single cell design was developed (Zhao et al., 2014, 2016) with the following configuration:

• Porous YSZ supporting layer

• Ni-Ce0.8Sm0.2O1.9 (Ni-SDC) anode

• YSZ/SDC bi-layer electrolyte

• La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) cathode.

As the YSZ was used as the supporting layer, the TEC of the substrate should match that of the YSZ/SDC bi-layer electrolyte (TEC of YSZ is 10.5 × 10−6 K−1 and TEC of SDC is 11.8 × 10−6 K−1 from 200 to 1,000°C; Sameshima et al., 1999; Hayashi et al., 2005). To ensure the high electronic conductivity and electrochemical activity, 50 vol.% of Ni−50 vol.% of SDC anode was applied as a functional layer (10–20 μm) on the outer surface of the porous YSZ substrate. According to previous thermo-mechanical simulation studies, reducing the thickness of the anode layer from the millimeter range to the micrometer range is effective in reducing the stress generated by the thermal expansion mismatch (Yakabe et al., 2004; Sarantaridis and Atkinson, 2007). Thus, a thin anode layer (10–20 μm) applied in the tubular cell was expected to minimize the stress between the various functional layers in the cell. This expectation was validated by previous experimental work on redox cycling performance of the tubular single cells (Zhao et al., 2014).

In previous study, the initial electrochemical performance and redox cycling stability of the tubular single cells were optimized by controlling the microstructure of the anode layer. For example, the fabrication parameters (such as the porosity of the YSZ substrate and the number of dip-coatings for the anode layer) were tailored to achieve the optimum anode microstructure (Zhao et al., 2014). Despite the previous work on performance improvement for the tubular single cells (300–400 mW cm−2 at 800°C), the maximum power density was still lower than conventional button-type Ni-Sm, Gd-doped ceria anode single cells (~900 mW cm−2 at 650°C; Fu et al., 2010). Experimental results revealed that the tubular single cell displayed a significantly larger area specific resistance (~0.90 Ω cm2 at 800°C) under the open-circuit voltage condition than the conventional button-type Ni-SDC anode single cell (0.41 Ω cm2 at 600°C; Fu et al., 2010; Zhao et al., 2014). Considering the Ni-containing anode employed in the cell, the area specific resistance arising from the cathode side would be regarded as an important contributor to the total polarization resistance of our tubular single cell.

The oxygen reduction on the surface of the LSCF cathode involves the following steps: (1) oxygen diffusion to the cathode surface, (2) adsorption and dissociation of oxygen on the cathode surface, (3) electron charge transfer between the cathode surface and adsorbed oxygen, (4) diffusion of oxygen ions in the cathode bulk phase, and (5) oxygen ion charge transfer at the interface between the cathode and the electrolyte (Adler, 2004; Li et al., 2010; Gong et al., 2012). Steps (3)–(5) are mainly determined by the intrinsic electronic-ionic mixed conducting properties of the cathode material, while steps (1) and (2) are highly dependent on the extrinsic microstructure of the cathode. To minimize the cathode polarization, microstructural features, such as porosity, grain size and adhesion between grains in the cathode were optimized by adjusting the pore former contents in the cathode slurry, the particle size of the starting powders, and the sintering temperature of the electrode (Perry Murray et al., 2002; Murata et al., 2005; Gostovic et al., 2007), respectively. However, the effect of cathode thickness on overall electrochemical performance of the inert-substrate-supported tubular single cell has not been satisfactorily addressed. Further research efforts to elucidate the relationship between the cathode thickness and electrochemical activity of the tubular single cell could provide a guideline for improving overall cell performance.

In this work, a porous YSZ inert-substrate-supported tubular single cell was fabricated by an extrusion and slurry dip-coating method. Thickness of the LSCF cathode layer was adjusted by varying the number of dip-coatings from one up to six. The electrochemical performance of the tubular single cell was determined as the function of cathode thickness. The optimum cathode thickness being when the maximum power density of the tubular single cells was obtained. Additionally, the thermal cycling performance of the tubular single cell was investigated to understand its mechanical stability under repetitive startup and shut down operating conditions.

MATERIALS AND METHODS

Powder Preparation

The NiO-SDC powder containing 61.3 wt.% NiO and 38.7 wt.% SDC was obtained by urea combustion synthesis. Reagent grade Ni(NO3)2·6H2O (High Purity Chemicals), Ce(NO3)3·6H2O (Alfa Aesar), Sm(NO3)3·6H2O (Alfa Aesar) and urea (Alfa Aesar) were used as starting materials. These starting materials were dissolved into deionized water to form a solution. The mole ratio of urea to the total metal cation content was 2.0 according to our previous results (Chen et al., 2008). This solution was stirred for 1 h and heated on a hot plate until auto-ignition and self-sustaining combustion occurred. The obtained ash was subsequently ground for 24 h in ethanol medium using a ball milling process with zirconia balls. Then the powder was calcined at 1,000°C for 2 h in air.

The LSCF cathode powder with the nominal composition of La0.6Sr0.4Co0.2Fe0.8O3−δ was synthesized by a glycine-nitrate combustion. Reagent grade La(NO3)3·6H2O (Kanto Chemical), Sr(NO3)2 (Sigma Aldrich), Co(NO3)3·6H2O (Sigma Aldrich), Fe(NO3)3·9H2O (Kanto Chemical) and glycine (Samchun Chemical) were used as raw materials. These nitrates were weighed, respectively, according to the nominal composition, and dissolved into deionized water to form a solution. The mole ratio of glycine to the total metal cation content was selected as 3.0 according to our previous results (Zhao et al., 2011). This solution was stirred for 1 h and heated on a hot plate until auto-ignition and self-sustaining combustion occurred. The obtained ash was subsequently ground for 24 h in ethanol medium using a ball milling process with zirconia balls. Then the powder was calcined at 700°C for 2 h in air. The details of the powder fabrication procedure have been described elsewhere (Zhao et al., 2013).

Fabrication of the Single Cell

Porous YSZ inert-substrate supports were fabricated by an extrusion process using 25 wt.% poly(methyl-methacrylate) (Sunjin Chemical) pore former mixed with 75 wt.% YSZ powder (Zr0.92Y0.08O2−δ, 99.9%, Tosoh). The inner and outer diameters of the tubes were 3.4 and 6.0 mm, respectively.

The Ni anode current collector layer was deposited onto the outer surface of the YSZ tube by dip-coating using 16 wt.% NiO (99.995%, Alfa Aesar) and 1.8 wt.% poly(methyl-methacrylate) powders dispersed in an organic carrier (I) by ball milling for 24 h. The organic carrier (I) consisted of 0.5 wt.% triethanolamine (>99%, Alfa Aesar), 1.0 wt.% dibutyl phthalate (>99%, Alfa Aesar), 1.0 wt.% polyethylene glycol 300 (>99%, Showa Chemical), 1.5 wt.% polyvinyl butyral (Sigma Aldrich), 48 wt.% 2-butanone (99%, Alfa Aesar), and 48 wt.% ethanol (Hayman Specialty Products). The NiO slurry was dip-coated onto the YSZ surface and dried in air for 24 h. The layer was then calcined at 500°C for 1 h in air. The NiO-SDC anode layer with 60 wt.% NiO and 40 wt.% SDC was deposited over the NiO layer in the same way by dip-coating.

After fabricating the anode layer, the YSZ (Zr0.92Y0.08O2−δ) electrolyte was deposited on the outer surface of the tube by dip-coating using 17 wt.% YSZ powder mixed in organic carrier (II) by ball milling for 24 h. The organic slurry (II) was comprised of 30 wt.% ethanol, 30 wt.% B73210 organic binder (Ferro Electronic Materials), and 40 wt.% α-terpineol (>96%, Sigma Aldrich). The YSZ slurry was dip-coated onto the NiO-SDC anode layer. The SDC layer was fabricated over the YSZ electrolyte layer by the same process. Then, the green tube was co-sintered at 1,400°C for 4 h in air. The inner and outer diameters of the tube were reduced to 2.5 and 4.5 mm, respectively. The detailed fabrication procedure was reported in our previous publication (Zhao et al., 2014).

Finally, 10 wt.% LSCF powder was mixed with 90 wt.% lab-made organic carrier (III) by ball-milling for 24 h to form the cathode slurry. Organic carrier (III) comprised 0.5 wt.% triethanolamine, 1.0 wt.% polyethylene glycol 300, 1.0 wt.% dibutyl phthalate, 3.5 wt.% polyvinyl butyral, 31 wt.% ethanol, and 63 wt.% 2-butanone. The dip-coating process was repeated from one to six times to adjust the thickness of the cathode. After the dip-coating process, the cathode layer was sintered at 950°C for 2 h in air.

Structural Characterization

The porosity of the YSZ substrate was measured by the Archimedes' method and was determined to be ~39% after sintering at 1,400°C for 4 h in air. The microstructure of the tubular single cells was examined by scanning electron microscopy (SEM, JSM-6400, JEOL). Features of the cathode layer such as grain size, porosity and thickness were estimated using Image-Pro Plus 6.0 software (Iwanschitz et al., 2012).

Electrical Resistance

The sheet resistance of the cathode layer was measured by a four-probe method at 800°C in air. The experimental setup for measuring the sheet resistance of the cathode layer is shown in Figure 1A. The sheet resistance (Rs) of the cathode layer was calculated by the following equation (Zhao et al., 2014):
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where I is the current applied between line E and line F, and U is the voltage measured between A and B. D is the outer diameter of the tubular single cell and L is the distance between A and B. As the conductivity of SDC (~0.082 S cm−1) is three orders of magnitude lower than that of LSCF (~200 S cm−1) at 800°C in air, the SDC layer shows a minor effect on the measured sheet resistance of the LSCF layer (see the Supplementary Material; Mineshige et al., 2005; Chen M. et al., 2009). Additionally, according to previous research results, the conductivities of YSZ and NiO-YSZ layers were even lower than that of SDC layer in air (Eguchi, 1997). Hence, the YSZ, NiO-YSZ and the porous YSZ substrate layers are expected to have no evident effects on the measured sheet resistance of the LSCF layer. Therefore, the sheet resistance that we measured in this study truly represents the sheet resistance of the LSCF layer.


[image: image]

FIGURE 1. (A) Schematic diagram of sheet resistance measurement setup, and (B) Schematic diagram of tubular single cells.



Cell Performance Measurement

Electrochemical performance of the tubular single cell was investigated by an in-house-designed fuel cell testing system (shown in Figure 1B). The system consists of an electrochemical workstation (SP 150, Biologic SAS), a set of mass flow controllers (FM-30VE, Line Tech), and alumina single cell holders. Platinum wire (wire diameter: 1 mm) and platinum mesh (mesh size: 40 × 40, wire diameter: 0.1 mm) were used as the current collectors for the cathode, while nickel wire and nickel mesh were used as the current collectors for the anode. The tubular single cell was sealed to the alumina single cell holders by an alumina-based ceramic binder (AREMCO Products). Electrochemical cell characterization was performed using dry hydrogen (200 sccm) as fuel and air as the oxidant at 800°C. Electrochemical impedance spectra of the tubular single cells were measured under the open-circuit voltage (OCV) condition in the frequency range of 0.01 Hz −100 kHz, and the amplitude of the sinuous signal was 10 mV in the potentiostatic mode.

Thermal cycling stability of the single cell was tested between 800 and 25°C with hydrogen as fuel and air as oxidant. For each cycle, the single cell was heated to 800°C at 4°C min−1, and performance stability was measured at 800°C for ~ 5 h. Then, the cell was cooled down to 25°C at 4°C min−1. The thermal cycling process was repeated five times in this present study.

RESULTS

Microstructural Characterization

Figure 2 shows cross-sectional SEM images of the inert-substrate supported tubular single cells fabricated by dip-coating. Figure 2A illustrates the full single cell with the porous YSZ substrate, Ni anode current collector, Ni-SDC anode, YSZ/SDC bi-layer electrolyte, and the LSCF cathode. The LSCF layer was dip-coated for four times. Good adhesion appears to have been obtained between the different functional layers in the cells. Figures 2B–D shows typical SEM images of the cathode layer with the increasing thickness as the number of dip-coating steps goes from one to six. The LSCF layer coated once displayed some discontinuous regions, which could be ascribed to insufficient slurry wetting on the dense surface of the SDC electrolyte (Yamaguchi et al., 2007). After depositing a second LSCF layer, no disconnected regions were identified by the SEM analysis. The improved wetting in the additional dip-coatings would be due to the enhanced capillary force generated from the previously deposited porous LSCF layer on the tubular single cells (Yamaguchi et al., 2007; Tikkanen et al., 2011). Generally, the thickness of the cathode was found to increase from 2.5 to 25 μm as the number of dip-coatings varied from one to six.
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FIGURE 2. (A) SEM image of the tubular single cell; (B–D) Cathode layers with the dip-coating time going from one, to four and then six, respectively.



Sheet Resistance

Figure 3 shows the sheet resistance of the cathode layer measured by the four-probe method at 800°C in air. The LSCF cathode layer dip-coated once displayed an extraordinarily high sheet resistance of 895 Ω sq−1, and high resistivity of 0.22 Ω cm (shown in Figure S2 in the Supplementary Material), which could be due to the discontinuities in the layer as shown in Figure 2B. When increasing the thickness of the layer by dip-coating twice, the sheet resistance significantly dropped from 895 to 46 Ω sq−1. This drop in the sheet resistance could be ascribed to the uniformity of the overall layer produced by repetitive dip-coating. Further increasing the LSCF thickness by additional dip-coated layers decreased the sheet resistance from 46 to 3 Ω sq−1.


[image: image]

FIGURE 3. Sheet resistance of the LSCF cathode layer vs. thickness.



Electrochemical Performance

Electrochemical impedance spectra of the tubular single cells were measured at 800°C under the OCV condition. In the electrochemical impedance tests, several electrochemical processes, such as charge transfer, gas adsorption and dissociation, and gas diffusion in porous electrodes, can be overlapped with each other. In order to deconvolute electrochemical processes, the Distribution-Relaxation-Times (DTR) technique was used to analyze the measured impedance data (Ciucci and Chen, 2015; Wan et al., 2015). Figure 4 shows the typical distribution of resistances as a function of the frequency for the tubular single cells with different cathode thicknesses. Generally, two major peaks can be resolved in the frequency range 0.01 Hz −100 kHz. The high frequency peak was located at 4.3–7.4 Hz, while the low frequency peak was at 0.24–0.31 Hz. The results suggested two dominant electrode processes contributing to the overall electrode polarization in the tubular single cells.
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FIGURE 4. DRT curves obtained from electrochemical impedance spectra of single cells with different cathode layer thicknesses: (A) 5 μm, (B) 15 μm, and (C) 20 μm.



Based on the results obtained from the DRT analysis, the electrochemical impedance spectra of the tubular single cells were fitted by the LRohm(RHQH)(RLQL) equivalent circuit model. Figure 5 shows the corresponding Nyquist plots of the tubular single cells and a schematic diagram of the equivalent circuit model. L represents the inductive impedance response originating from the connecting wires and the measurement device. Rohm is the ohmic resistance of the single cell. The (RHQH)(RLQL) components refer to the electrode processes, where R is the resistance and Q is the constant phase element. The subscript H refers to the high frequency impedance response and L denotes the low frequency response. The equivalent capacitance C and relaxation frequency f corresponding to each electrode process are calculated by the following equations (Gourba et al., 2004; Chen D. et al., 2009):
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where n is an exponential parameter, which can be determined from the electrochemical impedance spectra fitting. The values of the chi-squared function (χ) are on the order of 10−4 for all the impedance spectra fittings, indicating reliable fitting results in this work (Küngas et al., 2009). The area specific resistance of the single cell Rp is the sum of RH and RL. The electrochemical parameters obtained from the impedance spectra fittings are summarized in the Supplementary Material (Table S2). We found that the relaxation frequency data obtained from the impedance spectra fittings and DRT analyses (shown in Figure 4) were comparable. The similarity indicated the good reliability in both impedance spectra fittings and DRT analyses.
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FIGURE 5. Nyquist plots of the tubular single cells at 800°C under the OCV condition.



Figure 6 shows ohmic and polarization resistances of the tubular single cells with the thickness of the cathode layer varying from 5 to 25 μm. When increasing the thickness of the cathode layer from 5 to 15 μm, the ohmic resistance (Rohm) of the tubular single cell displayed an evident decrease from 0.84 to 0.26 Ω cm2. Additionally, the area specific resistance (Rp) of the single cell presented a similar trend as well. The reduction of Rp values can be ascribed to the enhanced electrochemical process of the oxygen reduction with the thicker cathode up to 15 μm. On the other hand, increasing the thickness of the cathode beyond 15 μm resulted in a minor increment of the Rp value. Thus, the optimum cathode thickness was determined to be 15 μm based on the electrode polarization property.
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FIGURE 6. Ohmic and polarization resistances of the tubular single cells with different cathode thicknesses at 800°C.



Figure 7A shows cell voltage and power density curves of the tubular single cells as the function of current density at 800°C in dry hydrogen fuel. The OCV values of the single cells were ~1.04 V, being slightly lower than the theoretically predicted value (>1.10 V; Zha et al., 2001; Su et al., 2013). The lower OCV values could be ascribed to imperfect sealing and the minor short circuit originating from the thin YSZ/SDC bi-layer electrolyte layers in the cell. Figure 7B illustrates the variation of maximum power density of the tubular single cells with different cathode thicknesses. The maximum power density linearly increased from 224 to 559 mW cm−2 as the thickness of the cathode layer increased from 5 to 15 μm. Further increases in the thickness were not beneficial for improving maximum power density. Hence, the optimum thickness of the LSCF cathode layer was found to be 15 μm for the inert-substrate-supported tubular single cell, which agrees with the data obtained from electrochemical impedance data shown in Figures 5, 6.
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FIGURE 7. (A) Current-voltage curves of the single cells with different cathode thicknesses, and (B) Maximum power density of the single cells as the function of cathode thickness.



Thermal Cycling Stability

After the initial electrochemical performance investigation, we measured the thermal cycling performance of the tubular single cell between 800 and 25°C. Figure 8 shows the performance stability of the single cell with the optimum cathode thickness of 15 μm at the current density of 600 mA cm−2. The single cell could maintain 95% of its initial electrochemical performance within five thermal cycles, which is much improved compare with the conventional Ni-YSZ anode supported tubular cell (performance degradation is over 10% in two to three thermal cycles; Guan et al., 2011; Howe et al., 2013). The improved thermal cycling performance illustrates excellent mechanical compatibility between the different layers in the cell. The result suggests the advantage of the inert-substrate-supported tubular single cell for repeated startup and shut down power applications.
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FIGURE 8. Thermal cycling performance of the tubular single cell at 600 mA cm−2 at 800°C.



DISCUSSION

Microstructural Characterization

To investigate the effects of cathode microstructures on the electrochemical performance of the tubular single cells, we analyzed SEM images of the cathode layer by the image-analysis method (Iwanschitz et al., 2012). Figure 9 shows the average grain size, pore diameter and porosity of the cathode layer estimated by the Image-pro plus software. By changing the cathode thickness through repetitive dip-coating processes, the layer presented similar average grain size (0.9–1.0 μm), pore diameter (550–750 nm), and porosity (30–40%), respectively.
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FIGURE 9. (A) Average grain size and pore diameter in the cathode layer, and (B) Porosity of the cathode.



The LSCF is widely recognized as an electronic-ionic mixed conducting cathode material. Hence, the electrochemical active region for oxygen reduction is extended out from the cathode/electrolyte interface (Adler et al., 1996; Lu et al., 2012). The range of the electrochemically active cathode region can be characterized by the length (lδ) beyond the cathode/electrolyte interface, which can be estimated by the oxygen transport properties of the cathode materials and microstructural features of the layer as described by the following equation (Endler-Schuck et al., 2015):

[image: image]

where ε is the porosity of the electrode, τ is the tortuosity of the electrode, α refers to the internal surface area per unit volume, and Lc is the ratio between the oxygen diffusion coefficient and the surface oxygen exchange coefficient of the LSCF cathode material.

Based on the microstructural parameters determined from SEM image analysis, the three-dimensional porosity (ε3d) of the cathode was calculated from the two-dimensional porosity (ε2d) by the following equation (Hoomans et al., 1996):

[image: image]

The value of the tortuosity τ was calculated according to an empirical equation (Yang et al., 2013):

[image: image]

The internal surface area per unit volume was determined by the following equation:

[image: image]

where the dav refers to the average grain size of the LSCF cathode.

According to the reported oxygen diffusion coefficient (8.06 × 10−6 cm2 s−1) and surface oxygen exchange coefficient (1.50 × 10−4 cm s−1) for the LSCF material at 800°C, the electrochemical active region (lδ) for oxygen reduction reaction at the cathode was calculated (Lane and Kilner, 2000). The detailed microstructural parameters are listed in the Supplementary Material (Table S3). According to this investigation, the electrochemically active region was determined to be ~8 μm for the LSCF cathode with the thickness between 10 and 25 μm.

Electrochemical Performance Investigation

Electrochemical impedance spectra of the tubular single cells were fitted by the LRohm(RHQH)(RLQL) equivalent circuit model. The fitting results are shown in Table S2 in the Supplementary Material. The equivalent capacitance and relaxation frequency for high frequency arcs are on the order of 10−1–10−2 F cm−2 and 100–101 Hz, respectively. The electrochemical processes associated with these high frequency arcs (RHQH) can be ascribed to the oxygen exchange process on the electrode surface (Escudero et al., 2007; Leonide et al., 2008). On the other hand, the equivalent capacitance and relaxation frequency for low frequency arcs are on the order of 100 F cm−2 and 10−1 Hz, respectively. The electrochemical process corresponding to these low frequency arcs (RLQL) can be ascribed to the oxygen diffusion process (Escudero et al., 2007; Philippeau et al., 2013).

As the anode and electrolyte structures of the tubular single cells were kept constant in this research, the variations of high and low frequency arcs could be ascribed to the cathode layer. As indicated in Table S2, the area specific resistance from the high frequency arc (RH) decreased by 50% (from 0.52 to 0.25 Ω cm2) when increasing the cathode thickness from 5 to 10 μm. This reduction of RH could be due to the enlarged electrochemical active region of the cathode for the surface oxygen reduction reaction. Further increasing the thickness beyond 10 μm, the RH showed a slightly increasing trend. The results illustrated that the surface oxygen reduction reaction was active within 10 μm from the cathode/electrolyte interface, which is in good agreement with the electrochemical active region (lδ: ~8 μm) determined by the microstructural analysis.

On the other hand, the area specific resistance from the low frequency arc (RL) decreased from 0.34 to 0.17 Ω cm2 by increasing the cathode thickness from 5 to 15 μm. The reduced RL could be due to the increased total surface area of the cathode for the oxygen adsorption process. However, increasing the cathode thickness beyond 15 μm tended to increase RL. For the single cells with the thicker cathode (>15 μm), the adsorbed oxygen has to diffuse through a longer path to the electrochemically active region, which could increase the value of RL (Hildenbrand et al., 2013). Additionally, thicker cathode layers would impede the diffusion of oxygen gas in the porous cathode, thus increasing the RL of the single cells. Considering the variations of RH and RL values as the function of cathode thickness, the optimum thickness was determined to be 15 μm for the LSCF layer. Thus, the single cell with this optimum thickness of the cathode layer showed the highest maximum power density of 559 mW cm−2 at 800°C in this work.

CONCLUSION

Inert-substrate-supported tubular single cells with multi-functional layers were fabricated by extrusion and slurry dip-coating processes. The microstructure of the LSCF cathode layer was modified by controlling the number of dip-coating steps in the cell fabrication procedure. The grain sizes (899–920 nm), pore diameters (563–623 nm) and porosities (35–38%) of the LSCF cathode were found to remain constant, while the thickness was increased from 2.5 to 25 μm. The electrochemical performance of the tubular single cells was examined with respect to the cathode thickness. Increasing the cathode thickness was found to lower the sheet resistance of the layer and ohmic resistance (Rohm) of the single cell. Generally, increasing the cathode thickness from 2.5 to 15 μm was beneficial for enhancing both the surface oxygen exchange process (RHQH) and oxygen diffusion and adsorption processes (RLQL). Further increasing the cathode thickness (>15 μm) induced higher area specific resistance originating from the slow diffusion process (RLQL). Thus, the optimum thickness of the LSCF cathode layer was determined to be 15 μm for the inert-substrate-supported tubular single cell. At 800°C, the tubular single cell with the optimum cathode thickness showed a high maximum power density of 559 mW cm−2 under the hydrogen/air operation mode. Additionally, the tubular single cell exhibited a good thermal cycling stability during five cycles between 800 and 25°C. The results illustrate advantages for future applications where the repeated startup and shut down condition mode is important.
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