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            Abstract
          
        

        
          To study the geometrical scale dependency of thin film solid oxide fuel cells (SOFCs), we fabricated three thin films SOFCs with the same cross-sectional structure but with different electrode areas of 1, 4 and 9 mm2. Since the activation and ohmic losses of SOFCs depend on their active region, we examined the variations of the power density of the cells with a Pt (anode)/sputtered YSZ/Pt (cathode) structure. We found that a cathode electrode with a low aspect ratio may suffer from high ohmic and activation losses because of the geometrical scale dependency.
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      1. Introduction
      Interest in solid oxide fuel cells (SOFCs), which can operate over 700°C, continues to increase due to their high energy efficiency, flexibility in the choice of fuel, and cost-effective core materials.1-4 Although SOFCs have several excellent qualities, they suffer from slow start-up and shut-down as well as a thermal management problem.5-7 To resolve these problems, several modified SOFCs such as a low-temperature SOFC and a protonic SOFC, have been developed.3,8-10 Thin film SOFCs, which are fabricated using vacuum techniques, are very promising and have been actively researched due to their thin electrolytes, functional layers and electrodes.1,3,11-15

      In particular, the ultrathin electrolytes allow the thin film SOFCs to reduce their operating temperature from over 700°C to less than 500°C, which improves the start-up and shut-down function and thermal management of the SOFC system.3,16,17 Various groups proposed free-standing, porous substrate supported, and anode supported thin film SOFCs8,16,18-20 and confirmed their abilities to achieve high power densities and low temperature operation.16 Despite the successful development of the free-standing, porous substrate and anode supported thin film SOFCs for a feasible energy system using low-temperature SOFCs, increasing the size of a membrane electrode assembly (MEA) for stack commercialization is still in its infancy stage due to undesirable effects such as short-circuit of electrolyte and high ohmic polarization of thin electrodes.1,21 As shown in Fig. 1, thin film MEAs with a cm2 area can usually cause high ohmic (In-Plane Direction) resistance within electrodes.10 We need to investigate the geometrical scale dependency of MEAs of different area sizes (see Fig. 1, R1 and R2). In this paper, we designed Pt/YSZ/Pt single cells with different active areas of 1 × 1, 2 × 2, and 3 × 3 mm2. Using experimental methods, we also discovered that the geometrical scale dependency depended on the active area and caused the charge transfer reaction as well as the ohmic resistances.

      
        
        

        Fig. 1 
				
        

        
          Schematic of thin film solid oxide fuel cells with different cathode area sizes: 1 and 9 mm2
        
        

        

      

    

    

  
    
      2. Experimental
      The microstructures of the electrolyte and electrode were characterized using a focused ion beam (FIB: Quanta 3D FEG, Operating Voltage: 5 kV), secondary electron microscopy (SEM: Zeiss Sigma, Operating Voltage: 2 kV), X-ray diffraction (XRD, PANalytical X'pert Pro, Netherlands) using Cu Kα radiation and a scanning speed of 3°C min-1 between 20°C and 90°C, and X-ray photoelectron spectroscopy (XPS, Kratos, Japan). As shown in Fig. 2(a), experimental samples of thin film SOFCs were fabricated using a sputtering process. First, under an Ar pressure of 30 mTorr, the porous 300-nm-Pt anode was deposited onto a 100-μm-thick anodic aluminum oxide (AAO) template with 80-nm pores. Then, the 800-nm-YSZ electrolyte was deposited onto a porous Pt anode under a gas mixture of Ar (80%) / O2 (20%) at a pressure of 5 mTorr. Finally, the sporous 200-nm-thick Pt cathode was also deposited using sputtering under an Ar pressure of 90 mTorr. Current-voltage-power (I-V-P) curves and electrochemical impedance spectroscopy (EIS) values were measured using a Solartron 1287 / 1260 module. The voltage sweep rates for the potentiodynamic and the perturbation voltages of the EIS were 10 mVs-1 and 30 mV, respectively. The frequency range for the E IS measurements is 105-10Hz. Fig. 2(a) shows a schematic of the system operating on H2 (20 sccm) at the anode and the air-breathing system at the cathode. The thermocouple was placed on the air side of the Pt cathode.

      
        
        

        Fig. 2 
				
        

        
          (a) Cross-sectional SEM image of thin film SOFC, (b) Experimental set-up of thin film SOFC through electrochemical measurement, (c) Image of samples used in experiments of cathode areas of 1, 4 and 9 mm2
        
        

        

      

      The heating rate of the customized test station was 6°C/min and the final target temperature for the measurement was 500°C; the details on the test station’s setup and sequence have been previously reported.9,17 Besides, a sealant (CP 4010, Aremco Products Inc.) was used to ensure the gas tightness between the metal supporter and the sample. Fig. 2(a) shows the single fabricated cells with three different active areas of 1, 4, and 9 mm2. Figs. 3(a) and 3(b) show the yttria-stabilized zirconia (YSZ) results by X-ray diffraction and XPS, respectively. Fig. 3(a) shows that the sputtered YSZ has clear XRD patterns of (111), (200), (220), and (311). As shown in Fig. 3(a), we confirmed a mole doping rate of 8 from the deposited YSZ thin film through XPS.

      
        
        

        Fig. 3 
				
        

        
          (a) XRD and (b) XPS spectra of sputtered YSZ thin films
        
        

        

      

    

    

  
    
      3. Results and Discussion
      Fig. 4(a) shows the I-V-P curves of three cells with active areas of 1, 4 and 9 mm2. Even though structures of the three cells are the same except for the active cathode areas, the maximum power densities (MPDs) of the three cells with active areas of 1, 4, and 9mm2 and the cathode active areas are significantly different at 500°C, (137, 68, 39 mW/cm2, respectively). We assume the intrinsic defects of manufactured cells are negligible from the sputtering process. Furthermore, this phenomenon completely attributed to the in-plane resistance variations at the cathode, which are due to the Faradaic impedance and ohmic polarization change. As shown in Fig. 4(a), the EIS shows that both the ohmic resistance (X-Intercept) and Faradaic resistance (Semi-Circle) decrease as the active area decreases from 9 mm2 to 1 mm2. It is widely known that Faradaic resistance arises from oxygen reduction reactions (ORRs).22

      
        
        

        Fig. 4 
				
        

        
          (a) I-V-P and (b) EIS results of thin film SOFCs with active area of 1, 4, and 9 mm2
        
        

        

      

      The non-uniform distribution of electrons within the thin cathode (< 200 nm) makes it hard for reaching the YSZ/Pt electrochemical interface for ORR from the micro-probe, resulting in the variations of ohmic polarization: 0.91 Ωcm2 (1mm2), 2.21 Ωcm2 (4 mm2), and 2.89 Ωcm2 (9 mm2) in Fig. 3(a). As stated above, we believe that the ohmic loss is due to the localized non-uniform electron distribution within the cathode electrode. Second, it is generally known that the low-frequency arcs in EIS typically indicate a sluggish ORR at the cathode.23 Among the ORR steps, Eqs. (1) and (2), in which electrons participate significantly, influence oxygen incorporation at the cathode in the following way.24
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      As a characteristic of thin film SOFCs with very thin electrodes, a triple phase boundary (TPB) is localized due to the localized electron distribution at the cathode, and the activation polarization (i.e. ORR at the Cathode) increases, as shown in Eqs. (1) and (2). Park et al. observed that the MPDs differed according to the patterns of current collectors at the cathode only, although the cell architectures were the same.17 Thus, we assume that the in-plane resistance strongly occurs within a thin film SOFC with wider cathode (Fig. 1). Many studies reported that the MPDs of thin film SOFCs differ due to the geometrical scale dependency of different active areas, despite having similar platforms and structures.11,13,14,22 Fig. 5 exhibits the power density variations to the aspect ratio, which is the following relation,
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        Fig. 5 
				
        

        
          Power density variation with respect to aspect ratio and its inset graph. 5000 (1 mm2), 10000 (4 mm2), and 15000 (9 mm2)
        
        

        

      

      Where the cathode is 200-nm-thick, and the areas are 1, 4, and 9mm2. As shown in Fig. 5, the power densities dramatically decrease up to the aspect ratio of 5000, and then the power densities are stabilized over the aspect ratio of 10000. Chang et al. reported that the aspect ratio of the area of 1 mm2 to the cathode of a 200-nm-thick Pt is also 5000.9 However, Tsuchiya et al. reported that the aspect ratio of area of the 25 mm2 to the cathode with a 47-nm-thick LSCF and a 1.5-μm-thick Pt grid is 3232.25 Although their group developed a new architecture with the Pt grid cathode for scaling up active area of the thin film SOFC through micro-/nano-fabrications, it seems that the optimization of thin film SOFC is not enough in Fig. 5.25 In the same time, the power density of 300 mW/cm2 was measured at 750°C. Fig. 5 shows the thin film SOFC from Lee et al. has better architecture at the cathode than that of Tsuchiya et al.25,26 Also, we draw the reference trendline from experimental results and literatures.25,26 It is believed that the gray zone is the well-optimized thin film SOFC with Pt / YSZ / Pt.

    

    

  
    
      4. Conclusion
      We studied the geometrical scale dependency of the thin film SOFCs using experimental approaches. Although the cross-sectional structure of the single cells was the same, the overall MPDs of cells with active areas of 1, 4, and 9 mm2 were different due to the geometrical scale dependency. Optimizing the current collectors and the cathode structures (i.e., Porosity and Thickness) is strongly recommended for increasing the size of thin film SOFCs and reducing the ORR and ohmic polarization.
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