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The chemical instability of perovskite oxides containing Sr is a critical issue for the long-term operation of solid oxide fuel cells. In this study, we demonstrate a remarkable improvement in the chemical and electrochemical stability of a heterostructured La0.6Sr0.4CoO3-δ (LSC)-Ce0.9Gd0.1O1.95 (GDC) electrode. Electrostatic spray deposition was employed to fabricate heterostructured nanoparticles in a single step with a coaxial nozzle supplying the LSC powders in the core nozzle and the GDC precursors in the shell nozzle. Moreover, the reducing fuel added to the GDC precursor solution induced the sol-gel combustion reaction in the droplet to form a uniform nanocrystalline GDC coating with high surface coverage. The high surface coverage of GDC on the LSC more significantly improved long-term stability compared with than of the bare LSC cathode at a constant current density of 1 A/cm2 at 600°C for 100 h.
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INTRODUCTION
Perovskite oxides containing Sr as an A-site dopant have been considered promising cathode materials because of their high catalytic activity and low activation energy (Ea) for the oxygen reduction reaction (ORR) of solid oxide fuel cells (SOFCs), particularly those operating in the intermediate temperature regime (500–700°C) (Kawada et al., 2002). However, the overall electrochemical performance of perovskite oxide-based cathodes has been reported to deteriorate significantly during long-term operation, because of their chemical instability (Neagu et al., 2013; Myung et al., 2016; Koo et al., 2018; Choi et al., 2021). Previous research has revealed that the performance degradation originates primarily from Sr segregation toward the surface and subsequent changes in the chemistry and structure near the surface (Cai et al., 2012; Chen et al., 2012; Lee et al., 2013). Therefore, extensive research has been conducted to effectively prevent Sr segregation and develop durable SOFCs for widespread applications.
A heterostructured cathode, which contains a chemically stable layer at the surface, has been demonstrated as a promising strategy to suppress Sr segregation (Lynch et al., 2011; Ding et al., 2014; Lee et al., 2014; Chen et al., 2017; Wen et al., 2018; Choi et al., 2020a; Choi et al., 2020b; Choi and Lee, 2021). The electrostatic interactions between charged defects in perovskite oxides are one of the most dominant forces for Sr segregation, which originates from the heterogeneity in the concentration and distribution of the charged defects (Lee et al., 2010; Hamada et al., 2011; Jalili et al., 2011; Choi et al., 2020a). In particular, the enriched oxygen vacancies ( [image: image], an effective charge of +2) at the surface can attract divalent dopants [image: image] by Coulombic force, owing to the lower formation enthalpy at the surface than that in the bulk, resulting in Sr enrichment at the surface. Subsequent Sr segregation beyond the solubility limit of the A-site dopants in the lattice leads to the formation of insulating Sr-rich phases at the surface, destroying the desired stoichiometry (Choi et al., 2020a). In the heterostructured cathode, Sr segregation can be suppressed by decreasing the concentration of oxygen vacancies at the cathode surface via defect transfer near the interfaces (Chen et al., 2018; Choi et al., 2020a). Choi et al. recently reported precise control of the concentration of oxygen vacancies in La0.6Sr0.4CoO3-δ (LSC)-Ce0.9Gd0.1O1.95 (GDC) thin-film cathodes by exploiting defect transfer, demonstrating significantly improved stability over long-term operation (Choi and Lee, 2021). However, a thin, conformal coating on the three-dimensional porous cathodes that maximizes stability enhancement and minimizes performance degradation is challenging to fabricate. Vacuum-based deposition methods such as atomic layer deposition (ALD) have been suggested to fabricate the coating layer with controlled thickness and surface coverage (Gong et al., 2013; Shin et al., 2019; Zhang et al., 2020). However, the use of vacuum-based deposition for practical applications may be questionable because of cost-effectiveness and scalability issues.
In this study, we employed electrostatic spray deposition (ESD) to fabricate heterostructured electrodes because of its capability for the facile synthesis of nanostructures in a relatively simple process that is both cost-effective and scalable (Joshi et al., 2021). During the ESD process, suspension droplets are atomized to the sub-micron scale, allowing for the fabrication of a wide range of nanostructures with control of the spray parameters and suspension (Lee et al., 2019; Lee et al., 2021b; Joshi et al., 2021). We employed a coaxial nozzle for co-spraying the LSC powder and GDC precursor-based solution in the core and shell nozzles, respectively, to fabricate heterostructured LSC-GDC electrodes. Furthermore, the sol-gel combustion (SGC) reaction was induced in the ESD process by adding combustion fuel to the precursor solution to achieve a thin conformal coating layer with high crystallinity. LSC-GDC electrodes fabricated by SGC-assisted ESD exhibited greatly suppressed Sr segregation and therefore substantially improved long-term stability compared with the LSC electrode, exhibiting 63.5 times higher stability at 650°C for 300 h. In addition, the electrochemical performance was considerably improved owing to the facilitated surface exchange reactions with the heterointerfaces. Our results demonstrate a novel method to achieve highly durable SOFC cathodes by fabricating heterostructured electrodes using the modified ESD process.
EXPERIMENT
SGC-Assisted ESD
The La0.6Sr0.4CoO3 (LSC) nanopowder suspension was prepared in an EtOH solvent with 5 wt% commercial LSC nanopowder (K-ceracell, Korea), 3 wt% dispersant (Triton X-100, Merck, Germany), 1 wt% binder (polyvinyl butyral, PVB, Alfa Aesar, United States), and 1 wt% plasticizer (polyethylene glycol, PEG, Alfa Aesar, United States). The GDC precursor solution was prepared in a di-water and ethanol solution at a ratio of 6:4 with a molar concentration of 0.0025 M. To induce the SGC reaction, ethylene glycol was added to the solution with a metal nitrate/fuel molar ratio of 1.5 considering the oxidizing and reducing valences. A coaxial nozzle (NANO NC, Korea) was used to spray the LSC suspension at the core and GDC precursor solution at the shell. The ESD process was conducted at a distance of 4 cm while applying a voltage of 17 kV and heating the substrate to 250 °C. After the deposition, the LSC-GDC cathode was sintered at 900°C for 3 h.
Symmetric and Single Cell Fabrication
The symmetric cell was fabricated on pelletized GDC (Rhodia, LSA) sintered at 1,500°C for 5 h. The ESD process was conducted on both sides of the GDC pellet, as previously described. The single cell was fabricated as an anode-supported cell. For anode support, NiO, GDC powders, and Poly (methyl methacrylate) (PMMA, 5 μm size) as a pore former were combined in a mass ratio of 6:4:0.8 and ball-milled for 3 days with dispersant Hypermer KD-6 (Croda Advanced materials). Then, the homogeneous anode powder was uniaxially pressed and sintered at 900°C for 3 h. Next, the anode functional layer with NiO and GDC powders in a 6:4 ratio and GDC powders were ball-milled for 3 days and spin-coated on the NiO-GDC anode pellet. The spin-coated NiO-GDC pellet was sintered at 1,400°C for 5 h to obtain the densified electrolyte.
Characterization
The fabricated symmetric and single cells were tested in a custom-made test setup in the temperature range of 500–650°C with a spectrometer (GAMRY Reference 600, GAMRY Inc.). The symmetric cell was tested in ambient air, and the single cell was tested under a constant flow (200 sccm) of air and wet H2 (3% H2O) for the cathode and anode sides, respectively. The long-term stability was tested at a constant current density of 1 A/cm2 at 600°C for 100 h. The thermal behavior of the prepared solution was subjected to a thermogravimetric analysis (TGA, DC Q600). A structural analysis was conducted using field-emission scanning electron microscopy (FE-SEM, JSM7000F, JEOL) and transmission electron microscopy (TEM, JEM-ARM 200F, JEOL). Elemental mapping of LSC-GDC was conducted using energy dispersive X-ray spectroscopy in scanning TEM (STEM-EDS). The crystal structure was analyzed using X-ray diffraction (XRD, D8 ADVANCE, Bruker Corp.). X-ray photoelectron spectroscopy (XPS, ESCA Lab 250 XPS spectrometer, VG Scientific Instruments) was used for the analysis of segregated Sr.
RESULTS AND DISCUSSION
The use of a heterostructured electrode with a thin conformal coating of stable materials on the active electrode is a promising strategy to achieve high chemical and electrochemical stability of SOFC cathodes over long-term operation at elevated temperatures (Choi et al., 2018; Lee et al., 2021a). The coverage of the coating layer should be as extensive as possible to minimize the exposed electrode surface for high stability, while the coating layer should be sufficiently thin to minimize the detrimental effects of the less reactive coating layer for high performance (Choi et al., 2020a; Zhang et al., 2020). We employed EDS with coaxial nozzles to address these structural requirements because of its ability to produce well-controlled composite nanostructures. Moreover, the SGC process, which uses the oxidizer and fuel during the intense reduction and oxidation reactions that induce high thermal energy with a short reaction time, was employed to fabricate nanoparticles with high crystallinity and uniform size (Wattanasiriwech and Wattanasiriwech, 2013; Zarkov et al., 2016). The fabrication of a crystalline coating layer during deposition at a low temperature is particularly important for maintaining the heterostructured electrode after subsequent sintering at high temperatures because the free energy of the crystalline structure is lower than that of the amorphous structure. (Liu et al., 2014; Bretos et al., 2018). Two components are required to produce the metal oxide, namely metal nitrate as an oxidizer and fuel as a reducer, as described in reaction (1).
[image: image]
Figure 1 shows a schematic of the conventional ESD and SGC-assisted ESD processes. Two solutions with the LSC powders and GDC precursors were fed into the core and shell nozzles, respectively. The solution containing the GDC precursors contained Gd and Ce nitrate as oxidizers and ethylene glycol as a fuel for the SGC process. Typically, the SGC process is associated with gelation of the solution at lower temperatures ( ∼ 100°C) and combustion at higher temperatures (>150°C) (Wattanasiriwech and Wattanasiriwech, 2013; Zarkov et al., 2016). In this study, both processes can occur in a single step, because the droplet size in the ESD process is sufficiently small to be dried and gelled during the flight to the substrate, leading to continuous combustion reactions, while thermal energy is provided by heating the substrate. The gelation of the GDC precursor solution enables uniform nucleation on the LSC nanoparticle surface because of the linked structure with gelation; otherwise the GDC precursor solution nucleates at random locations to form clusters (Arachchige and Brock, 2007). The subsequent combustion reaction facilitates the crystallization of the coated GDC precursors without agglomeration owing to the short and intense thermal energy (Zarkov et al., 2016). Moreover, the combustion reactions in the sub-micron sized droplets can result in greater uniformity compared to the conventional ESD process because of the reduced reaction scale (Yu et al., 2015; Wang et al., 2016).
[image: Figure 1]FIGURE 1 | Process schematic of conventional ESD and sol-gel combustion-assisted ESD.
To verify the occurrence of the combustion reaction and its effects on crystallinity, two dried gels of GDC precursor solutions with and without the fuel were subjected to TGA, as shown in Figure 2A. The dried GDC gel without fuel shows a moderate weight loss at 257.7–290.5°C, indicating thermal decomposition of nitrate. However, the dried GDC gel with fuel shows a sharp weight loss at 140.2°C, indicating the presence of combustion reactions during the heat treatment (Wattanasiriwech and Wattanasiriwech, 2013; Zarkov et al., 2016). Figure 2B shows the XRD patterns of the GDC powders after TGA measurement up to 600°C. The GDC powder without fuel showed an amorphous-like structure owing to its temperature being lower than 400°C, the minimum typically required for crystallization (Prasad et al., 2008; Zarkov et al., 2016). Conversely, the GDC powders with fuel clearly showed a polycrystalline structure with an average grain size of 3.5 ± 5.2 nm. The crystallization of the GDC powder with fuel verifies that the prepared precursor solution with ethylene glycol is ready for SGC, providing additional thermal energy for the fabrication of nanocrystalline GDC powders.
[image: Figure 2]FIGURE 2 | (A) TGA of the dried gels of GDC precursor solutions with and without fuel and (B) the XRD patterns of GDC powders after TGA measurement up to 600°C.
Next, a coaxial nozzle was employed to fabricate the LSC-GDC powder using the core nozzle for the LSC powders and the shell nozzle for the GDC precursors with the fuel, while heating the substrate at 250°C to induce the SGC process. Figures 3A–D show SEM images of the LSC-GDC powders using conventional and SGC-assisted ESD before and after sintering at 800°C. The LSC-GDC powders fabricated by the conventional ESD show randomly dispersed GDC phases on the LSC surface with a size of 27.8 ± 5 nm and a surface coverage of 27.5% after sintering at 800°C. In contrast, the LSC-GDC powders fabricated by SGC-assisted ESD showed smooth surfaces before and after sintering at 800°C. Figures 3E,F show XRD patterns of LSC-GDC powders in a range from 20° to 80° for all GDC and LSC peaks and in a range from 26° to 31° for the GDC 111) peak. In the LSC-GDC powders fabricated by conventional ESD, the GDC 111) peak appeared after sintering at 800°C, whereas it was not noticeable before sintering. However, in the LSC-GDC powders fabricated by SGC-assisted ESD, the GDC 111) peak appeared before sintering and became sharper after sintering at 800°C. Therefore, heterostructured LSC-GDC powders with distinct structural features can be fabricated in discrete nanoparticles using conventional ESD without fuel, and conformal crystalline nanoparticles can be fabricated using SGC-assisted ESD with fuel in the precursor solution. Figure 4 shows HR-TEM images and elemental mappings to verify the distribution of the GDC phases in a high resolution. In the elemental mapping, the LSC and GDC phases are represented by Co. and Ce, respectively. Consistent with the SEM images, the LSC-GDC powders fabricated by conventional ESD show GDC nanoparticles with a size of 20–30 nm, which are discretely distributed on the LSC surface. In contrast, the LSC-GDC powders fabricated by the SGC-assisted ESD process showed conformally distributed GDC nanoparticles with a size of 8–10 nm in a thickness of 6.4 ± 2.8 nm. These results confirm that the SGC-assisted ESD process can successfully fabricate heterostructured nanoparticles with sufficiently high surface coverage. During the flight to the substrate, the GDC precursors in the droplet with the fuel were gelled to conformally cover the LSC nanoparticles and form crystalline GDC nanoparticles with high surface coverage upon the short intense combustion reaction. In contrast, the GDC precursors in the droplet without fuel agglomerated before crystallization to form discrete nanoparticles with low surface coverage. Moreover, the lower reaction scale in the ESD process compared with that in the conventional sol-gel process is another important factor that enables the conformal coating. Supplementary Figure S1 shows the irregular structures of the LSC-GDC powders fabricated by the bulk sol-gel process using a solution identical to that used for SGC-assisted ESD. In addition, the thickness of GDC can be precisely controlled by adjusting the flow rates of the two solutions in the SGC-assisted ESD to avoid performance degradation due to the lower surface activity of GDC relative to LSC. The total flow rate was fixed to 20 μl/min in this study and the flow rate ratios of the LSC powder to the GDC precursor solutions were controlled to be 20:0, 17.5:2.5, 15:5, 12.5:7.5, and 10:10, corresponding GDC loading of 0, 0.39, 0.92, 1.65, and 2.76 wt%, respectively. Supplementary Figure S2 shows SEM images of the LSC-GDC powders fabricated by controlling the GDC content in the solution using conventional and SGC-assisted ESD. For LSC-GDC powders fabricated by conventional ESD, the surface coverage of GDC nanoparticles increased with the GDC content, blocking the reaction sites for surface oxygen exchange reactions owing to the large particle sizes. However, for LSC-GDC powders fabricated by SGC-assisted ESD, the GDC nanoparticles fully covered the LSC particles regardless of the GDC content, while the thickness varied with the GDC content. Supplementary Figure S3 shows that the thickness of the GDC particles increased to 13 ± 2.8 nm with a GDC loading of 2.76 wt% as compared with the thickness of 6.4 ± 2.1 nm with a GDC loading of 0.92 wt%, substantiating that the thickness can be controlled by the GDC content in the solution.
[image: Figure 3]FIGURE 3 | SEM images of LSC-GDC powders using conventional ESD (A) before and (B) after sintering at 800°C, and LSC-GDC powders using SGC-assisted ESD (C) before and (D) after sintering at 800°C. (E,F) XRD patterns of fabricated LSC-GDC powders.
[image: Figure 4]FIGURE 4 | HR-TEM images of LSC-GDC powders prepared using (A) conventional ESD and (F) SGC-assisted ESD. TEM-Energy dispersive X-ray dispersive analysis (EDAX) elemental mapping of Co. and Ce for LSC-GDC powders using (B–E) conventional ESD and (G–J) SGC-assisted ESD.
The electrochemical stability of the heterostructured LSC-GDC electrodes was evaluated in the temperature range of 500–650°C in a symmetric cell configuration to focus exclusively on the electrode. The GDC content was optimized for the LSC-GDC electrodes to maximize their performance (Supplementary Figure S4). Figure 5A compares the polarization resistance (Rp) values of the LSC electrode and LSC-GDC electrodes fabricated by conventional ESD and SSG-assisted ESD at 650°C for 300 h. The LSC electrode shows a significant degradation, resulting in Rp more than doubling after 300 h. In contrast, both LSC-GDC electrodes exhibit substantially improved electrochemical stability. In particular, the Rp value of the LSC-GDC electrode fabricated by SSG-assisted ESD remained almost unchanged after 300 h, verifying the effects of the heterostructures with thin conformal coatings in enhancing electrochemical stability. The remarkably improved electrochemical stability of the LSC-GDC electrodes can be attributed to the conformal coating of the relatively stable material, GDC, preventing the degradation of the electrode reactivity toward ORR kinetics. Figures 5B,C show the Nyquist plots and corresponding Bode plots of the LSC and LSC-GDC electrodes before and after the stability test at 650°C for 300 h. The prominent increase in the imaginary component in the frequency range 101–102 Hz concurrent with the increase in the Rp value of the LSC electrode confirms that the electrochemical degradation mainly originates from the deteriorated ORR kinetics at the electrode surface. At the same time, the negligible increase in the imaginary component in the same frequency range and the unchanged Rp value of the LSC-GDC electrode fabricated by SSG-assisted ESD confirm that the thin conformal GDC coating layer can effectively prevent the degradation of the electrode surface. Interestingly, the stability of the LSC-GDC electrode fabricated by conventional ESD was also improved, but by a smaller margin than that of the LSC-GDC electrode fabricated by SSG-assisted ESD. The increase in the imaginary component in the same frequency range as the LSC electrode indicates that the degradation originates from the exposed electrode surface owing to the lower surface coverage of the GDC coating layer.
[image: Figure 5]FIGURE 5 | Electrochemical evaluation of the LSC electrode and LSC-GDC electrodes fabricated by the conventional ESD and SGC-assisted ESD. (A) Polarization resistance with respect to time for 300 h at 650°C. Nyquist and Bode plots at (B) 0 h and (C) 300 h. (D) Arrhenius plots at 0 and 300 h. (E) Polarization resistance as a function of oxygen partial pressure at 650°C. (F) Polarization resistance, activation energy, pO2 dependency n, and Srnon-lattice/Srlattice ratio for the three electrodes.
The electrode performance was also improved in the LSC-GDC electrodes. Figures 5B,C show that the Rp values of LSC-GDC electrodes were reduced by 37–38% for the LSC electrode, from 0.064 Ωcm2 to 0.039–0.040 Ωcm2; this and the decrease in the imaginary component in the frequency range of 101–102 Hz illustrate the improved ORR kinetics at the surface. Figure 5D shows the considerable reduction in the activation energy for the polarization resistance, from 1.43 eV for the LSC electrode to 0.91 and 1.03 eV for the LSC-GDC electrodes fabricated by conventional ESD and SSG-assisted ESD, respectively, verifying that the improved electrode performance can be attributed not only to the extended reaction sites but also to the change in the rate-determining step (RDS). Given the typical Ea values of 1.4–1.5 eV for the surface exchange reactions and 0.9–1.0 eV for oxygen ion transport into the electrolyte, the improved electrode performance can be attributed to the facilitated surface exchange reactions with extended reaction sites due to the LSC-GDC heterointerfaces (Baumann et al., 2006; Donazzi et al., 2015; Lee et al., 2019). Figure 5E shows the dependency of the Rp values on the oxygen partial pressure according to Equation 2, which further supports the RDS changes in the LSC-GDC electrodes.
[image: image]
The value of n decreased from 0.302 for the LSC electrode to 0.265–0.267 for the LSC-GDC electrodes, indicating that the RDS changed from the charge transfer at the cathode surface (n ∼ 3/8) to the charge transfer at the triple-phase boundaries (n ∼ 1/4), consistent with the results from the Bode plot (Figure 5B) and Arrhenius plot (Figure 5D) (Lee et al., 2019). These results confirm that the GDC coating layer on the LSC electrode can facilitate surface exchange reactions with extended reaction sites. However, GDC content higher than the optimum loading leads to higher Rp and Ea values due to the loss of reaction sites by blocking the open pores and reducing the reactive area (Supplementary Figure S4).
More importantly, a comparison of the Ea and n values before and after the stability test at 650°C for 300 h (Figures 5D,E) provides clear evidence that the thin conformal GDC coating layer can effectively prevent electrode degradation. The significant increase in the Rp value of the LSC electrode, accompanied by an increase in the Ea and n values, confirms that the degradation is mainly induced by the deteriorated surface activity. In contrast, insignificant changes in the Rp, Ea, and n values of the LSC-GDC electrode fabricated by SSG-assisted ESD confirm that the surface activity is well preserved by the GDC coating layer. Furthermore, the LSC-GDC electrode fabricated by conventional ESD showed similar Rp, Ea, and n values to the LSC-GDC electrode fabricated by SSG-assisted ESD before the stability test, but all values increased after the test, approaching those of the LSC electrode. This indicates that a similar degradation to the LSC electrode occurs in the LSC-GDC electrode fabricated by conventional ESD because of the insufficient surface coverage, demonstrating the importance of the SGC process to enable a thin conformal coating with substantially high surface coverage.
Cation segregation toward the surface of perovskite oxides induces substantial changes in the surface chemistry and structure, resulting in significant degradation of electrochemical performance (Choi et al., 2021; Koo et al., 2018; Myung et al., 2016; Neagu et al., 2013). In particular, Sr segregation leads to non-stoichiometry and the formation of secondary phases at the surface, which inhibit charge transfer and surface exchange reactions (Lee et al., 2013). To verify the changes in the surface chemistry, A XPS analysis was conducted before and after the stability test, as shown in Figures 6A–C. The Sr 3d peaks were deconvoluted into two peaks corresponding to Sr in the lattice (Srlattice) and Sr in the non-lattice (Srnon-lattice) (Chen et al., 2018; Choi et al., 2020a). Initially, the three electrodes showed similar Srnon-lattice/Srlattice ratios of 0.645–0.726. However, after the stability test at 650°C for 300 h, the Srnon-lattice/Srlattice ratios increased significantly to 6.11 and 2.76 for the LSC electrode and LSC-GDC fabricated by conventional ESD, respectively, indicating that Sr segregation beyond the solubility limit of the perovskite oxide induced the formation of secondary phases, such as SrOx and Sr(OH)x (Cai et al., 2012; Chen et al., 2018; Choi et al., 2020a). In contrast, the Srnon-lattice/Srlattice ratio remained unchanged at 0.720 in the LSC-GDC electrode fabricated by SGC-assisted ESD, confirming that Sr segregation is effectively prevented.
[image: Figure 6]FIGURE 6 | XPS spectra of Sr 3d peak before and after the stability test for 300 h (A) LSC electrode, (B) LSC-GDC electrode fabricated by conventional ESD, and (C) LSC-GDC electrode fabricated by SGC-assisted ESD.
Figure 5F compares the results of the electrochemical analyses (Rp, Ea for Rp, and n values) and chemical analyses (Srnon-lattice/Srlattice ratio) on the three electrodes. The LSC electrode showed a substantially increased Rp value after the stability test, which was accompanied by an increase in activation energy for Rp and pO2 dependency, n, and Srnon-lattice/Srlattice ratio, verifying that the surface oxygen exchange reactivity has deteriorated by Sr segregation toward the electrode surface (Choi et al., 2020a). In contrast, the LSC-GDC electrode fabricated by SGC-assisted ESD maintained its initial chemical and electrochemical properties. Moreover, despite this clear improvement, the LSC-GDC electrode fabricated by conventional ESD showed considerable degradation, and the increase in the Srnon-lattice/Srlattice ratio after the stability test indicates that this originates from the exposed electrode surface owing to insufficient surface coverage. Therefore, the chemical and electrochemical analyses so far clearly indicate that the heterostructured electrode can greatly suppress degradation induced by Sr segregation, and furthermore, that SGC-assisted ESD can provide an effective fabrication method to enable a thin conformal coating on the electrodes.
The electrochemical performance and stability of the LSC electrode and the LSC-GDC electrode fabricated by SGC-assisted ESD were evaluated in a Ni-GDC anode-supported single cell configuration. A cross-sectional image of the single cell is shown in Supplementary Figure S5. Figures 7A,B show the I–V curves of the 2 cells in the temperature range of 650–500°C. At all temperatures tested in this study, the LSC-GDC electrode fabricated by SGC-assisted ESD exhibited a higher peak power density than the LSC electrode. Moreover, the performance improvement of the LSC-GDC electrode fabricated by SGC-assisted ESD was more pronounced at lower temperatures. Figure 7C shows that the peak power density of the LSC-GDC electrode fabricated by SGC-assisted ESD was greater by 1.6% at 650°C (1.21 W/cm2) than that of the LSC electrode, and greater by 63.2% at 500°C (0.36 W/cm2). Supplementary Figure S6 shows that Rp values of the LSC-GDC electrode fabricated by SGC-assisted ESD were also reduced further at lower temperatures; for example, the Rp value of the LSC-GDC electrode fabricated by SGC-assisted ESD was smaller by 22.3% at 650°C (0.0053 Ωcm2) than that of LSC electrode, and smaller by 47.8% at 500°C (0.96 Ωcm2). The more pronounced improvement in the electrochemical performance at lower temperatures can be attributed to the lower Ea for Rp of the LSC-GDC electrode fabricated by SGC-assisted ESD (1.21 eV) compared with that of the LSC electrode (1.35 eV). The Ea values in the single cell configuration did not exactly match those in the symmetric cell configuration because of the contribution of the anode polarization resistance. However, the clear temperature dependency, that is, the more pronounced improvement at lower temperatures, verifies the facilitated ORR kinetics at the interfaces in the heterostructured LSC-GDC electrode. Figure 7D shows galvanostatic measurements with a constant current density of 1 A/cm2 at 600°C for 100 h to compare the electrochemical stability. The initial voltage was maintained almost unchanged in the LSC-GDC electrode fabricated by SGC-assisted ESD ( ∼ 0.3% reduction in the voltage), whereas it was reduced by 12.3% in the LSC electrode. These results demonstrate the excellent thermal stability of the LSC-GDC electrode fabricated by SGC-assisted ESD, confirming that high performance and stability in IT-SOFCs can be achieved with the thin conformal coating of the GDC layer using a wet chemical-based SGC-assisted ESD process.
[image: Figure 7]FIGURE 7 | Electrochemical performance of single cells with (A) LSC electrode and (B) LSC-GDC electrode fabricated by SGC-assisted ESD. (C) Comparison of the peak power densities in a temperature range from 500 to 650°C. (D) Stability test with a constant current density of 1 A/cm2 at 600°C for 100 h.
CONCLUSION
We demonstrated a sol-gel combustion-assisted ESD process with a coaxial nozzle to fabricate heterostructured electrodes for durable SOFC operation. The GDC precursor solution was sol-gel combusted during the ESD process to form a thin conformal coating layer on the LSC nanoparticles. Degradation induced by Sr segregation was greatly suppressed in the LSC-GDC electrode fabricated by SGC-assisted ESD, exhibiting excellent stability in both symmetric and single cell configurations. A comparison with the LSC-GDC electrode fabricated by conventional ESD verified that the high surface coverage, that is, the thin conformal coating, is critical to achieve high stability in heterostructured electrodes. Moreover, the polarization resistance decreased in the LSC-GDC electrode fabricated by SGC-assisted ESD due to the facilitated ORR kinetics at the interfaces in the heterostructured electrode. Our results provide a novel method for fabricating highly stable SOFC electrodes with nanostructured electrodes in a single step.
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