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Abstract

:

Solid Oxide Cells (SOC) are the kind of electrochemical devices that provide reversible, dual mode operation, where electricity is generated in a fuel cell mode and fuel is produced in an electrolysis mode. Our current work encompasses the design, fabrication, and performance analysis of a micro-tubular reversible SOC that is prepared through a single dip-coating technique with multiple dips using conventional materials. Electrochemical impedance and current-voltage responses were monitored from 700 to 800 °C. Maximum power densities of the cell achieved at 800, 750, and 700 °C, was 690, 546, and 418 mW cm−2, respectively. The reversible, dual mode operation of the SOC was evaluated by operating the cell using 50% H2O/H2 and ambient air. Accordingly, when the SOC was operated in the electrolysis mode at 1.3 V (the thermo-neutral voltage for steam electrolysis), current densities of −311, −487 and −684 mA cm−2 at 700, 750 and 800 °C, respectively, were observed. Hydrogen production rate was determined based on the current developed in the cell during the electrolysis operation. The stability of the cell was further evaluated by performing multiple transitions between fuel cell mode and electrolysis mode at 700 °C for a period of 500 h. In the stability test, the cell current decreased from 353 mA cm−2 to 243 mA cm−2 in the fuel cell mode operation at 0.7 V, while the same decreased from −250 mA cm−2 to −115 mA cm−2 in the electrolysis operation at 1.3 V.
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1. Introduction


Solid Oxide Cells (SOCs) are the kind of electrochemical devices that have reversible, dual modes of operation, such that, in one mode, the SOC operates in a solid oxide fuel cell (SOFC) mode, and, in another mode, the SOC operates in a solid oxide electrolysis cell (SOEC) mode. That is, the SOFC mode converts fuel into electricity and heat, whereas the SOEC mode generates fuel from the electrolysis of water by utilizing electricity and heat. From a thermodynamic view, the energy demand for the endothermic water splitting reaction can be partially obtained from the heat generated within the cell. While the dual mode operation of SOCs provides several advantages, the technology enabling the reversible operation of the SOC still remains at the research and development stage and the stability over the long term is still a challenge [1,2,3]. Since a compact and lightweight fuel cell design is highly sought after for the facilitation of large-scale commercialization of SOC systems for use in portable and transportation applications, considerable efforts have been made to develop novel and cost-effective methods of creating lightweight and compact reversible SOCs [4,5,6,7,8,9].



Among the SOC designs, micro tubular solid oxide cells (MT-SOCs) have attracted strong interest due to their high tolerance to thermal-cycling, quick start-up ability, high power density over unit volume and robust portable characteristics [10,11,12]. However, the fabrication process of MT-SOCs is challenging, where different ceramic layers, with dissimilar compositions and properties, are placed over a cylindrical support. To complete cell fabrication, numerous sintering processes have to be accomplished at various temperatures and atmospheres. Particularly, extrusion, isostatic pressing and 3D printing methods are common to fabricate the support layer [13,14], whereas dip-coating, electrochemical vapor deposition, pulsed laser deposition and air plasma spray techniques are used to fabricate multilayers on the fuel electrode support [10,15]. In comparison to other fabrication methods, the dip-coating process is fast and easily controllable, while, at the same time, it offers a low-cost method to prepare thin films. Commonly dip-coating is used for the thin electrolyte layer coating on tubular supports [13,15,16], but very few researchers have used dip-coating to fabricate the entire cell [11,17,18,19,20]. To date, substantial progress has been made towards the development, fabrication and durability of the MT-SOFC at an industrial scale, However, MT-SOEC is still in the research and development stage. Reversible MT-SOC is garnering the attention and research in progress at a laboratory scale. Even though the operation of the SOCs is reversible, the degree of performance degradation over time differs significantly when tested under fuel cell mode, as compared to the electrolysis mode [1,2,7]. For example, the work of Hagen et al. [21] suggested that under fuel cell mode, the cell is reasonably stable over extended time at a high current density of −1–2 A cm−2. However, under electrolysis mode, the stability of the cell is limited to a lower current density value (at 0.25 A cm−2).



The focus of the present work is to develop cost-effective, lightweight MT-SOCs using our unique fabrication technique and evaluate their durability when cycled between their two reversible modes. In this work, we used a single dip-coating technique with multiple dips to develop the full cell structure, extending from the fuel electrode support tube to the oxygen electrode. This cell development procedure is capable of producing SOCs with flexible size, and can rapidly improve to meet the needs of research and development, as well as of industrial manufacturing. So far, very limited literature is available for fabrication of the complete cells by a single dip-coating technique and no report was found on testing such an MT-SOC in reversible mode for an extended period. This is the first time an entire MT-SOC has been developed using a single cost-effective fabrication technique which was successfully tested under reversible operation for more than 500 h.




2. Materials and Methods


2.1. Cell Fabrication


The fabricated cells utilized Ni-Yttria Stabilized Zirconia (Ni-3YSZ), Ni-Scandia-Stabilized Zirconia (ScSZ), Samaria-Doped Ceria (SDC) and Lanthanum Strontium Cobalt Ferrite (LSCF) to form the fuel electrode support, the fuel electrode functional layer, the electrolyte, the oxygen electrode protective layer, and the oxygen electrode, respectively. The fuel electrode-supported SOC was fabricated using a multiple dip coating process [11]. The dip-coating inks for individual layers were developed using ethyl alcohol and toluene as the solvents. To form the fuel electrode support layer, coarse NiO (NiO-C, Fuel Cell Materials, Lewis Center, OH, USA) and 3YSZ (Tosoh Corporation, Shunan-shi, Yamaguchi, Japan) powders were mixed in a 65/35 wt%. For the pore formers, 8 wt% PMMA and 5 wt% cellulose was used. Furthermore, 7 wt% Polyvinyl Butyral (PVB; B-98, Tape Casting Warehouse) was used as a binder, 3 wt% Hypermer KD-1 (Tape Casting Warehouse, Morrisville, PA, USA) was used as a dispersant, and dioctyl phthalate (DOP; Sigma Aldrich, St. Louis, MO, USA) at 3 wt% was used as a plasticizer. The same solvents, binder, and plasticizers were used to prepare the slurries for other functional layers. The details of mixing procedures and solid pretreatments for preparation of dip-coating inks are as follows. The slurries of individual layers (fuel electrode support, fuel electrode functional layer, electrolyte, oxygen electrode protective layer and oxygen electrode) were prepared by dispersing the ceramic powders in a binary ethyl alcohol and toluene (ratio of ethyl alcohol/toluene: 50/50 wt%) solvent along with 3 wt% of Hypermer KD-1 as the dispersant. The concentration of solid in the ink, with respect to the total ink weight, was 20% for electrolyte ink; whereas for the fuel electrode support, fuel electrode functional layer and oxygen electrode, it was 60%. The mixture of the ceramic powder and solvent, along with the dispersant, were ball milled for two hours. Subsequently, an appropriate amount of binder, plasticizer and pore former were added to the mixture and the overall mixture was ball milled for 24 h. Note that the pore former was added only for the fuel electrode support, to achieve and control the required porosity.



The targeted thicknesses of the fuel electrode support, the fuel electrode functional layer, the electrolyte, the protective layer, and the oxygen electrode layer were 400 µm, 15 µm, 10 µm, 2 µm, and 20 µm, respectively. To obtain the preferred thicknesses, the dip-coating process was repeated 14 times for the fuel electrode support, 2 times for the fuel electrode functional layer, 6 times for the electrolyte, 2 times for the protective layer, and 4 times for the oxygen electrode. Each dip coating was followed by drying in air for 10 min prior to other dip coating. The speed of dipping, dwelling time, and speed of pulling were maintained at 6 mm/s, 5 s, and 1.5 mm/s, respectively. For the fabrication of the fuel electrode support tube, the dip coated green layer, on a highly purified carbon rod, was fired in air in a box furnace. The firing profile was configured such that the temperature was ramped to 450 °C at a heating rate of 0.5 °C/min, whereupon it was held at 450 °C for 1 h. Next, the temperature was raised to 1000 °C at 1 °C per min and held for 1 h, after which the furnace was cooled to room temperature at a rate of 3 °C/min. The pre-firing temperature of the fuel electrode functional layer was the same as that of the support layer. The electrolyte was coated over the pre-fired fuel electrode functional layer and was sintered at 1400 °C for 3 h. Prior to electrolyte sintering, the green electrolyte coated tube was subjected to isothermal heating at 450 °C for 1 h. The protective layer and oxygen electrode layer were then successfully dip coated onto the co-sintered half cells. The protective layer was sintered at 1300 °C for 2 h, whereas the oxygen electrode layer was fired at 1100 °C for 1 h. The selected temperature profiles for firing individual layers are based on the observations of our previous work [11,22]. Table 1 summarizes the conditions for the fabrication of SOC layers.




2.2. Microstructural Characterizations


The open porosity of the fuel electrode support, fuel electrode functional layer, and oxygen electrode were determined by the Archimedes’ method using deionized water as a displacement liquid.


   Open   porosity    =    W S  −  W D     W S  −  W I     



(1)




where WS is the saturated weight of the sample tube in air, WD is the dry weight of the tube in air, and WI is the immersed weight of the tube in deionized water. The samples were boiled in deionized water until they were completely saturated. Note that the porosity of the fuel electrode functional layer and the oxygen electrode was determined by preparing separate single-layer tubes and sintering them at their respective sintering temperatures. Furthermore, the fuel electrode support and functional layer tubes were reduced in H2 prior to the porosity measurements. The microstructure of the fuel electrode support tubes and the complete cells were examined with a scanning electron microscope Apreo 2 FEI/SEM (Thermo Fisher Scientific, Waltham, MA, USA).




2.3. Electrochemical Testing and Characterizations


The setup used for the electrochemical testing of single cells is shown in Figure 1. To conduct the electrochemical measurements, the MT-SOC was placed at a constant temperature zone of a split-tube furnace. Prior to this, the fuel cell was connected to dense alumina tubes of suitable sizes to provide both the delivery of fuel and steam and the exhaust of water and fuel. To obtain a gastight seal, a ceramic adhesive (ResbondTM 989, Cotronics, New York, NY, USA) was used to connect the fuel cell and alumina tubes. Electrochemical characterizations of the cell were carried out between 700 and 800 °C and the temperature ramp rate of the furnace was set to 3 °C/min. Prior to the fuel cell performance testing, the NiO of the fuel electrode support tube was reduced to Ni at 700 °C by flowing hydrogen at a rate of 100 mL/min for 2 h. For fuel cell measurements, dry H2 was used as the fuel, whereas for electrolysis measurements, 50% H2O/H2 was supplied to the fuel electrode. A controlled amount of water was delivered to the cell using a syringe infusion pump. During fuel cell and electrolysis measurements, the oxygen electrode was exposed to ambient air. Again, for all the electrochemical studies, the hydrogen flow rate was maintained at 100 mL/min. Electrochemical performance of the MT-SOCs was evaluated using an Autolab PGSTAT302N, (Metrohm Autolab B. V., (Utrecht, The Netherlands) that was equipped with a frequency response analyzer (FRA) and a 20 Amp current booster. The impedance measurements were conducted using a four-probe method, under OCV conditions, by applying an AC amplitude of 10 mV over a 100 kHz–10 mHz frequency range. Silver wire (0.25 mm diameter) was utilized as a current collector from both the electrodes. After completion of the tests, and as the cooling process of the fuel cell was performed, a protection gas (H2 or N2) was supplied continuously to the fuel electrode to prevent re-oxidation of Ni.





3. Results and Discussion


3.1. MT-SOC Fabrication


Some important considerations in the design of lightweight MT-SOCs include: (1) microstructure control in the fuel electrode support and fuel electrode functional layer. It should be noted that the targeted porosity for our design of the fuel electrode support after reduction was 60 volume percent. This high porosity was to reduce fuel gas diffusion resistance and was achieved by introducing polymethyl methacrylate (PMMA) and cellulose-based pore former to the fuel electrode support. (2) A 2-mm diameter cell design was selected to achieve a high electrode surface area per unit volume. (3) The wall thickness of the support tube was maintained at around 400 µm to allow sufficient cell handling strength, while maintaining reduced cell weight. Due to its higher mechanical strength Ni-3YSZ was preferred to form the fuel electrode support over the relatively low strength of traditional Ni-8YSZ-based supports [23].



During the development of the fuel cell, the temperature profiles that were utilized for pre-firing and sintering of the individual cell layers were based on our previous work [18]. In order to suppress crack formation within the samples, due to the gases produced during the pore-former and binder burn-out events, a low heating rate of 0.5 °C min−1 was used during the temperature rise from room temperature to 450 °C. The slow heating allowed the generated gases to escape through open pores that were created by firing, without increasing the pressure inside the layers. At 450 °C, the temperature was held for 1 h to ensure complete removal of any organic materials, whereupon the support was pre-fired at 1000 °C for 1 h. The optimized oxygen electrode firing temperature generated an adherent layer to the protective layer, yet it had sufficient porosity to allow effective air passages to be formed towards the electrolyte. The microscopic observation of the fuel electrode support indicated that the defect-free layer attained a certain level of surface roughness. The surface roughness of the fuel electrode support layer was due to the pores that were generated during the fabrication process. Coating a thin functional layer on the fuel electrode support is a known practice to avoid the effects of surface roughness, which, in turn, is able to improve the performance of an SOC by increasing the active sites for electrochemical reaction. During the electrolyte sintering process, the observed linear shrinkage of the half cells was ~17%, leading to a dense electrolyte free of defects. The determined porosities from the Archimedes method of the fuel electrode support, fuel electrode functional layer and oxygen electrode were 62%, 18% and 38%, respectively. Figure 2 shows the completed and test ready MT-SOCs with silver wires wrapped around their electrodes for current collection. The cells had an outer diameter of 2 mm and total length of 45 mm with an oxygen electrode length of 23 mm. The effective surface area per cell was 1.44 cm2.



Since Ni-3YSZ was utilized as the fuel electrode support, the mechanical strength of the fabricated cells was expected to be higher than that of cells containing Ni-8YSZ support. During thermal cycling, 3YSZ restrains a softening martensitic phase transformation of Ni and hinders crack growth, effectively enhancing its strength [2,23,24,25]. The strength of NiO–3YSZ remains nearly independent of temperature when cooled from sintering. This is due to its higher thermal expansion coefficient and a resultant higher compressive residual stress in the NiO-3YSZ microstructure, as compared to 3YSZ. This makes grain growth sluggish during the sintering of 3YSZ, resulting in the formation of smaller grains—one of the reasons why 3YSZ maintains its strength [23]. However, the poor chemical stability of 3YSZ in moist atmosphere, and its tendency for spontaneous phase transformation between 100 and 200 °C, can lead to a breakup of the zirconia phase [26]. Therefore, 3YSZ requires dry atmosphere protection during its thermal cycling.



Figure 3a shows the cross-sectional image of a micro-tubular cell after the reduction of the fuel electrode in H2. The thickness of the fuel electrode support was ~400 µm. As seen from Figure 3b, the fuel electrode support is highly porous. Figure 3c displays a close-up view of the cell where the constituent layers of the cell, such as the fuel electrode functional layer, electrolyte, protective layer, oxygen electrode and silver current collector layer, are apparent. From the SEM image, the achieved thicknesses of the fuel electrode functional layer, electrolyte, protective layer and oxygen electrode were ~18 µm, ~10 µm, ~2 µm, and ~18 µm, respectively. It is apparent that the electrolyte layer was dense and well-adhered to the fuel electrode functional layer. Although a few isolated closed pores were noticed in the electrolyte, this does not affect the gas tightness of the electrolyte layer. The pores in the fuel electrode support were formed during the burning of the pore formers and these pores allowed rapid gas diffusion. The microstructure of the fuel electrode functional layer is smoother, with smaller pores and particles which offer more sites for electrochemical reaction.




3.2. Electrochemical Performance


Before the electrochemical measurements, the fuel electrode was subjected to full reduction at 700 °C for two hours. Open circuit voltage (OCV) was monitored, until its stabilization around 1.15 to 1.16 V. After this, electrochemical measurements were performed. The Nyquist plots in Figure 4 were obtained from electrochemical impedance spectroscopy (EIS), under OCV conditions, at a temperature range of 700 °C to 800 °C. The observed total resistance from the EIS is a combination of ohmic resistance and electrode polarization resistance. The ohmic resistance was derived from a high frequency intercept, while the polarization resistance was derived from the difference between the real axis intercepts of low frequency and high frequency on Nyquist plots. The inset image in Figure 4 presents the ohmic resistances (high frequency intercept) at different temperatures, with each presenting a combination of resistances to electronic/ionic conduction through the constituent layers of electrodes, electrolyte and current collectors. The obtained ohmic resistances and polarization resistances were respectively 0.32 and 0.93 Ω cm2 at 800 °C, 0.38 and 1.38 Ω cm2 at 750 °C, and 0.44 and 1.80 Ω cm2 at 700 °C. The higher ohmic and polarization resistances at lower temperatures were attributed to the decreased ionic conductivity of the electrolyte and the decreased electrochemical activity of the electrodes, respectively.



Figure 5 exhibits the current-voltage (IV) and current-power (IP) characteristics of the MT-SOC within a 700–800 °C window using hydrogen as fuel and atmospheric air as an oxidant. The maximum power densities attained at 800, 750, and 700 °C were 690, 546, and 418 mW cm−2, respectively. As the temperature of the cell increased, the total resistance of the cell decreased, and the maximum power density of the cell increased as well. The OCVs were around 1.16 V, which is in agreement with theoretical values, thus indicating an impermeable electrolyte and good sealing between the fuel and oxidant sides. Table 2 summarizes the characteristics and performances of some of the MT-SOFCs tested by different groups [17,27,28,29,30,31,32,33,34]. Due to the higher electrical conductivity of ScSZ over YSZ, performance of the cells with the ScSZ-based electrolyte were better than those of the YSZ-based electrolyte. Also, cells with a thinner electrolyte have better performance than cells with thicker electrolyte.



As seen from Table 2, at 800 °C performance of our cell is comparable to that of the observed performance of Suzuki et al. [32], where 10 µm ScSZ was the electrolyte. This indicates that one can use an easy and cost-effective dip coating technique to develop the entire cell without any compromise in cell performance. Fabrication of the fuel electrode support using dip coating allowed us to easily fine tune anode support porosity, which offers potential for easy and fast delivery of fuel to the triple phase boundary. Also, development of other coating layers on the support by dip-coating has better interfacial contacts, which is another basic factor for a better performing cell.




3.3. Reversible Operation


To demonstrate the dual functional capabilities of our MT-SOC, we operated the cell in reversible mode (i.e., fuel cell mode and electrolysis mode) using 50% H2O/H2 as the feed gas to the fuel electrode. Figure 6 exhibits the current-voltage characteristics of the MT-SOC operating in reversible mode, in a temperature range of 700 °C to 800 °C. In electrolysis mode, at 1.3 V (the thermo-neutral voltage for steam electrolysis), current densities of −311, −487 and −684 mA cm−2 were obtained at 700, 750 and 800 °C, respectively.



Water electrolysis using MT–SOC is the focus of the fuel cell community [35,36,37,38]. Laguna-Bercero et al. [39] reported reversible MT-SOC using Ni–YSZ/YSZ/LSM–YSZ cells at 850 °C under 70%H2O/15% H2/15% N2, where a current density of −1 A cm−2 was observed at 1.3 V. Hashimoto et al. [40] performed SOEC experiments using ScSZr electrolyte-based MT-SOFC under 18% steam. The cell exhibited modest performance of −0.1 A cm−2 at 700 °C at an operation voltage of 1.37 V. SOEC study by Wang et al. [36], on a Ni-ScSZ/ScSZ/GDC/LSCF cell delivered reasonable performances at 650 °C, under 36% steam (1.32 V at −0.57 A cm−2). Similarly, performances of MT-SOC with a novel asymmetric porous hydrogen electrode by Yang et al. [41] indicated that when the MT-SOC was operated in fuel cell mode, maximum power densities of 0.54, 0.71 and 1.25 W/cm2 were obtained at 800 °C, 850 °C and 900 °C, respectively. On the other hand, when the MT-SOC functioned in electrolysis mode at 900 °C, current densities of 0.68 A/cm2 and 2.57 A/cm2, were obtained at the applied voltage of 1.3 V, and at 30 and 80 vol.% humidity, respectively. Performance of our cell is moderate under electrolysis mode and falls in the range of performance data observed in the literature. Though the performance is moderate, the results reflect that a simple and a cost-effective technique can be used to fabricate MT-SOCs with reversible, dual mode operation capability.



Hydrogen production rate was determined based on the cell current developed from the electrolysis cell [42]. Assuming 100% Faradic efficiency, the estimated hydrogen generated is presented in Figure 7. The rate of hydrogen production was calculated based on the applied electric current at 800 °C by invoking the following expression:


  Δ  N   H 2    =  I  2 F    



(2)




where I is the cell current, and F is the Faraday constant (F = 96,485 C mol−1). The hydrogen production rate varied linearly with generated electric current, in accordance with Faraday’s Law, suggesting that hydrogen production is proportional to the cell current generated. Eventually, we converted the hydrogen production rate from a molar to a volumetric rate by employing the ideal gas equation under standard temperature and pressure conditions [42].




3.4. Durability and Stability Evaluation


To evaluate the durability and the stability of the cell, it was operated at 700 °C while the 2 reversible modes were cycled. In particular, reversible operation was conducted at an applied voltage of 0.7 V during fuel cell mode, and 1.3 V during electrolysis mode. As shown in Figure 8, at the beginning of the fuel cell mode operation, cell current was 353 mA cm−2, and over a period of 500 h, the current decreased to 243 mA cm−2. Similarly, at the beginning of the electrolysis mode, the resulting current was −250 mA cm−2 and over the period of the 500 h, the current increased to −115 mA cm−2. The rate of degradation when the cell was operating in electrolysis mode was approximately 50%, whereas the degradation that occurred when the cell was operated in fuel cell mode was almost 31%. These degradation effects are evident when analyzing both the variation of IV curves (under SOFC and SOEC modes), and cell impedance as a function of time (Figure 9 and Figure 10). Figure 9 shows the corresponding Nyquist plots of the cell at OCV at 0, 385 and 500 h. It is evident from Figure 9 that the increase in polarization resistance is the major contributor to cell degradation, while the increase in ohmic resistance contributed by a smaller degree. During this time, the ohmic resistance in the high frequency range increased from about 0.45 Ω cm2 at the 0th hour to 0.55 Ω cm2 at 500th hour. This increase of 0.1 Ω cm2 can be associated with the increase in contact resistance between the electrodes and the current collector, or it could be due to a possible partial oxidation of Ni in the Ni/YSZ support. Moreover, a substantial increase of the overall impedance from 2.4 Ω cm2 to 3.7 Ω cm2 was observed. This corresponds to an increase in the overall polarization impedance from 1.95 Ω cm2 after the 0th h to 2.72 Ω cm2 after 385th h and 3.15 Ω cm2 after 500th h. The steepest change can be observed during the I–V characterization measurements (Figure 10). These changes can be attributed to an increase of the polarization resistances of the oxygen and fuel electrodes. However, comparison of the microstructure of functional layers before and after the test, shown in Figure 11, indicated grain coarsening of the Ni-YSZ particles of the fuel electrode. This may lead to a decrease of electrochemical activity of the fuel electrode, due to the reduction of the triple phase boundary. Furthermore, the results of the impedance spectra are in good agreement with the slope of the I-V curves, the area-specific resistances of the cell. As observed in Figure 10, the slopes of the electrolysis curves are much higher than those of the fuel cell curves, which is an indication that the degradation rate is much higher when the cell operates in electrolysis mode than its operation in fuel cell mode.



Other likely reasons for the observed cell degradation and failures include: (1) for Ni–YSZ supported cells, the support becomes soft during reduction, allowing rapid crack development in the composite structure [26]. During long-term reversible operation of the cell, water acts as an influencing factor to reduce the stability of the Ni–YSZ-based support further [24,43,44,45]. Additionally, prior reports [46,47] suggest that during solid oxide cell operation there is a possibility of formation of zirconia and NiO based nanoparticles. At the beginning of the long-term test, these nanoparticles may activate the cell and contribute to the enhancement of cell performance. However, over the long term, they block the Ni and the stabilized zirconia contact, thus resulting in a reduction of H2O. Moreover, a continued oxidation of Ni can irreversibly damage the fuel electrode. This is especially the case if the reduction–oxidation (redox) of Ni occurs repeatedly, causing the cermet to be mechanically destroyed because of the large volume difference between Ni and NiO [48].





4. Conclusions


We fabricated cost-effective, lightweight MT-SOCs successfully and tested their performance during reversible, dual mode operation—the fuel cell mode and the electrolysis mode for 500 uninterrupted hours. This is the first time that the durability of the MT-SOC, developed in its entirety using the single low-cost fabrication technique, was tested for such prolonged duration. During the reversible operation, the cell degradation rate was much higher in the electrolysis mode than in the fuel cell mode. There is suggestive evidence that the coarsening of the Ni particles of the fuel electrode is one of the reasons for the faster degradation of the SOC, leading to a decrease in the electrochemical activity of the electrode through the reduction of the triple phase boundary. Additionally, the possibility of formation of zirconia and NiO-based nanoparticles during the electrolysis operation is due to the fact that, over a long term, the operation can partly block the Ni-ScSZ contact, and contribute towards cell degradation. Based on these results, the goal of our future efforts is to minimize the degradation rate observed in the current study.
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Figure 1. Schematics of the electrochemical testing setup. 
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Figure 2. Photograph of MT-SOCs prepared by dip-coating: (a) completed MT-SOCs (b) completed MT-SOCs with silver current collection layer, (c) completed MT-SOCs having silver wires wrapped around silver current collection layer. 
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Figure 3. (a) A cross-sectional image of the micro-tubular cell after reduction, (b) the fuel electrode support layer, (c) a close-up view of various layers of the micro-tubular cell. 
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Figure 4. Nyquist plots under OCV conditions at different temperatures. 
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Figure 5. Power generation performance of a single MT-SOC in the temperature range of 700 °C to 800 °C. 
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Figure 6. Current-Voltage characteristics of the MT-SOC operating in reversible mode, in a temperature range of 700 °C to 800 °C. 
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Figure 7. Hydrogen production rate based on cell current. 
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Figure 8. Stability test at 700 °C under reversible mode. 






Figure 8. Stability test at 700 °C under reversible mode.



[image: Energies 15 03536 g008]







[image: Energies 15 03536 g009 550] 





Figure 9. Impedance spectra of the cell at 700 °C and at various operation times over long-term operation (0 h, 385 h, and 500 h). 
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Figure 10. Performance under SOFC and SOEC modes with 50% humidified H2 at the beginning of long-term operation (t = 0 h), at t = 385 h, and at t = 500 h of operation. 
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Figure 11. Ni-ScSZ particles of the fuel electrode functional layer (a) before the stability test and (b) after the stability test, showing the coarsening of the Ni particles. 
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Table 1. Summarized conditions for the fabrication of SOC layers.
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	Individual Layers
	Materials
	Targeted Thickness/µm
	No. of Dips
	Firing Temperature/°C and Duration of Firing





	fuel electrode support layer
	NiO/3YSZ (65/35 wt%)
	400
	14
	1000/1 h



	fuel electrode functional layer
	NiO/ScSZ (60/40 wt%)
	15
	1
	1000/1 h



	electrolyte
	ScSZ
	10
	6
	1400/3 h



	oxygen electrode protective layer
	SDC
	2
	6
	1300/2 h



	oxygen electrode
	LSCF
	20
	2
	1100/1 h
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Table 2. Performance summary of fuel electrode supported MT-SOFC.
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	Ref
	Cell
	Maximum Performance





	This work
	Fuel support electrode: Ni-ScSZ, dip-coating, Fuel support electrode

+ Fuel support electrode functional layer

Electrolyte: ScSZ, 10 µm

Oxygen electrode: SDC/LSCF 20 µm
	690 mW cm−2,

800 °C



	Liu et al. [17]
	Fuel support electrode: Ni–YSZ, 500–600 µm

Electrolyte: ScSZ, 10 µm

Oxygen electrode: ScSZ–LSM/LSM, 70 µm
	240 mW cm−2,

800 °C



	Monzón et al. [29]
	Fuel support electrode: Ni–YSZ, Extrusion, 700 µm

Electrolyte: YSZ, Dip-coating, 20 µm

Oxygen electrode: LSM–YSZ/LSM, dip-coating 30–50 µm
	600 mW cm−2,

850 °C



	Suzuki et al. [30]
	Fuel support electrode: Ni–ScSZ, Extrusion, 400 µm

Electrolyte: ScSZ, Dip-coating, 3 µm

Oxygen electrode: GDC/LSCF–GDC, 6 µm, dip-coating
	800 mW cm−2,

600 °C



	Suzuki et al. [31]
	Fuel support electrode: Ni–YSZ, Extrusion

Electrolyte: YSZ; Dip-coating, <1 µm

Oxygen electrode: GDC/LSCF–GDC, Dip-coating, 6 µm
	300 mW cm−2,

600 °C



	Suzuki et al. [32]
	Fuel support electrode: Ni–YSZ, Extrusion

Electrolyte: Ni–ScSZ/ScSZ, Dip-coating, 10 µm

Oxygen electrode: GDC/LSCF–GDC, Dip-coating, 6 µm
	600 mW cm−2,

780 °C



	Sarkar et al. [33]
	Fuel support electrode: Ni–YSZ, Fuel support electrode + Fuel support functional electrode

Electrolyte: YSZ <10 µm

Oxygen electrode: YSZ–LSM/LSM
	190 mW cm−2,

800 °C



	Dhir and Kendall [34]
	Fuel support electrode: Ni–YSZ, Extrusion 300 µm

Electrolyte: YSZ, 15 µm

Oxygen electrode: LSM
	350 mW cm−2, 800 °C
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