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Abstract

:

The paper presents the results of an investigation into thin single- and triple-layer ZrO2-Sc2O3-based electrolytes prepared using the tape-casting technique in combination with promising electrodes based on La2NiO4+δ and Ni-Ce0.8Sm0.2O2-δ materials. It is shown that pressing and joint sintering of single electrolyte layers allows multilayer structures to be obtained that are free of defects at the layer interface. Electrical conductivity measurements of a triple-layer electrolyte carried out in longitudinal and transverse directions with both direct and alternating current showed resistance of the interface between the layers on the total resistance of the electrolyte to be minimal. Long-term tests have shown that the greatest degradation in resistance over time occurs in the case of an electrolyte with a tetragonal structure. Symmetrical electrochemical cells with electrodes fabricated using a screen-printing method were examined by means of electrochemical impedance spectroscopy. The polarization resistance of the electrodes was 0.45 and 0.16 Ohm∙cm2 at 800 °C for the fuel and oxygen electrodes, respectively. The distribution of relaxation times method was applied for impedance data analysis. During tests of a single solid oxide fuel cell comprising a supporting triple-layer electrolyte having a thickness of 300 microns, a power density of about 160 mW/cm2 at 850 °C was obtained using wet hydrogen as fuel and air as an oxidizing gas.
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1. Introduction


The application of high-temperature solid oxide electrochemical devices presents great opportunities for energy conversion; for example, the use of solid oxide fuel cells (SOFCs) for electricity production [1,2,3,4,5]. In conventional SOFCs, thick layers of Y-doped ZrO2 electrolyte (YSZ) are used as ionic-conducting materials. However, in this case, a considerable part of the produced energy is lost due to ohmic electrolyte resistance.



One of the most promising approaches to the reduction of ohmic resistance is the application of electrolyte thin films having a thickness of about 10–30 µm [6,7,8]. Due to technological issues involved in the manufacture of such thin films, their formation should be carried out on a porous supporting substrate (cathode [9,10,11], anode [12,13,14], metal interconnector [15,16,17]) in order to ensure the mechanical strength of the cell. For this reason, questions arise concerning the production technology of supporting substrates. Another way to reduce ohmic resistance involves the use of thin (150–250 µm) supporting electrolyte layers manufactured from electrolyte materials having a higher ionic conductivity than conventional YSZ—for example, Sc-stabilized ZrO2 (SSZ). The conductivity of ZrO2-Sc2O3 solid solutions, which reaches a maximum at concentrations of Sc2O3 9–12 mol.%, is significantly higher than that of YSZ at similar dopant concentrations [18,19,20]. However, the cubic ZrO2-Sc2O3 phase is only stable at high temperatures; with a decrease in temperature, it partially transfers to the ordered rhombohedral phase, whose conductivity is much lower [19,20,21]. For this reason, solid solutions undergo rapid electrical conductivity degradation during long-term testing [21,22]. A common approach to stabilizing the cubic phase in fluorite-like solid solutions containing scandium is to introduce a small amount of yttrium oxide or oxides of other rare earth elements having a large cation radius [19,20,21]. However, reducing the thickness of the supporting electrolyte also reduces its strength. From this point of view, tetragonal phases based on ZrO2 are of great interest [23] despite their much lower conductivity. One of the most promising approaches to the creation of a supporting electrolyte membrane combining low resistance with high mechanical strength involves the fabrication of multilayer electrolyte structures combining both cubic and tetragonal phases [23,24].



Other promising approaches to improving the performance of SOFCs include the use of high-efficient electrode materials, e.g., La2NiO4+δ, which exhibit enhanced performance at low temperatures due to high oxygen exchange and diffusion coefficient values [25,26,27]; the use of composite electrode materials to extend the electrochemical active zone [28,29,30,31]; and the application of two-layered electrode structures (functional and current collector layers) [32,33,34,35].



In our study, we attempted to combine two of the above-mentioned approaches, i.e., the application of triple-layer Sc2O3-ZrO2-based electrolytes acting as the supporting SOFC electrolyte with two-layered La2NiO4+δ-based materials serving as an oxygen electrode. In the present paper, data concerning the functional properties of single- and triple-layer Sc2O3-ZrO2-based electrolytes produced by the tape-casting method are presented along with the results of electrochemical studies for symmetrical cells and SOFCs based thereon.




2. Materials and Methods


The studies were performed on three types of solid electrolyte: a single-layer electrolyte of the composition ZrO2 + 6 mol.% Sc2O3 having a tetragonal structure (hereinafter t.SSZ), a single-layer electrolyte of the composition ZrO2 + 10 mol.% Sc2O3 + 1 mol.% Y2O3 with a cubic structure (hereinafter c.SSZ), as well as a triple-layer electrolyte with an internal c.SSZ layer and external t.SSZ layers. For the fabrication of electrolyte layers, single-phase powders of appropriate compositions having a particle size of about 200–500 nm, manufactured by JSC “NeoChem” (Moscow, Russia), were used.



The electrolyte substrates were produced using the tape-casting technique with equipment developed by “Ekon” Ltd, Obninsk, Russia. The formation of a triple-layer structure was carried out by joint pressing of green body layers. The final sintering of the single-layer and triple-layer electrolytes was carried out at 1600 °C. The thickness of the single-layer electrolyte was about 150 μm, while the triple-layer electrolyte had a thickness of around 300 μm.



In order to prevent chemical reactivity between the electrolyte and La2NiO4+δ-based cathode, a barrier layer of Ce0.8Sm0.2O2-δ was formed on the surface of the electrolyte by means of the dip-coating method. The final thermal treatment of the samples following dip-coating was performed at a temperature of 1200 °C for 1 h with a heating rate of 50 °C per hour. In order to increase the thickness of the barrier film, the procedure was repeated twice.



The oxygen electrode consisted of two layers: a functional layer having the composition 49 wt.% La2NiO4+δ + 49 wt.% Ce0.8Sm0.2O2-δ + 2 wt.% CuO (LNO-SDC) and a current collector layer with the composition 98 wt.% LaNi0.6Fe0.4O3-δ + 2 wt.% CuO (LNF). For composite preparation, the LaNi0.6Fe0.4O3-δ, La2NiO4+δ, and Ce0.8Sm0.2O2-δ powders were mixed in isopropyl in corresponding ratios. A 56 wt.% NiO + 44 wt.% Ce0.8Sm0.2O2-δ (NiO-SDC, after reduction Ni-SDC) composite was used as a fuel electrode.



Symmetrical electrochemical cells, as well as fuel cells having planar construction, were prepared using the screen-printing method. The t.SSZ single-layer and t.SSZ/c.SSZ/t.SSZ triple-layer electrolytes were used for electrochemical and fuel cells, respectively. In the case of symmetrical cells, both electrodes were sintered in one step. For fuel cells, the fuel electrode (anode) was initially formed and sintered, then a second step, consisting of oxygen electrode (cathode) preparation, took place. Sintering conditions were 1100 °C for 1 h and 1050 °C for 2 h for the functional and the collector layers of the cathode, respectively; for the anode, sintering took place at 1400 °C for 3 h. In the case of SOFC tests, the electrodes were impregnated with solutions of electrochemically active oxides following sintering. The impregnation procedure was performed with saturated solutions of praseodymium nitrate (for the cathode) and cerium nitrate (for the anode). After impregnation, nitrates were decomposed at 600 °C in air. The content of corresponding oxides in the electrodes following heat treatment was about 1 mg/cm2.



The phase composition of the materials was verified by X-ray powder diffraction (XRD) in CuKα-radiation (λ(Kα1) = 1.54 Å) at room temperature in ambient air (D-MAX-2200 RIGAKU). Microstructural investigation was performed using scanning electron microscopy (MIRA 3 LMU, TESCAN) on the cross-sections of the samples. The preparation procedure for the SEM characterization of samples included epoxy impregnation in a vacuum (residual pressure 10−2 atm) and polishing. The element composition analysis of ceramic samples was performed by X-ray fluorescence spectroscopy (XRF-1800, Shimadzu). The error in the determination of element concentration did not exceed five relative percent.



The electrical conductivity of electrolyte samples in both transverse and longitudinal directions was measured by two-probe AC and four-probe DC methods, respectively. For this purpose, electrodes made from Pt wire were placed on the electrolyte samples and fixed with Pt paste at a temperature of 1000 °C for 1 h. The complex impedance was measured in the frequency range from 100 mHz to 8 MHz using a Zahner Elektrik IM6 electrochemical analyzer.



Symmetrical electrochemical cells were investigated by impedance spectroscopy (IM6, Zahner, and a Solartron 1260 impedance analyzer with 1287 electrochemical interface). Details of the experimental setup are presented elsewhere [36]. For the distribution of relaxation time (DRT) analysis, a program code, developed by the authors of [37] on the basis of Tikhonov’s regularization [38], was applied. For fuel cell studies, the sample was sealed in the measuring cell by high-temperature glass having a transition temperature of 950 °C. Anode reduction was performed at 900 °C in wet hydrogen.




3. Results and Discussion


3.1. Electrolyte Properties


XRD analysis confirmed the absence of impurity phases for all materials under investigation, as well as the absence of chemical reactivity between the components of the used composites (Figure 1) because the diffraction patterns contain reflections only for the studied phases. From the SEM images of the electrolyte surface, it is clearly seen that the samples are dense, with an insignificant number of pores on the surface of the c.SSZ electrolyte (black dots on the surface) and almost no pores on the surface of t.SSZ electrolyte (Figure 2). The average grain size, which does not depend on the electrolyte crystal structure, ranges from 3 to 10 µm. Figure 2 additionally shows a SEM image of the Ce0.8Sm0.2O2-δ coating on the electrolyte surface. As can be seen, the coating has good adhesion to the electrolyte surface, without any cracks and defects.



Figure 3 shows SEM images with EDX maps (Sc distribution) of the cross-section t.SSZ/c.SSZ/t.SSZ of the triple-layer ceramic before and after long-time high-temperature exposure (850 °C, 1000 h) the results of which will be presented below. As can be seen from the cross-section SEM image for the triple-layered ceramic, there is no through porosity, and the c.SSZ/t.SSZ interfaces have good quality boundaries both before and after long-term tests.



The results of X-ray fluorescence spectroscopy carried out for both electrolytes are presented in Table 1. The obtained values are in good agreement with those obtained from stoichiometric equations, including hafnium and yttrium impurities, which are accompanying elements for zirconium and scandium, respectively. The presence of minute amounts of iron, chromium, and aluminum can be explained by the technological features of ceramics production, such as the usage of alumina balls for powder mixing.



Figure 4a presents the temperature dependencies of the electrical conductivity of the studied electrolytes in the Arrhenius coordinates. No jumps or inflections on the dependencies corresponding to structural changes are observed. The c.SSZ sample possesses the highest electrical conductivity, which is in good agreement with the literature data given in [18,19,20]. The conductivity of the tetragonal phase is lower, as expected [23], and the conductivity of a three-layer ceramic has an average value compared to t.SSZ and c.SSZ. Figure 4a also shows the conductivity values measured by the impedance method. DC and AC conductivities are well comparable in overlapping temperature ranges. Typical impedance spectra for materials under study at 500 °C are presented in Figure 4b. As could be seen, the EIS spectra of single-layer structures are fitted by two RQ elements. The first RQ1 corresponds to the electrolyte with the value of capacitance about 10−10 F/cm2, and the second RQ2 corresponds to the electrode process with the value of capacitance about 10−6 F/cm2. Additional DC four-probe measurements demonstrate that resistivity of the whole sample is described by the first semicircle, meaning that the second one should be ascribed to the electrode process. Moreover, bulk and grain boundary resistances could not be accurately estimated from the first semicircle of the spectrum. This may be due to the slightly distinguishable composition of the bulk and grain boundaries, as well as the large grain size (≈10 μm) of ceramics, which leads to the low resistance of grain boundaries. At the same time, the EIS spectrum for the t.SSZ/c.SSZ/t.SSZ electrolyte is similar to ones of single-layer structures, which indicates the absence of additional relaxation processes (semicircles) due to resistance at the t.SSZ/c.SSZ interfaces of a three-layer electrolyte. A comparison of the conductivity values for scandium-containing materials and YSZ [24] demonstrate a significant advantage of the former one for application as electrolytes for SOFCs.



During the long-term electrolyte resistance stability tests, the largest increase in resistance was found for t.SSZ, at around 14.6% per 1000 h (Figure 5). For the c.SSZ sample, the resistance value increases by 7.4% over the same period. The relative increase in resistance for a triple-layer electrolyte, which amounts to 11.6% per 1000 h, is mainly associated with the degradation of the tetragonal phase. The degradation mechanism of electrolytes based on zirconium oxide is usually associated with the formation of poorly conducting low-symmetric phases [19,23]. No changes in the phase composition were visible in the X-ray phase analysis of the samples following degradation, probably due to their low content. The element distribution maps for a triple-layer sample show that there is no noticeable redistribution of scandium cations in layers with different contents during a long exposure (Figure 3). The nature of the time dependencies does not differ from those given in the literature [19,22,24]. Over time, the degradation rate slows down over time significantly. A simple equation has been proposed [22] to describe the degradation process:


   R τ  =  R 0  + B  τ  1 / 2   ,  








where    R 0  ,    R τ    are the resistivities of the electrolyte prior to degradation, at the instant of time τ, respectively; B is a constant. By extrapolating the time dependencies, according to this equation, we are able to predict that the increase in the resistance of a triple-layer electrolyte will not exceed 17% and 23% after 10,000 and 50,000 h, respectively




3.2. Electrochemical Cells and Performance


The electrochemical activity of the electrodes in contact with the t.SSZ electrolyte was investigated on the symmetrical electrochemical cells. Measurements were conducted in the temperature range 750–850 °C in an air atmosphere for the LNO-SDC/LNF oxygen electrode; for the Ni-SDC fuel electrode, measurements were carried out in the temperature range 650–850 °C in wet (pH2O = 0.03 atm) hydrogen. Figure 6 presents the comparison between the values of ohmic resistance of the symmetrical electrochemical cells, as extracted from the impedance spectra, and the electrolyte resistance values for t.SSZ as determined by the four-probe DC method. It can be seen that the values obtained using the different measurement techniques, as well as the apparent activation energy values for electrolyte conductivity, are in good agreement. The closeness of the values of the electrolyte resistance and the activation energy obtained by two different methods indicate the absence of chemical interaction between the electrode and electrolyte materials.



Temperature dependencies of polarization resistance for the investigated electrodes are presented in Figure 7. At 800 °C, the polarization resistance (Rη) of the oxygen electrode is about 0.16 Ω·cm2, with an apparent activation energy (Ea) of about 130 kJ/mol. The obtained value of Ea is close to those obtained in [39,40] for similar oxygen double-layer electrodes. Polarization resistance values for the fuel electrode are somewhat higher than those for the oxygen electrode; at 800 °C, the value was around 0.45 Ω·cm2. The apparent activation energy value is about 85 kJ/mol, with such values being quite typical for Ni-SDC electrodes [41].



Impedance spectra for symmetrical electrochemical cells are depicted in Figure 8A,B. For their analysis, the distribution of relaxation times method (DRT) was applied, as it has much higher resolution in comparison to traditional complex nonlinear squares method [42,43]. DRT functions calculated from impedance data are presented in Figure 8C,D. It can be seen that, for oxygen electrodes, the functions consist of several processes. The low-frequency step can be assigned to the gas diffusion [25], while the three steps in the middle-frequency region have been recently identified in [44] as oxygen ion diffusion on the electrode/electrolyte interface, charge transfer in the adsorption layer, and oxygen surface exchange and diffusion in the electrode material.



For fuel electrodes, two peaks at the frequencies of 0.3 and 5 Hz can be found at the DRT function at 600 °C. While the temperature increases the DRT function becomes more complicated. At 850 °C three peaks at the DRT function can be identified at 0.3, 5, and 100 Hz. Similar behavior for the DRT function has been observed previously in [45] for Ni-SDC anodes. Based on the results, obtained in [44] we can conclude that the rate of the hydrogen oxidation is limited by oxygen ionic diffusion in SDC, reactions between adsorbed forms of the potential determining particles on the anode surface as well as the gas diffusion.



The cross-section fuel cell SEM image and SOFC test results are shown in Figure 9. In the temperature range 750–850 °C and using wet hydrogen as a fuel gas, the power density was about 90–160 mW/cm2, respectively. To our knowledge, there is no literary data concerning SOFCs with a 300 µm electrolyte and an LNO-based cathode. However, we can compare our results with those for similar electrolyte-supported SOFCs. For example, in [46] power densities of about 160–270 mW/cm2 were obtained at 800 °C for the SOFC with a 270 µm YSZ electrolyte, two-layer LSM/LSM-YSZ cathode, and Ni-YSZ anode, which is close to our values. The obtained power values are not very high, probably due to the ohmic resistance of the t.SSZ/c.SSZ/t.SSZ electrolyte. Reducing the thickness of the electrolyte will significantly increase the power performance of the SOFC.





4. Conclusions


ZrO2-Sc2O3-based electrolytes were studied, both in the form of single-layers having a thickness of about 150 μm, and as triple-layer samples with a combined thickness of 300 μm. It is shown that in the case of the triple-layer electrolytes, the resistance of the layer interface does not significantly affect the total resistance. Long-term tests of the electrolytes were carried out at 850 °C for 1000 h. It was found that the resistance of the electrolyte having a tetragonal structure degrades most rapidly, exhibiting a relative increase in resistance of about 15% after 1000 testing hours. For an electrolyte with a cubic structure, the change in resistance was about 7% per 1000 h. The high performance of electrode materials based on La2NiO4+δ (with a barrier SDC layer) and Ni-SDC in contact with an electrolyte with a tetragonal structure is demonstrated. Single fuel cells having a triple-layer 300 μm thick supporting electrolyte were studied. The resulting power density amounts to 160 mW/cm2 at 850 °C.
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Figure 1. X-ray powder diffraction (XRD) patterns of the electrolyte surface (c.SSZ, t.SSZ) and electrode powders. 
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Figure 2. SEM images of the t.SSZ (A) and c.SSZ (B) electrolyte surfaces and (C) Ce0.8Sm0.2O2-δ coating layer. 
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Figure 3. SEM images with EDX maps (Sc distribution) of cross-section t.SSZ/c.SSZ/t.SSZ of triple-layer ceramic before (above) and after (below) long-time high-temperature exposure. 
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Figure 4. Temperature dependencies of electrical conductivities for SSZ ceramics obtained by four-probe DC and two-probe AC methods (left) and EIS spectra recorded at 500 °C (right). 
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Figure 5. Long-term tests of electrolytes at 850 °C. 






Figure 5. Long-term tests of electrolytes at 850 °C.



[image: Energies 13 01190 g005]







[image: Energies 13 01190 g006 550] 





Figure 6. Temperature dependencies of electrolyte resistance obtained from impedance spectra and four-probe DC methods. 
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Figure 7. Temperature dependencies of electrodes’ polarization resistance. 
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Figure 8. Impedance spectra for symmetric electrochemical cells with t.SSZ electrolyte (A,B) and distribution of relaxation time (DRT) functions, calculated from impedance spectra (C,D). 
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Figure 9. SEM image of fuel cell cross-section and performances of solid oxide fuel cells (SOFC). 
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Table 1. Results of X-ray fluorescence spectroscopy analysis of the ceramic samples surface.
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t. SSZ

	
c. SSZ






	
ZrO2

	
92.93%

	
ZrO2

	
86.66%




	
Sc2O3

	
6.33%

	
Sc2O3

	
10.89%




	
HfO2

	
0.56%

	
HfO2

	
0.93%




	
Y2O3

	
0.12%

	
Y2O3

	
1.24%




	
Fe2O3

	
0.06%

	
Fe2O3/Al2O3/Cr2O3

	
0.04%/0.14%/0.08%
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