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Abstract

:

We investigated the influence of a fuel change from pure hydrogen to a hydrogen–ammonia mixture at different percentages on the electrochemical behavior of 50 mm in diameter Solid Oxide Fuel Cells (SOFCs) with sputtered thin buffer layers of Gd-doped ceria, varying the working temperatures from 800 °C to 650 °C. The results show that the performances of the cells are not affected by the fuel change for high working temperatures (800 °C and 750 °C). As an example, a power density value of 802 mW∙cm−2 at 1 A∙cm−2 is found when directly feeding the cell with 8 NmL∙min−1cm−2 of ammonia and with an equivalent flowrate of 12 NmL∙min−1cm−2 of H2. These power density output values are higher than those obtained in industrial state-of-art (SoA) SOFCs with screen-printed buffer layers fed with equivalent hydrogen flowrates, thanks to the improved electrochemical performances obtained in the case of cells with sputtered thin buffer layers of Gd-doped ceria. At lower working temperatures (700 °C and 650 °C), slight changes in the electrochemical behavior of the cells are observed. Nevertheless, in this temperature range, we also obtain an output current density value of 0.54 A∙cm−2 in a pure ammonia flowrate of 12 NmL min−1cm−2 at 800 mV and 700 °C, equal to the value observed in SoA button cells with industrial screen-printed GDC barrier layer fueled with 16 NmL∙min−1cm−2 of H2. These results pave the way towards the use of innovative SOFC structures with sputtered thin buffer layers fueled by ammonia.
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1. Introduction


The urgent need for renewable, sustainable and efficient energy production solutions able to replace fossil fuels in industrial processes has brought attention to hydrogen and hydrogen-related technologies, nowadays considered among the most promising alternatives to fossil-fuel-related energy production. However, hydrogen production is still heavily dependent on fossil fuels, since the main processes are gasification, methane steam reforming and partial oxidation [1,2]. Moreover, limits to the direct utilization of hydrogen come from low energy storage, along with a lack of infrastructures [1,2]. For all these reasons, the interest in alternative hydrogen-carrier fuel is rising and, among them, ammonia seems to be the most attractive candidate, due to its higher gravimetric H2 content (17.7 wt% in liquid ammonia) when compared with other hydrogen-carrier compounds (e.g., 13 wt% in methanol and 7 wt% in cyclohexane). Moreover, ammonia is relatively simple to liquify (boiling point −33.4 °C), has a characteristic and well-recognizable smell [3] and its industrial production process, based on the Haber–Bosch reaction, is well-known and simple [4].



Among hydrogen-based electricity production devices, Solid Oxide Fuel Cells (SOFCs) are attractive mainly for their high fuel–current conversion efficiency and their fuel flexibility [5,6,7]. SOFCs main reaction being based on hydrogen and oxygen ion formation, respectively, at the anode and cathode side, the use of alternative hydrogen-carrie fuels strongly depends on the fuel dissociation reaction efficiency at the anode sides. The use of NH3 for direct SOFC feeding is favored by the observation that the cracking reaction of ammonia (namely its dissociation in hydrogen and nitrogen) is catalyzed by nickel-based compounds [8,9] which are, actually, the most common materials used as anodes in SOFCs [3,10,11,12,13]. Moreover, this cracking reaction being endothermic, the heat management of ammonia-fed SOFC systems could be simplified. On the other hand, limits to direct ammonia feeding to SOFCs are posed by the operating temperature dependence of their decomposition at the anode side. In fact, it was demonstrated [2,9] that cracking reaction efficiency in the presence of nickel-based catalysts, and thus efficient current generation in the SOFC, is limited to the high operating temperatures of the device, with significant performance reductions for temperatures lower than 750 °C.



Recently, with the aim of increasing industrial SoA SOFCs performances in the Intermediate Temperature (IT) range [14,15], physical vapor deposition (PVD) techniques were proposed [16,17,18] to fabricate the air electrode/electrolyte gadolinia-doped ceria (GDC) barrier layer. Given its long-term expertise in thin film deposition with different PVD techniques (molecular beam epitaxy [19], pulsed laser deposition [20] and sputtering [21], among others), together with their long-time knowledge on the impedance characterization of thin films [22], a research group at the University of Salerno recently proposed an innovative deposition process for the fabrication of GDC thin barrier layers, based on room-temperature radio-frequency (RF) sputtering followed by in-air annealing at moderate temperatures. Huge increments in the output current of hydrogen-fed SOFCs with sputtered GDC layers have been observed with respect to SoA industrial devices [23], both in button cells (up to +78%) [23,24] and in large industrial-scale cells [25,26,27].



In this work, we investigated the performances, in terms of j-V and electrochemical impedance spectroscopy (EIS), of 5 cm diameter SOFC button cells, in which the barrier layer is room-temperature sputter-deposited and in-air-annealed when they are fed with ammonia at different temperatures in the range of 650–800 °C. By feeding the cell with ammonia–hydrogen mixtures with different percentages of ammonia, we found, at high temperatures (760–800 °C), power density output values higher than those obtained in industrial state of art (SoA) SOFCs with screen-printed buffer layers fed with equivalent hydrogen flowrates. In the temperature range from 700 °C to 650 °C, we observed output current density values in pure ammonia flowrate practically equal to the values obtained in SoA button cells with higher flowrates of H2. These results indicate the possibility to employ the SOFC structures with sputtered thin buffer layers using pure ammonia as fuel.




2. Materials and Methods


A 400 nm GDC thin film is grown on 5 cm diameter anode/electrolyte half button cell (SolydEra S.p.A., Pergine, Italy) by means of RF magnetron sputtering (MRC RF-Sputtering, Electron Mec Company, Milan, Italy) using a circular Gd0.1Ce0.9O2−δ sputtering target (Testbourne, Whitchurch, UK, 99.999% purity) with a diameter of 150 mm. The anode/electrolyte half cell consists of 8 µm 8YSZ electrolytes supported on 260 µm Ni/YSZ anodes. The deposition took place at room temperature; thus, oxygen stoichiometry and thin-film granularity were optimized by means of postgrowth annealing [23,24]. Typical deposition parameters are 400 W of power applied at 13 MHz and 2.2 mTorr of process gas (Ar) pressure, producing deposition rates of about 30 nm/min [24]. The buffer layer is then covered at SolydEra S.p.A. with a circular screen-printed cathode, with cathode inks prepared by mixing the ceramic powders with a terpineol-based vehicle. After screen printing, the layers are sintered at ca. 1100 °C for 2 h [24], thus completing the button cell structure with a final 9 cm2 active area of the SOFC. In [24], a schematic of the complete sputter-deposited cell is shown.



Electrochemical tests were carried out using one of the testing benches present at the CEA/LITEN research center (Grenoble, France). The anode side of the cell is placed on a current collector made of a nickel grid with 100 mesh∙cm−2 placed in a Crofer housing setup; the cell is then sealed with glass paste to ensure complete gas tightness of the fuel chamber. On top of the cell, at the cathode side, a gold grid current collector of 100 mesh∙cm−2 is placed. To complete the cell mounting, a gas diffusor with a 414 g∙cm−2 weight is placed on the gold current collector in order to enhance the electrical contacts through a mechanical pressure. Once the cell is mounted, the setup is placed within a furnace. Further details of the experimental setup can be found in [28].



The electrical properties of the SOFC with a room-temperature-sputtered GDC barrier layer described above are characterized in terms of j-V polarization curves and EIS measurements to compare the final cells performances both with usual H2 and NH3 feedings. The study was divided into two steps:




	
In the first step, we evaluated the performance of the above-described cell fueled by different hydrogen flowrates; the cell was tested at four different working temperatures (800 °C, 750 °C, 700 °C and 650 °C). For each temperature, different H2 feeding flowrates (3 NmL min−1cm−2, 6 NmL min−1cm−2, 9 NmL min−1cm−2, 12 NmL min−1cm−2 and 15 NmL min−1cm−2) were considered. The performance of the cell is evaluated by acquiring j-V curves and EIS spectra for each combination of temperature and flowrate feeding.



	
In the second step, we evaluate how the performance of the cell changes according to fuel feeding; for each of the above-mentioned working temperatures and H2 feeding flowrates, the amount of hydrogen is substituted by NH3 at different percentages (0%, 25%, 50%, 75% and 100%). The complete study is composed of j-V curves acquired for each combination of working temperature, gas flowrate and NH3%. Moreover, EIS spectra were acquired for each investigated operating condition.









3. Results and Discussion


3.1. Evaluation of Diluted H2 Feeding Performance


Sputtered barrier layer button SOFC performances were preliminary studied by means of j-V curves and EIS measurements performed at four working temperatures ranging from 800 °C to 650 °C to estimate the SOFC behavior in hydrogen both at usual industrial working temperatures and in the IT range. j-V curves were acquired with a 0.018 A∙s−1 current ramp, while EIS measurements were carried out superposing a 0.4 A amplitude signal at 0.5 A cm−2 fixed current, with frequencies ranging from 0.01 Hz to 10 kHz and gas feeding provided by a mixture of hydrogen and nitrogen; the choice of nitrogen-diluted hydrogen feeding was useful for two reasons: firstly, it allows to better cover the anode area with a lower hydrogen flux; secondly, it allows to take into account the possible effect of N2 dilution coming from the decomposition of NH3.



In Table 1, gas dilution parameters are reported.



In Figure 1, the j-V curves acquired for each parameter combination are displayed.



From the above Figures (Figure 1a–c), one can see that the sputtered barrier layer SOFCs tested at 800 °C, 750 °C and 700 °C are characterized by no visible limiting current for higher flowrates (i.e., 15 NmL min−1cm−2, 12 NmL min−1cm−2 and 9 NmL min−1cm−2), while the change in the slope starts to be visible for 6 NmL min−1cm−2 and then becomes evident for the lowest flowrate (3 NmL min−1cm−2), highlighting that for these inlet flowrates, the fuel is consumed faster than it is supplied to the SOFC [29,30,31]. This effect becomes less evident with decreasing working temperature, with the slopes of the 6 NmL min−1cm−2 flowrate curve (yellow line) and 3 NmL min−1cm−2 flowrate curve (blue line) becoming less sharp. This is further confirmed by the measurement performed at 650 °C, where the limiting current is not visible anymore for 6 NmL min−1cm−2 (yellow curve), and the change in slope for the 3 NmL min−1cm−2 is the less pronounced among all the blue curves present in Figure 1. At the lowest working temperature, no measurement was performed at the highest flowrate (i.e., 15 NmL min−1cm−2), because from the data at higher temperatures, the results at 15 NmL min−1cm−2 and 12 NmL min−1cm−2 are practically the same, without giving additional information on the cell’s behavior.



The j-V curves in Figure were used to evaluate the electric efficiency of the cell for each configuration (temperature, H2 and N2 content) using the efficiency relation in [1], in which we explicitly report the molar flow     n   f u e l   =   Q   A   F C     60 ·   V   m       and obtain


    η   e l e c t r   =   60     V   m   V I     Q     A   F C     L C V     H   2       = 0.664   V I   Q   = 5.98   V j   Q    



(1)




where     L C V     H   2       is the lower calorific value of H2 (241,500 J∙mol−1), Q is the volumetric flowrate,     A   F C       is the SOFC geometrical area (i.e., 9.08 cm2) and     V   m     is the molar volume (i.e., 24,054 NmL∙mol−1).



In Figure 2, the evaluated efficiency curves are reported.



From Figure 2, it is clear that the electric efficiency lowers with increasing flowrates for all the investigated temperatures and decreases with decreasing working temperatures at fixed inlet flowrate, as expected [2]. Moreover, while an efficiency saturation is clearly visible for the lowest hydrogen flowrates (6 NmL min−1cm−2 and 3 NmL min−1cm−2), this saturation starts to disappear at 700 °C for the yellow curve (6 NmL∙min−1cm−2) and is completely not visible at 650 °C for both of the lowest flowrates. The highest electrical efficiency (67%) is found at 800 °C and 3 NmL∙min−1cm−2 flowrate. We point out that the maximum power density achieved is 802 mW∙cm−2 power density at 1 A cm−2 and 12 NmL∙min−1cm−2 of H2 at 700 °C. The comparison of these results with those reported in [23,32,33] once again gives evidence of the improved performances in the hydrogen feeding of SOFCs with sputtered GDC barrier layer.



EIS spectra were acquired at 0.5 A cm−2 with a superposed perturbation signal of 0.044 A ∙cm−2 amplitude for all the investigated temperatures and flowrates (except for the 3 NmL∙min−1cm−2 H2 flowrate that was acquired, the corresponding limiting current being lower than 0.5 A cm−2). In Figure 3, the obtained results are displayed.



Looking at the data shown in Figure 3, we can observe that the ohmic and polarization resistances follow the usual trend found in the literature for SOFCs [23,34,35]. In detail, a change in flowrate does not seem to affect the ohmic resistance, while lowering the operating temperature makes this parameter increase (from 0.01 Ohm∙cm−2 at 800 °C to 0.045 Ohm∙cm−2 at 650 °C), and this can be related to an inductive contribution at high frequencies that modifies the shape of the high-frequency arc and the value of the ohmic resistance, especially at lower operating temperatures. On the other hand, the polarization resistance is affected by both temperature and flowrate variations; indeed, for the higher temperatures (800 °C, 750 °C and 700 °C), the polarization resistance increases with decreasing flowrates due to the lower amounts of hydrogen available for the SOFC’s main reaction [36,37]. At 650 °C, the polarization resistance shows a remarkable increase, especially in correspondence with 6 NmL∙min−1cm−2. Furthermore, the effect due to the lack of hydrogen in the reaction zone at low H2 flowrate is also confirmed by the enhancement of the low-frequency arc related to gas diffusion through the electrodes at 6 NmL∙min−1cm−2.



The above results for the ohmic and polarization resistances at higher gas flowrates are in complete accordance with what is reported in [23], where a single 35 mm cermet support diameter button cell with a 2 cm diameter screen-printed electrode is tested only for one hydrogen flowrate (16 NmL∙min−1cm−2). Small deviations in the performances can be attributed to the different size (50 mm in diameter of the cermet support, corresponding to 35 mm diameter of the electrode) of the button cell tested here with respect to the button cells tested in [23]. Indeed, in accordance with the results reported in [26], thickness inhomogeneities in a GDC-sputtered barrier layer affect the final cell performances proportionally to the thickness gradient characterizing the barrier layer on the cell.




3.2. NH3 Feeding Performance Evaluation


Following the procedure used by Dekker et al. [2], we evaluated the cell behavior for NH3 feeding at different working temperatures (800 °C, 750 °C, 700 °C and 650 °C) by substituting increasing percentages of NH3 (25%, 50%, 75% and 100%) for each of the diluted H2 flowrates (3 NmL∙min−1cm−2, 6 NmL∙min−1cm−2, 9 NmL∙min−1cm−2, 12 NmL∙min−1cm−2 and 15 NmL∙min−1cm−2). By comparing the obtained performance to the performance in diluted H2 observed in both the same cell and in a 50 mm button cell with screen-printed GDC buffer layer, we show that the cell with sputtered GDC barrier layer presents the same behavior independent of the type of feeding, simultaneously confirming significative performance improvement with respect to industrially prepared button SOFCs.



One of the key points to be taken into account in efficiently fueling SOFCs directly with ammonia is the effectiveness of the cracking reaction of ammonia at the anode side, where two NH3 molecules split into three H2 and one N2 in order to provide H2 as fuel to the cell. It is already known [3,38,39] that Ni/Al2O3 acts as a catalyst in the ammonia cracking reaction, while in [2], Ni/YSZ anodes were also demonstrated to be catalysts in the ammonia cracking reaction; thus, the Ni cermet anode of the SOFC studied here should also catalyze the NH3 splitting reaction.



When comparing the performance in H2 and in NH3, it must be considered that, due to the ammonia decomposition, we have 3 H2 molecules and 2 NH3 molecules each; following this rule, we obtain, for example, that 12 NmL∙min−1cm−2 of hydrogen corresponds to 8 NmL∙min−1cm−2 of pure ammonia feeding (100% NH3-diluted hydrogen substitution), 9 NmL∙min−1cm−2 corresponds to 6 NmL∙min−1cm−2 of pure ammonia feeding and so on. We remark that this feeding conversion is not able to maintain the same energy content at gas inlets under the assumption of complete ammonia cracking at the anode. Therefore, the following conversion table (Table 2) is used in our measurements.



In Figure 4, we report the j-V curves acquired at 800 °C for each different flowrate (3 NmL∙min−1cm−2, 6 NmL∙min−1cm−2, 9 NmL∙min−1cm−2, 12 NmL∙min−1cm−2 and 15 NmL∙min−1cm−2) and the NH3 percentage substitution of H2 starting from 0% NH3 up to 100% NH3 feeding.



As it is clear in Figure 4, for each initial H2 flowrate, the corresponding curves with different substituted percentages of NH3 are perfectly superposed to the 0% substituted one. This means that at 800 °C, the cell does not react to the “change in fuel” and behaves exactly the same in terms of output current when hydrogen is substituted by ammonia. This is not surprising due to the expected 100% cracking reaction efficiency at the anode side at high working temperatures [2]. The same behavior was observed in terms of output current when performing the same experiment at 750 °C for all the above-presented feeding flowrates and NH3-substituted percentages.



Once more, given the high performance of sputtered barrier layer SOFCs fed in pure or diluted H2 (up to ≈ 31% increased performance when compared with SoA button cells with screen-printed GDC layer at 750 °C) [23], the above-mentioned results give further evidence that similar high and promising performances can be achieved by the same SOFC structure fed by ammonia.



In terms of electric conversion efficiencies, the above polarization curves give the results summarized in Figure 5, in which we report the evaluated efficiencies at 6, 9 and 15 NmL∙min−1cm−2. In this case, the calculation was performed following Equation (1), taking into account gas percentage substitution A and B:


    η   e l e c t r   =   60     V   m   V I   Q     A   F C     ( A ·   L C V     H   2     + B ·   L C V     N H   3     )    



(2)




where     L C V     H   2       and     L C V     N H   3       are the lower calorific values of H2 (241,500 J∙mol−1) and NH3 (317,000 J∙mol−1), respectively, Q is the total volumetric flowrate of the H2 and NH3 mixture and A and B are two factors that take into account the gas percentage substitution; therefore, while A assumes the values 1, 0.75, 0.50, 0.25 and 0, B assumes the following values: 0, 0.25, 0.50, 0.75 and 1.



As already seen in Figure 2, the efficiency lowers with increasing flowrates [2]. An efficiency saturation is clearly visible for the lowest hydrogen flowrate (6 NmL∙min−1cm−2), disappearing at the highest flowrate of 15 NmL∙min−1cm−2. The increase in fuel efficiency with increasing percentage ammonia substitution is due to the higher energy content of ammonia and is in accordance with the results present in [2].



Changes in the electrochemical behavior of SOFC were also monitored by performing EIS measurements at 0% and 100% hydrogen substituted by NH3 for all the equivalent flowrates and all the operating temperatures. In line with what is presented above, the results in Figure 6 report EIS acquired at 800 °C, because those observed at the different temperatures are practically the same.



At all the flowrates, the ohmic resistance is always lower when the cell is fed in diluted H2 (red dots), in agreement with previous results [9], measuring a drop in the open-circuit voltage (OCV) with increasing NH3 concentrations. Indeed, we observed a similar small drop with increasing ammonia percentage substitutions for all the flowrates in the j-V curves in Figure 4, despite the 100% efficiency of the ammonia cracking reaction. Such a small OCV drop with increasing ammonia concentrations is probably related to the endothermic nature of ammonia dissociation reaction being responsible for slight temperature decrement when increasing ammonia content. Moreover, the polarization resistance observed at 9 NmL∙min−1cm−2 and 15 NmL∙min−1cm−2 slightly decreases in the 100% NH3 feeding, giving evidence of the decrement in the overpotentials when directly fueling the SOFC with ammonia [9]. Due to unexpected electrical contact problems, the measurement at 6 NmL∙min−1cm−2 was not carried out.



In the following j-V and efficiency data, since we observed similar curves under higher flowrates (9 NmL∙min−1cm−2, 12 NmL∙min−1cm−2 and 15 NmL∙min−1cm−2) and for the lower flowrates (3 NmL∙min−1cm−2 and 6 NmL∙min−1cm−2), we show only one curve for the “ high” and “low” flowrate results, these two curves being completely representative of all the measurements performed [2].



At 750 °C, the curves in Figure 7 are almost completely superposed, in particular for the “low” flowrate, indicating the effectiveness of the NH3 cracking reaction. As already observed for the 800 °C operating temperature, the only change in the j-V curves is given by the slight lowering of the OCV, with increasing ammonia percentage substitution favored by the endothermic cracking reaction. We point out that the same output power density of 802 mW∙cm−2 at 1 A∙cm−2 was observed both for 12 NmL∙min−1cm−2 of H2 and for the equivalent NH3 flowrate (100% NH3-substituted, corresponding to 8 NmL∙min−1cm−2 of ammonia, according to the conversion in Table 2). These values of the power density outputs are comparable to those obtained in industrial SoA SOFCs with screen-printed GDC fed with higher hydrogen flowrates [23,24].



At 700 °C, the curves in Figure 7 start to spread out for both the “low” and “high” flowrates, probably due to the less effective ammonia cracking reaction at the Ni cermet anode. By the way, the power density lowering with the change in fuel results to be negligible for the “low” flowrate curve (about 2% at 0.4 A∙cm−2 and 3.6% at maximum current density 0.75 A∙cm−2). The “high” flowrate curve shows the same behavior but with a higher reduction in the power density generated by the cell (−3.2% at 0.4 A∙cm−2 and −6.7% at 0.88 A∙cm−2). Therefore, even higher NH3 substitution percentages are still efficient in terms of the output power density, with values not appreciably different from those obtained in diluted hydrogen at 700 °C.



At 650 °C, as a consequence of the anode’s reduced efficiency for the ammonia splitting reaction, both the “low” and “high” flowrate curves show an increased spread as a function of the NH3 substitution. Indeed, both the displayed curves spread away, with the outlet current decreasing with increasing ammonia substitution. The maximum power density percentage variation is observed between the diluted hydrogen cell and the directly ammonia-fed cell (100% ammonia substituted) at the higher flowrate, −11.5% being the difference in the generated power densities.



In Figure 8, the “low” and “high” fuel–electricity conversion efficiencies are reported as a function of temperature and ammonia percentage substitution.



At 750 °C, it is clear that the efficiency trend and values show the same behavior found at 800 °C. The maximum value is found for the “low” flowrate at 100% substituted ammonia, while the minimum is obtained at 0% substituted ammonia for the “high” flowrate.



At 700 °C, we notice a lowering in the evaluated efficiencies with respect to those observed at 800 and 750 °C. For the “high” flowrate curves related to 25 and 50% substitution, the efficiencies become lower than those acquired in diluted hydrogen (0% substituted), pointing out, again, that at this temperature the cracking reaction at the anode is not 100% efficient anymore.



At 650 °C, the trend observed for higher working temperatures starts to show an inversion. The maximum efficiency is much lower than the values observed before and, more importantly, it is possible to see that at lower substitution percentages, the cell is less efficient compared with the 0% substitution one. This is in agreement with the behavior reported in [18], again due to the temperature-dependent power generation in ammonia-fed cells, strictly related to the catalytic activity of the anode in the cracking reaction. Nonetheless, we point out here that GDC-sputtered barrier layers embedded in SoA industrial SOFCs are able to increase the cell current generation up to +78% at 650 °C and +60% at 700 °C and 800 mV, as reported in [23]. Therefore, comparing the results obtained with the ones obtained with an SoA button cell with industrially screen-printed barrier layer, we can make the following observation: the output current density produced by sputtered barrier layer button SOFCs fed by 8 NmL∙min−1cm−2, pure ammonia at 800 mV and 700 °C (i.e., 0.54 A∙cm−2) is exactly the same output current density obtained in an SoA button cell with industrial screen-printed GDC barrier layer fueled with a higher hydrogen flowrate (i.e., 16 NmL∙min−1cm−2).



Finally, all the observations made above are also confirmed by analyzing the Nyquist plots shown in Figure 9.



Figure 9 shows that the polarization and ohmic resistance trends as a function of the inlet flowrate for the two higher operating temperatures are the same as those observed for diluted hydrogen feeding. There is no evidence of ohmic resistance dependence with the ammonia flowrate or of the polarization resistance increasing with decreasing flowrate. These results further confirm that the change in fuel does not affect button cell behavior at high temperatures. At 700 °C, while no ohmic resistance change is observed with respect to the diluted hydrogen feeding (see Figure 3), it is possible to see an increase in the polarization resistance at both the NH3 equivalent feeding at 6 NmL∙min−1cm−2 and at 9 NmL∙min−1cm−2 of diluted hydrogen, providing further evidence of the lack in hydrogen available to sustain the SOFC processes. On the other hand, at 650 °C, we can observe a huge polarization resistance increment for all the reported flowrates, in accordance with the efficiency lowering reported in Figure 8.





4. Conclusions


To compare the performances of SOFCs with sputtered and screen-printed SoA GDC buffer layers, we first performed the electrochemical characterization of a 9 cm2 active surface area button cell by fueling it with different hydrogen flowrates (3 NmL∙min−1cm−2, 6 NmL∙min−1cm−2, 9 NmL∙min−1cm−2, 12 NmL∙min−1cm−2 and 15 NmL∙min−1cm−2), varying the working temperatures (800 °C, 750 °C, 700 °C and 650 °C). The performance of the cell was measured acquiring j-V curves and EIS spectra for each combination of temperature and flowrate feeding. Successively, to evaluate how the performance of the cell is changed by the change in fuel, for each of the above-mentioned working temperatures, the amount of hydrogen was substituted by NH3 at different percentages (0%, 25%, 50%, 75% and 100%). The experimental results, composed of j-V curves acquired for each combination of working temperature, flowrate of the gas feeding and NH3 percentage substitution, clearly show that for the higher explored working temperatures (800 °C and 750 °C), the power density values do not present any sign of dependence upon the fuel type. Values of 802 mW∙cm−2 at 1 A∙cm−2 were found when feeding the cell with both 8 NmL∙min−1cm−2 of ammonia and with an equivalent flowrate of 12 NmL∙min−1cm−2 of H2. At lower working temperatures (700 °C and 650 °C), we measured an output current density value of 0.54 A∙cm−2 in a pure ammonia flowrate of 12 NmL∙min−1cm−2, at 800 mV and 700 °C, equal to the value observed in SoA button cells with an industrial screen-printed GDC barrier layer fueled with 16 NmL∙min−1cm−2 of H2. Due to the improved electrochemical performances gained in the case of cells with sputtered GDC thin buffer layers, these power and current density output values are always comparable or even higher than those obtained in industrial SoA SOFCs with screen-printed GDC layers fed with higher hydrogen flowrates. The obtained results indicate that these innovative SOFC structures, preserving the improved electrochemical performances observed in pure H2 at high temperatures (750–800 °C), are also suitable for use with ammonia fuel. Moreover, the results at low temperatures, thanks to the better performances related to the presence of the sputtered GDC layer, suggest possible applications of these SOFCs fueled by ammonia, even in the so-called Intermediate Temperature (IT) range.
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Figure 1. j-V curves acquired at different working temperatures and different diluted hydrogen flowrates (15 NmL∙min−1cm−2 orange curve, 12 NmL∙min−1cm−2 green curves, 9 NmL∙min−1cm−2 gray curves, 6 NmL∙min−1cm−2 yellow curves and 3 NmL∙min−1cm−2 blue curves) at 800 °C (a), 750 °C (b), 700 °C (c) and 650 °C (d). 
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Figure 2. Electric efficiencies evaluated for each working temperature (800 °C (a), 750 °C (b), 700 °C (c) and 650 °C (d)) and diluted hydrogen flowrates. The legend present in Figure 2c applies to all the graphs comprising Figure 2. 
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Figure 3. Nyquist plot of EIS measurements performed on the sputtered GDC barrier layer SOFC for each explored temperature (a–d) and each flowrate: 6 (yellow), 9 (gray), 12 (green) and 15 (orange) NmL∙min−1cm−2. 
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Figure 4. j-V curves acquired at 800 °C at different flowrates: (a) 3 NmL∙ min−1∙cm−2, (b) 6 NmL∙ min−1∙cm−2, (c) 9 NmL∙ min−1∙cm−2, (d) 12 NmL∙ min−1∙cm−2 and (e) 15 NmL∙ min−1∙cm−2; for each flowrate of 0 (red line), 25 (magenta line), 50 (light blue line), 75 (yellow line) and 100 (purple line) %, NH3 was substituted to diluted hydrogen following the conversion rules resumed in Table 2. 
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Figure 5. Electric efficiencies evaluated for each total flowrate: (a) 6 NmL∙min−1cm−2, (b) 9 NmL∙min−1cm−2 and (c) 15 NmL∙min−1cm−2) as a function of the percentage substitution 0% (red line), 25% (magenta line), 50% (light blue line), 75% (yellow line) and 100% (purple line). 
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Figure 6. Nyquist plot of EIS measurements performed on the sputtered GDC barrier layer SOFC at 800 °C for 6 NmL∙min−1cm−2 (a), 9 NmL∙min−1cm−2 (b) and 15 NmL∙min−1cm−2 (c) in diluted hydrogen (0% NH3, red dots) and direct ammonia feeding (100% NH3, purple dots). 
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Figure 7. j-V curves acquired at different working temperatures (750 °C in (a,b), 700 °C in (c,d) and 650 °C in (e,f)) for low flowrate (6 NmL∙min−1cm−2) and high flowrate (12 NmL∙min−1cm−2) and for different percentage substitutions of diluted hydrogen with ammonia: 0% NH3 (diluted hydrogen, red line), 25% NH3 (magenta line), 50% NH3 (light blue line), 75% NH3 (yellow line) and 100% NH3 (pure ammonia feeding, purple line). 
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Figure 8. Electrical efficiencies for 750 °C (a,b), 700 °C (c,d) and 650 °C (e,f) operating temperatures and function of high (12 NmL∙min−1cm−2) and low (6 NmL∙min−1cm−2) flowrates for the different ammonia substitution percentages: 0% (red line), 25% (magenta line), 50% (light blue line, 75% (yellow line) and 100% (purple line). 
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Figure 9. EIS spectra acquired at 800 °C (a), 750 °C (b), 700 °C (c) and 650 °C (d) at 6 NmL∙min−1cm−2 (yellow dots), 9 NmL∙min−1cm−2 (grey dots) and 12 (orange dots) NmL∙min−1cm−2 in 100% NH3 as a function of the total inlet flowrate. The legend present in the graph at 750 °C applies to all the measurements present in the figure. 
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Table 1. Diluted H2 + N2 flowrates: for each temperature, all the reported flowrates were explored.
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	H2 (NmL min−1cm−2)
	N2 (NmL min−1cm−2)





	15
	5



	12
	4



	9
	3



	6
	2



	3
	1
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Table 2. NH3-substituted percentages of diluted H2 considering a gas made of 100 NH3 moles.
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	Substituted %
	NH3
	H2
	N2





	0
	0
	150
	50



	25
	25
	113
	38



	50
	50
	75
	25



	75
	75
	38
	13



	100
	100
	0
	0
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