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Abstract

:

Green hydrogen production seems to be the best route to achieve a sustainable alternative to fossil fuels, as hydrogen has the highest energy density on a mass basis and its combustion does not produce greenhouse gases. Water electrolysis is the method of choice for producing green hydrogen. Among commercially available water electrolysis systems, alkaline water electrolysis (AWE) is the most well-established technology, which, nevertheless, still needs to improve its efficiency. Since the electrodes’ performance is of utmost importance for electrolysis efficiency, nickel foam (NF) and stainless steel foam (SSF) electrodes were analyzed via voltammetry to validate their catalytic activity toward the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) in 30 wt.% NaOH electrolyte solution. Moreover, at a current density of 50 mA cm−2, the NF and the SSF exhibited good stability, with the potential for HER and OER stabilizing at −0.5 V and 1.6 V vs. reversible hydrogen electrode. A lab-scale electrolyzer attained current densities of 10, 20, and 50 mA cm−2 at small cell voltages of 1.70 V, 1.80 V, and 1.95 V. The results validated NF and SSF as electrodes for a high-performance AWE electrolyzer, especially at higher temperatures. They ensured the progress for the project’s next stage, i.e., constructing an electrolyzer at a pilot scale.
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1. Introduction


Due to population increase, growing energy demand severely threatens the global economy, as well as the environment, consequently leading to climate change. For the past one hundred years, fossil fuels have been, by far, the principal source of energy. As these are non-renewable sources, and their consumption produces massive emissions of greenhouse gases (GHG), replacing them with alternative clean energy resources is imperative. Hydrogen is critical for developing clean and sustainable energy systems [1,2,3,4]. Yet, hydrogen represents a modest fraction of the energy mix, and only 4% of the global hydrogen supply comes from clean sources [5,6].



Water electrolysis leads among the methods that use renewable energy to produce hydrogen [7]. In fact, by definition, hydrogen can only be called green if produced by water electrolysis using renewable energy sources [8]. But for a hydrogen economy based on water electrolysis to thrive, the available technologies still require further improvement to be considered competitive compared to hydrogen production from fossil fuels [9]. Alkaline water electrolysis (AWE) is the oldest and best well-established technique for producing high-purity hydrogen [10]. Among commercially available technologies, AWE is the one that offers high production rates at low costs of production and, because of that, is the technique more often used in large-scale water electrolysis systems [3,11,12]. However, a significant amount of work remains to be done to bridge the gaps between the extensive fundamental research on water electrolysis and its practical industrial applications [13,14,15].



The benchmark electrocatalysts for HER and OER are platinum (Pt) and ruthenium/iridium oxide (RuO2/IrO2) due to their low overpotential and Tafel slope. However, these metals are rare and expensive, which limits their large-scale practical application [16]. Nickel (Ni) and its alloys are suitable replacements for these noble metals because they exhibit the highest activity, with the advantages of being stable in strongly alkaline solutions, abundant, and inexpensive [16,17,18,19,20,21,22]. Hence, nickel foam (NF) is usually present as a substrate; however, it also has excellent catalytic behavior toward HER in alkaline media [23]. Regarding OER, the reaction mechanism is more complex [11], and metallic Ni still accounts for higher overpotentials and lower stability. But stainless steel (SS), as an alloy of Ni, iron (Fe), chromium (Cr), and other metals, is a suitable candidate for OER; in addition to its catalytic effect, it is also abundant, inexpensive, corrosion-resistant, and has excellent mechanical strength [23,24,25,26,27].



This study fits within the scope of ongoing studies of a Portuguese company (TecnoVeritas, Marfa, Portugal) pioneering the development of a pilot-scale high-efficiency alkaline water electrolyzer. The electrolyzer incorporates several features that increase its efficiency, making it an innovative technology compared to the current commercially available electrolyzers. These include (i) the high working pressure of 30 bar, which drastically reduces the energy required to compress the gases to storage pressure; (ii) the high turbulence generated inside the cells, which facilitates the release of the gas bubbles from the surface of the electrodes, allowing greater availability of the electrode surface for electrolysis; (iii) the use of a high-performance diaphragm; (iv) the zero-gap cell configuration to minimize the interelectrode distance and, therefore, the electrolyte resistance; and (v) an electrical supply without harmonic distortion. The zero-gap configuration in AWE involves pressing two porous electrodes on each side of the diaphragm, not allowing any gap between them, which significantly reduces the ohmic resistance. The major difference between this configuration and a more traditional setup is the use of porous electrodes instead of solid metal plates. The zero-gap setup allows the easy detachment of the bubbles from the electrodes’ surface, reducing their contribution to the cell voltage [28]. Thus, the most noteworthy feature of the current project is the use of porous electrodes with high catalytic effect: NF and stainless steel foam (SSF) as cathode and anode materials, respectively. These highly porous electrodes were selected because of their large surface area, which greatly increases electrolyte penetration and facilitates the detachment of the gas bubbles produced, increasing their catalytic behavior [1,29,30].



As the electrocatalytic behavior of the electrode materials is one of the main factors influencing the efficiency of the electrolyzer, the choice of using NF and SSF electrodes must be validated. Cyclic voltammetry and linear scan voltammetry are typical electrochemical methods for evaluating electrodes’ activity [31]. Thus, these methods were used in the present study to validate the chosen materials by assessing their performance towards HER and OER at different temperatures. Besides their catalytic behavior, the foams’ stability in alkaline medium was also evaluated through chronopotentiometry. Since the foams showed excellent individual performance, their behavior toward the overall water electrolysis was also assessed. Furthermore, the experimental results will be further used to predict the polarization curves and hydrogen production rates of the high-efficiency electrolyzer developed at TecnoVeritas, using Matlab/Simulink software R2019a (MathWorks, Natick, MA, USA).




2. Materials and Methods


The performance of the NF (Nanoshel, NS6130-10-1093, Ni > 99.9 wt.%, 50PPI/3 mm, Wilmington, DE, USA) and SSF (Nanoshel, NS6130-10-1095, SS316 > 99.9 wt.%, 50PPI/3 mm, Wilmington, DE, USA) foam electrodes was studied individually using the experimental setups shown in Figure 1a,b. Cyclic voltammetry (CV), linear scan voltammetry (LSV), and chronopotentiometry (CP) electrochemical techniques were performed using a Squidstat Plus potentiostat/galvanostat from Admiral Instruments (Tempe, AZ, USA), controlled by the associated Squidstat user interface software. Electrochemical measurements were carried out in triplicate in a typical 3-electrode electrochemical glass cell containing 100 mL of 30 wt.% NaOH (Eka Chemicals, 98 wt.%, Bohus, Sweden) electrolyte solution (10 M, pH~15). All solutions were prepared using Millipore water. The cell temperature was thermostatically controlled by an Ultraterm 6000383 P-Selecta water bath (J.P. Selecta, S.A., Barcelona, Spain). The foams NF (9.98 cm2) and SSF (4.59 cm2) electrodes were employed as working electrodes, a platinum mesh (50 cm2) was used as a counter electrode for the CV and LSV techniques, a graphite electrode (4 cm2) was used as counter electrode for CP, and a saturated calomel electrode (SCE) from HANNA Instruments (Smithfield, RI, USA), model HI5412, was used as a reference electrode. The electrodes were carefully placed inside the cell to ensure an even current distribution. The NF/SSF working electrode was kept at a fixed distance from the platinum counter electrode (on the opposite side of the cell) and at 1 cm from the SCE reference. Electrical connections were made using typical copper cables for electrochemical measurements and new crocodile clips. The potentials measured against the SCE reference electrode were then converted to the reversible hydrogen electrode (RHE) scale using Equation (1), which is temperature-dependent. The term c1, corresponding to the potential of the SCE reference versus the standard hydrogen electrode, was obtained from an online calculator [32], and c2 = ln 10 (RT/F). All potential values given throughout the paper relate to the RHE scale.


ERHE = ESCE,sat + c1 + (c2 × pH)



(1)







The CV technique was used to record the complete voltammograms for both electrodes to study their redox behavior at 25 and 80 °C, and at different scan rates, 10, 50, and 100 mV s−1. The foams were also cycled in the non-Faradaic processes region, i.e., where the double-layer formation exists, to estimate their electrochemical active surface area (ECSA). Herein, the ECSA is expressed as the ratio of the double-layer capacitance for the foam, Cdl foam (µF), and for a smooth electrode, Cdl smooth (µF cm−2), Equation (2). The voltammograms were obtained at scan rates, ν, in the 10–100 mV s−1 range at 25 °C. The working electrode potential was swept between the open circuit potential (OCP) and 50 mV around this value. From the CVs, it is possible to calculate the average capacitive current, Idl. The linear slope of Idl as a function of ν makes it possible to determine Cdl foam using Equation (3),


   ECSA =     C   dl   foam       C   dl   smooth       



(2)






   I   dl       =       I c    +    I a     2     = C    dl       dE   dt      



(3)




where Ic and Ia stand for the cathodic and anodic currents at the potential value in the middle of the selected potential window, respectively [33,34]. These latter tests were performed in more diluted solutions, namely 1 M NaOH (pH 14) for the NF and 0.1 M NaOH (pH 13) for the SSF.



The LSV technique was performed in the 25–80 °C range, starting at OCP and scanning the potential at 1 mV s−1 to the cathodic side for NF, and from OCP to the anodic side for SSF at 2 mV s−1. The CP for both electrodes was carried out at a constant current density of 50 mA cm−2 (absolute value) for 16 h at 25 °C. The electrodes’ performance towards the overall water splitting process was analyzed at 25 °C using the NF as the cathode and the SSF as the anode (Figure 1c) by running cell polarization curves at a potential scan rate of 2 mV s−1 from the open circuit voltage (OCV) until 2 V.



The electrochemical data incorporate the ohmic drop (iR) correction. The cell resistance was determined by adding the electrolyte resistance, R, to that of the electrical cables (0.4 Ω). The former was calculated using Equation (4), where ĸ (S cm−1) is the conductivity of the electrolyte solution, l (cm) is the distance between the reference and working electrodes, and A (cm2) is the working electrode surface area [35]. The ĸ of the 30 wt.% NaOH solution and the R for the NF and SSF electrodes are presented in Table 1.


R = l/(ĸA)



(4)








3. Results and Discussion


3.1. Characterization of the Redox Behavior of the Electrodes


The cyclic voltammograms recorded at 10, 50, and 100 mV s−1, at 25 °C and 80 °C, are shown in Figure 2, for the NF, and Figure 3, for the SSF. For both metallic foams, the current densities are higher at 80 °C, indicating that the temperature favors the processes.



Concerning the NF, two oxidation peaks are observed in Figure 2, corresponding to the oxidation of Ni to NiOx and Ni(OH)2 and of Ni(OH)2 to NiOOH, as reported in the literature [37]. The corresponding reduction peaks are also well-identified. Hydrogen production starts between −0.20 and −0.15 V at 25 °C and between −0.10 and 0 V at 80 °C, meaning the rise in temperature favors the reaction. Moreover, significantly high current densities were attained in the obtained CVs. This might be explained by the high electrolyte concentration used (10 M NaOH), since higher electrolyte concentrations generally increase conductivity [38]. The potential values where the oxidation and reduction processes occur were slightly different from expected [37]; this might be due to the electrolyte diffusion being more difficult inside a thick, porous network than in denser electrodes.



Concerning the SSF electrochemical behavior, the literature reports the division of the CVs into three regions [39]. The voltammograms presented in Figure 3 clearly show those three well-defined regions. The first region at lower potentials incorporates the first oxidation/reduction related to the iron activity. The next region, at potentials between 0.5 and 1.0 V vs. RHE, is a passivity region. The third region, at higher potentials, is associated with the redox processes of species like Cr, Ni, and Mo. The OER then starts at potentials around 1.35 V and 1.40 V at 25 °C and 80 °C, respectively. As expected, higher potential scan rates lead to higher currents in the recorded CVs. Notably, this effect of scan rate on the iron redox processes (first region, left side) is significantly enhanced at 80 °C, leading to a thicker passivation layer that inhibits the redox processes occurring in the third region (1–1.3 V), which explains the observed opposite trend of those of the first region.




3.2. Study of the HER/OER from the Tafel Analysis


3.2.1. HER


The electrocatalytic activity of the NF towards the HER was evaluated using LSV. Figure 4a displays the polarization curves obtained through scanning the electrode potential from the OCP to −0.25 V vs. RHE at 5 mV s−1 scan rate at different temperatures. The direct observation of the polarization curves demonstrates that the temperature increase favors hydrogen evolution—significantly higher current densities are reached at higher temperatures, and the formation of hydrogen starts at lower potentials.



The corresponding Tafel plots shown in Figure 4b were obtained by adjusting the experimental data to Equation (5). From the Tafel plots, the Tafel slope, b, was obtained directly, and the charge transfer coefficient, α, and exchange current density, j0, were calculated through Equations (6) and (7), respectively,


|η| = a + b log |j|



(5)






b = −2.3 RT/nαF



(6)






j0 = 10−a/b



(7)




where η is the potential difference between the applied potential and the equilibrium potential (0 V vs. RHE for HER), T is the temperature (in K), R is the ideal gas constant (8.314 J mol−1 K−1), n is the number exchanged, and F is Faraday’s constant (96,485 C mol−1) [11].



The onset overpotential, ηonset, i.e., the overpotential required to initiate the reaction, was determined through the intersection of the almost vertical line related to the increase in the current density against the potential (i.e., the Tafel region) with the nearly horizontal line representing current densities close to 0. Table 2 summarizes the parameters calculated from the Tafel analysis shown in Figure 4b.



It is clear from Table 2 that the Tafel slopes increase with the temperature. Usually, this behavior indicates that the temperature rise does not favor the reaction: the higher the Tafel slope, the smaller the current density variation for a more significant potential variation. Nevertheless, the observed increase is not that sharp. This tendency has been observed in previous works, like the one reported by Pierozynski and Mikolajczyk [40], in which the Tafel slopes increased from 137 mV dec−1 at 20 °C to 222 mV dec−1 at 60 °C (Table 3).



From the resulting Tafel slopes, it was possible to conclude that, since their values are superior to 120 mV dec−1, the reaction rate-determining step is either Volmer or Heyrovsky, depending on the surface coverage of the adsorbed hydrogen. No visible modification was observed in the NF surface resulting from the applied potentials and temperatures, suggesting good stability of the NF electrode during these experiments.



Regarding the cathodic charge transfer coefficient, it is observed that as the temperature rises, its value deviates slightly from 0.5. Usually, a transfer coefficient close to 0.5 translates into good reaction reversibility. When it assumes lower values, the oxidation processes are favored, and the energy fraction contributing to hydrogen production is small. This is also a less favorable aspect of the performance of the NF electrode at higher temperatures. Pierozynski and Mikolajczyk also reported this trend [40], with a decrease in the αc value from 0.45 to 0.37 as the temperature increases from 20 °C to 60 °C.



However, the ηonset and j0 values support the statement that the temperature rise enhances the HER, as evident by the decrease in the ηonset and the significant increase in the j0 (Figure 5a). Specifically, at higher temperatures, the low onset overpotential for HER and the high j0 values (cf. Table 2) obtained for the NF are outstanding compared to previous studies (Table 3).



To prove that the temperature favors HER, the activation energy, Ea, was also calculated using the Arrhenius equation, Equation (8) [26]. The relation between the logarithm of j0 with the reciprocal temperature can be seen in Figure 5b.


    lnj  0     = lnA   i  −    E a    RT    



(8)







The adjustment to the Arrhenius equation was acceptable, with an R2 value of 0.98. The slope from the Arrhenius plot (Figure 5b) led to an Ea of 100 kJ mol−1. The resulting activation energy is higher than that of pure Ni electrodes (51 kJ mol−1 [26]). The high value obtained can be justified by the significant increase in j0 with the temperature, leading to a higher slope.



In conclusion, it can be said that the NF electrode shows an excellent performance towards the HER at all temperatures and that the temperature rise enhances this behavior. The less positive results obtained regarding the cathodic charge transfer coefficient and Tafel slopes are insufficient to refute this statement since the j0 increase with the temperature is outstanding.




3.2.2. OER


Similar to the NF, the SSF was studied towards the OER using LSV. The polarization curves for all the temperatures, presented in Figure 6a, were obtained by varying the potential at 2 mV s−1 from the OCP to 1.65 V. In general, the OER starts at a potential of around 1.48 V. Then, the corresponding Tafel plots in Figure 6b were obtained following the same procedure described for the HER. In the OER case, η is calculated as the difference between the applied potential and the standard electrode potential, 1.23 V. OER kinetic parameters are then determined from Equations (5)–(7), as well as ηonset for OER. The parameters obtained from the Tafel analysis are summarized in Table 4.



Table 4 shows that the Tafel slope decreases by almost 70 mV with the temperature increase, suggesting that higher temperatures favor the OER. Lower values of the Tafel slope translate into a more significant variation in the current density with a small variation in the potential. On the other hand, the ηonset shows a detrimental increase with the temperature. Regarding j0, the values are low and decrease with the temperature. This trend directly stems from the Tafel analysis, as it is influenced by the decrease in the Tafel slope and its low values. Therefore, it cannot be regarded as a sign that temperature does not favor oxygen evolution at the SSF.



Concerning the αa, the values present a substantial increase with the temperature, becoming closer to 1, meaning that the energy fraction contributing to H2 production significantly increases with the temperature. Overall, the temperature rise favors OER despite the j0 decrease with temperature, making it impossible to determine the Ea for this reaction. Table 5 directly compares the results obtained for the herein-studied SSF and other reported SS-based electrodes for OER, showing good agreement with previous studies [23,24,26,43,44,45].





3.3. Stability Tests


The CP technique was utilized to assess the long-term performance of the foams and draw conclusions about their stability. The measurements were conducted at a constant applied current of −50 mA cm−2 for the NF and 50 mA cm2 for the SSF for 16 h at 25 °C. The CP curves obtained for the HER (with NF) and the OER (with SSF) can be seen in Figure 7a and Figure 7b, respectively.



A minor potential variation in the first 5 h can be observed for the NF. Then, it stabilizes at around −0.5 V. Nevertheless, in the 16 h of testing, the potential varies only about 0.02 V, indicating the excellent stability of the electrode. Regarding the SSF, when submitted to the constant current density of 50 mA cm−2, the potential increases by about 0.06 V within the 16 h of the test, stabilizing at a potential close to 1.6 V. These values agree with the ones presented by Hu et al. [23], who performed a similar study with NF and stainless steel mesh (SSM).



The stability tests (Figure 7) also demonstrate that a current density of 50 mA cm−2 can be generated using NF as the cathode and SSF as the anode by applying a cell voltage of ca. 2–2.1 V. This assumption is based on the fact that the NF attains −50 mA cm−2 at a potential of −0.5 V (Figure 7a) and the SSF attains 50 mA cm−2 at a potential between 1.53 and 1.6 V (Figure 7b). Thus, considering the potential difference between the SSF anode and the NF cathode, an electrolyzer operating at 50 mA cm−2 would roughly require a cell voltage of 1.6 V minus −0.5 V, which is 2.1 V.




3.4. Determination of the ECSA


Since the materials are foams, it is important to determine their ECSA. The ECSA represents the area of the electrode material in contact with the electrolyte, where the HER and OER occur. In the case of foam electrodes, this area is not the same as the geometric area. There are several approaches to calculating the ECSA, and in this study, it was determined by cycling the electrodes at different scan rates, from 10 to 100 mV s−1, in a non-Faradaic region and then applying Equations (2) and (3). Figure 8a,c show the CVs of the foams obtained at different scan rates by cycling the electrodes ±50 mV around the OCP. It can be observed that the curves approach the expected rectangular behavior, confirming the existence of the double layer. The Idl was obtained following Equation (3) at a potential of 0.795 V for the NF and 0.885 V for the SSF. The plots of Idl against ν are presented in Figure 8b,d. From the slope of these plots, Cdl values of 1643 µF cm−2 and 253 µF cm−2 were obtained for the NF and the SSM electrodes, respectively. A higher Cdl was expected for the NF, since Zhou et al. [46] reported a value of 3400 µF cm−2. The resulting ECSA values determined by Equation (2) were 820 cm2 and 179 cm2 for the NF and SSF, respectively. The results collected are shown in Table 5.



With the ECSA calculated, it was also possible to obtain the roughness factor, Rf, of the electrodes, by dividing it by the geometric area of the electrodes, Ageometric, as shown in Equation (9). The results are also presented in Table 6.


Rf = ECSA/Ageometric



(9)








3.5. Overall Water Electrolysis Performance


Based on the positive results obtained for the electrodes’ individual performance, their catalytic activity for the overall water splitting process was further studied in a two-electrode system using NF as the cathode and SSF as the anode. The electrolysis cell polarization curve was recorded from the OCV to 2.0 V at 2 mV s−1 (Figure 9).



These results follow, and even surpass, those reported by Hu et al. [23], who studied the overall water splitting process using NF as the cathode and SS mesh as the anode. The potentials required to generate 10, 20, and 50 mA cm−2 were slightly higher than the ones obtained in this work (Figure 9), specifically 1.74 V, 1.86 V, and 1.93 V.



Additionally, it can be seen that the potentials at 10 and 20 mA cm−2 are slightly lower but still in agreement with the potential differences obtained from the linear scan voltammograms of the individual electrodes (Figure 10), 1.61 V and 1.76 V, respectively. The potential to generate 50 mA cm−2 is even better than the potential difference obtained from the foams’ stability tests. Thus, the present results confirm the steady-state performance of NF and SSF for the HER, OER, and overall water splitting.





4. Conclusions


The path towards future energy systems lies in using green hydrogen, produced by water electrolysis powered by renewable energy sources. Therefore, enhancing the efficiency and market competitiveness of water electrolysis technologies is crucial for a hydrogen economy to thrive and achieve decarbonization targets in 2050.



The proper selection of the electrode materials is, by far, one of the main factors influencing the efficiency of the electrochemical reactions. Therefore, this study confirmed the appropriateness of nickel foam (NF) and stainless steel foam (SSF) as the cathode and anode for a high-efficiency electrolyzer being developed by TecnoVeritas (Portugal). The foams’ catalytic behavior was examined using CV, LSV, and CP in the 25–80 °C range to assess the impact of temperature on their performance.



The individual performance studies revealed that the NF and SSF electrodes exhibited outstanding catalytic behavior towards HER and OER, respectively, particularly at elevated temperatures. Furthermore, they showed stable activity when subjected to a continuous current density of 50 mA cm−2 for 16 h. The high surface area of the foam electrodes appears to be the key factor influencing the efficiency of HER and OER.



Building upon their exceptional individual performance, the behavior of the foams in the overall water electrolysis process was evaluated in a small-scale electrolysis cell. The results surpassed those observed in the individual study of the foams, confirming their consistent performance in HER, OER, and the whole water splitting process.



Hence, the current study confirms the suitability of NF and SSF as the cathode and anode, respectively, for a highly efficient electrolyzer. Furthermore, it can be deduced that the efficiency of the electrolyzer escalates with higher temperatures, such as 80 °C. These results enable TecnoVeritas to progress towards the pilot scale of the project, marking another significant stride towards attaining the goal of carbon neutrality in an economically viable way.
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Figure 1. Experimental setup for studying the performance of (a) NF, (b) SSF, and (c) the two electrodes towards the overall water electrolysis in 10 M NaOH at 25 °C. 
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Figure 2. CVs of the NF in 10 M NaOH at different scan rates at (a) 25 °C and (b) 80 °C. 
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Figure 3. CVs of the SSF in 10 M NaOH at different scan rates at (a) 25 °C and (b) 80 °C. 
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Figure 4. (a) Polarization curves and (b) Tafel plots for the HER at NF electrode at different temperatures. 
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Figure 5. (a) Effect of temperature on j0 and (b) the corresponding Arrhenius plot for the NF. 
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Figure 6. (a) Polarization curves and (b) Tafel plots for the OER at the SSF electrode at different temperatures. 
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Figure 7. CP curves for (a) NF and (b) SSF at a constant current density of −50 mA cm−2 and 50 mA cm−2, respectively, at 25 °C. 
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Figure 8. CVs recorded at 10–100 mV s−1 of (a) NF and (c) SSF and the corresponding average capacitive current as a function of the scan rate for (b) NF and (d) SSF. 
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Figure 9. Polarization curve of a two-electrode system with NF cathode and SSF anode at 25 °C. 
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Figure 10. Polarization curves recorded at 25 °C for (a) NF and (b) SSF. 
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Table 1. Effect of temperature on the conductivity (ĸ) of the 30 wt.% NaOH solution, and the determined electrolyte resistance for the NF and SFF electrodes.
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	T/°C
	ĸ/S cm−1 [36]
	RNF/Ω
	RSSF/Ω





	25
	0.2646
	0.3784
	0.8234



	35
	0.3592
	0.2788
	0.6066



	45
	0.4992
	0.2006
	0.4364



	55
	0.6373
	0.1571
	0.3419



	65
	0.8008
	0.1251
	0.2721



	80
	0.9845
	0.1017
	0.2213
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Table 2. Parameters obtained from Tafel analysis for HER at NF electrode.
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	T/°C
	35
	45
	55
	65
	80





	b/mV dec−1
	118
	128
	152
	165
	225



	αc/V
	0.52
	0.49
	0.41
	0.38
	0.28



	j0/mA cm−2
	0.041
	0.081
	0.342
	0.717
	6.058



	R2
	0.997
	1.00
	1.00
	0.999
	1.00



	ηonset/mV
	205
	200
	190
	160
	75
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Table 3. Overview of the performance of previously reported Ni-based electrodes (and state-of-the-art Pt/C catalyst) for HER.






Table 3. Overview of the performance of previously reported Ni-based electrodes (and state-of-the-art Pt/C catalyst) for HER.





	Electrode
	Electrolyte
	T/°C
	j/

mA cm−2
	ηHER/mV
	b/

mV dec−1
	Stability
	Source





	NF
	10 M NaOH
	35
	onset
	205
	118
	stable E of ca. −700 mV at −50 mA cm−2 for 16 h
	this work



	NF
	10 M NaOH
	80
	onset
	75
	225
	-
	this work



	NF
	1 M KOH
	RT
	−10
	217
	130
	stable E of ca. −400 mV at −50 mA cm−2 for 20 h
	[23]



	NF
	0.1 M NaOH
	20
	-
	-
	137
	-
	[40]



	NF
	0.1 M NaOH
	60
	-
	-
	222
	-
	[40]



	Ni
	8 M KOH
	RT
	onset
	210
	98
	stable j of ca. −17.5 mA cm−2 at −350 mV for ca. 4 h
	[41]



	Aged Ni
	6 M KOH
	30
	−10
	170
	-
	-
	[26]



	Aged Ni
	6 M KOH
	75
	−10
	150
	-
	-
	[26]



	Ni mesh
	1 M KOH
	RT
	−10
	275
	143
	-
	[23]



	NF@SS3
	8 M KOH
	RT
	onset
	130
	160
	stable j of ca. −130 mA cm−2 at −350 mV for ca. 4 h
	[41]



	Pt/C
	1 M KOH
	RT
	−10
	33
	30
	-
	[42]
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Table 4. Parameters obtained from Tafel analysis for OER at SS electrode.
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	T/°C
	35
	45
	55
	65
	80





	b/mV dec−1
	101
	51
	44
	41
	34



	αa/V
	0.30
	0.62
	0.74
	0.79
	0.94



	j0/mA cm−2
	1.021 × 10−1
	1.943 × 10−4
	2.263 × 10−5
	5.850 × 10−6
	2.088 × 10−7



	R2
	0.998
	0.989
	0.993
	0.997
	0.993



	ηonset/mV
	240
	260
	270
	280
	290
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Table 5. Overview of the performance of previously reported SS-based electrodes (and state-of-the-art IrO2 catalyst) for OER.
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	Electrode
	Electrolyte
	T/°C
	j/

mA cm−2
	      η    O E R    /  mV    
	b/

mV dec−1
	Stability
	Source





	SSF
	10 M NaOH
	35
	onset
	230
	101
	variation of ca. 60 mV at 50 mA cm−2 for 16 h
	this work



	SSF
	10 M NaOH
	80
	onset
	290
	34
	-
	this work



	316L SS
	1 M KOH
	RT
	10
	370
	30
	stable ηOER during 25 h and stable j of ca. 17 mA cm−2 at 1.63 V for 25 h
	[24]



	Polished 316L SS
	6 M KOH
	30
	10
	295
	-
	-
	[26]



	Polished 316L SS
	6 M KOH
	75
	10
	260
	-
	-
	[26]



	Cathodic activated SSM
	1 M KOH
	RT
	10
	275
	70
	roughly stable E of 1.6 V at 10 mA cm−2 for 15 h
	[43]



	SSM
	1 M KOH
	RT
	10
	277
	51
	stable E of 1.6 V at 50 mA cm−2 for 20 h
	[23]



	302 SS
	1 M KOH
	25
	6.3
	400
	33
	stable E of 1.67 V at 25 mA cm−2 for over 40 h
	[45]



	IrO2
	1 M KOH
	RT
	10
	330
	76
	-
	[44]
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Table 6. Double-layer capacitance (Cdl), ECSA, and Rf measured for the foams.
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	NF
	SSF





	Cdl smooth/µF cm−2
	19 [36]
	30.1 [24]



	Cdl foam/µF
	16,400
	5400



	Cdl foam/µF cm−2
	1643
	1176



	ECSA/cm2
	863
	179



	Rf
	86
	39
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