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Abstract

:

Highlights


What are the main findings?




	
Square-wave power has the greatest influence on Ni cathode HER compared to step- and triangle-power.



	
Increasing the amplitude of square-wave power enhances coated cathode’s degradation.








What is the implication of the main finding?




	
Guidance for industrializing hydrogen production via renewable energy-coupled electrolytic water.



	
Evaluation theory of cathode materials in electrolytic water.









Abstract


The combination of water electrolysis and renewable energy to produce hydrogen is a promising way to solve the climate and energy crisis. However, the fluctuating characteristics of renewable energy not only present a significant challenge to the use of water electrolysis electrodes, but also limit the development of the hydrogen production industry. In this study, the effects of three different types of waveforms (square, step, and triangle, which were used to simulate the power input of renewable energy) on the electrochemical catalysis behavior of Ni plate cathodes for HER was investigated. During the test, the HER performance of the Ni cathode increased at first and then slightly decreased. The fluctuating power led to the degradation of the Ni cathode surface, which enhanced the catalysis effect by increasing the catalytic area and the active sites. However, prolonged operation under power fluctuations could have damaged the morphology of the electrode surface and the substances comprising this surface, potentially resulting in a decline in catalytic efficiency. In addition, the electrochemical catalysis behavior of the prepared FeNiMo-LDH@NiMo/SS cathode when subjected to square-wave potential with different fluctuation amplitudes was also extensively studied. A larger amplitude of fluctuating power led to a change in the overpotential and stability of the LDH electrode, which accelerated the degradation of the cathode. This research provides a technological basis for the coupling of water electrolysis and fluctuating renewable energy and thus offers assistance to the development of the “green hydrogen” industry.
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1. Introduction


The warming climate and increasing energy demand constitute the principal contradiction of human society in the present day. It has been projected that by 2050, greenhouse gas emissions will increase by 50%, mainly as a consequence of the expected 70% increase in energy-related CO2 emissions [1]. To prevent this from occurring, carbon-neutral initiatives intended to reduce greenhouse gas emissions to zero by 2050 are being conducted worldwide [2,3]. Renewable energies, such as solar power, wind power, wave and tidal power, and biomass power, are the most attractive options for decreasing or even eliminating the use of fossil fuels [4,5]. However, the intermittent nature of most renewable energy creates a need for an energy storage method. In this regard, as a carbon-neutral carrier, green hydrogen reduces instability and fluctuation concerns [6,7]. Hydrogen production from renewable resources via electrolysis bears the advantage of complementing the intermittent power supply [8]. Therefore, using renewable energies to forge a hydro-carbon cycle that allows us to create a sustainable green hydrogen-based society is a feasible approach to ensuring our carbon neutrality.



Catalysts are a key factor in the hydrogen production industry’s efficiency and economy. Focusing on the reductive side of water splitting, many catalysts for the hydrogen evolution reaction (HER) have been well investigated from various perspectives [9,10,11]. The purpose of catalyst design is to decrease the reaction energy and improve the reaction kinetics. HER catalysts based on precious metals, such as platinum, are highly robust but suffer from high costs and low abundance [12,13]. Fortunately, nickel, as an abundant non-precious metal on Earth, exhibits excellent corrosion resistance and stability in alkaline electrolytes [14]. Research suggests that nickel ranks just below platinum group metals in hydrogen adsorption of Gibbs free energy, indicating its potential for reversible interconversion of H2O to hydrogen at low thermodynamic potentials with high efficiency and activity [9,11,15]. Furthermore, nickel has been widely utilized as a HER catalyst in alkaline electrolytic water [16,17].



HER electrocatalysts should meet the following requirements to be practically applied in industry-level production [18,19]: (I) high activity in the HER, (II) strong corrosion resistance in the case of large current fluctuation, (III) great electrochemical stability, (IV) low cost, and (V) timely exchange of reactants and products. The durability and degradation of HER catalytic electrodes have become huge challenges for the hydrogen production industry powered by fluctuating renewable energy. Since the surface of the electrocatalysts must actively adsorb and dissociate from water, their active sites are challenged by the potential for poisoning and destruction during the reactions [18]. Durability/stability testing is usually conducted to observe the corrosion evolution of electrocatalysts [20,21]. Li et al. [22] prepared an amorphous Ni-Fe-Mo-based catalyst for overall water splitting, and the active sites and surface structure of the catalyst improved electron and mass transfer speeds. Furthermore, the electrode showed a high durability at 500 mA cm−2 for over 100 h in 1 mol L−1 KOH electrolyte. In another study, our research group developed a Ni-based water-splitting self-supported electrode, FeNi-LDH@Ni/SS, with excellent HER and OER performance [23]. The large-scale electrode that we prepared (10 cm × 10 cm) passed 3000 cycles of CV testing and a 100 h 100 mA cm−2 stability test, and it showed potential increases of only 18 mV and 21.98 mV, respectively. The stability of HER catalyst electrodes is commonly tested using chronoamperometry (CA) and chronopotentiometry (CP) measurements [18,24,25,26]. Alternatively, for commercially operating electrocatalysts in the hydrogen production industry, high voltages or current densities are held during production [18]. In addition, new methodologies allowing in situ and precise detection of catalyst dissolution are emerging. These methods provide deep insights into the factors influencing stability and offer novel strategies for ensuring the longevity of electrocatalysts.



However, the majority of research has focused on water electrolysis powered by stable energy, while only a few pieces of research have studied fluctuating power. Wang et al. [27] prepared bifunctional nickel phosphide nanocatalysts for overall water splitting. The cell’s capability in terms of water splitting was examined at various current densities from 10 to 100 mA cm−2 over 30 h. The authors reported that the catalyst showed outstanding stability and that a change in the structure and composition of the electrode improved water-splitting performance. Kitiphatpiboon and coworkers, meanwhile, synthesized a Ni3S2@NiCo-LDH composite electrocatalyst and investigated its durability in an alkaline environment through a multi-current process, which started at 200 mA cm−2 and ended at 1000 mA cm−2 with an increment of 200 mA cm−2 every 500 s before returning to 200 mA cm−2 [28]. The authors attributed the steady response of electrochemical reactions to the excellent mass transport, suitable charge transfer properties and high stability of the electrode in a wide range of current densities. Kuroda et al. [29] evaluated catalysts (cobalt nanosheet modified with a tripodal ligand, Co-ns) for alkaline water electrolysis powered by fluctuating renewable energy. According to their durability test, under a cycled potential, Ni catalysts become less useful under fluctuating power, although they present a relatively high performance under a constant current. Alia et al. [30] focused on catalyst degradation with low catalyst loading and intermittent operation for a membrane electrode. The authors simulated the fluctuation conditions of renewable energy by using different wave shapes (hold, triangle wave, square wave), amplitudes, frequencies, and potential ramping (sawtooth, easing square waves). The results indicated that interfacial deterioration of the electrode contributed to durability loss and that higher frequencies and potentials generally resulted in catalytic performance decreasing. In the previous research on the effect of fluctuating power on an electrode, most studies have focused on the degradation of OER electrodes, mainly since a water electrolysis system is strongly affected by sluggish OER progress [29,31,32]. However, power fluctuation also has a huge influence on the HER electrode. In the realm of electro-corrosion science, under stable operation, the HER electrode offers sufficient cathodic protection, while under a fluctuating power supply, incomplete cathodic protection will lead to corrosion of the electrode, which arises from the interaction between electrolyte and electrode degrading the catalytic interface. In addition, the current impact, thermal interaction, and gas–liquid multiphase flow change triggered by the power fluctuation would further result in degradation of the catalytic electrodes and a decrease in HER performance. Against that background, investigating the degradation of HER electrodes contributes to our abilities to couple water electrolysis and renewable energies, and it accelerates the progress that we can make toward realizing carbon neutrality.



In this work, an evaluation method was established for HER electrode degradation and the hydrogen production effect under a condition of fluctuating power. With a view to producing photovoltaic power, the effects of three kinds of power fluctuation shapes on the Ni electrode HER were investigated through electrochemical measurements. Surface analysis methods were employed to understand the degradation behavior of the electrode. Further, we selected the FeNiMo-LDH@NiMo/SS electrode as the cathode, which was prepared via electrodeposition and a hydrothermal method, due to its outstanding catalytic activity for HER and stability in an alkaline environment under stable power supply conditions. This electrode was employed to investigate the effect of power fluctuation amplitude on the electrode degradation and HER effect. In sum, this study was devoted to exploring the hydrogen production behavior of industrial water electrolysis driven by renewable energy, which is of great relevance for the achievement of a sustainable green hydrogen-based society.




2. Results and Discussion


2.1. Effect of Voltage Fluctuation Shape on Electrode Degradation and HER Performance


2.1.1. Time–Current Density Curves of Plate Ni Cathode with Fluctuating Power for HER


In order to investigate the plate Ni cathode’s electrochemical behavior when powered by various forms of fluctuating voltage, time (T)–current density (I) curves were recorded, as shown in Figure S1. The current density was positively correlated with the catalytic performance of the Ni cathode. In comparison with the hold voltage results, the current density showed an increase first and then a decrease in behavior during the test with fluctuating power, which indicated that the surface condition and HER behavior were changed due to the voltage fluctuation. The beginning of test, optimal time and end of test T-I curves are presented in Figure 1a–d, and the average current density (@−1.710 V) at 6 h are given as statistics in Figure 2. The current density was highly responsive to voltage fluctuation, showing the same type of response as that to a change in power input, especially at the beginning of the experiment.



For the plate Ni cathode powered by square voltage (Figure 1a and Figure S1a), the T-I curves exhibit an excellent response to the voltage fluctuation in the first 2 h, with the current density reaching 100 mA cm−2@−1.710 V. The current density continues increasing to the maximum current density of about 178 mA cm−2@−1.710 V, with a growth rate of 78% (Figure 1a and Figure 2). The increase in current density indicates the improvement of catalytic activity and hydrogen evolution efficiency [33,34,35]. In addition, the current density shows a fluctuation range of tens of milliamps at the peak (crest) of the voltage wave as the test continues, which might be attributed to the changes in the number of active sites and the presence of unstable oxides and hydroxides [36]. The current density gradually declines during the 12 h to the end of the test, and it finally reaches 136 mA cm−2@−1.710 V. The decrease in current density indicates the decrease in HER efficiency of the Ni cathode, which might be attributed to the change in catalytic substance and morphology during square-wave testing. In addition, the fluctuating voltage changes the surface morphology of the catalyst and leads to a change in the electrochemically active surface area [37]. The current density variation trends of Ni cathodes powered by step- and triangle-wave power are similar to that of square voltage. The current density increases at first and then slightly decreases. However, the time at which the maximum current density appears is much later than in the square voltage-powered system, and the maximum current density value is also decreased. For the step wave-powered Ni cathode, the maximum current density appears at 30 h, which is a 74% increase as compared with the initial test. Meanwhile, for the triangle wave test, the maximum current density appears at 42 h and constitutes a 65% increase. The T-I curves reduce in response to voltage fluctuations. When the voltage falls below the onset hydrogen evolution potential (HEP) for the plate Ni cathode (about −1.1 V vs. Hg/HgO (Figure S2)), there is a current density plateau. Although water electrolysis is an endothermic reaction, a higher voltage than the theoretical hydrogen evolution potential is necessary owing to overpotential and ohmic loss [2]. During the voltage increase before reaching the HEP, the cathode current produces a thermal effect according to Joule’s law, which leads to double electrode layer change. The square voltage is a transient step to the working potential, the step voltage is a multi-step process, and the triangle voltage is approached as an infinite-step process. Therefore, the thermal work of the response cathode current decreases for each condition, represented as triangle, step, and square voltages. The thermal effect of the current will impact the Ni cathode HER efficiency under a condition of fluctuating power. Greater heat loss leads to less effective energy for hydrogen production, which also affects hydrogen bubbles’ behavior and electrodes’ durability. The square wave with the largest response current density will have a strong blistering impact, which will influence the cathode surface morphology [36,38]. When the voltage is higher than the HEP, the current used to generate hydrogen will produce the Faradaic process and the ohmic thermal effect. The wave shape may also affect the electrode double layer. For square voltage, the transient change in voltage leads to a hydrogen evolution reaction controlled by the diffusion process of the electrolyte. For step and triangle power, the slower change rate in voltage leads the electrode to react more gently. The fluctuation shape of the voltage can affect the cathode through a thermal effect and mass transport process during water electrolysis, which leads to a change in HER performance and electrode durability. In a control test with a Ni cathode powered by a hold at −1.710 V, the current density slightly increases over the test time. This result strongly indicates that fluctuating power has a significant influence on an electrode’s catalytic behavior.



It is worth noting that an oxidation current is observed for each square-wave loop instant, dropping from −1.710 V to 0 V. Moreover, the oxidation current density increases from 3.5 mA cm−2 for the first 2 h of the test to 6.5 mA cm−2 (when the electrode produces the maximum hydrogen production current density). For a Ni cathode powered by step or triangle voltage, the oxidation current density is less than 1 mA cm−2. An oxidation current originates from an electromotive force owing to oxidation reactions [2] during the cathode’s return to its original chemical states from a reduced status [39]. The oxidation current is usually associated with a change in electrolytic process, such as on/off operation or a fluctuation in renewable power. The oxidation current leads to the degradation of the cathode due to lower cathode current protection or even anode reactions. Uchino et al. [40] reported a reverse current for a bipolar-type alkaline water electrolyzer, which was believed to be caused by potential changes resulting from redox reactions on the Ni cathode’s surface. Haleem et al. [41] reported a harmful current when investigating the relationship between cell stacking position and harmful current generation, as well as changes in potential. They found that rapid changes in potential (during operation start-up) led to electrode degradation. In this study, the oxidation current leads to degradation of the Ni cathode and variation in the cathode current, caused by fluctuating power, which has a synergistic effect on the electrode surface morphology and catalytic efficiency. For the plate-like electrode, the degradation effect enhances surface roughness and increased catalytic active sites. When compared with triangle and step power, square-wave power has the strongest degradation effect, which leads to the earliest timing and largest value of the catalytic current density. After reaching the maximum current density, the persistent destructive effect of fluctuating power would accelerate the degradation of active substances, causing a decline in catalytic performance and durability [2,42,43]. This manifests as current decline in the late stages of tests.




2.1.2. HER Performance Test


To investigate the impact of power fluctuation on the HER performance of the plate Ni cathode, LSV, CV and EIS tests were employed with various shapes of voltages. The original data are shown in Figures S2–S5, and the statistical results are presented in Figure 3.



Figure 3a and Figure S2 reveal a shift in LSV curves and change in overpotential to reach a geometric current density of 10 mA cm−2, with similar trends for various fluctuating powers. For the Ni cathode with square-wave power, the overpotential was 431 mV at the beginning of the test, which significantly dropped in the first 12 h to 347 mV. This result indicated the improved HER activity of the plate electrode with fluctuating power. Then, the overpotential gradually increased to 379 mV, indicating a decline in the HER performance. A similar change process occurred for the Ni cathode with step- and triangle-wave power, for which the minimum overpotentials appeared at 30 h and 42 h, respectively. In addition, we found that the minimum cathode overpotential for square power during the test was the lowest in comparison with those of step and triangle power and that the overpotential of square power at the end of the test was larger than those of the other conditions. This revealed that square-wave power has a greater influence on HER performance in comparison with the other two types of fluctuating powers [30]. In contrast, we also measured the overpotential change for the Ni cathode with a holding voltage, which we found to gradually decline during the test. From this, we surmised that the degradation of the plate Ni electrode was affected by the waveform of the input power voltage, which significantly affected the HER performance in water electrolysis. Next, the ECSA of the Ni cathode with different waveform inputs were measured according to CV curves, and the results are shown in Figure 3b and Figure S3. As can be seen, the ECSAs of the Ni cathode for each condition rapidly rose in the first 12 h. For the fluctuating powered electrodes, the ECSA increases to the maximum value and then changed within a certain range. The ECSA of the electrode powered by the holding voltage, meanwhile, continued increasing throughout the test. As such, the ECSA results corresponded well to the overpotential results. The active sites of HER electrocatalyst on Ni cathode are associated with the electro-chemical double-layer capacitance (Cdl) [44]. Variations in HER performance may be attributed to continuous destruction and reconstruction of the cathode surface with fluctuating voltage. In addition, the destructive effect of fluctuating power is greater for a supported electrode or coated electrode, for which the catalyst is more easily removed, as compared with a self-supported electrode. Accordingly, Tafel slopes and EIS results were generated at the beginning, optimal time, and end of the test to enhance our understanding of the HER behavior of the Ni plate cathode. In addition, the destructive effect of fluctuating power is greater for a supported electrode or coated electrode, for which the catalyst is more easily removed, as compared with a self-supported electrode. Accordingly, the Tafel slope was generated and EIS tests performed at the beginning of the test, optimum time, and the end of the test to further our understanding of the HER behavior of the plate Ni cathode. As shown in Figure 3c and Figure S4, the Tafel slope, calculated using the Tafel equation (η = blogj + a, where b is the Tafel slope), for the beginning of the test was about 150 mV dec-1 for all conditions. Then, the Tafel slope significantly reduced at the optimum time during the test with fluctuating power. The decrease in the Tafel slope indicated fast reaction kinetics [44,45], which mean an improvement in the HER performance and energy utilization efficiency. At the end of the test, the Tafel slope of the Ni cathode slightly increased, which was consistent with the previous results. As the control test, the Tafel slope of the Ni cathode with the holding voltage was generated, which showed a decline and then held steady at about 100 mV dec−1. EIS was performed on the Ni cathode with various voltages, and the Nyquist plots and equivalent circuit are shown in Figure S5. Rct represents the charge transfer resistance during the HER process, and R1 contributes the surface resistance and delayed detachment of H2 bubbles [46,47,48]. Overall, the sum of Rct and R1 reflects the surface state of the Ni cathode (Figure 3d). Under varying fluctuating voltages, the obtained Rct + R1 value first decreased and then increased during the test time. This result indicated that the fluctuating electricity increased the electronic transfer rate of the HER electrode.



In summary, the fluctuating power waveform significantly influenced the HER performance of the plate Ni cathode, and the square voltage showed the maximum effect for the electrode. The optimum HER performance of the square voltage-powered Ni cathode appeared at 12 h with a decrease in overpotential, Tafel slope, and reaction resistance, and the input power affected the HER process in both thermodynamics and dynamics. The oxidation current was an important reason for the surface condition change in the electrode with fluctuating power, which led to a redox reaction of the catalyst. The fluctuating power also led to the destruction and reconstruction of the electrode surface. In contrast, the electrode with the holding voltage showed a continuous change during the test, which further proved the effect of the fluctuating power challenge on an electrode’s durability and stability.




2.1.3. Surface Characterization of Plate Ni Cathode with Fluctuating Power


Surface analysis measurements via SEM, AFM and XPS were taken of the Ni cathode with different types of fluctuating power at the beginning of the test, with the maximum current, and at the end of the test. As a control test, surface characterizations of the Ni cathode with the holding voltage were also performed.



The surface morphology of the Ni cathode is presented in Figure 4 (for square-wave and holding-voltage power) and Figure S6 (for step- and triangle-wave power). For the pristine Ni cathode, the smooth surface without blemishes indicated a decent surface condition, as confirmed by the SEM and AFM results. After the HER test was conducted for a certain duration with various fluctuating powers, the Ni cathode showed obvious scratching, defects, lamellar covering, and a porous structure, which were possibly attributable to the transient voltage variations [49,50]. For the cathode reaction in an alkaline electrolyte, first comes the Volmer step:


    H   2   O +   e   −     +   ∗   ↔   H   ∗   +   O H   −    



(1)




and then the Heyrovsky step proceeds:


    H   ∗   +   H   2   O +   e   −   ↔   H   2   +   O H   −     +   ∗    



(2)




where * represents the active catalytic site.



During cathodic catalysis, large amounts of OH- stimulate the production of nickel hydroxide [51]. According to the Pourbaix diagram for Ni/H2O [20], for water reduction potential in a strong alkaline environment, a Ni cathode would be the Ni or Ni hydroxide [20,52]. With fluctuating power, the cathode state cannot be sustained in the water reduction potential, and a higher potential would lead to the oxidation of Ni and Ni hydroxide to form NiOOH or Ni oxides. The roles of NiOOH and Ni oxides in HER catalysis are inferior to those of Ni and Ni hydroxide [53]. The formation of Ni oxides leads to a decline in catalytic active sites, which results in a decrease in HER performance for the Ni cathode with fluctuating power. These rapidly generated Ni oxides and hydroxides with weak adhesion force to the cathode significantly increase the surface roughness of the cathode. An increase in surface area increases the electrochemically active surface area. Thus, the contradictive effect on HER performance brought about by fluctuating power in our study led to HER variation in the plate Ni cathode. In the T-I curves, the HER performance increased at first, mainly due to the increased active surface area. As the fluctuation test continued, the effect of the reduction in active sites gradually came to dominate, and the HER effect slightly declined. In addition, the oxidation current observed in the T-I curves indicated oxidation reactions on the cathode during the voltage drop, which led to the dissolution of elemental Ni [42,54,55]. The continuously changing voltage promoted the adsorption of high-valence Ni. The dissolution of Ni had similar effects on the catalytic active sites and surface roughness.



XPS was performed on the Ni cathode for each condition to further our understanding of the surface composition. As shown in Figure S7, for the pristine Ni cathode, the characteristic peaks of Ni, NiO, Ni(OH)2 and Ni2O3 could be found on the high-resolution Ni 2p spectrum [51,56,57]. The relative percentages and surface roughness according to AFM of the surface Ni species are summarized in Figure 5. For the square wave-powered condition, the Ni(OH)2 content was over 80%, and the root mean square roughness (Rq) for the optimum HER performance was about 69 nm. As the HER time increased, the Ni(OH)2 content showed little difference, while Rq significantly increased to 137 nm. For the Ni cathode with step or triangle power, similar variations could be observed. Thus, it can be inferred that the square-wave power has larger influence on surface morphology and oxidation conditions. With respect to the cathode with the holding voltage, Ni0 could be found on the cathode surface, and the change in roughness was moderate. For the cathode-performed HER test with fluctuation power, the peaks of Ni and NiO disappeared, which indicating the oxidation state was enhanced. Specifically, Ni(OH)2 content was dominant on the cathode surface. This result indicated the fluctuating power induced the conversion of the Ni surface to Ni(OH)2 [53]. Combining the AFM results, it became clear that the Rq of the Ni cathode after the HER test was also increased. A catalysis system is dominated by active sites, and the active reaction area is formed under fluctuating power for the plate-like electrode.





2.2. Effect of Voltage Fluctuation Amplitude on Electrode Degradation and HER Performance


2.2.1. Time–Current Density Curves of FeNiMo-LDH@NiMo/SS with Fluctuating Power for HER


In recent years, to enhance the performance of cathodic materials and reduce costs, coating electrodes have commonly been prepared through electroplating or spraying methods. Layered double hydroxide (LDH) has become a research hotspot due to its unique electronic distribution, high specific surface area, and layered structure, leading to remarkable catalytic performance [23,55,58]. However, LDH-coated electrodes have some inherent disadvantages, such as operational damage and poor durability under harsh conditions [59,60]. In the previous Section 3.1, the effects of different voltage waveforms on the performance of plate Ni cathode were explored, among which the square-wave voltage had the strongest effect. The square-wave voltage represents intermittent outage when powered by renewable energy sources, which forces the electrode material to undergo continuous start–stop operations, which is an extremely demanding application environment for cathodic materials [61,62]. Renewable energies exhibit varying degrees of fluctuation in different seasons, times, and regions, potentially resulting in different levels of impact on electrode degradation and HER performance. Therefore, it is necessary to study the influence of square waves with different fluctuation amplitudes on the performance of an LDH electrode, which may expand the commercial applications of hydrogen production systems from electrolytic water.



In the following test, the working electrodes were FeNiMo-LDH@NiMo/SS-coated electrodes, which exhibited excellent HER catalytic performance in alkaline electrolyte, as demonstrated in Table 1. The fluctuation amplitudes of square-wave voltage were −1.275~0 V, −1.358~0 V and −1.592~0 V, respectively. These tests were completed for 180 h, and the T-I curves were recorded, as are shown in Figure S8. The current density was positively correlated with the input voltage. The current density results for all power fluctuation amplitudes presented a decreasing behavior during the test time, with larger fluctuations in voltage amplitudes resulting in a more pronounced decrease. The beginning of the test, intermediate point and end of the test T-I curves are enlarged and presented in Figure 6a–d, and the average current density for 6 h periods are given as statistics in Figure 7.



When the fluctuation amplitude was −1.275~0 V, for the first 2 h, the T-I curve exhibited an excellent response to the voltage fluctuation, and the current density reached 50 mA cm−2@−1.275 V. The current density continually decreased to 38 mA cm−2@−1.275 V after 180 h, with a decrease rate of 24% (Figure 6a and Figure 7). The decrease in current density indicated the decline in catalytic activity and hydrogen evolution efficiency. When the fluctuation amplitudes were −1.358~0 V and −1.592~0 V, current densities reached 100 mA cm−2@−1.358 V, and 200 mA cm−2@−1.592 V in the first 2 h, respectively. Both current densities gradually declined during the test time and finally reached 43 mA cm−2@−1.358 V (43 mA cm−2@−1.592 V), with decrease rates of 57% and 79%, respectively. The final current density values of the two were identical, possibly attributable to the loss of LDH structure on the electrode surface and the subsequent exposure of the NiMo coating. As the amplitude fluctuation increased, the decrease in the catalytic activity of FeNiMo-LDH@NiMo/SS became more pronounced. This provided evidence that a larger fluctuation range undermined the coating, resulting in a greater degradation in performance. As control tests, constant voltages of −1.275 V, −1.358 V, and −1.592 V were administered to the cathode, resulting in a slight reduction in current density with reduction rates of 11%, 19%, and 49%, respectively. FeNiMo-LDH@NiMo/SS exhibited decent stability at low holding voltages. The performance degradation caused by square-wave voltage was more pronounced compared to that of a constant voltage. These findings strongly suggested that large fluctuations exacerbated the detrimental impact on the catalytic behavior of the electrode.



An oxidation current was observed for each square-wave loop instant drop from the crest voltage to 0 V. During the first 2 h, the oxidation current density reached 50 mA cm−2 at −1.275~0 V. After 180 h, the oxidation current density decreased to 47 mA cm−2. When the voltage amplitudes were −1.358~0 V and −1.592~0 V, respectively, the oxidation current density for the former decreased from 56 mA cm−2 (the first 2 h of the test) to 38 mA cm−2, while the oxidation current density for the latter dropped from 71 mA cm−2 to 7 mA cm−2. As the HER progressed, the oxidation current density decreased. The decrease in the oxidation current density was attributed to the oxidation of the catalytically active substance FeNiMo-LDH@NiMo/SS, leading to a reduction in its catalytic activity. The exposure to a higher amplitude of voltage fluctuation precipitated the increase in oxidation current density. Therefore, the oxidization degree of FeNiMo-LDH@NiMo/SS was augmented with the increase in fluctuation range. This resulted in a greater degradation of performance and durability. The oxidation current was primarily attributed to the reverse redox reaction of the electrode material, with the active substance on the electrode surface serving as the main driving force for this phenomenon [40]. The rapid decrease in the oxidation current density at a high fluctuation amplitude also implied that the active material on the surface of FeNiMo-LDH@NiMo/SS was being depleted. Therefore, it seemed that there was a mutually influential relationship between the oxidation current and the active substance. Specifically, the oxidation current diminished the active material on the FeNiMo-LDH@NiMo/SS surface, resulting in a reduction in the oxidation density generated by FeNiMo-LDH@NiMo/SS. To sum up, the magnitude of the oxidation current density is affected by the fluctuation amplitude and the active substance. The type and the content of active substance on the electrode’s surface control the oxidation current behavior. The oxidation current causes oxidation of the cathode’s active substance, thus reducing the oxidation current density, ultimately resulting in a decline in HER electrode performance.




2.2.2. HER Performance Test


To investigate the power fluctuation amplitude’s impact on the HER performance of FeNiMo-LDH@NiMo/SS, the LSV curve was employed to enable us to investigate the HER performance of FeNiMo-LDH@NiMo/SS with various fluctuation amplitudes of voltage. The original data of the LSV test results are shown in Figure S9, and the statistical results are presented in Figure 8.



According to Figure 8 and Figure S9, the shift in LSV curves and the change in overpotential to reach a geometric current density of 10 mA cm−2 showed similar trends with various fluctuation amplitudes, and both parameters demonstrated a continuous upward trend. The observed trend differed from that of plate Ni cathodes because under fluctuating power conditions, FeNiMo-LDH@NiMo/SS failure involved not only a compositional change in the electrode’s surface and degradation of the surface area but also detachment of the LDH layer. For FeNiMo-LDH@NiMo/SS with square-wave power (−1.275 to 0 V), the initial overpotential was 245 mV, which significantly increased to 290 mV after 180 h of testing. When the voltage fluctuation amplitudes were −1.358~0 V and −1.592~0 V, respectively, the overpotential for the former rapidly increased to 417 mV after 162 h, while the overpotential for the latter exhibited a sharp increase to 400 mV after 42 h. Subsequently, both of them slowly increased to approximately 420 mV over a period of 180 h. These results indicated the reduced HER activity of the coated electrode with fluctuating power. A larger fluctuation amplitude notably accelerated the deterioration of the electrode surface, resulting in greater performance and durability losses. After operating for 180 h within the fluctuation ranges of −1.358~0 V and −1.592~0 V, the overpotential of FeNiMo-LDH@NiMo/SS (420 mV) fell between those of Ni/SS (440 mV) and NiMo/SS (292 mV) (Figure S10). This suggested that detachment of the FeNiMo-LDH and NiMo coatings from the surface of FeNiMo-LDH@NiMo/SS may have occurred, leading to the exposure of a portion of the NiMo coating. In contrast, the overpotential change in FeNiMo-LDH@NiMo/SS with three holding voltages was also measured, which showed a gradual increase over the test time. After 180 h of testing with the voltage held constant, the overpotential increase was smaller than that for the square wave, further demonstrating that voltage fluctuation significantly impacted the stability of FeNiMo-LDH@NiMo/SS electrocatalytic performance. The presence of power fluctuations can result in a decline in performance, while a high amplitude of these fluctuations further accelerates the degradation process of the active layer [42] and causes the catalyst to be oxidized and separate from the substrate. Therefore, implementing effective measures to reduce voltage fluctuations during the production of hydrogen from renewable energy sources may serve as an effective system control strategy. The Tafel slope was generated after testing to further our understanding of the HER behavior of FeNiMo-LDH@NiMo/SS. For FeNiMo-LDH@NiMo/SS, the overpotential was 162 mV dec-1 at the beginning of the test. After 180 h, the Tafel slope of FeNiMo-LDH@NiMo/SS increased to 172 mV dec−1 (−1.275~0 V), 209 mV dec−1 (−1.358~0 V), and 206 mV dec−1 (−1.592~0 V), respectively, following the square-wave voltage test. The Tafel slope of FeNiMo-LDH@NiMo/SS after 180 h HER in the ranges of −1.358~0 V and −1.592~0 V was comparable to that of NiMo/SS (199 mV dec−1). The aforementioned results indicated that the degradation of electrode performance was exacerbated by increasing the amplitude of voltage fluctuation. A large fluctuation amplitude caused detachment of the FeNiMo-LDH coating, revealing the underlying NiMo coating on the electrode surface. In summary, the effectiveness of hydrogen evolution on FeNiMo-LDH@NiMo/SS is significantly influenced by the magnitude of fluctuation. A high amplitude of fluctuation accelerates the degradation of the LDH structure, resulting in its release from the matrix.




2.2.3. Surface Characterizations of FeNiMo-LDH@NiMo/SS with Fluctuating Power


Surface analysis measurements, via SEM, EDS and XPS, were performed on FeNiMo-LDH@NiMo/SS with different fluctuation amplitudes at the beginning and at the end of the test. As a control test, surface characterizations were also made of FeNiMo-LDH@NiMo/SS with the holding voltage.



As shown in Figure S11, the NiMo film on the surface of NiMo/SS had a spherical structure. The surface coating of FeNiMo-LDH@NiMo/SS was dense and consisted of spherical particles arranged in a flower-like structure (Figure S12). The flower–ball structures were composed of uniformly distributed nanosheets, displaying a typical layered structure that conferred excellent catalytic activity to FeNiMo-LDH@NiMo/SS. From the EDS spectrum of the FeNiMo-LDH@NiMo/SS electrode, it is evident that Fe, Ni, and Mo elements are present on the electrode surface. Fe and Ni are evenly distributed on the surface of the electrode, while Mo is primarily concentrated in the flower-like structure. When exposed to a square-wave voltage of −1.275~0 V for a duration of 180 h (Figure 9a), FeNiMo-LDH@NiMo/SS exhibited a significant decrease in the abundance of its flower-shaped spherical structures, accompanied by an uneven distribution and the appearance of a few spherical structures. Under magnification, it became evident that the flower-shaped spherical structures underwent a notable reduction in size. FeNiMo-LDH@NiMo/SS suffered more severe damage when subjected to a wider fluctuation amplitude of square-wave voltage (−1.358~0 V). The flower-like spherical structures were significantly reduced (Figure 9b), and disordered strip structures emerged as a result. Furthermore, when applying a fluctuation amplitude range from −1.592 to 0 V (Figure 9c), the surface morphology of FeNiMo-LDH@NiMo/SS appeared disordered, with the disappearance of flower-like spherical structures and the presence of large block and strip structures. When we amplified the fluctuation amplitude, FeNiMo-LDH@NiMo/SS suffered significant surface damage. The observation of the uneven distribution of Fe, Ni, and Mo elements in the EDS results further confirms the detrimental impact of power fluctuations on the catalytic structure of the electrode surface (Figure S13). The catalytic activity of the electrode is primarily associated with its LDH structure, and so its performance degradation was attributed to the disruptive effects of power fluctuations on its LDH structure, leading to a reduction in the number of catalytically active sites. Therefore, with an increase in the fluctuation amplitude, the electrode’s performance deteriorated rapidly. The presence of spherical structures indicated the exposure of the NiMo film, resulting from the dissolution of the active substance. The repeated occurrence of an oxidation current resulted in the continuous dissolution and deposition of the catalytic substance, and then the diameter of the flower-shaped spherical structure was reduced. Consequently, the electrode’s performance and durability were severely compromised, particularly under conditions of high fluctuation amplitudes. Regarding the electrode under the holding voltage, there was only a slight change in surface morphology observed on the cathode. Hence, research into a highly adhesive coating electrode holds significant potential for harnessing solar energy efficiently.



The spectral survey results (Figure S14) revealed the presence of Fe3+, Ni2+, and Mo6+ on the pristine FeNiMo-LDH@NiMo/SS surface, which was consistent with the findings of previous studies. After the square-wave test, characteristic peaks indicating the generation of Ni3+ and Fe2+ at FeNiMo-LDH@NiMo/SS were observed, as shown in Figure S15, while these peaks were not observed during the voltage hold test. This demonstrated that under fluctuating power conditions during the HER process, oxidation currents were generated at FeNiMo-LDH@NiMo/SS, leading to frequent oxidation–reduction reactions. By calculating the relative content of each element (as shown in Figure 10), we found that within a voltage range of −1.275~0 V, the relative contents of Ni3+ and Fe2+ were 16% and 8%, respectively. With an increasing fluctuation amplitude, these values slightly increased. When the fluctuation ranges were −1.358~0 V and −1.592~0 V, respectively, the relative contents increased to 17% and 18% for Ni3+, as well as 10% and 12% for Fe2+. The relative content of Mo6+ decreased from 24% for pristine FeNiMo-LDH@NiMo/SS to 9% (−1.275~0 V), 10% (−1.358~0 V) and 3% (−1.592~0 V), respectively. As fluctuation amplitude increased further, the relative contents of Ni3+ and Fe2+ also increased, correspondingly promoting higher degrees of electrode oxidation reaction. This phenomenon could be attributed to the augmentation of the oxidation current caused by the enlarged fluctuation amplitude, resulting in electrode dissolution and a decreased performance level. Simultaneously, increasing the amplitude led to a rapid decrease in Mo content, which was not conducive to water dissociation and increased the hydrogen adsorption free energy, thereby reducing the hydrogen evolution performance [61,72]. Therefore, it seems that the catalytic performance of FeNiMo-LDH@NiMo/SS is also affected by a decreased Mo content. Increasing the fluctuation amplitude significantly accelerates the degradation process, resulting in higher performance losses along with a decline in durability.






3. Experimental Section


3.1. Materials


A pure nickel coupon and FeNiMo-LDH@NiMo/SS were used as the study HER cathode for this work. The size of the nickel coupon was 20 mm × 13 mm × 2 mm, and the chemical composition was as follows: Ni > 99.90%, Cu 0.01%, Si 0.01%, Mn < 0.01%, Fe 0.01%, Zn < 0.005% and Cd < 0.002%. We utilized 304 stainless steel (40 mm × 13 mm × 2 mm, wt%: P 0.04, Ni 11.00, Si 1.00, S 0.03, Cr 19.00, C 0.08, Mn 2.00, Fe bal.) as the substrate for FeNiMo-LDH@NiMo/SS.



Sodium citrate dihydrate (Na3(C6H5O7)·2H2O, AR), sodium molybdate dihydrate (Na2MoO4·2H2O, AR), ammonia solution (NH4OH, 25–28 wt%) and nickel chloride hexahydrate (NiCl2·6H2O, AR) were purchased from the Aladdin Biochemical Technology Co., Ltd., Shanghai, China. Urea (CO(NH2)2, AR), nickel sulfate hexahydrate (NiSO4·6H2O, AR), ethanol (C2H5OH, AR), hydrochloric acid (HCl, 36–38 wt%), ferric nitrate nonahydrate (Fe (NO3)3·9H2O, AR), sodium hydroxide (NaOH, AR), and ammonium fluoride (NH4F, AR) were purchased from the Chengdu Kelong Chemical Reagent Factory, Chengdu, China. The deionized water (RO, III) used in the experiments was prepared using an ultrapure purification system purchased from Chengdu Youpu Ultrapure Technology Co., Ltd., Chengdu, China. The chemicals used in this study were not purified further.




3.2. HER Electrode Preparation


Pure Ni coupon cathodes were polished with SiC papers (grades 280 to 2000) and then cleaned with deionized water, acetone, and ethanol, in that order. Then, they were placed in an airtight box until use.



FeNiMo-LDH@NiMo/SS was prepared using electrodeposition and the hydrothermal method, as previously reported [23]. The pre-treatment of 304 stainless steels followed the same steps as above. Prior to electrodeposition, pre-nickel electrodeposition was performed to activate the surface of the steel, to produce a uniformly dense and highly cohesive NiMo film for LDH growth. Then, the NiMo/SS electrode was prepared using electrodeposition. Finally, highly crystalline FeNiMo-LDH@NiMo/SS was synthesized via the hydrothermal method.




3.3. HER Performance and Durability Test for Electrode under Fluctuating Power


The performance and durability of the HER electrode were comprehensively evaluated using a series of electrochemical techniques, including time (T)–current density (I) curves, linear sweep voltammetry (LSV), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS). The T-I curve test assesses the dynamic response and hydrogen evolution performance of the electrode, while the LSV test measures the hydrogen evolution activity. Additionally, the CV test examines the electrochemically active surface area (ECSA), and the EIS test reveals the interface properties. Integrating these methodologies provided a comprehensive understanding of the HER electrode’s performance under fluctuating electrical conditions, offering valuable insights for research and development in renewable energy applications.



In this study, the input voltage simulated the characteristics of solar power generation to obtain the T-I curve. The input voltage waves were square, step, triangle, and hold, and the voltage period was 240 s, as shown in Figure 11. The square-wave voltage was operated at a negative voltage (VHER) for 120 s. In the step-wave voltage, the 240 s period was divided into 13 equal parts, and for each of those, we operated at a different voltage. The triangle-wave voltage was reduced from 0 V to VHER in 120 s at a constant rate, and it was increased to 0 V in 120 s at the same rate. The holding voltage operated at a negative voltage (VHER).



In conventional three-electrode cells, HER performance and durability tests were conducted using a CHI660E electrochemical workstation. All measurements were carried out in a laboratory environment with 1.0 mol L−1 NaOH solution at 80 °C. A plate Ni cathode and FeNiMo-LDH@NiMo/SS were used as the working electrodes, with a 1 cm2 area exposed to the electrolyte. A Hg/HgO electrode and platinum sheet were used as the reference electrode and counter electrode, respectively. In order to simulate water electrolysis for green hydrogen under the condition of electric power fluctuation, the input voltage (VHER) was the average voltage at a certain current density. To simulate the flow of the electrolytic water process in the industry, the electrolyte was agitated at a speed of 1300 rpm min−1. All measured potentials were converted to the reversible hydrogen electrode (RHE) using the following relationship:


    E   R H E   =   E   H g / H g O   + 0.059 p H + 0.098  



(3)




where 0.098 was the standard electrode potential of the Hg/HgO reference electrode.



Linear scan voltammogram (LSV) polarization curves were obtained at a scan rate of 5 mV s−1. The Tafel slope was calculated from the LSV curves, and the overpotential (η) at the corresponding current density was calculated using the above relationship. Electrochemical impedance spectroscopy (EIS) was measured from 105–10−2 Hz at an amplitude of 5 mV. The cyclic voltammogram (CV) curves were obtained at different sweep rates (10, 20, 30, 40, 50, 60, 70, and 80 mV s−1) in the region of 0.1 to 0.3 VRHE, and the double-layer capacitance (Cdl) was calculated from the CV curve.




3.4. Characterization


After various electrochemical tests, all samples were rinsed with deionized water, followed by cold-air drying and subsequent storage in a super-purified glove box to ensure that they were exposed to the ambient environment for less than 3 min before observations for characterization.



Scanning electron microscopy (SEM, Gemini 300 ZEISS, Oberkochen, Germany) was used to characterize the morphologies at an accelerating voltage of 3 kV. The distribution of elements on the electrode surface were measured using an energy dispersion spectrometer (EDS, OXFORD Xplore, Oberkochen, Germany) equipped with SEM.



The surface roughness of the electrodes was determined using atomic force microscopy (AFM, MFP 3D Bio, Abingdon, UK) at a scan size of 10 × 10 μm2. For each surface, AFM images sized 256 × 256 pixels were obtained.



The electron valence states on the electrode surfaces were investigated by using X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). In this XPS, the diffraction source was an Al Kα ray (hν = 1486.6 eV), the working voltage was 12 kV, and the filament current was 6 mA. The obtained XPS data were processed using Thermo Advantage software version 5.948. The chemical compositions on the surfaces of the electrodes were calculated using the convolution method with a sensitivity factor [73]. Equation (4) was used to calculate the composition (at%, Cx)) of the relative contents:


    C   x   =   (     I   x    /    S   x     )   ∑       I   x    /    S   x          



(4)




where Sx is the sensitivity factor based on the XPS instrument, and Ix is the peak intensity corresponding to the area of the element.





4. Conclusions


In this work, three wave shapes (square, step, and triangle) were used to simulate renewable energies for the HER process. Fluctuating power led to the HER performance of the plate Ni cathode increasing at first and then slightly decreasing. The fluctuating power enhanced the oxidation state of the cathode surface and led to a decline in the active sites. At the same time, the degradation of the cathode surface resulted in an increase in the surface area. Square power had the strongest effect on HER performance, which led the plate Ni cathode to reach the strongest HER performance in 12 h with the optimum catalytic parameters. This was followed by the step and triangle powers, respectively. The square voltage with various amplitudes was then administered to a plate-like FeNiMo-LDH@NiMo/SS cathode. As the amplitude increased, the LDH-coated cathode showed an accelerating degradation, mainly due to the separation of the catalytic active sites. For dynamic investigations, further relevant studies will be conducted, such as the analysis of voltage fluctuation frequency and voltage change rate. In addition, it seems that the appearance of an oxidation current when there is a fluctuating voltage plays a key role in the degradation process of the cathode, which should be further explored. In those regards, this research provides a method for evaluating the cathode HER performance and degradation behavior in scenarios of generating green hydrogen from renewable energies, a contribution that will help to guide the development of the hydrogen industry.
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Figure 1. T–I curves of plate Ni cathode in 1.0 mol L−1 NaOH solution at 80 °C. (a) Powered by square wave voltage. (b) Step wave. (c) Triangle wave. (d) Hold. 
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Figure 2. Summarized average peak current density for each 6 h period in the T–I curve of the plate Ni cathode. 






Figure 2. Summarized average peak current density for each 6 h period in the T–I curve of the plate Ni cathode.



[image: Catalysts 14 00307 g002]







[image: Catalysts 14 00307 g003] 





Figure 3. (a) Overpotential at 10 mA cm−2, (b) ECSA, (c) Tafel slopes, (d) Rct + R1 for palte Ni cathode powered by various shapes of voltage and for different times. 






Figure 3. (a) Overpotential at 10 mA cm−2, (b) ECSA, (c) Tafel slopes, (d) Rct + R1 for palte Ni cathode powered by various shapes of voltage and for different times.



[image: Catalysts 14 00307 g003]







[image: Catalysts 14 00307 g004] 





Figure 4. SEM and AFM images of plate Ni cathode. (a) Optimal performance with square-wave voltage. (b) End of test with square-wave voltage. (c) Optimal performance with holding voltage. (d) End of test under holding voltage. 
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Figure 5. XPS and AFM results for plate Ni cathode. 
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Figure 6. T–I curves of FeNiMo-LDH@NiMo/SS in 1.0 mol L−1 NaOH solution at 80 °C. Powered by (a) −1.275~0 V in square wave; (b) −1.358~0 V in square wave; (c) −1.592~0 V in square wave; and (d) −1.275 V, −1.358 V and −1.592 V in holding voltage. 
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Figure 7. The relationship between the current density change rate and time. 
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Figure 8. Overpotential (10 mA cm−2) at (a) −1.275 V (hold) and −1.275~0 V (square wave); (b) −1.358 V (hold) and −1.358~0 V (square wave); and (c) −1.592 V (hold) and −1.592~0 V (square wave). (d) Tafel slopes. 
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Figure 9. SEM images of FeNiMo-LDH@NiMo/SS. (a) −1.275~0 V in square wave. (b) −1.358~0 V in square wave. (c) −1.592~0 V in square wave. (d) −1.275 V in holding voltage. (e) −1.358 V in holding voltage. (f) −1.592 V in holding voltage. 
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Figure 10. XPS results for surface chemical analysis of FeNiMo-LDH@NiMo/SS. 
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Figure 11. Evolution of voltage as a function of time. 
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Table 1. Comparison of HER catalysts in alkaline electrolyte.
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	HER Catalyst
	Overpotential at 10 mA cm−2 (mV)
	Ref.





	FeNiMo-LDH@NiMo/SS
	245
	This work



	Plate Ni cathode
	430
	This work



	NF
	378
	[63]



	SSFSe
	237
	[64]



	SS Scrubber
	418
	[65]



	SSM-Ni
	346
	[66]



	NiP@SS
	268
	[67]



	FeNi LDH/NF
	315
	[68]



	TiC/NiSA
	202
	[69]



	6-CMS
	249
	[63]



	PtCoV/g-C3N4
	346
	[70]



	CoNi0.04-MOF-74/NF
	203
	[71]
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