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Hierarchical multiporous nickel for oxygen evolution reaction in alkaline media

Electrochemical water splitting is a crucially important process for energy conversion and storage. In this context, we report the synthesis of hierarchical multiporous nickel nanosheets obtained by a templated two-step electrodeposition of nickel in the presence of silica beads and an assembly of nonionic surfactant in order to generate a combined macro-and mesoporous structure. Interestingly, the synergistic effect of these highly ordered meso-and macroporous structures promotes the catalytic performance for oxygen evolution reaction with one order of magnitude higher current densities, lower overpotentials and a better stability of the electrodes compared to flat nickel or electrodes having a single type of porosity. This example illustrates a promising strategy for the rational design of high-performance porous metals, not only in the frame of water electrolysis, but also for other electrocatalytic applications.

Introduction

The development of alternative sustainable energy conversion schemes to replace depleted fossil fuels is a key challenge for present scientific activities. For example, the splitting of water into oxygen and hydrogen is one of the most promising processes, because it can be used to produce efficiently clean and storable energy.1 The cathodic part of water splitting, hydrogen evolution reaction (HER), typically requires low overpotentials of around 100 mV,2 whereas the anodic part, oxygen evolution reaction (OER), needs significantly higher overpotentials in the range of 300 to 500 mV compared to commercial platinum-based catalysts due to sluggish electron transfer kinetics at many electrode surfaces.3 In acidic solution, Ru-and Ir-based catalysts are well known as the most active electrocatalysts for OER because of their high performance at low overpotential.4 However, the limitations of high cost, scarcity and metal dissolution during the electrocatalytic process are somewhat slowing down practical industrial utilization.5 Therefore, great efforts have been made to develop alternative catalysts based on non-precious metals, which are stable under basic conditions, such as nickel. foams,6 nickel alloys,7 nickel nitride,8 nickel phosphides,9 nickel selenide,10 nickel oxide11 and nickel hydroxide.12 They have been studied as highly efficient and durable alternatives for OER in alkaline media.13 Despite these very promising reports on the development of nickel-based catalysts for OER, they may suffer from certain disadvantages, such as low active surface area and poor mass transport properties. 14 To circumvent these problems, porous materials, composed of micropores, mesopores and macropores have been proposed over the past decade and exhibit synergistic effects of hierarchical porous structures.15 Typically, colloidal crystals (hard template) or surfactants (soft template), were used to control the final structure of porous metals and metal oxides.16 For example, hierarchical macro-and mesoporous platinum obtained by the electrodeposition of metal in the simultaneous presence of colloidal silica beads and sodium dodecyl sulfate (SDS) can improve significantly the efficiency of methanol oxidation due to an increase in internal surface area and improved mass transport.17

For the highly-controlled generation of macroporous structures, the Langmuir-Blodgett (LB) technique is a powerful tool,18 which is widely used for coating surfaces with mono-or multilayers of templates such as silica and polymer beads. 19 The intrinsic advantages of the LB technique, in particular the precisely controllable layer-by-layer coating, allows designing materials for various applications ranging from analysis20 and sensing21 to separation membranes22 and electrocatalysis.23 Concerning mesoporous structures, there have been several reports about using assemblies of surfactants as templates leading to ordered structures when reaching the respective critical surfactant concentrations.24 Potential-tuned arrangements of surfactants have also been investigated for electrode modification, revealing the importance of the electrochemical conditions for the formation of a well-structured mesoporous phase. 25 The surfactant assembly can rearrange on the electrode surface under the influence of the applied potential, and this can be verified by measuring the differential capacity in the plating solution.26 The electroactive surface area of the soobtained mesoporous architectures is significantly increased when compared to a flat electrode. In addition, it is well-known that the active surface area of the mesoporous material also depends on the spatial arrangement of the mesopores. [21][22][23]27 Although mesoporous materials with a largely improved active surface are readily obtained, they often suffer from a small pore size, eventually resulting in slow diffusion and access limitations, especially in the case of bulky molecules.20b In order to circumvent these drawbacks and to illustrate the benefits of a synergistic combination of macro-and mesoporous architectures, we study in this contribution the impact of macromesoporous nickel on the electrocatalytic activity for OER in alkaline medium. We demonstrate that this strategy allows promoting the electrode performance in terms of electrocatalytic current densities, which are increased by one order of magnitude compared to a flat electrode, and those electrodes also show a better stability.

Results and Discussion

Electrode elaboration

A nickel layer with hierarchical porosity (Hi-Ni) is electrodeposited on a gold electrode by a two-step approach: (i) the first step consists in electrodepositing macroporous nickel using a colloidal crystal template based on silica beads, followed by the template dissolution to create macroporous nickel (Macro-Ni) with a highly ordered porous structure; (ii) subsequently the Macro-Ni is used as a substrate for the deposition of a nickel nanosheet film in the presence of nonionic surfactant to form a mesostructured interface inside the macropores. The synthesis is illustrated in more detail in Scheme 1. Initially, well-defined layers of silica beads are generated on a gold-coated glass slide using the Langmuir-Blodgett (LB) technique (Figure S1). A highly-ordered structure of the final colloidal crystal template is obtained by controlling the surface pressure at the water-air interface during the layer-by-layer transfer. Nickel is then generated in the void space of the colloidal silica template by electrodeposition in a nickel bath. The number of deposited nickel layers can be easily monitored by using the oscillating current intensity, related to the periodical increase and decrease of the nickel deposit/electrolyte interface imposed by the colloidal crystal template. The corresponding chronoamperometric record is shown in Figure 1. The lowest amplitude of current intensity refers to odd half-layer filling of the silica template. Usually electrodeposition is stopped at the level of odd half-layers in order to ensure completely open pores in the last layer of the final deposit. After dissolution of the silica beads a Macro-Ni electrode with a highly-ordered honeycomb-like porous structure is obtained as illustrated in Figures 2a and2b Mesoporous nickel nanosheet structures (Meso-Ni) can be formed when the nickel precursor salt is dissolved in a solution together with surfactant. A typical structure of Meso-Ni obtained by electrodeposition from a nickel bath containing a nonionic surfactant, polyoxyethylene (10) cetyl ether (Brij 56), with a deposition charge of 5 C cm-2 is shown in Figures 2d and2e. Nanosheet structures are formed in the presence of surfactant during nickel deposition, even when adding only small amounts of surfactant (5 wt.%). This behavior relates to the fact that the applied potential can lead to a rearrangement of surfactants on electrode surfaces.25c Typically, the phase diagram of selfassembled surfactant molecules changes at an electrode-electrolyte interface depending on the applied potential.27a In other words, tuning of the electrode potential allows a variation of the selfassembled structure.26b In order to better understand the formation of such a concentrated surfactant layer at the electrode/electrolyte interface, electrodes were exposed to a Brij solution for 1 min, while imposing various potentials (0.1 V, 0V, -0.25 V and -0.75 V). Subsequently they were transferred into pure supporting electrolyte (0.5 M NaCl) and chronoamperometric curves were recorded at -0.1 V vs Ag/AgCl (Figure S2). Currents are significantly lower for electrodes which have been modified at more negative deposition potentials, indicating that such electrodes exhibit a significant decrease in accessible active surface area compared with a bare electrode or an electrode obtained without applying any potential during the surfactant assembly. This is due to the fact that the packing density of surfactant is higher at a more negative potential. Therefore it is reasonable to assume that at quite negative potentials, a high concentration of surfactant covers the electrodeelectrolyte interface and leads to the transformation of a spherical micellar phase into a lyotropic lamellar liquid crystalline phase, resulting in a nanosheet structure during the metal deposition step.25b,26a,28 After the deposition of mesoporous Ni, a homogeneous film thickness was observed by SEM (Figure 2f, cross section view). The mesoporous structure has a random order due to the presence of interstitial pore space between the nanosheet layers. This allows increasing the electroactive surface area.29

To design nickel deposits with hierarchical porosity (Hi-Ni), Macro-Ni was used as the substrate for the electrodeposition in the presence of SDS as a nonionic surfactant in the nickel-plating solution. The final architecture of the hybrid meso-macropores obtained by such a two-step electrodeposition in the void space of a colloidal silica template with three half-layers of pores is illustrated in Figures 2g and2h. Nickel nanosheets were electrodeposited on the walls of the macropores, and in the connecting windows (indicated by red lines) between the macropores. The total thickness of the Hi-Ni film is ~1.4 µm and doesn't change significantly compared to Macro-Ni because only a thin layer of nickel nanosheets is deposited as illustrated in Figure 2i.

To confirm the crystallinity and composition of the electrodeposited nickel, thin film X-ray diffraction (XRD) patterns of all the prepared electrodes having a similar global thickness were recorded and are illustrated in Figure 3. Four main characteristic peaks of metallic nickel (Ni (0)) appear at 2θ of 44.5, 52.0, 76.7 and 92.7o, corresponding to the Miller indices (hkl) of crystal planes of ( 111), ( 200), ( 220) and (311), respectively.30 Moreover, the presence of NiO and NiOOH was clearly observed because metallic nickel gets slightly oxidized in oxygen atmosphere as can be seen from the red and green marked peaks for NiO and Ni(OH)2, respectively. An amorphous phase was also observed for all asprepared electrodes at 2θ of about 20 º.

In order to characterize the electroactive surface area of the porous nickel film, cyclic voltammetry was performed in 1 M KOH in the double layer capacitive region with various scan rates (5, 10, 20, 50 and 100 mV s-1) as illustrated in Figure 4a. The specific capacitance of the different electrodes can be estimated by plotting the current density as a function of scan rate and measuring the slope (Figure 4b). To compare the electroactive surface area of several electrodes, flat nickel is used as a reference. The specific capacitance of flat nickel measured from the I-V curve is 63.3 µF cm-2, which is comparable to the reference value of noble metals. 31 The relative surface increase is reported as roughness factor (Rf) calculated by dividing the measured capacitance by the corresponding capacitance of the flat nickel electrode (Table 1). As expected, hierarchical macro-and mesoporous nickel (Hi-Ni) exhibits the highest roughness factor, followed by mesoporous nickel (Meso-Ni) and macroporous nickel (Macro-Ni) that have a similar thickness of ~1.3 µm, respectively. This indicates that the presence of a multiscale porous structure allows enhancing the electroactive surface area in a controlled way. In addition, the Rf of hierarchical porous nickel increases linearly as a function of the thickness of the nickel film (Figure S3). To predict the expected roughness factors of various nickel electrodes, the theoretical relative surface enhancement between flat and porous metal electrodes can be calculated by assuming a close-packed macroporous structure.20b The theoretical enhancement factor (f) for n half-layers is given by Equation 1:

f = nπ (4/3)1/2
(1)

The obtained roughness factors calculated from the double layer region of a one half-layer and a three half-layer Macro-Ni are in rather good agreement with the theoretical values (Table 1). In order to calculate the roughness factor enhancement of n half-layers of Hi-Ni, the one half-layer sample is used as the reference (Rf = 6.9). Again, the experimental findings are rather close to the theoretically expected values.

Table 1. Experimental and theoretical roughness factors of various fresh and used nickel electrodes taken before and after performing OER at different applied potentials.

Electrocatalytic oxygen evolution reaction (OER)

To illustrate the beneficial features of hierarchical multiporous nickel nanosheets, the electrocatalytic performance for OER was studied in a solution of N2-saturated 1 M KOH, monitored by linear sweep voltammetry (LSV) in the potential range from 200 to 800 mV vs Ag/AgCl at a scan rate of 5mV s-1. Figure 5 represents the different LSVs with the current density being defined as the current divided by the geometric surface area.

Electrocatalyst

Roughness factor

Fresh Theoretically, in alkaline solution, nickel is oxidized in the potential range from 350 to 450 mV, indicated by the small peak in Figure 5a. The onset potential for oxygen evolution for the different nickel electrodes was measured by a linear extrapolation of the catalytic OER curves according to current recommendations.32 Compared to flat Ni with a similar film thickness, the OER onset potential for Meso-Ni, Macro-Ni and Hi-Ni is slightly lower (570, 556 and 539 mV vs Ag/AgCl, respectively, instead of 575 mV for flat Ni). For the same class of material/composition, one would expect identical onset potential for OER. The fact that here the potentials a slighly varying might indicate that not only the morphology is changing as a function of the type of electrodeposit, but also the ratio between different oxidized nickel species (NiO and Ni(OH)2) and the degree of cristalinity.

Most importantly, the electrocatalytic OER performance of Hi-Ni is significantly improved as can be seen from the higher current density compared to electrodes with a single type of porosity. This increase is due to the synergy between the high surface area of the mesoporous nanosheet structure and the improved mass transfer enabled by the macroporous structure, eventually also accelerating the evacuation of oxygen from the internal part of the porous structure.

The apparent onset potential for OER is also decreased from 559 and 539 to 523 mV when measuring one, three and five half-layer Hi-Ni electrodes (Figure 5b and Table 2). To further evaluate the performance of these electrodes we estimate the driving force necessary to achieve a current density of 10 and 100 mA cm-2, which are values comparable to what is used in solar to fuel conversion systems.30c,33 Generally, flat Ni requires an operating potential of 630 mV, or more than 800 mV to obtain a current density of 10 mA cm-2 and 100 mA cm-2, respectively. Interestingly, in the case of five half-layer Hi-Ni, a significantly lower operating potential of 524 and 660 mV is needed for a current density of 10 mA cm-2 and 100 mA cm-2, respectively. These observations again confirm that the two-step electrodeposition generating hierarchical structures can improve the electrocatalytic performance for OER compared to commercial benchmarking.3c Although the values are not record numbers,34 it shows that a controlled surface design allows gradual fine-tuning of the activity.

To gain insights into the mechanistic details of the OER for the different nickel materials, their electrocatalytic performance is examined by recording the corresponding Tafel plots (η = b × log (j/j0), where b is the Tafel slope, j is current density and j0 is the exchange current density).

Table 2. OER onset potentials and corresponding Tafel slopes of various nickel electrodes measured by LSV in N2-saturated 1 M KOH electrolyte at a scan rate of 5 mVs-1

The overpotential was renormalized with respect to ERHE and calculated based on the thermodynamic value (η = EvsAg/AgCl +0.197 V + 0.059 pH -1.23 V). Under the present experimental conditions, flat Ni, Meso-Ni, Macro-Ni and Hi-Ni exhibit Tafel slopes in the range from 58 to 93 mV dec-1 (Figure 6).

Typically, the OER mechanism can be divided into three elementary steps (Equations 2-4). The first OER step involves the OH adsorption on the nickel surface (Ni-OH, Equation 2). The adsorbed OH species is then transformed into adsorbed O (Ni-O, Equation 3) and finally, O2 gas can be produced and released from the metal surface (Equation 4).

It is well-known that the rate-determining step (RDS) of OER can be investigated by Tafel analysis if certain precautions are taken.31 As the above-mentioned Tafel slopes for the hierarchical nickel electrodes are close to 60 mV dec-1, this seems to indicate that the RDS relates to the electron transfer during the NiO formation step.33 

However, Tafel slopes of single pore type structures and flat Ni are above 60mV dec-1. This might result from a change in the rate controlling step and the material preparation method.33c,35 Theoretically, a lower Tafel slope represents a higher reactivity for OER. The Tafel slopes of various nickel electrodes, flat Ni, Meso-Ni, three half-layer Macro-Ni and three half-layer Hi-Ni, having a similar film thickness, are 92.6, 86.6, 88.5 and 59.3 mV dec-1, respectively. The electrodeposited Hi-Ni benefits from the synergy between the two types of porosity and exhibits a lower Tafel slope compared to an electrode with a single type of porosity (Meso-Ni or Macro-Ni). Interestingly, increasing the number of electrodeposited pore layers allows increasing the OER performance. For example, the Tafel slope significantly decreases to 58.7 mV dec-1 for five half-layer Hi-Ni, compared to the conventional Ni electrode (92.6 mV dec-1) which can show different values depending on its composition.36 Tafel slopes can also be influenced by a low efficiency of current conduction in the solid portion of the film and in the pores. 37 The related ohmic drop may strongly affect the characteristic catalytic features, but this doesn't seem to be the case for the present hierarchical structures.

In addition to the reactivity, an important aspect in catalytic systems is the stability of the electrochemical activity. This was investigated by chronoamperometry in 1 M KOH at an applied potential of 530 and 730 mV (vs. Ag/AgCl) for 2 h, as illustrated in Figure 7. At 530 mV (Figure 7a), the average current density of three half-layer Hi-Ni is 6.3 mA cm-2, which represents the best electrochemical performance and stability, whereas the measured current densities of Meso-Ni, Macro-Ni, and flat-Ni are significantly lower; in particular, the current density of flat Ni is only 1.2 mA cm-2. A structure with only five half-layers of Hi-Ni leads already to a current enhancement of around one order of magnitude compared to a flat surface. At a higher applied potential of 730 mV, flat Ni represents unsatisfactory stability of the signal with a rapid decrease in current density already after a few seconds as shown in Figure 7b. In contrast to this, Hi-Ni exhibits a much better current stability at the same applied potential. In addition, a gradual increase of current density was obtained for Hi-Ni as a function of the number of deposited layers (Figures 7c and7d). The less pronounced decay in current for these latter electrodes might come from the fact that the formation of (nano)bubbles that often block the surface is less favorable on such structured interfaces, compared to a flat electrode where bubbles can stick more easily.38 

Conclusions

In this work, we have successfully developed hierarchically structured porous nickel electrodes via a two-step electrodeposition process in the presence of silica beads and surfactant as templates to control the macro-and mesoporous structure, respectively. Highly ordered hierarchical porous structures with nanosheet morphologies improve the electrocatalytic active surface area compared to nickel with a single porosity. In addition, the synergetic effect of mesoporous and macroporous structures enhances the electrocatalytic current density by one order of magnitude and also improves the stability. This well-controlled design of multiporous structures constitutes a promising concept in the frame of the development of electrocatalysts for water splitting applications and might be also extended to other electrode materials.

Experimental Section

Macroporous nickel (Macro-Ni) deposition.

Silica particles of 920 nm diameter were synthesized following modified literature procedures,19,36,39 and then used as colloidal crystal templates transferred onto a gold-coated glass slide by using the Langmuir-Blodgett (LB) technique.15c, 17,[36][37][38] Prior to silica template deposition, the gold substrate was cleaned with isopropanol and plasma, respectively. The plating bath contains 0.7 M nickel acetate tetrahydrate (Sigma-Aldrich, 98%), 1.0 M nickel chloride (Sigma-Aldrich, 98%), 3.0 M boric acid (Sigma-Aldrich, >99%) in MilliQ water (18 MΩ). Macro-Ni was electrodeposited at -0.8 V vs Ag/AgCl at room temperature, and the number of deposited layers was monitored by chronoamperometry as illustrated in Figure 1. The macroporous structure was visualized by scanning electron microscopy after removable of the template in 10% hydrofluoric acid, which is diluted from a commercial solution (Sigma-Aldrich, 48%), for 15 min. In order to prevent the degradation of nickel by hydrofluoric acid, the as-prepared electrodes were rinsed with MilliQ water for 30 min to remove the acid solution from the pores.

Mesoporous nickel nanosheet (Meso-Ni) deposition.

A mixture containing 0.7 M nickel acetate tetrahydrate, 1.0 M nickel chloride, 3.0 M boric acid and 5 wt.% polyoxyethylene (10) cetyl ether (Brij 56) was dissolved in MilliQ water at 333 K. Mesoporous nickel was electrodeposited by chronoamperometry at -0.75 V vs Ag/AgCl at a controlled temperature of 313 K in order to adjust the viscosity of the mixture. Subsequently, the modified electrode was cleaned with isopropanol and rinsed several times with MilliQ water to remove the surfactant from the pores.

Hierarchical macro-and mesoporous nickel nanosheet (Hi-Ni) deposition.

Hi-Ni was prepared by electrodeposition of mesoporous nickel using the above-mentioned approach, but with a Macro-Ni electrode as a substrate. Typically, the electrode was immersed in the nickel bath for 15 min and then electrodeposition was carried out by chronoamperometry at -0.75 V vs Ag/AgCl and 313 K. After electrodeposition, the prepared electrode was rinsed several times to remove the surfactant from the hierarchical pore structure.

Electrochemical characterization.

All electrochemical characterizations were performed with a µAUTOLAB type III in an electrochemical cell with a three-electrode configuration. The prepared nickel electrodes (Macro-Ni, Meso-Ni, Hi-Ni) were used as a working electrode, a platinum mesh and Ag/AgCl (sat. KCl)40 were used as a counter and reference electrode, respectively. The active surface area of the electrodes was measured by cyclic voltammetry (CV) in the capacitive region between 0 and 100 mV vs Ag/AgCl in 1 M N2saturated KOH at various scan rates. The activity with respect to the oxygen evolution reaction (OER) was measured by linear sweep voltammetry (LSV) in basic solution with nitrogen bubbling from 0.2 V to 0.8 V with a scan rate of 5 mV.s-1 and potentials were converted to RHE (ERHE = EAg/AgCl + 0.197 V + 0.059 pH). The stability of the nickel electrodes was studied at two different potentials: (i) 530 mV and (ii) 730 mV for slow and fast OER rate after 2 hrs reaction time.

Surfactant assembly study.

Chronoamperometry was used to investigate the effect of self-assembly of surfactant on the electrode surface during electrodeposition. Several gold-coated glass slides were exposed to a solution of 5% wt Brij 56 in 3.0 M boric acid while applying different potentials ranging from -0.75 V to 0.1 V for 1 min. The surfactant modified electrodes were then rinsed with miliQ water and directly transferred to a 0.5M NaCl solution in order to measure the current decay at an applied potential of -0.1 V vs Ag/AgCl for 1 min.

Scanning electron microscope (SEM).

To study the surface morphology and the number of pore layers, scanning electron microscopy was performed on a Hitachi TM-1000 tabletop microscope and a JEOL JSM-7610F.

Figure 1 .

 1 Figure 1. Chronoamperometric curve recorded during potentiostatic nickel electrodeposition through the first five half-layers of the colloidal silica-bead template (particle size of 920 nm diameter)

  Scheme 1. Schematic illustration of the synthesis of hierarchical macro-and mesoporous nickel deposited on a gold-coated glass slide using a colloidal crystal template: a) Transfer of individual layers of silica beads onto the substrate by the LB technique; b) Final silica bead template; (c) electrodeposition of nickel; (d) silica bead dissolution leads to Macro-Ni; (e) electrodeposition of a mesoporous nickel film on the internal surface of Macro-Ni using a surfactant assembly as a template; (f) Hi-Ni after the washing step.

Figure 2 .

 2 Figure 2. Scanning electron microscope (SEM) images of Macro-Ni obtained by electrodeposition in the void space of three half-layers of the colloidal silica template composed of beads with a diameter of about 920 nm (a: top view, scale bar 1 µm; b: top view, scale bar 100 nm; c: cross section, scale bar 10 µm); Meso-Ni obtained by electrodepositing nickel with a charge of 5 C cm-2 (d: low magnification, scale bar 100 nm; e: high magnification, scale bar 100 nm; f: cross section, scale bar 10 µm); Hi-Ni obtained by electrodeposition of nickel inside the macropores (920 nm diameter) with a thickness of three half-layers (g: top view, scale bar 1 µm; h: top view, scale bar 100 nm; i: cross section, scale bar 10 µm).

Figure 3 .

 3 Figure 3. Thin film XRD patterns of Macro-Ni (blue), Meso-Ni (red) and Hi-Ni (black) having a comparable film thickness of 1.3, 1.2 and 1.4 µm, respectively.

Figure 4 .

 4 Figure 4. (a) Cyclic voltammograms of a three half-layer hierarchical nickel electrode (Hi-Ni) measured in N2-saturated 1 M KOH with varying scan rates in the range of 0 to 100 mV s-1. (b) Plot of the capacitive current density as a function of scan rate in order to determine the electroactive

Figure 5 .

 5 Figure 5. Linear sweep voltammograms (LSVs) for various nickel electrodes measured in N2-saturated 1 M KOH electrolyte at a scan rate of 5 mVs-1; (a) Effect of the type of nickel electrode on OER activity: flat Ni (red), Meso-Ni (blue), three-half layer Macro-Ni (yellow), and three-half layer Hi-Ni (green); (b) Effect of the number of electrodeposited macroporous layers on OER activity: one-half layer Hi-Ni (orange), three-half layers Hi-Ni (green), and five-half layers Hi-Ni (black).

Figure 6 .

 6 Figure 6. Tafel plots measured in N2-saturated 1 M KOH solutions calculated from LSVs for (a) various types of nickel electrodes; Meso-Ni (blue), three half-layer Macro-Ni (yellow), and three half-layer Hi-Ni (green). (b) Various Hi-Ni electrodes prepared with different numbers of deposited half-layers; one

Figure 7 .

 7 Figure 7. Chronoamperometry in 1 M KOH with various nickel electrodes at two different applied potentials; (a,b) Effect of the type of nickel on the electrocatalytic activity and stability, flat Ni (red); mesoporous Ni (blue); macroporous Ni (yellow) and hierarchical porous Ni (green) at an applied potential of 530 mV and 730 mV (vs Ag/AgCl), respectively. (c,d) Effect of the number of deposited layers of hierarchical porous Ni on the electrocatalytic activity and stability; one half-layer (yellow), three half-layers (green) and five half-layers (black) at a potential of 530 mV and 730 mV (vs Ag/AgCl), respectively.
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