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Abstract

:

As the global energy crisis continues, efficient hydrogen production is one of the hottest topics these days. In this sense, establishing catalytic trends for hydrogen production is essential for choosing proper H2 generation technology and catalytic material. Volcano plots for hydrogen evolution in acidic media are well-known, while a volcano plot in alkaline media was constructed ten years ago using theoretically calculated hydrogen binding energies. Here, for the first time, we show that the volcano-type relationships are largely maintained in a wide range of pH values, from acidic to neutral and alkaline solutions. We do this using theoretically calculated hydrogen binding energies on clean metallic surfaces and experimentally measured hydrogen evolution overpotentials. When metallic surfaces are exposed to high anodic potentials, hydrogen evolution can be boosted or significantly impeded, depending on the type of metal and the electrolyte in which the reaction occurs. Such effects are discussed here and can be used to properly tailor catalytic materials for hydrogen production via different water electrolysis technologies.
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1. Introduction


Hydrogen evolution reaction (HER) has always had a special place in electrochemistry, but nowadays, it has gained even more attention due to the global energy crisis. As hydrogen is sought as the fuel of the future, finding economical ways for its production would solve the existing problems. This particularly relates to green hydrogen production via water electrolysis, where renewable energy sources are used to produce high-purity hydrogen. However, green hydrogen is still rather expensive. Thus, finding new, efficient catalysts for its production is necessary.



Understanding HER activity trends can help us in this search, and the best example is the HER volcano curve. In the original formulation, it was shown that HER exchange current densities were correlated with hydride formation energies of different metals [1]. Another formulation of HER volcano comes from the group of Nørskov et al. [2], where literature data for HER exchange current densities in acidic media were correlated to the theoretically calculated hydrogen binding energies. However, this approach was criticized [3], suggesting it was overly simplistic. Moreover, it was suggested that there was no volcano if oxide-covered metals were removed (W, Mo, Ta, Ti, and Nb from the “original” volcano) and that the reaction rate does not decrease for highly exothermic hydrogen adsorption [4]. Nevertheless, the HER volcano curve represents an appealing depiction of HER activity trends. Therefore, it is widely used in the community to search for new HER catalysts by pinpointing materials with optimal hydrogen binding energies, even though such an approach might not be theoretically well-justified in each particular case. In fact, HER volcano for alkaline media, using calculated hydrogen binding energies, was demonstrated in 2013 [5] and received tremendous attention from the scientific community.



However, there is an important question of whether the volcano shape of the curve is preserved in different electrolytes and, particularly, what the trends are in pH-neutral solutions. Namely, for pH-neutral solutions, a systematic analysis is missing. This question is especially important for seawater electrolysis technologies, which suffer from many issues [6]. Moreover, while the effects of surface oxidation have been considered and discussed for the acidic solutions [4], a detailed analysis for the case of alkaline solutions is lacking. On the other hand, it is known that in an alkaline media, surface oxidation can boost H2O dissociation at a metal|oxide interface, boosting HER in this way [7,8]. Thus, there is a question if such an interface engineering could help us to detach from the HER volcano or shift its apex from platinum to more affordable catalysts.



In the present work, we communicate our results on the HER activity trends in 7 different electrolytes (0.1 mol dm−3 HClO4, 0.1 mol dm−3 HCl, 0.5 mol dm−3 NaCl, 1 mol dm−3 KH2PO4, 0.1 mol dm−3 KOH, 0.1 mol dm−3 LiOH, and 1 mol dm−3 KOH), in which we measured HER activity for nine metals (Ag, Au, Co, Cr, Fe, Ni, Pt, W, and Zn). We took special care to reduce oxide formation and measure HER activity on clean metallic surfaces (as much as possible). Moreover, for selected cases, we measured the HER activity after the surface oxidation and briefly discussed its effects, splitting them into trivial and nontrivial ones. Overall, we find that volcano curve shapes are present in all the electrolytes, while surface oxidation can significantly affect HER activity. Furthermore, the effects of surface oxidation depend on the particular metal-electrolyte combination. The data presented here are the starting point for the forthcoming work focusing on a detailed analysis of HER activity trends in a wide pH range and the effects of metal|oxide interface engineering.




2. Results


In order to establish trends in catalytic activities over the series of investigated polycrystalline metals, we determined HER overpotentials for the current density of −100 μA cm−2real. This value was not arbitrarily chosen, but it was selected based on the currently used and widely accepted measure of HER activity established by McCrory et al. [9], namely −10 mA cm−2geom. In the mentioned work, high surface area catalysts are compared using this value, and their roughness factors (RFs) are of the order of 102. This means the comparison can be made using roughly 102 times lower current densities if normalized to the electrochemically active surface area. We note that the trend is generally preserved for a wide range of current densities but that the exact position of a given metal on a volcano plot depends on the chosen current density. Calculated RFs of the electrodes used in this work are given in Appendix A. When constructing volcano curves, we used (i) the I–E curves obtained on the freshly polished electrodes (see Figures S1 and S2 for HER polarization curves in 0.1 mol dm−3 KOH and HCl) and (ii) the I–E curves obtained upon cycling an electrode to high anodic potentials (approx. +1.4 V vs. RHE in a given solution). Thus, the second case relates to HER activities over oxidized surfaces if the oxide layer is not easily reducible under HER conditions. We note that the oxidation steps are not performed in every solution and for all the electrodes, but just in cases that we considered particularly interesting to investigate. Figure 1 presents HER volcanoes in acidic solutions, while Figure 2 and Figure 3 give HER volcanoes in neutral and alkaline solutions. Experimental data on HER overpotentials were correlated to the DFT-calculated hydrogen binding energies (HBE). The HBE data set was obtained by collecting available literature data (periodic DFT calculations) and averaging them, while for some metals where we could not find reliable literature data (Cr and Zn), we performed our own calculations. The data are summarized in Appendix A.



Evidently, the volcano shape of the HER overpotential-HBE curve is mainly preserved in all seven solutions we investigated, particularly around the apex. However, it is also quite clear that the electrolytes have a rather large impact on the “absolute” activities of investigated metals, while exposing the electrodes to the oxidizing conditions also has a tremendous impact on their activities. This issue is particularly important in the case of neutral solutions, where the strong binding branch of the volcano is deformed, and the hydrogen binding energy seems to have a less determining role compared to the acidic and alkaline solutions.




3. Discussion


Some general conclusions can be extracted from the overall trends in HER activities. First of all, in the case of freshly polished electrodes, where we took care to minimize the presence of oxides on the catalyst surfaces, platinum is the most active metal in all the cases. Moreover, as Pt oxides are easily reducible in all the solutions, the effects of its exposure to anodic potentials on the HER activity are minor. Moreover, in acidic solutions (Figure 1), HCl and HClO4, Pt shows negligible HER overpotential, as expected, while in alkaline solutions, the overpotential is larger (around −0.1 V in agreement with previous studies [9,10]) as the slow water dissociation step hinders HER. The HER overpotential range spans over a wider window in HCl compared to HClO4 as there is likely poisoning of the metal surfaces by chloride. This effect is especially prominent in pH-neutral solutions where the volcano apex is shifted by almost −0.3 V in NaCl (simulated sea water) compared to 1 mol dm−3 KH2PO4 solution (where Pt shows very small HER onset potential).



In alkaline media (Figure 3) volcano shape is well-defined. Therefore, without going deeper into the origin of such catalytic activity trends, it can be said that hydrogen binding energy can serve as a good descriptor for HER activity in alkaline media, such as in acidic ones. This conclusion is not surprising, as it has already been shown that HER volcano is preserved in alkaline solutions when using hydrogen binding energies as the descriptor [5]. However, some peculiarities in HER activities can also be outlined, particularly in neutral solutions. This case is certainly the most interesting as HER volcanoes’ strong binding branches seem flattened (the cases of W of Cr), while Co shows surprisingly low activities in both pH-neutral solutions investigated here. This result seems to align with the considerations given in Ref. [4] regarding the activity of metals where hydrogen adsorption is highly exothermic. Nevertheless, the situation gets more complicated when the activities after the oxidation treatment are considered.



To describe the effects of surface oxidation, we believe these could be split into trivial and nontrivial ones. The trivial effects of surface oxidation relate to the cases where the metal is actively dissolved during the potential cycling coupled with electrode rotation. For example, this is the case of Ag in the NaCl solution where AgCl is formed and reduced during the cycling, leading to the increase in the specific surface area, i.e., RF, and activity (please note that the roughness factors have been determined only immediately after the electrode polishing, and not during the measurements protocol). A similar trend can be considered for W, as W-oxides actively dissolve in alkaline solutions [11], leading to the electrochemical polishing of the electrode and the reduction of RF (and consequently the electrode activity), Figure 3. In contrast, the nontrivial cases of activity change are associated with the buildup of the stable oxide layer, where two possibilities arise. The first one is that the oxide layer is stable and blocks HER due to its inherent inactivity towards HER and/or insulating properties. This situation is likely operative in the case of Cr in most of the investigated solutions (and W in acidic solutions, although the effect is less visible for low current densities used here to benchmark HER activities). For this reason, the strong-binding branch is drawn with some uncertainty, and stable oxides on valve metals can likely disrupt the volcano shape if there is no special care to avoid or reduce oxide presence, which is, in some cases, impossible to do to the full extent. Such drastic effects of the HER inhibiting oxide layer are depicted in Figure 4 for the case of Cr in the HClO4 and NaCl solution. Naturally, one can ask why there is no such extremely prominent effect in HCl at low current densities, but there is no simple answer to this question. The activity in the HCl solution is de facto much lower than in HClO4, but the effects of the oxidation are not as prominent, at least at low HER current densities (Figure 1b). At this point, we can only speculate that there are some differences in the states of the Cr oxide films formed in HClO4 and NaCl solutions compared to the ones formed in the HCl solution. After all, it is obvious that the Cr oxide films formed in HClO4 and NaCl are also not identical, based on the cyclic voltammograms of their formation (Figure 4, insets).



The second possibility is that the oxide layer actually boosts HER activity. This scenario can be understood in terms of the enhanced rate of water dissociation at the metal|oxide interface [7,8]. Such an effect is operative for Ni and Co in the pH-neutral and alkaline solutions, while for Fe, the effect is either minor or negative. The HER boosting is especially prominent in the simulated seawater (Figure 5), where the activity of Ni becomes higher than that of Pt after the oxidative treatment. Thus, the volcano apex shifts towards Ni (Figure 2a and Figure 5), which is not only the consequence of the increased activity of Ni but also the active poisoning of Pt with chloride and slow(er) H2O dissociation on the oxide-free chloride-poisoned Pt surface compared to Ni|Ni-oxide interface.



Overall, the presented results show that volcano-type relationships for HER hold in a wide pH range, with platinum being on the top of all volcano curves if freshly polished surfaces are considered, with as much as possible reduced oxide content under described experimental conditions. However, there are more or less subtle electrolyte effects determined by the presence of strongly adsorbing ions (chloride) and structure-making/breaking effects of cations which are not discussed here [12,13,14,15]. Our primary aim was to communicate an important finding that hydrogen binding energies present good descriptors for HER activities in practically the entire pH range. On the other hand, surface oxidation is an additional factor that must be considered. If special care is not taken, it can distort the volcano’s shape, making it look better or worse, depending on the electrolyte. Furthermore, oxide formation and its effects on the HER activity are also electrolyte-dependent and need to be considered if one aims to boost HER via metal|oxide interface engineering.



Several additional effects are potentially rather important. First of all, the impurities could affect the measured HER activities. From the fundamental point of view, this would alter the position of a given metal at the volcano. As we performed the measurements in an identical way, the effect should be the same for all the metals studied in a given solution. From the practical point of view (for example, industrial applications), this could be significant if some metal impurities are present and deposited on the electrode during HER, changing the electrode’s surface composition and thus affecting the activity. This issue is certainly worthy of further investigation, as it is unclear if the presence of impurities can negatively or positively affect the HER activity. However, we note that chloride was addressed here in both acidic and pH-neutral conditions, and the effects are particularly prominent in pH-neutral solutions. Thus, the effects of impurities should also be pH-dependent. This conclusion might be linked to the pH dependence of hydrogen binding energies [16], which are shown to decrease monotonously with the increasing pH of the electrolyte. The effect is seen as responsible for pH-dependent HER electrochemistry. However, considering the main findings of this work, this is not of primary importance. Namely, we show that novel catalysts can be screened using H binding energies, calculated at the metal|vacuum interface, irrespective of the pH of the electrolyte in which HER will take place. Thus, it is (only) important to find the catalyst which binds Hads with similar strength as Pt. Depending on the pH of the solution, H binding energies will shift systematically, and the activity should remain close to that of Pt. The same applies to the presence of oxides. One can invest an effort to reduce their presence, but this might not be possible to a full extent. However, the adsorption energies of simple adsorbates scale to each other [2], and a catalyst that binds Hads similarly to Pt should behave as Pt in terms of surface oxidation as well. Thus, searching for novel catalysts that bind Hads as Pt also means identifying catalysts with similar oxophilicity as Pt.




4. Materials and Methods


4.1. Electrochemical Measurements


Electrochemical measurements were performed on polycrystalline metallic rotating disk electrodes (RDE) with a Teflon diameter of 10 mm. Disks of Ag, Au, Co, Fe, Pt, and W had diameters of 3 mm, the Ni disk had a diameter of 3.2 mm, while Cr and Zn disks had a diameter of 5 mm. RDE electrodes were in-house made, while metals were at least 99.95% (except Cr with 99.7%), purchased from Goodfellow Cambridge Ltd. (Cambridge, UK). Before the measurements, each disk was polished to a mirror finish with alumina powder and then sonicated for 15 s. Then, the disks were rinsed with the working solution and quickly transferred to the electrochemical cell. The measurements started immediately after the transfer to the cell to minimize oxide formation on the metal surfaces.



Electrochemical measurements were conducted using IVIUM Vetex.One in a one-compartment three-electrode glass electrochemical cell with a double-junction Saturated Calomel Electrode (SCE) as a reference electrode. While glass could leach silicates in alkaline solutions during the extended experiment, such effects can be disregarded here due to short experiments for each electrode (<10 min). A graphite rod (acidic solutions) or a 3 × 3 cm Ni foam (pH neutral and alkaline solutions) was used as a counter electrode. As the electrolytic solution, 0.1 mol dm−3 HClO4, 0.1 mol dm−3 HCl, 0.5 mol dm−3 NaCl, 1 mol dm−3 KH2PO4, 0.1 mol dm−3 KOH solution, 0.1 mol dm−3 LiOH, and 1 mol dm−3 KOH were prepared with ultrapure deionized water (Sigma Aldrich, St. Louis, MO, USA, chemicals were used; hydroxides were anhydrous, with ≥99.9% trace metal basis). All the measurements were conducted at room temperature. In this work, potentials are referred to as SCE, and to calculate HER overpotentials, potentials are converted to the Reversible Hydrogen Electrode (RHE) scale as ERHE = ESCE + 0.244 V + 0.059 V × pH. Electrolyte resistance was corrected using hardware settings, up to 75 % of the resistance value, determined using single-point impedance measurement at 0 V vs. RHE (100 kHz). HER measurements were conducted using cyclic voltammetry at a potential sweep rate of 10 mV s−1. Before the potential sweep, the electrode potential was maintained at −1 V, −0.6 V, and −0.24 V vs. SCE, for alkaline, pH-neutral, and acidic solutions, respectively, until the current density dropped below 1 μA cm−2. Then, three cycles were performed to deep negative potentials, after which the electrode was cycled between 0 and +1.4 V vs. RHE at 20 mV s−1. Then, the HER measurement was repeated as described. The electrodes were constantly under the potential control and were not allowed to relax to the open circuit potential. During the measurements protocol, the electrodes were constantly rotated at 1800 rpm to remove any H2 bubbles formed on the surface.



RF measurements were conducted on freshly polished electrodes using cyclic voltammetry in a narrow potential window, except for Fe and Pt. Measurements were conducted in 1 mol dm−3 KOH solution by cycling the electrodes between −0.1 and 0 V vs. RHE. Before the measurements, the electrodes were subjected to intensive HER at deep negative potentials to reduce oxide content. Electrode capacitance, determined from the slope of the current vs. potential scan rate line, was divided by 20 μF cm−2 [17,18] to obtain the real electrochemically active surface area (ESA). Then, the measured HER currents were normalized by ESA. RF was determined as the ratio of ESA and the geometrical cross-section of a disk. In the case of Fe, this method led to a large scattering of the current vs. potential scan rate resulting in unreliable determination of the RF. Thus, we determined the roughness factor for the Fe disk using impedance spectroscopy. The disk was exposed to HER at −0.3 V vs. RHE in 1 mol dm−3 KOH, and the impedance spectrum was recorded in the frequency range of 0.1 Hz to 100 kHz. The capacitance of the electrode was determined by fitting the spectra, and ESA was obtained by dividing capacitance with 20 μF cm−2, assuming an oxide-free surface. Finally, for Pt, RF and ESA were determined using cyclic voltammetry in 0.1 mol dm−3 HClO4. ESA was determined by integrating the hydrogen underpotential deposition/H desorption peaks and subsequent dividing of the charge under peaks by 210 μC cm−2 [18]. We note that there are many proposed methods for ESA determination, such as the one based on adsorption capacitance, which seems particularly suitable for some metals studied here [19]. However, this method is not confirmed for the entire series of catalysts studied here. Thus, we based ESA determination on capacitance measurements where possible or where the standard procedure does not exist, like for Pt.




4.2. DFT Calculations


The first-principle DFT calculations were performed using the Vienna ab initio simulation code (VASP) [20,21,22]. The Generalized Gradient Approximation (GGA) in the parametrization by Perdew, Burk, and Ernzerhof [23] combined with the projector augmented wave (PAW) method was used [24]. Cut-off energy of 350 eV and Gaussian smearing with a width of σ = 0.025 eV for the occupation of the electronic levels were used. The (2 × 2) Zn (0001) and Cr (110) surfaces were investigated. Four-layer slabs were used. Atomic hydrogen adsorption was investigated at 0.25 monolayer coverage, and the hydrogen binding energy (HBE) was calculated vs. isolated H2 molecule as:


HBE = ESurf + H − ESurf − 1/2EH2,



(1)




where ESurf + H, ESurf, and EH2 stand for the total energy of the surface with an adsorbed hydrogen atom, the total energy of the clean surface, and the total energy of an isolated H2 molecule, respectively. For other metals, we took literature data calculated at the same level of theory using periodic DFT calculations. The data are assembled in Appendix A, Table A1.





5. Conclusions


The present work is aimed to communicate the systematic analysis of the HER catalytic trends over the polycrystalline metallic surfaces in different solutions with pH ranging from highly acidic to highly alkaline. When HER overpotentials (determined at the current density of −100 μA cm−2real) are correlated to the calculated hydrogen binding energies, HER volcano curves are observed in all the solutions. For any given metal, one can consider that electrolyte effects are present, but in all the cases when freshly polished surfaces are considered, Pt remains the most active catalyst. On the other hand, surface oxidation can significantly affect the HER activities. Considering the nontrivial effects of surface oxidation, the effects are seen in HER blockage (Cr and W) or HER activity boosting. The latter case is particularly related to Ni and Co in alkaline and especially pH-neutral solutions, which can be ascribed to the enhanced water dissociation at the metal|oxide interface. In the case of Ni, the effect is so pronounced in NaCl solution that, after oxidation, it makes it more active than Pt. However, the volcano shape is largely preserved. We believe that hydrogen binding energy can be used to identify highly active HER catalysts independent of the pH, seemingly without searching for deep theoretical justification of the observed trends (which is more than needed). Nevertheless, to completely understand the catalytic trends and the electrolyte effects, one must consider water dissociation in pH-neutral and alkaline solutions and the presence of strongly adsorbing ions.



Our future work will be directed to analyzing the mentioned effects and a detailed kinetic analysis of the presented data. Additionally, it is necessary to address the deformation of the strong binding branch of the HER volcanoes and put it in a proper theoretical context. The oxidation effects are particularly important as they can change our perception of the HER activity trends, possibly allowing us to detach from the HER volcano and find more efficient and economically attractive catalysts.
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Table A1. Roughness factors and hydrogen binding energies (HBE) for the investigated metals. Hydrogen binding energies were obtained by averaging data found in Refs. [2,5,25,26].






Table A1. Roughness factors and hydrogen binding energies (HBE) for the investigated metals. Hydrogen binding energies were obtained by averaging data found in Refs. [2,5,25,26].





	Title 1
	Title 2
	HBE/eV 1





	Ag
	17.7 ± 0.9
	0.26 ± 0.03



	Au
	9 ± 2
	0.175 ± 0.035



	Co
	9.9 ± 1.5
	−0.51 ± 0.03



	Cr
	2.4 ± 0.2
	−1.273 ± 0.03



	Fe
	3.4 ± 0.2
	−0.59 ± 0.03



	Ni
	2.7 ± 0.2
	−0.51 ± 0.03



	Pt
	6 ± 1
	−0.395 ± 0.065



	W
	2.1 ± 0.2
	−0.735 ± 0.065



	Zn
	24 ± 4
	0.39 ± 0.03







1 For Cr and Zn, we assumed the uncertainty of the calculated HBE to be 30 meV, which is a typical accuracy of the used computational approach and also matches the data scattering for other metals.
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Figure 1. The HER volcanoes in acidic media: (a) 0.1 mol dm−3 HClO4; (b) 0.1 mol dm−3 HCl. Squares represent freshly polished electrodes, while circles are for the electrodes after oxidative treatment. 
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Figure 2. The HER volcanoes in neutral media: (a) 0.5 mol dm−3 NaCl (simulated sea water); (b) 1 mol dm−3 KH2PO4 (in both cases, pH was adjusted to 7.0). Squares represent freshly polished electrodes, while circles are for the electrodes after oxidative treatment. In the case of the NaCl solution, arrows indicate the most prominent activity changes. 
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Figure 3. The HER volcanoes in alkaline media: (a) 0.1 mol dm−3 KOH; (b) 0.1 mol dm−3 LiOH; (c) 1 mol dm−3 KOH. Squares represent freshly polished electrodes, while circles are for the electrodes after oxidative treatment. In the case of 0.1 mol dm−3 KOH, one can draw two strongly binding branches of the HER volcano, depending on the presence of oxide on the surface. 
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Figure 4. The HER polarization curve of the Cr electrode before and after oxidative treatment in (a) 0.1 mol dm−3 HClO4 and (b) 0.5 mol dm−3 NaCl; insets show cycling voltammograms of the Cr electrode during which an irreversible oxide layer formation takes place. Roughly 10 times higher current at anodic vertex potential is observed in the HClO4 solution compared to the NaCl solution. 
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Figure 5. The HER polarization curves in 0.5 mol dm−3 NaCl of (a) freshly polished electrodes and (b) after oxidation to high anodic potentials. Please note that the HER activity of Zn was not possible to determine due to very active dissolution during the anodic treatment. Observe the inversion of Pt and Ni activity after the oxidative treatment. 
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