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Jovanović, A.Z.; Pašti, I.A. Kinetics of

Hydrogen Evolution Reaction on

Monometallic Bulk Electrodes in

Various Electrolytic Solutions.

Catalysts 2023, 13, 1373. https://

doi.org/10.3390/catal13101373

Academic Editor: Vincenzo Baglio

Received: 8 September 2023

Revised: 1 October 2023

Accepted: 17 October 2023

Published: 18 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

catalysts

Article

Kinetics of Hydrogen Evolution Reaction on Monometallic
Bulk Electrodes in Various Electrolytic Solutions
Goitom K. Gebremariam 1,2 , Aleksandar Z. Jovanović 1 and Igor A. Pašti 1,*
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Abstract: The hydrogen evolution reaction (HER) holds pivotal significance in electrochemical energy
conversion. In this study, we present essential HER kinetic parameters encompassing nine metals (Ag,
Au, Co, Cr, Fe, Ni, Pt, W, and Zn) evaluated within seven distinct 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). Through careful measures to restrain oxide formation, HER activity
was measured on clean electrodes, while the assessment of HER activity on oxidatively treated metals
was also performed. By correlating HER exchange current densities with calculated hydrogen binding
energies, we show that the shape of HER volcano curves is largely preserved in studied electrolytes, at
least around their apexes. Additionally, depending on the metal–electrolyte combination, the presence
of surface oxide can have both positive and negative effects on HER kinetics. Finally, we collated HER
kinetic data for bulk surfaces from diverse literature sources, offering a comprehensive overview of
the kinetic parameters governing hydrogen evolution across distinct electrolytic environments. These
insights have practical significance, guiding the development of new catalytic materials for different
water electrolysis technologies, optimizing electrolyte formulations for boosting HER, and enhancing
energy efficiency and catalytic performance through catalyst–electrolyte synergies.

Keywords: water splitting; hydrogen evolution reaction; catalytic trends; electrolysis

1. Introduction

The hydrogen evolution reaction (HER) has gained significant attention in the field of
electrochemistry, particularly due to its relevance in addressing the global energy crisis.
Hydrogen production methods are crucial, with a focus on cost-effectiveness, as hydrogen
is being explored as a potential future fuel source. This is especially pertinent in the context
of green hydrogen production through water electrolysis, where renewable energy sources
are harnessed to generate high-purity hydrogen. Despite its promise, the production of
green hydrogen remains costly, necessitating the development of efficient catalysts for its
generation. To sum up general knowledge, different monometallic catalysts display a wide
range of HER activities. Considering a series of metal catalysts in a given electrolyte, the
strength of the interaction with the HER intermediate (adsorbed hydrogen atom, Hads)
influences the activity. These interactions render different elementary steps in the HER
mechanism as the rate-determining ones and define the rate at which the reaction will take
place. This interaction also depends on the state of the surface, such as the presence of
oxides, which is sometimes quite difficult to control. On the other hand, the HER activity
is highly dependent on pH, as elaborated below. Finally, different cations and anions can
affect the HER rate through the modification of the solvent structure at the interface and
poisoning effects. To move one step closer to a better understanding of these effects, it is
necessary to address HER systematically.
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Volcano curves have played a crucial role in understanding trends in the electrocat-
alytic activity of HER. One of the pioneering volcano curves established a correlation
between the exchange current densities of HER and the energy associated with hydride
formation for various metals in acidic environments [1]. Another volcano curve was later
formulated by Nørskov et al. [2], linking exchange current density in acidic media to
theoretically calculated hydrogen binding energy. However, criticisms have been raised
regarding the simplicity of this approach [3]. Furthermore, Quaino et al. challenged the
concept of a universal volcano curve, proposing that removing oxide-covered metals (W,
Mo, Ta, Ti, and Nb) from the original curves negates the curve’s existence. They argued
that highly exothermic hydrogen adsorption does not lead to a reduction in the reaction
rate [4]. In a more recent development, Sheng et al. [5] constructed volcano curves for alka-
line media based on the HER exchange current density and calculated hydrogen binding
energy. The concept of volcano curves implies that hydrogen binding energy (HBE) can
serve as a descriptor for identifying suitable electrocatalysts for HER in both acidic and
alkaline environments. Moreover, the exchange current density for HER can be tailored by
modifying surface chemical properties [2,5].

Despite criticism [3,4], the volcano curve remains the paramount representation of
trends in HER activity. It is extensively utilized within the scientific community to explore
novel HER catalysts, identifying materials with optimal binding energies. However, the sys-
tematic investigations of the volcano curve’s presence across diverse electrolytes, especially
in pH-neutral solutions and a broad pH range, are scarce. A methodical exploration of
neutral solutions holds particular significance for seawater electrolysis technologies, which
encounter several challenges [6]. Moreover, comprehensive scrutiny of surface oxidation
in alkaline solutions is currently deficient, whereas it has been examined and discussed
in the context of acidic solutions [4]. Notably, in alkaline mediums, surface oxidation is
recognized for enhancing H2O dissociation at the metal–oxide phase boundary, thereby
expediting the HER [7,8]. This prompts inquiries into how phase boundary engineering
impacts the HER volcano curve and whether it could facilitate the shift of the peak away
from platinum towards more cost-effective and accessible catalysts. In connection to these
questions, our previous work [9] has demonstrated that the volcano curve concept can be
used in a wide pH range, from acidic to alkaline, with Pt being at the apex of all the curves.
Moreover, the branches of the HER volcano are affected by the choice of the electrolyte and
the oxidation state of the electrode.

Prior research has underscored the substantial influence of electrolyte pH and compo-
sition, alongside electrode nature, on hydrogen evolution reaction (HER) kinetics [10,11].
Faid et al. [12] revealed alterations in the electrochemically active surface area (ESA) and
Tafel slope for Ni-based catalysts in response to pH and KOH concentration shifts. In a
comprehensive study of Pt(111) across a broad pH spectrum, a detailed kinetic investi-
gation showed that hydrogen adsorption and evolution are notably sluggish in alkaline
conditions, with pH affecting the rate-determining step [13]. The correlation between pH
and the hydrogen oxidation reaction (HOR)/HER activity was explored on polycrystalline
platinum [14] and carbon-supported monometallic surfaces (Pt, Ir, and Pd) [15]. A linear
decline in activity with increasing pH was observed, while hydrogen binding energy (HBE)
exhibited an inverse relationship. This clarifies that the enhanced oxophilicity of catalysts,
such as Ir over Pt and Pd, does not translate into increased HER activity at high pHs [15].
Notably, pH was observed to impact adsorbate coverage and water orientation [16]. Com-
putational simulations by Cheng et al. [17] linked pH-dependent hydrogen binding on Pt
to alterations in water adsorption. Diverse supporting electrolyte compositions (Na2SO4
or K2SO4) demonstrated their impact on the electric double-layer structure, potential of
maximum entropy, and electrode processes for polycrystalline gold electrodes [18]. Sub-
baraman et al. [7] illustrated a two-fold HER catalytic enhancement in the case of nano-scale
Ni(OH)2-decorated Pt electrodes through Li+-induced destabilization of the HO-H bond.
Au electrode HER activity was significantly elevated at a moderately alkaline pH (pH = 11)
upon increased cation concentrations [19]. Huang et al. [20] reported a pH-dependent
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boost in Pt(111) HER activity across the pH range from 1 to 14, aligned with the structure-
making properties of cations (Cs+ < Rb+ < K+ < Na+ < Li+). A similar activity order of
Li+ > Na+ > K+ > Cs+ was confirmed by Taji et al. [21], with 0.1 mol dm−3 LiOH exhibit-
ing peak performance at low overpotentials. The Volmer–Heyrovsky and Volmer–Tafel
processes’ relative contributions varied with the alkali metal cation, particularly favoring
Volmer–Heyrovsky for LiOH electrolytes [21]. Strongly hydrated cations (e.g., Li+) were
found to enhance HER at higher overpotentials, while weakly hydrated cations (e.g., K+)
only did so at lower overpotentials [22]. However, a higher pH led to the inhibition of
HER due to the accumulation of species at the outer Helmholtz plane [19,22]. Consider-
ing these findings raises the question of how ion nature, concentration, and electrolyte
pH collectively influence the trends in HER activity, commonly depicted in the form of
volcano plots.

The current literature lacks a systematic study of HER trends over a wide series
of metals and electrolytes. Using different literature sources to establish the trends is
difficult, if not impossible, due to different methodologies used to measure and report
activities. Thus, here, we continue our previous work on the HER activity trends on
monometallic bulk electrodes [9]. We provide HER kinetic parameters for eight metals
(Ag, Au, Co, Cr, Fe, Ni, Pt, and W) across seven distinct 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 solution,
0.1 mol dm−3 LiOH, and 1 mol dm−3 KOH). This study is focused on establishing the
overall HER trends for bulk metallic surfaces, and in order to have a proper comparison of
catalytic activities, all the measured currents are normalized to ESA determined for freshly
polished electrodes. Due to precautions taken to minimize oxide formation, with selected
cases involving measurements performed on oxidatively treated metals, we analyze the
impact of metal oxidation on electrocatalytic HER activity. As the experiments were
conducted using bulk electrodes in the rotating disk electrode setup, there were no issues
associated with the structural and mechanical stability frequently observed for deposited
nanocatalysts and thin films. Additionally, we collect HER kinetic data from various
literature sources, providing a comprehensive overview of kinetic parameters for hydrogen
evolution in different electrolytes, which can serve as a reference point for future work on
developing novel HER electrocatalysts.

2. Results

In order to establish trends in catalytic activities over the series of polycrystalline
metals, we have used the HER exchange current densities (j0) of the considered metals in
each solution. The exchange current densities were obtained by performing Tafel analysis
on (i) the j–η curves obtained on the freshly polished electrodes and (ii) the j–η curves
obtained upon cycling an electrode to high anodic potentials (approx. +1.4 V vs. RHE in
a given solution). Representative j–η curves for some of the electrolytes are presented in
Figure 1. All the measured currents were normalized to the real surface area determined
for each electrode separately. In the event that the oxide layer is not readily reducible under
HER conditions, the second case relates to HER activities over oxidized surfaces. 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 important to investigate. We also emphasize
that the extent of the surface coverage by the oxide layer was not determined here and
remains an open question.
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Figure 1. Representative j–η curves for metal in (a) 0.1 mol dm−3 HCl, (b) 0.5 mol dm−3 NaCl, (c) 0.1 
mol dm−3 KOH, and (d) 0.1 mol dm−3 LiOH. Closed symbols are for the freshly polished electrodes, 
while the open symbols are for the oxidized ones. 

Exchange current densities were extracted via the extrapolation of the linear part of 
the Tafel plot between −1.3 mA cm−2real and –0.7 mA cm−2real to 0 V vs. RHE (η = 0), where 
this current density range was available from the experimental HER polarization curve 
(Figure 2). We note that Zn was practically impossible to reliably measure in any of the 
electrolytes. Thus, a detailed analysis of this metal is missing. 

  

Figure 1. Representative j–η curves for metal in (a) 0.1 mol dm−3 HCl, (b) 0.5 mol dm−3 NaCl,
(c) 0.1 mol dm−3 KOH, and (d) 0.1 mol dm−3 LiOH. Closed symbols are for the freshly polished
electrodes, while the open symbols are for the oxidized ones.

Exchange current densities were extracted via the extrapolation of the linear part of
the Tafel plot between −1.3 mA cm−2

real and –0.7 mA cm−2
real to 0 V vs. RHE (η = 0),

where this current density range was available from the experimental HER polarization
curve (Figure 2). We note that Zn was practically impossible to reliably measure in any of
the electrolytes. Thus, a detailed analysis of this metal is missing.
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Figure 2. Tafel plots for (a) 0.1 mol dm−3 HCl, (b) 0.1 mol dm−3 HClO4, (c) 0.5 mol dm−3 NaCl, (d) 1 
mol dm−3 KH2PO4, (e) 0.1 mol dm−3 KOH, (f) 1 mol dm−3 KOH, and (g) 0.1 mol dm−3 LiOH. Closed 
symbols are for the freshly polished electrodes, while the open symbols are for the oxidized ones. 

The HER exchange current density for each metal in each solution is, thus, used to 
construct volcano plots by correlating it with HBE. HBE values were taken from [9] and 
present a compilation of the values from different literature sources where multiple values 
were found. Also, for Zr and Cr, separate calculations were performed [9]. The HER vol-
cano plots are presented in Figure 3. We see that the overall shapes of the volcano curves 
are preserved and that Pt remains the most active monometallic catalyst. Considering the 
trends in different electrolytes, in acidic media, activities measured in HClO4 are higher 
compared to HCl. In neutral solutions, activities reach higher values in KH2PO4 compared 
to NaCl. Finally, in alkaline media, the highest activities are measured in LiOH, followed 
by 1 mol dm−3 KOH and 0.1 mol dm−3 KOH. 

Figure 2. Tafel plots for (a) 0.1 mol dm−3 HCl, (b) 0.1 mol dm−3 HClO4, (c) 0.5 mol dm−3 NaCl,
(d) 1 mol dm−3 KH2PO4, (e) 0.1 mol dm−3 KOH, (f) 1 mol dm−3 KOH, and (g) 0.1 mol dm−3

LiOH. Closed symbols are for the freshly polished electrodes, while the open symbols are for the
oxidized ones.

The HER exchange current density for each metal in each solution is, thus, used to
construct volcano plots by correlating it with HBE. HBE values were taken from [9] and
present a compilation of the values from different literature sources where multiple values
were found. Also, for Zr and Cr, separate calculations were performed [9]. The HER
volcano plots are presented in Figure 3. We see that the overall shapes of the volcano curves
are preserved and that Pt remains the most active monometallic catalyst. Considering the
trends in different electrolytes, in acidic media, activities measured in HClO4 are higher
compared to HCl. In neutral solutions, activities reach higher values in KH2PO4 compared
to NaCl. Finally, in alkaline media, the highest activities are measured in LiOH, followed
by 1 mol dm−3 KOH and 0.1 mol dm−3 KOH.
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Figure 3. Volcano curves for (a) 0.1 mol dm−3 HCl, (b) 0.1 mol dm−3 HClO4, (c) 0.5 mol dm−3 NaCl, 
(d) 1 mol dm−3 KH2PO4, (e) 0.1 mol dm−3 KOH, (f) 1 mol dm−3 KOH, and (g) 0.1 mol dm−3 LiOH. 
Black symbols represent the freshly polished electrodes, while red ones are for the oxidized samples. 
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HER activity. The activities of freshly polished Fe and W are very low. After oxidative 
treatment, the activity of Cr decreased. In 0.1 mol dm−3 HClO4, similar conclusions hold. 
After the oxidative treatment, the activity W decreased significantly. In the acidic media, 
Pt is still the best HER catalyst in terms of agreement with the literature [1,2]. The HER 
activity of the freshly polished electrodes, based on the exchange current density, for al-
most all the metals (except Ag and Cr) is better in 0.1 mol dm−3 HClO4 than in 0.1 mol dm−3 
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adsorbing property of ClO4− anion in 0.1 mol dm−3 HClO4. Sheng et al. [14] investigated 
how the HER activity of Pt(110) in 0.1 M KOH was impacted by the SO42− and ClO4− anions. 
ClO4− was shown to have no effect on the HBE, while the addition of SO42− slightly altered 
the HBE of Pt (110). On the other hand, a comparable HER/HOR performance of Pt across 
three electrolytes (HClO4, HNO3, and H2SO4) is reported in Ref. [23]. Moreover, a study 
by Lamy-Pitara et al. [24] revealed that, in contrast to the HOR, the HER current densities, 
which have been examined in low overpotential region, were found to be independent of 
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Figure 3. Volcano curves for (a) 0.1 mol dm−3 HCl, (b) 0.1 mol dm−3 HClO4, (c) 0.5 mol dm−3 NaCl,
(d) 1 mol dm−3 KH2PO4, (e) 0.1 mol dm−3 KOH, (f) 1 mol dm−3 KOH, and (g) 0.1 mol dm−3 LiOH.
Black symbols represent the freshly polished electrodes, while red ones are for the oxidized samples.

3. Discussion

Volcano plots for 0.1 mol dm−3 HCl preserve their shapes, with Pt having the highest
HER activity. The activities of freshly polished Fe and W are very low. After oxidative
treatment, the activity of Cr decreased. In 0.1 mol dm−3 HClO4, similar conclusions hold.
After the oxidative treatment, the activity W decreased significantly. In the acidic media, Pt
is still the best HER catalyst in terms of agreement with the literature [1,2]. The HER activity
of the freshly polished electrodes, based on the exchange current density, for almost all
the metals (except Ag and Cr) is better in 0.1 mol dm−3 HClO4 than in 0.1 mol dm−3 HCl.
This could be attributed to chlorine poisoning in 0.1 mol dm−3 HCl and the non-adsorbing
property of ClO4

− anion in 0.1 mol dm−3 HClO4. Sheng et al. [14] investigated how the
HER activity of Pt(110) in 0.1 M KOH was impacted by the SO4

2− and ClO4
− anions. ClO4

−

was shown to have no effect on the HBE, while the addition of SO4
2− slightly altered the

HBE of Pt (110). On the other hand, a comparable HER/HOR performance of Pt across
three electrolytes (HClO4, HNO3, and H2SO4) is reported in Ref. [23]. Moreover, a study
by Lamy-Pitara et al. [24] revealed that, in contrast to the HOR, the HER current densities,
which have been examined in low overpotential region, were found to be independent of
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the nature of the supporting electrolyte (HClO4, H2SO4, and HCl). Tables 1 and 2 compare
the obtained exchange current densities and Tafel slopes with the ones reported previously
in the literature for HClO4 and HCl solutions on freshly polished electrodes.

Table 1. Comparison of the HER exchange current density values measured on freshly polished electrodes
in HClO4 with the literature data (rt = room temperature, NM = not mentioned, geo = geometrical).

Electrode log(jo/mA cm−2) Tafel Slope
(mV dec−1) Electrolyte Temperature Surface Area

Used References

Ag −(4.11 ± 0.01) −127 0.1 mol dm−3 HClO4 rt real this work
Au −(2.79 ± 0.02) −263 0.1 mol dm−3 HClO4 rt real this work
Au(100) −4.3

varies gradually from
−60 to −120 mV dec−1 0.1 mol dm−3 HClO4 NM geo [25]

Au(110) −4.52
Au(111) −3.6
Au (pc) −3.85
Au −2.6 −118 0.1 mol dm−3 HClO4 278 K geo [25]
Au −2.55 −128.1 0.1 mol dm−3 HClO4 283 K geo [25]
Au −2.12 −133.3 0.1 mol dm−3 HClO4 293 K geo [25]
Au −2 −137.6 0.1 mol dm−3 HClO4 303 K geo [25]
Au −1.72 −146.7 0.1 mol dm−3 HClO4 313 K geo [25]
Au −1.66 −136 0.1 mol dm−3 HClO4 323 K geo [25]
Co −(1.88 ± 0.01) −227 0.1 mol dm−3 HClO4 rt real this work
Cr −(4.6 ± 0.08) −102 0.1 mol dm−3 HClO4 rt real this work
Fe −(4.03 ± 0.02) −144 0.1 mol dm−3 HClO4 rt real this work
Ni −(1.63 ± 0.02) −248 0.1 mol dm−3 HClO4 rt real this work
Pt −(1.4 ± 0.04) −53 0.1 mol dm−3 HClO4 rt real this work
Pt(111) −0.68 −74 0.1 mol dm−3 HClO4 NM [26]
Pt(111) 0.17 - 0.1 mol dm−3 HClO4 NM [27]
W −(3.91 ± 0.02) −85 0.1 mol dm−3 HClO4 rt real this work

Table 2. Comparison of the HER exchange current density values measured on freshly polished electrodes
in HCl with the literature data (rt = room temperature, NM = not mentioned, geo = geometrical).

Electrode log(jo/mA cm−2) Tafel Slope
(mV dec−1) Electrolyte Temperature Surface Area

Used References

Ag −(3.24 ± 0.03) −156 0.1 mol dm−3 HCl rt real this work
Au −(2.95 ± 0.02) −160 0.1 mol dm−3 HCl rt real this work
Co −(2.47 ± 0.03) −219 0.1 mol dm−3 HCl rt real this work
Cr −(3.58 ± 0.03) −240 0.1 mol dm−3 HCl rt real this work
Fe −(4.57 ± 0.01) −139 0.1 mol dm−3 HCl rt real this work
Ni −(2.29 ± 0.04) −140 0.1 mol dm−3 HCl rt real this work
Pt −(1.46 ± 0.05) −77 0.1 mol dm−3 HCl rt real this work
Pt 0.2 - 1 mol dm−3 HCl NM geo [28]
Pt 0.079 - 7.72 mol dm−3 HCl NM geo [28]
W −(4.01 ± 0.03) −84 0.1 mol dm−3 HCl rt real this work

Despite the fact that the data are dispersed in a 0.5 mol dm−3 NaCl solution, the
volcano plots are still preserved in the investigated neutral solutions. In neutral media, the
HER activity of almost all of the freshly polished and those electrodes that are exposed
to oxidative treatment is higher in 1 mol dm−3 KH2PO4 than in 0.5 mol dm−3 NaCl.
Lower HER performance in 0.5 mol dm−3 NaCl is attributed to the cation effect [22] and
chloride ion poisoning. Moreover, KH2PO4 has buffer properties, stabilizing the pH at the
metal/electrolyte interface. Though the pH at the solid–liquid interface differs significantly
from the bulk in unbuffered or insufficiently buffered solutions, under specified mass-
transport conditions, a buffer concentration of 10−2 mol dm−3 is sufficient to maintain the
surface pH to the bulk value at reaction rates as high as 1 mA cm−2 [11].

The volcano curve is well preserved in alkaline media, being in good agreement with
the work by Sheng et al. [5]. The HER activity of the majority of the freshly polished
electrodes is higher in 1 mol dm−3 KOH than in 0.1 mol dm−3 KOH. An increase in KOH
concentration (from 0.1 to 1 mol dm−3) has promoted the HER performance of the catalysts.
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In an attempt to investigate the effect of the nature of the electrode (polycrystalline and
nanostructured), pH (12 to 14), and concentration of the electrolyte (0.01 to 2 mol dm−3

KOH), a study by Faid et al. revealed that variations in the pH and KOH concentration
have affected the HER activity of the Ni-based catalysts by altering the ECSA and the
Tafel slope. The HER performance was also found to be affected by the composition and
morphology of the catalyst [12]. Goyal et al. [19] reported that the HER activity on Au
electrodes at a moderately alkaline pH (pH = 11) was considerably boosted upon raising
the cation concentration. The results led to the hypothesis that cations play a crucial role in
stabilizing the transition state of the rate-determining Volmer step by interacting favorably
with the dissociating water molecule (*H—OH−—cat+). However, at high pH and high
cation concentration, a too-high near-surface cation concentration drives a decline in HER
activity, which was ascribed to near-surface cation blocking of the surface [19]. On the other
hand, the activities of Pt, Ni, and Fe are slightly higher in 0.1 mol dm−3 KOH than in 1 mol
dm−3 KOH. The HER performances of almost all the metals (Au, Co, Cr, Ni, Pt, and W)
for both the freshly polished and oxidatively treated electrodes are better in 0.1 mol dm−3

LiOH than those of 0.1 mol dm−3 KOH and 1 mol dm−3 KOH. The results of our study are
in good agreement with the literature [7,20–22].

The impact of alkali metal cations on the HER mechanism at Pt microelectrodes
was studied by Taji et al. [21]. The activity pattern follows Li+ > Na+ > K+ > Cs+, with
0.1 mol dm−3 LiOH having the highest activity at low overpotentials. Li+-ion-induced
destabilization of the HO-H bond is believed to accelerate sluggish water dissociation [7].
The Volmer–Heyrovsky and Volmer–Tafel processes’ relative contributions to the overall
reaction were shown to vary depending on the type of the alkali metal cation, with the
Volmer–Heyrovsky process being more significant for LiOH electrolytes [21]. A more
recent work by Huang et al. [20] has also demonstrated that the HER activity of Pt(111),
in the pH range of 1 to 14, is boosted with the increasing structure-making tendencies
of cations in the order of Cs+ < Rb+ < K+ < Na+ < Li+, as already mentioned. This
phenomenon can be rationalized by an increase in the concentration of cations on the
negatively charged Pt surface, altering the interfacial water structure and the H-bonding
network [20]. Furthermore, according to research by Monteiro et al. [22] on Au and Pt
electrodes, strongly hydrated cations (Li+) favor HER at higher overpotentials compared to
weakly hydrated cations (K+), which only favor HER at low overpotentials. However, at
high pH and hence high near-surface cation concentrations, the buildup of these species at
the outer Helmholtz plane inhibits HER [22]. Here, we also provide a detailed overview of
available literature data for HER kinetics in KOH (Table 3) and LiOH solutions (Table 4).

Table 3. Comparison of the HER exchange current density values measured on freshly polished
electrodes in KOH solutions with the literature data (rt = room temperature, NM = not mentioned,
geo = geometrical).

Electrode log(jo/mA cm−2) Tafel Slope
(mV dec−1) Electrolyte Temperature Surface Area

Used References

Ag −(4.24 ± 0.03) −134 1 mol dm−3 KOH rt real this work
Ag −(4.3 ± 0.15) −139 0.1 mol dm−3 KOH rt real this work
Ag −(4.3 ± 0.3) −(134 ± 9) 0.1 mol dm−3 KOH NM geo [5]
Au −(3.25 ± 0.06) −175 1 mol dm−3 KOH rt real this work
Au −(4.53 ± 0.01) −134 0.1 mol dm−3 KOH rt real this work
Au −(3.2 ± 0.6) −(168 ± 9) 0.1 mol dm−3 KOH NM [5]
Au −2.85 −167.7 0.1 mol dm−3 KOH 278 K geo [25]
Au −2.82 −159.8 0.1 mol dm−3 KOH 283 K geo [25]
Au −2.72 −155.4 0.1 mol dm−3 KOH 293 K geo [25]
Au −2.55 −157.4 0.1 mol dm−3 KOH 303 K geo [25]
Au −2.26 −167.5 0.1 mol dm−3 KOH 313 K geo [25]
Au −1.74 −139.7 0.1 mol dm−3 KOH 323 K geo [25]
Au −1.54 −141.4 0.1 mol dm−3 KOH 333 K geo [25]
Co −(2.07 ±0.02) −248 1 mol dm−3 KOH rt real this work
Co −(2.49 ± 0.03) −204 0.1 mol dm−3 KOH rt real this work
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Table 3. Cont.

Electrode log(jo/mA cm−2) Tafel Slope
(mV dec−1) Electrolyte Temperature Surface Area

Used References

Co −(2.5 ± 0.4) −(126 ± 6) 0.1 mol dm−3 KOH NM [5]
Cr −(4.0 ±0.04) −149 1 mol dm−3 KOH rt real this work
Cr −4.22 −117 0.1 mol dm−3 KOH rt real this work
Fe −(3.4 ±0.08) −172 1 mol dm−3 KOH rt real this work
Fe −(2.62 ± 0.02) −206 0.1 mol dm−3 KOH rt real this work
Fe −(1.9 ± 0.4) −(131 ± 12) 0.1 mol dm−3 KOH NM [5]
Ni −(1.99 ± 0.05) −174 1 mol dm−3 KOH rt real this work
Ni −(1.95 ± 0.05) −132 0.1 mol dm−3 KOH rt real this work
Ni −(2.1 ± 0.5) −(135 ± 32) 0.1 mol dm−3 KOH NM geo [5]
Ni foam −1.17 −144 1 mol dm−3 KOH NM geo [29]
Ni −2.60 −121 1 mol dm−3 KOH NM geo [30]
Ni metal with possible
surface state of NiOx

−0.99 −(146 ± 19) 1 mol dm−3 KOH geo [31]

Raney Ni (250) 0.95 84 25% KOH NM geo [32]
Ni metal with possible
surface state of NiHx −1.77 105–125 1.3 mol dm−3 KOH NM geo [33]

Ni metal with possible
surface state of NiHx

−1.45 −115 30 (w%) KOH NM [34]

Pt −(2.07 ± 0.09) −52 1 mol dm−3 KOH rt real this work
Pt −(1.93 ± 0.08) −72 0.1 mol dm−3 KOH rt real this work
Pt −(0.2 ± 0.01) −(113 ± 1) 0.1 mol dm−3 KOH NM geo [5]
Pt −(0.24 ± 0.07) - 0.1 mol dm−3 KOH NM geo [35]
Pt (poly) −0.16 - 0.1 mol dm−3 KOH NM geo [27]
Pt −1–0.96 - 0.1 mol dm−3 KOH 298 K geo [36]
Pt(111) −2 - 0.1 mol dm−3 KOH 275 K geo [37]
Pt(111) −1.46 - 0.1 mol dm−3 KOH 293 K geo [37]
Pt(111) −1 - 0.1 mol dm−3 KOH 313 K geo [37]
Pt(111) −0.52 - 0.1 mol dm−3 KOH 333 K geo [37]
Pt(110) −0.9 - 0.1 mol dm−3 KOH 275 K geo [37]
Pt(110) −0.52 - 0.1 mol dm−3 KOH 293 K geo [37]
Pt(110) −0.25 - 0.1 mol dm−3 KOH 313 K geo [37]
Pt(110) −0.17 - 0.1 mol dm−3 KOH 333 K geo [37]
Pt(110) −1.3 - 0.1 mol dm−3 KOH 275 K geo [37]
Pt 0.02 - 1 mol dm−3 KOH rt geo [38]
Pt(100) −0.83 −460 8 mol dm−3 KOH NM geo [39]
W −(3.81 ± 0.03) −114 1 mol dm−3 KOH rt real this work
W −(3.97 ± 0.03) −107 0.1 mol dm−3 KOH rt real this work
W −(4.2 ± 0.4) −(90 ± 7) 0.1 mol dm−3 KOH NM [5]

Table 4. Comparison of the HER exchange current density values measured on freshly polished
electrodes in LiOH solutions with the literature data (rt = room temperature, NM = not mentioned,
geo = geometrical).

Electrode log(jo/mA cm−2) Tafel Slope (mV dec−1) Electrolyte Temperature Surface Area Used References

Ag −(4.39 ± 0.01) −180 0.1 mol dm−3 LiOH rt real this work
Au −(3.48 ± 0.01) −169 0.1 mol dm−3 LiOH rt real this work
Co −(2.48 ± 0.01) −189 0.1 mol dm−3 LiOH rt real this work
Cr −(3.56 ± 0.02) −177 0.1 mol dm−3 LiOH rt real this work
Fe −(2.71 ± 0.01) −222 0.1 mol dm−3 LiOH rt real this work
Ni −(1.92 ± 0.05) −162 0.1 mol dm−3 LiOH rt real this work
Pt −(1.58 ± 0.1) −81 0.1 mol dm−3 LiOH rt real this work
Pt −0.056 - 0.1 mol dm−3 LiOH rt NM [35]
W −(3.16 ± 0.03) −120 0.1 mol dm−3 LiOH rt real this work

Finally, we note that the determination of exchange current densities and Tafel slopes
using Tafel analysis are mutually connected and that a change in one parameter induces
a change in the other one. Another problematic point is that the selection of the linear
part of the Tafel plot is somewhat arbitrary and could be a source of the variation in HER
kinetic parameters reported in the literature. Thus, we attempted to perform Tafel analysis
in the same current density regions for all the electrodes. However, even in this case, the
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complete picture of the activity trends might be elusive as the full range of current densities
that are of practical interest cannot be encompassed. Thus, a more detailed overview can
be obtained not only by comparing exchange current densities but also by considering
the overpotential needed for a selected current density (or several of them). For this
reason, here, we also provide the complete list of overpotentials needed to reach the current
density of −0.1 mA cm−2

real, (Table 5), which roughly corresponds to the current density of
−10 mA cm−2

geom for high-surface-area electrodes, as explained in Ref. [9]. The provided
data also summarize the present work and emphasize the possible benefits of the carefully
selected combination of the catalyst, its surface treatment (oxidation), and electrolytes for
boosting HER efficiency. For example, using oxidized Ni cathodes for seawater electrolysis
is justified not only by the lower price but also by the lower HER overpotential compared
to platinum. Finally, we note that the present study might have narrowed the existing
literature gap, considering model bulk electrocatalysts, but similar studies of the case of
nanosized electrocatalysts are also needed. This relates particularly to advanced complex
electrocatalytic structures, where interfacing different components can significantly boost
HER activity [40,41].

Table 5. HER overpotentials (in V) needed to reach −0.1 mA cm−2
real in 0.1 mol dm−3 HCl,

0.1 mol dm−3 HClO4, 0.5 mol dm−3 NaCl, 1 mol dm−3 KH2PO4, 0.1 mol dm−3 KOH, 1 mol dm−3

KOH, and 0.1 mol dm−3 LiOH, listed for the freshly polished electrodes and the oxidized ones.

HCl HClO4 NaCl KH2PO4
KOH

(0.1 mol dm−3)
KOH

(1 mol dm−3) LiOH

Electrode HER overpotential for freshly polished electrodes (in V)

Ag −0.35 −0.39 −0.73 −0.49 −0.46 −0.43 −0.61
Au −0.31 −0.47 −0.72 −0.44 −0.47 −0.39 −0.42
Co −0.33 −0.20 −0.62 −0.42 −0.30 −0.26 −0.28
Cr −0.62 −0.37 −0.53 −0.27 −0.38 −0.45 −0.45
Fe −0.32 −0.25 −0.37 −0.22 −0.12 −0.10 −0.09
Ni −0.18 −0.16 −0.35 −0.18 −0.16 −0.18 −0.15
Pt −0.03 −0.02 −0.29 −0.01 −0.06 −0.06 −0.05
W −0.24 −0.20 −0.55 −0.27 −0.30 −0.29 −0.26
Zn −0.67 −0.40 −0.73 −0.55 −0.48 −0.46 −0.57

HER overpotential after oxidation of the polished electrodes (in V)

Ag - −0.42 −0.65 −0.36 −0.45 - −0.55
Au - −0.22 −0.68 −0.37 −0.46 - −0.41
Co - - −0.50 −0.38 −0.30 - −0.27
Cr −0.61 −0.48 −0.74 −0.26 −0.58 - −0.42
Fe - - −0.48 −0.20 −0.16 - −0.13
Ni - - −0.24 −0.16 −0.13 - −0.11
Pt −0.01 −0.01 −0.29 −0.02 −0.06 - −0.07
W −0.27 −0.22 −0.57 −0.28 −0.36 - −0.28
Zn - - - −0.54 −0.48 - −0.57

4. Materials and Methods

Our previous work describes all the experimental procedures in detail [9]. Here, we
describe them again for the sake of completeness. Electrochemical assessments were carried
out using rotating disk electrodes (RDE) made of polycrystalline metal. The RDEs had a
Teflon casing with a diameter of 10 mm. The metallic disks, including Ag, Au, Co, Fe, Pt,
and W, had diameters of 3 mm, while the Ni disk had a diameter of 3.2 mm. The Cr and
Zn disks had diameters of 5 mm. These RDE electrodes were crafted in-house, and the
metals, with the exception of Cr, which was 99.7% pure, were obtained from Goodfellow
Cambridge Ltd. (Huntingdon, UK) with a purity of at least 99.95%. Prior to measurements,
each disk underwent a polishing process using alumina powder to achieve a mirror-like
finish, followed by a 15-s sonication stage. Subsequently, the disks were washed with
the working solution and promptly transferred to the electrochemical cell. To minimize
oxide formation on the metal surfaces, measurements were initiated immediately after the
transfer to the cell.
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Electrochemical measurements were executed using the IVIUM Vetex.One (Eindhoven,
The Netherlands) within a single-compartment glass electrochemical cell equipped with
three electrodes. A double-junction Saturated Calomel Electrode (SCE) was employed as
the reference electrode. Although the glass material could potentially release silicates into
alkaline solutions during the experiment, this phenomenon was deemed negligible due to
the brief duration of each electrode’s experimentation (<10 min). A graphite rod served
as the counter electrode for acidic solutions, while a 3 × 3 cm Ni foam was used for pH-
neutral and alkaline solutions. The electrolyte solutions, including 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 using ultrapure deionized
water. Sigma Aldrich chemicals were employed, and the hydroxides used were anhydrous
with a minimum purity of ≥99.9% trace metal basis. All measurements were conducted at
room temperature. Throughout the experimental work, potentials were referenced to the
SCE, and overpotentials for the Hydrogen Evolution Reaction (HER) were computed by
converting potentials to fit the Reversible Hydrogen Electrode (RHE) scale. This conversion
was performed using the formula ERHE = ESCE + 0.244 V + 0.059 V pH. Using a positive
feedback scheme (hardware setting), 75% of the electrolyte resistance, determined using
single-point impedance measurement at 100 kHz, was compensated. HER measurements
were carried out using cyclic voltammetry, with a potential sweep rate of 10 mV. The
electrode potentials were initially held at −1 V, −0.6 V, and −0.24 V vs. SCE, respectively,
until the current density dropped below 1 µA cm−2 for alkaline, pH-neutral, and acidic
solutions, respectively. Subsequently, three cycles involving deep negative potentials were
executed, followed by cyclic sweeps between 0 and +1.4 V vs. RHE at a sweep rate of
20 mV s−1. Following this step, the HER measurement was repeated following the above-
specified procedure. The electrode potentials were consistently controlled throughout the
measurements, and relaxation to the open circuit potential was prevented. To eliminate
any potential H2 bubbles that might have formed during the measurement protocol, the
electrodes were continually rotated at a rate of 1800 rpm.

Cyclic voltammetry was employed to conduct RF measurements on freshly polished
electrodes, except for Fe and Pt. The measurements entailed cycling the electrodes between
0.1 and 0 V vs. RHE within a 1 mol dm−3 KOH solution. To curtail oxide content, the
electrodes underwent an intensive Hydrogen Evolution Reaction (HER) at deep negative
potentials prior to the measurements. To compute the Effective Surface Area (ESA), the
electrode capacitance calculated from the slope of the current versus the potential scan
rate line was divided by 20 µF cm−2 [42,43]. Subsequently, the measured HER currents
were normalized with respect to ESA, and the ratio of the ESA to the geometric cross-
sectional area of a disk was employed to calculate the RF. However, in the case of Fe, due to
substantial current versus potential scan rate scattering, this method did not yield accurate
RF determination. Therefore, impedance spectroscopy was utilized to compute the RF for
the Fe disk. The impedance spectrum was captured across the frequency range of 0.1 Hz to
100 kHz after subjecting the disk to HER at −0.3 V vs. RHE in a 1 mol dm−3 KOH solution.
By fitting the spectra, the electrode capacitance was determined, and ESA was obtained by
dividing the capacitance by 20 µF cm−2, assuming a surface devoid of oxides. For Pt, RF
and ESA were determined using cyclic voltammetry in a 0.1 mol dm−3 HClO4 solution.
ESA was calculated by integrating the peaks corresponding to hydrogen underpotential
deposition and H-desorption. The charge under these peaks was subsequently divided
by 210 µC cm−2 [43]. It is important to note that alternative approaches for determining
ESA, such as the one based on adsorption capacitance, have been suggested and appear
suitable for some of the metals investigated in this study [44]. However, the applicability
of these approaches have not been confirmed for all the catalysts examined. Therefore,
capacitance measurements were utilized to ascertain ESA whenever possible or determine
when conventional methods were not applicable, such as in the case of Pt. We note that
the measurements of ESA were performed only for freshly polished electrodes and not for
the oxidized ones. We could argue that oxidation could increase ESA and, thus, lead to
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enhanced activity. However, our recent work on sputtered smooth Ni films demonstrated
that such changes are negligible (~1% increase in ESA) [45].

5. Conclusions

The presented work encompasses a comprehensive overview of the catalytic HER
activities of nine metals in seven different electrolytes, covering the pH range from highly
acidic to highly alkaline. Moreover, the effects of surface oxidation on the HER activity
are carefully analyzed. The overall catalytic trends among the metals and electrolytes are
studied and presented, filling the literature gaps where no systematic overview currently
exists. We have found that the overall shapes of HER volcanos are preserved over the
studied series of metals in the range of electrolytes that were investigated, particularly
around their apexes corresponding to the binding of hydrogen to platinum. However,
it is important to note that Cr, the metal with the most exothermic hydrogen binding in
the series analyzed here, deviates from the strong binding branches of HER volcanos and
shows surprisingly high activity. The surface oxidation can either hinder or improve HER
activity. The latter effect is particularly important in the case of Ni in neutral and alkaline
solutions. In NaCl solution, significantly lower HER activity was measured compared to
other electrolytes. In this electrolyte, oxidized Ni significantly surpasses Pt in terms of HER
activity. We believe that understanding HER activity trends and the additional filling of the
literature gaps, like performing analogous systematic studies for nanosized catalysts, could
be highly beneficial from a practical perspective. It can not only lead to the development of
novel catalytic materials but also enable the optimization of electrolyte formulations and
catalyst–electrolyte combinations for energy saving and boosts to catalytic activity.
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