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ABSTRACT: Renewable energy storage via water electrolysis strongly depends on the design of
electrified electrode−electrolyte interfaces at which electricity is converted into chemical energy. At
the core of the hydrogen evolution reaction (HER) and the oxygen evolution reaction conversion
efficiency are interfacial processes with complex dynamic mechanisms, whose further acceleration is
practically impossible without a thorough fundamental understanding of electrocatalysis. Here, we
communicate new experimental insights into HER, which will potentially further deepen our general
understanding of electrocatalysis. Of special note is the very surprising observation that the most
active metals (i.e., noble metals) for HER, which exhibit the lowest overpotentials at a defined current
density, exhibit the highest activation energies in comparison to the other metals from the d-block.
This suggests a major, if not dominant, impact of the frequency factor on activity trends and the need for deeper reconsideration of
the origins of electrocatalytic activity.
KEYWORDS: electrocatalysis, water splitting, hydrogen evolution, activation energy, pre-exponential factor

1. INTRODUCTION
One of the most appealing strategies for enhancing global
utilization of clean and sustainable energy is to store renewable
electricity in chemical bonds.1 At the frontiers of scientific and
technical development toward realizing this goal are challenges
related to water electrolysis, in which two electrified electrode−
electrolyte interfaces are functionalized to split water into
molecular hydrogen at the cathode and molecular oxygen at the
anode.2,3 During the last decade, the number of published
papers related to water electrolysis is difficult to count, of which
a significant portion is dedicated to the comparatively more
complex oxygen evolution reaction (OER).4 Being significantly
more sluggish and more corrosive in comparison to the
hydrogen evolution reaction (HER), the OER is perceived as
a key challenge in the implementation of efficient water
electrolyzers.5 Without undermining the tremendous scientific
efforts and progress made in the quest for new OER catalyst
materials, an often overlooked problem is that despite the HER
being comparatively better understood than the OER, many
dynamic aspects of the HER mechanism remain unknown,
including the exact, probably multifunctional, role of water
molecules.6,7 The unusual complexity of the HER indicates that
the current fundamental understanding of electrocatalysis is
insufficient to explain reaction mechanisms and inspire rational
catalyst design.8 Ordinarily, the conventional theory of electro-
catalysis is based on the paradigm of the Sabatier principle, an
intuitive notion that considers optimal (not too strong, not too
weak) binding of intermediates as a prerequisite for a high
reaction rate.9,10 Key emphasis is on the thermodynamics of
adsorption,11 even in the case of complex multielectron
reactions,12 independently from that are the pathways homolytic

or heterolytic13,14 and independent from that is it multielectron
reaction proceeding on metal surfaces or metals with
incorporated ligands (e.g., MN4) and so forth.

15 Applied to the
HER, it means that the intermediate (Had) formed in the first
elementary step (Volmer step) should have moderate
adsorption strength.16,17 If Had is bonded too strongly, then
H2 molecule formation through the recombination processes
(Reaction 2a and Reaction 2b) will be sluggish; conversely, if
Had is bonded too weakly, the proton will desorb from the
catalyst surface before the product is generated.

H e H Volmer stepad++ F (Reaction 1)

H H e H Heyrovsky step2ad + ++ F (Reaction

2H H Tafel step2ad F (Reaction

In more quantitative terms, the exchange current (j0�
reaction rate at equilibrium potential) is essentially determined
by the adsorption energy of the intermediate formation, as
illustrated with eq 118
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where n is the number of exchanged electrons, F is Faraday’s
constant, c(H+) is the concentration of protons, p is the partial
order with respect to proton concentration, θ is total coverage, q
is the partial order with respect to the number of available active
sites, ket is the electron transfer rate constant, β is the symmetry
factor, Erev is reversible potential, R is the universal gas constant,
T is temperature, ΔGad is adsorption energy of intermediate
formation, and γ is the Brönsted−Evans−Polanyi (BEP)
coefficient. The resulting log j0 versus ΔGad dependence for
the HER on various metals yields a volcano-type plot, where the
activation and pre-exponential (frequency) terms in eq 1 are
balancing each other. Balance is established by the competition
ofΔGad versus (1 − θ), where for very exergonic adsorption, the
resulting activation energy should be very low while the coverage
should be very high. Conversely, for very endergonic adsorption,
the resulting activation energy should be high while coverage
should be low. The HER exchange current has its highest value
when Had formation is thermoneutral and entropy-driven (ΔGad
= 0), which corresponds to the “volcano” apex.7,8,11,13 Activity
trends based on this assumption are nowadays widely accepted,
but were in the past critically discussed by experimentalists and
theoreticians.8,19 There were indications that the top of the
“volcano” can be shifted toward weaker hydrogen binding with
respect to thermoneutral conditions,8 which has gained
increasing acceptance in recent years.20−22 Besides the
“volcano” plot, the free energy relation for HER (log j0 vs
ΔGad) could also be linear.

8,19,23 Finally, independently from
what is more correct (“volcano” or “linear plot”), the key
important observation is that intermediate adsorption free
energy as one single parameter is definitely insufficient to explain
activity,6,24,25 which should be straightforward from the rate law
(eq 1). Based on this observation and on the existence of a direct
link between the adsorption energy of intermediates (eq 1) and

activation energy for HER, we come to the critical question: is
activation energy really the determinant factor controlling HER
activity trends, as widely believed for decades?

2. RESULTS AND DISCUSSION
2.1. Why Reconsider Origins of Electrocatalytic

Activity? If one analyzes eq 1, it becomes evident that the
reaction rate depends on several complex kinetic parameters.
Inherent experimental difficulties during the estimation of
kinetic parameters26 as well as variations in the values of the
kinetic parameters determined on different experimental setups,
bring into question any kinetic analysis of HER. Even seminal
contributions like the works of Trasatti contain data collected
under nonidentical conditions.16 This is even more relevant in
the case of high-temperature HER experiments necessary for the
estimation of activation energy. What is encouraging is the
experimental fact that HER activity trends based on a
comparison of exchange currents obtained by different authors
and on different experimental setups generally agree with each
other.27 Nevertheless, kinetic data on HER for a significant
number of metallic catalysts obtained under identical conditions
is difficult to find in the literature, especially if we analyze kinetic
parameters other than exchange current. Therefore, despite the
fact that the HER has been investigated for decades, it was
important to conduct experiments with a significant number of
samples under identical conditions and compare the results on
exchange currents with literature data to make the analysis of the
activity trends truly relevant. We conducted an investigation of
the HER on 14 d-metals and two sp-metals at various
temperatures by conducting pseudo-stationary linear sweep
voltammetry (LSV) with a sweep rate of 5 mV s−1 up to a
potential where a current density of 25 mA cm−2 is reached. The
utilized sweep rate was appropriate because there was no

Figure 1. (a) Example of Ohmic drop-corrected HER polarization curves for Ir in 0.1 M HClO4 at four different temperatures, recorded using
hydrodynamic LSV using a scan rate of 5 mV s−1 with 1600 rpm. The polarization curves for the other metals were recorded under identical conditions
fromwhich the potential at a current density of 10 mA cm−2 was extracted, as shown in the Supporting Information; (b) activity trends at temperatures
of 20 and 50 °C for 15metals. (c) Potentials at constant HER current density (b) of 10mA cm−2 in relation to HER exchange current densities and (d)
HER exchange current densities from our lab in relation to HER exchange current densities from well-established literature sources (from ref 16). The
red rectangles indicate minimum literature values of HER exchange currents, while the blue triangles indicate maximal values of exchange currents.
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expectation for the diffusion of reactants/products (e.g.,
protons) into the “inner” regions of the electrode surface, as
could be the case for thick porous electrode materials like
oxides,28 mixed oxides,29 and/or metal nanoparticles decorated
polymers.30 The utilized catalysts were polycrystalline metallic
discs with a thickness of 3 mm and a diameter of 5 mm. The
purity of the metals was from 99.9% (e.g., Ru) up to 99.999%
(e.g.,Bi), which were pretreated using the same procedure (given
in the Experimental Section), so differences in roughness are
expected to be minor. An example of LSVs on Ir at four different
temperatures is given in Figure 1a.
In contrast to our initial experiments that were done in

alkaline electrolyte,31 experiments shown in this work were
conducted in the acidic electrolyte (i.e., 0.1 M HClO4). The
reason for this is that impurities in the form of various anions
(e.g., chlorides) desorb to a great extent as we approach from
open circuit potential (OCP) toward the reversible potential for
HER.32 The situation is opposite in alkaline media, where
impurities in the form of cations (e.g., Fe in KOH-based
electrolytes) could be deposited at potentials where HER
proceeds, altering the kinetics of water activation and hydrogen
adsorption,33 and consequently the electrocatalytic activity.34

Activity trends in this work were obtained by comparison of
the potentials at a current density of 10 mA cm−2 (Figure 1b),
and relating this to the exchange currents (Figure 1c), which are
finally correlated with well-established literature values for
exchange currents (Figure 1d). In this way, we corroborate the
credibility of our experimental results. The extent of the overlap
between the literature values and our values is excellent.
Evidently, the noble metals were the most active as reported in
numerous works.16,17 It should not be surprising that HER
potential is more positive than 0 V versus RHE for some noble
metals. An example of this phenomenon was shown previously
by Jerkiewicz, in a case of Pt at which HER in argon saturated
electrolytes was observed to commence at potentials at least 50
mVmore positive than 0 V versus RHE.35 In our case, Pt was the
third most active metal after Ir and Rh (Figure 1b). Ir was
previously reported to be the most active metal for HER in
alkaline media,36 but if one carefully analyzes literature data sets
on exchange current for HER in acidic media, it is well-known
that noble metals exhibit minor differences in exchange current,
and that Pt does not have to be the most active, as generally
perceived. By comparing the logarithm of exchange current for
HER in acidic media on noble metals from well-established
literature sources16 [Ir (−3.5), Rh (from −3.5 to −3.8), Pt
(from−2.6 to −4.0), Pd (from−2.8 to −3.7), Re (from−3.0 to
−5.5), and Ru (−4.2)], it becomes apparent, with the exception
of Ru, that any of the discussed noble metals (Ir, Rh, Pd, and Re)
could exhibit higher activity in comparison to Pt, which depends
on the nature of counter anions in acidic media, purity of the
electrode, and purity of the electrolyte, among others. At 20 °C,
the activity difference between Ir, Rh, and Pt, although modest,
is evident while at 50 °C, the activity difference between the
three metals almost completely vanished. The activity of the
metals at 20 °C was in the order: Ir > Rh > Pt > Ru > Pd > Re >
Co > Mo > Ni > Au > Fe > Cu > Ag > (Bi) > (Pb) > Mn; at 50
°C, the activity trend was: Ir > Pt > Rh > Pd > Ru > Re > Co >
Mo >Ni > Au > Fe > Cu > Ag > (Bi) > (Pb) >Mn. If the activity
trends at the two temperatures are compared, the exact order of
the five most active metals slightly changed (Pt and Rh
exchanged positions and Pd and Ru exchanged positions), while
it was literally identical for the other metals. It is important to
stress that the polarization curves of Mn were completely linear,

indicating the formation of very insulating oxide layers in contact
with the electrolyte. The OCP after immersion of Mn in the
electrolyte was −1.3 V versus RHE, suggesting that Mn was the
least active of the tested metals, even less active than the sp-
metals (Bi, Pb), which very weakly adsorb protons. It is
reasonable for one to ask whether oxides are formed on the
surface of the 3d metals (i.e., Fe, Co, Ni). To be absolutely sure
on this issue, we would need to apply in situ or in-operando
spectroscopies. However, spectroscopy probes only a small
fraction of the electrocatalyst surface and practically gives
information which cannot exclude the local existence of oxide on
some other parts of the surface. Our approach, if we take the
example of Fe as the most nonnoble 3d metal used, assumes that
at potentials of 0 V and at pH = 1 (from Pourbaix diagrams),
involves only active dissolution of Fe, including dissolution of
eventually formed oxide. Therefore, HER will not be
significantly influenced by previously formed oxide in the used
potential range. The electrodes were kept at OCP for 15 min
before applying LSVs from 0.1 V versus RHE toward a potential
where 25 mA cm−2 was reached. The initial point of the LSV,
with a potential of 0.1 V, was more positive than theOCP only in
the cases of Fe, Co, and Pb. Fe had the most negative OCP, at
around −0.2 V versus RHE. So at 0.1 V versus RHE, where Fe is
thermodynamically unstable, we will just accelerate Fe
dissolution in comparison to OCP, but then soon after sweeping
the potential from 0.1 V toward −0.2 V versus RHE and further,
HER will dominate as the main reaction with only a minor
contribution, if any, of Fe redeposition. Also linked to this,
directly or indirectly, is the question of the active surface area.
For decades, numerous methods were developed to count active
sites or electrochemically active surface areas on different classes
of materials (i.e., metals, alloys, oxides, etc.). However, none of
them is universal. Especially, there is a tendency to utilize the
capacitance of the double layer obtained by impedance
spectroscopy (or cyclic voltammetry) as a universal method to
estimate electrochemically active surface area. The challenge
with this approach is that the specific capacitance of various
metal/electrolyte interfaces (usually estimated for low index
single crystal metal surfaces) will be significantly different for
different metals. The situation becomes even more complicated
when we have polycrystalline metals with a nonquantifiable
number of defects. For the sake of simplicity, flat polycrystalline
electrodes were used, which were pretreated using the same
procedure described in the Experimental Section, so differences
in surface roughness between different metals are expected to be
minor. However, even if we could accurately determine the
number of active sites for gas evolving electrodes, that would still
not be sufficient. What is most relevant is the effective surface
area, that is somewhere between the real area (defined by the
total number of active sites) and the geometric area. Effective
surface area is the average fraction of the real surface area that is
not covered by gas bubbles at a defined overpotential. We
proposed in the past a methodology to estimate that quantity;
however, the methodology conceals some weak points.26,37,38

To our knowledge, a reliable methodology for determining
effective surface area is yet to be developed; until then, every
comparison or kinetic analysis of gas evolving electrodes done in
the last 100 years is questionable. This is also valid for flat
electrodes (not only for porous electrodes) because gas
evolution depends on the hydrophilicity/hydrophobicity of a
surface that can significantly vary on different metals, oxides, and
so forth of flat surfaces. Considering gas evolving electrodes like
electrocatalytic electrodes for HER, and the phenomenon of gas
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blockage of active sites, it is important to be aware of the
following facts: increase of overpotential increases the interfacial
concentration of hydrogen, which accelerates gas-bubble
nucleation, coalescence, and growth as well as detachment.
This defines the effective surface area as a dynamic property that
fluctuates but with a certain average value at a defined
overpotential. Despite of the applied rotation by rotating disc
electrode (RDE), some nanobubbles periodically block active
sites, which will introduce uncertainty into (1 − θ) term if we
consider eq 1. In other words, (1− θ) that indicates the number
of available active sites should be (1 − θ) = (1 − θH − θbubbles),
evidently lower than that in the absence of gas evolution. The
impact is that the estimated/measured current density during
potentiostatic polarization, including the pre-exponential factor,
is actually lower, because the actual number of available active
sites is lower than (1− θH) suggests. Accurately determining the
effective surface is a major methodological challenge for
electrocatalysis, as shown in our previous work, where we
proposed the combination of CV, amperometry, and local
electrochemical noise measured by SECM. Admittedly, the
challenge of reliably determining effective surface area at gas
evolving electrodes introduces uncertainty of an unknown
magnitude into all electrochemical measurements on gas
evolving electrodes during the last 100 years. In the current
work, we attempted to estimate the change in the double layer
capacitance at 100 kHz, using the Mott−Schottky module of
electrochemical impedance spectroscopy (EIS) by comparing
the potential region where no gas bubbles were generated with
the potential region(s) where bubbles were generated. However,
the experiments were coupled with substantial noise. An
illustrative example of this with additional discussion is given
in the Supporting Information. Everything shown here
demonstrates that our data on exchange currents were collected
in a reasonable manner, consistent with relevant literature
sources, suggesting that data obtained at elevated temperatures
should be reliable.

2.2. Close to Equilibrium Versus Far from Equilibrium
Activity Trends. As we move from the equilibrium potential,
besides exchange current, the Tafel slope (b) becomes
increasingly relevant for overall activity. The Tafel slope depicts
how flexibly one can alter the activation barrier with electrode
potential, and it is primarily a function of the symmetry factor
(eq 1) that gives certain insight into the shape of the activation

barrier. Computational chemists usually focus only on exchange
current and ignore the Tafel slope, because the symmetry factor
and Tafel slope cannot be easily computed.17 The reason for this
is that, up to date, it is not straightforward what electrocatalyst or
electrode/electrolyte interface properties determine the value of
the symmetry factor.39 The dependence of overpotential, as the
most complex kinetic parameter, on exchange current and Tafel
slope is given by eq 2.

b
j
j

log
o

=
(2)

where η is overpotential at a defined current density and j is
current density. In general terms, for one electrocatalytic
electrode (i.e., metal), the overpotential is directly proportional
to the Tafel slope and inversely proportional to exchange
current. In other words, at a defined overpotential, the obtained
reaction rate (measured current density) will depend on the
intrinsic relation between exchange current and Tafel slope. For
single metals, it is straightforward to understand how exchange
current and Tafel slope influence overpotential; a more general
phenomenological quantitative relation between exchange
currents and Tafel slopes for HER on various metals (e.g., d-
metals) has never been analyzed to date. Figure 2 shows a
relationship between exchange current and Tafel slope, two
fundamental kinetic parameters that are controlling the reaction
rate close to equilibrium and far from equilibrium, respectively.
Exchange current and Tafel slope were obtained from the Tafel
plots (plots E vs log j) with the example of Ir shown in Figure 2a.
Knowing that Tafel plots for one electrode reaction on different
electrocatalysts could intersect,40 it is surprising that for the set
of the analyzed metals, exchange current densities and Tafel
slopes are almost exclusively inversely proportional. In other
words, close-to-equilibrium and far-from-equilibrium, HER
activity trends in acidic media are practically identical. This is
valid for all metals exhibiting surface adsorption, for which the
maximum Tafel slope was around 120 mV/dec. However, four
metals, Pd and the iron triad (Fe, Co, andNi) exhibited opposite
behavior.41 These metals, known by their ability to absorb
hydrogen into the metal bulk and form hydrides,42 showed a
tendency where the Tafel slope increases with an increase of
exchange current. In this case, the Tafel slope is above 120 mV/
dec, indicating involvement of bulk reactions. For this study,

Figure 2. (a) Example of the Tafel plot for HER on Ir in 0.1 MHClO4, from which exchange currents and Tafel slopes were extracted at four different
temperatures. The current range was approximately 1 order of magnitude (between−1.5 and−2.5), dotted line indicated reversible potential, and four
black circles were used to mark the point of the extrapolated linear part of the polarization curve on reversible potential. (b) Relation between Tafel
slope and exchange current for metals exhibiting adsorption (full red line) and for metals exhibiting absorption (blue-dashed line). The plot was
compiled for four temperatures: 20 °C (black cubes), 30 °C (red circles), 40 °C (green triangles), and 50 °C (blue inversed triangles). The Tafel slope
for hydrogen adsorbing metals strongly negatively correlate with exchange current, with a correlation coefficient of r =−0.85. For hydrogen absorbing
metals, the correlation is moderately strongly positive with a correlation coefficient of r = 0.64.
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current densities of tens of mA cm−2 determined using RDE
were used. Future studies should use membrane electrode
assemblies, enabling hundreds of mA cm−2 to be investigated.
For both groups of metals, (i.e., adsorbing and absorbing

metals), the intrinsic reasons for the direct link between Tafel
slope and exchange current are not clear, although a
phenomenological link evidently exists. The increase of
exchange current by an order of magnitude, in the case of
metals that adsorb protons, is coupled with a reduction of Tafel
slope by approximately 10 mV, while there was a coupled
increase of the Tafel slope by approximately 30mV in the case of
metals that absorb protons. Importantly, if exchange currents
andTafel slopes follow the dependence shown in Figure 2b, then
in the first approximation, it is sufficient to focus on
electrocatalytic activity trends close-to-equilibrium by resolving
intrinsic limitations of exchange current, which is quite the
opposite to alkaline media, where it is necessarily to consider the
behavior of HER also far-from-equilibrium.31

2.3. Activation Energy Versus Frequency Factor. To
analyze the key determinants of exchange current, it was
necessary to utilize the Arrhenius equation, or in other words, to
investigate the temperature dependence of exchange current to
obtain the activation energy (Eact) and pre-exponential
(frequency) factor (A) as well as their mutual relation. The
most general equation for reaction rate in electrochemistry
suggests a direct relation between current density and
(over)potential dependent rate constant (k) and concentration
of all reactants (∏iciR). The equation is relevant for the rate-
determining step (eq 3)

j nF c k
i

i
R=

(3)

Arrhenius equation (eq 4) gives the temperature dependence
of the rate constant of any chemical reaction

k A
E

RT
expfreq

act= i
k
jjj y

{
zzz (4)

where Afreq is collision frequency. Activation energy is actually
enthalpy that comprises free energy of activation (ΔGact) and
activation entropy (ΔSact). For electrocatalytic reactions like
HER, the free energy of activation depends on the standard free
energy of activation (ΔG*), the electrode potential, and the

adsorption energy of intermediate formation (ΔGad). Then the
rate constant becomes
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By plugging the rate constant (eq 5) into the equation for
current density (eq 3), where reactants are protons capable of
adsorbing on available active sites at metal surfaces (sites not
already occupied by intermediates) accessible for adsorption, we
obtain eq 6
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All the quantities are as previously defined in the text. If we are
at reversible potential and we transform the reaction rate (eq 6)
into a semilogarithmic relation, we get
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Finally, we obtain a form of the equation that is relevant for
the experimental work (eq 8)

j A
E

2.303RT
log log0

act=
(8)

While activation energy is independent of the number of
active sites, from eq 7, one can notice how gas-bubble blockage
influences the pre-exponential frequency factor through the (1−
θ) term, causing inaccuracy in determining accurate values of
rate constants. In other words, to determine the value of the rate

Figure 3. (a) Example of the Arrhenius plot for HER on Ir in 0.1 M HClO4. Arrhenius plots of the other 14 metals are given in the Supporting
Information. Values of the fit area are marked with red, while preferential values of parameters are marked with black. (b) Relation between activation
energy (Eact) and the logarithm of pre-exponential factor (log A) as an illustration of the compensation effect for HER in acidic media. Error bars
originate from exchange currents estimated at the beginning of experimental protocol and the exchange currents were estimated at the end of the
experimental protocol (approximately after 1 h). Linear fit was based on experimental points collected at all four temperatures. A similar dependence
was obtained if three data points were utilized for the fit, excluding the data point at 50 °C as well as in the case of extrapolation of the linear dependence
based on four data points plotted manually without fitting.
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constant, it is necessary to know partial orders of reactant with
respect to protons (p), total coverage (θ), including coverage
with intermediate (θH), and coverage with gas bubbles (θbubbles),
as well as partial order of the reaction with respect to the number
of available active sites (q), which is very complex. Therefore, we
focused on the analysis of the total pre-exponential frequency
factor that includes all these parameters and analysis of the total
activation energy for different metals. Importantly, from eq 7,
the link between activation energy and adsorption energy is
straightforward; however, it also indicates that direct linear
relations between adsorption energy and activation energy,
known in heterogenous thermal catalysis as BEP relations, are
possibly oversimplifications in the case of electrocatalytic
reactions. The paradigm followed for 70 years (from the
works of Parsons9 and Gerischer43 in 1950s) in electrocatalysis
of HER, that reducing activation energy by tuning of
intermediate adsorption will enhance HER activity, seems
reasonable; however, it lacks solid grounding in consistent
experimental data. The first underlying question is: does
activation energy control HER activity trends and how realistic
is the perspective to further accelerate the HER by reducing the
activation energy? An example of activation energy and pre-
exponential factor determination on Ir is illustrated in Figure 3a
(log j0 vs 1/T), having in mind eqs Reaction 1−5. Practically, the
slope of the inverse temperature dependence of exchange
current comprises activation energy, while the intercept (i.e.,
extrapolation of exchange current to infinite temperature) is
equal to logarithm of the pre-exponential factor. For the example
of Ir, the correlation is strongly negative with a correlation
coefficient of −0.997. For 13 metals, the linear fit was with a
correlation coefficient above−0.9, indicating a strongly negative
correlation. The only two metals where the linear fit was not
possible were Ag and Cu. In the case of Cu, mean values of the
data points for exchange currents were distributed in a way that a
linear dependence was possible to draw intuitively; still linear
fitting with sufficiently strong correlation coefficient (desirably
above 0.75, or minimum 0.5) was not possible due to values of
standard deviations of exchange currents data points. In the case
of Ag, the linear fit yielded a relationship that suggests the so-
called negative activation energy. So, the data points for these
two metals were taken as not being particularly reliable.
Arrhenius plots for all the 15 metals are given in the Supporting
Information. The pre-exponential frequency factor was analyzed
only by Schmickler et al.44 where they examined (1) the general
importance of the pre-exponential factor in electrochemistry
including HER as an example of electrocatalytic reaction; (2)
some possible explanations about factors that influence the pre-
exponential factor based on only a few metals measured in
different laboratories; and (3) the discrepancy in results of high-
temperature electrochemistry on Pt between different research
groups and the suggestion that experimentalists should make a
substantial effort in obtaining more relevant results and that the
pre-exponential factor should be investigated more thoroughly
in electrocatalysis. Therefore, a significant step forward would be
to (1) examine phenomenologically the relation between
activation energy and pre-exponential factor on a significant
number of HER electrocatalysts under identical experimental
conditions; (2) accurately determine where the most active
metals (noble metals) are positioned and (3) which metals have
the lowest activation energies and which ones have the highest
pre-exponential factor, and if possible, (4) establish whether
HER electrocatalytic activity is controlled predominantly by
activation energy or by pre-exponential factor.

In Figure 3b, to our knowledge, an illustration of the
correlation between activation energy and pre-exponential
factor for HER in acidic media is given for the first time. The
two quantities are strongly corelated with a correlation factor of
above 0.83. The interrelation between the exponential factor
(activation energy) in the rate law and the pre-exponential
(frequency) factor in thermal catalysis is known as a
compensation effect and formally correlates activation enthalpy
and activation entropy.45 Therefore, the relation shown in
Figure 3b can be understood also as an example of the
compensation effect in HER electrocatalysis. From the inverse
value of the slope in Figure 3b, it seems that the reduction of
activation energy by approximately 5.8 kJ mol−1 is coupled with
a drop in the frequency factor by an order of magnitude. The
slope of Ea versus log A dependence is almost identical to the
value we obtained in alkaline media,31 indicating some universal
limitation to HER kinetics that was not revealed until now.
Drawing from thermal catalysis, the compensation effect in
electrocatalytic HER could be understood as an interplay
between the adsorption energy (ΔGad), which is related linearly
with activation energy via the BEP relation and the number of
available active sites at an electrocatalyst surface (1 − θ).45 The
stronger the adsorption is, the larger will be the exponential
factor, while the number of available active sites will be low, thus
reducing the pre-exponential factor. The converse arises if the
adsorption becomes weaker. From that point of view, it seems
that the compensation effect is at the very root of the Sabatier
principle. However, careful inspection revealed that Figure 3b is
questioning the classic explanation as well as the essence of the
conventional view on electrocatalysis. Notably, according to the
results in Figure 3b, the most active metals for HER
electrocatalysis have the highest activation energies. There is
no literature source, to the best of our knowledge, that considers
this reality. Despite the very low activation energy on Pt reported
by Markovic ́ et al.,46 our results are similar to the result recently
reported by Schmickler et al.47 Importantly, our results suggest
that the high HER activity of noble metals in acidic electrolytes
strongly depends on the pre-exponential frequency factor. If one
observes that the pre-exponential factor for the different metals
is spread over 12 orders of magnitude, it is clear that the
explanation for that cannot be ascribed to the (1 − θ) term (see
eq 1). Evidently, some other phenomena that manifest
themselves through the pre-exponential frequency factor other
than adsorption energy have to be responsible for the
electrocatalytic activity by considerably increasing the effective
collisions between the reactants and the electrocatalyst surface.
It therefore seems that the usual approach aiming to reduce
activation energy by tuning the adsorption energies of key
intermediates as a way to enhance electrocatalytic activity can be
challenged. To our knowledge, no one showed this in the
literature before. These are very important results and
conclusions pointing out, after more than 70 years of conceptual
research on HER, that electrocatalysts for HER should be
designed by including a different kind of paradigm.

2.4. Need for New Type of Structure−Activity
Relations. Taking into consideration that the scope of
electrocatalysis is to establish a correlation(s) between proper-
ties of electrocatalytic materials and reaction rate, the conven-
tional view that correlates the relative position of the metal d-
band center (with respect to the Fermi level) with the exchange
current density seems reasonable.17 However, exchange current
is a very complex quantity dependent on the activation factor
and frequency factor, each influenced by several parameters.31
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So instead of linking one electrocatalytic property of a material
with reaction rate (or exchange current), it would be necessary
to make dissection of activation energy and especially important
to make dissection of the pre-exponential frequency factor to
obtain a more vivid picture of the structure and dynamics of the
electrified interface (i.e., interaction of electrode with electrolyte
with/without applied overpotential) and to correlate single
properties of electrocatalytic materials or interfaces to single
parameters in the rate law as shown in (eq 1 and/or eq 8).48

3. CONCLUSIONS
In summary, we showed that close-to-equilibrium and far-from-
equilibrium, activity trends for HER follow the same pattern for
most metals except for those with a tendency to absorb
hydrogen in the bulk. In other words, we showed that despite
Tafel slope as a kinetic parameter that could lead to distorted
activity trends far from equilibrium, this does not happen with
metals that adsorb hydrogen and exhibit negligible or no bulk
absorption. However, it is shown from high-temperature
electrochemistry that the most active metals (i.e., noble metals)
have the highest activation energies among the tested d-metals.
Notably, the assumption postulated by theoreticians that noble
metals adsorb intermediates with optimal bond strengths and
activation energy minima is not the pattern that manifests
universally in the experiment. In fact, the high activity of noble
metals strongly depends on the pre-exponential frequency
factor, which spans 12 orders of magnitude for different metals.
Thus, the significant differences in the frequency factor for the
different metals cannot be explained by the (1− θ) term but has
to be attributed to some inherent material or interfacial property
that until now has not been explicitly considered of much
relevance for electrocatalytic reactions, although it has a major
impact on the reaction rate.

4. EXPERIMENTAL SECTION
4.1. Electrochemical Cell, Electrodes, and Electrolyte.

Electrochemical measurements were conducted in a home-
made temperature-controlled electrochemical cell constructed
out of polyether ether ketone. Working electrodes were 16
polycrystalline metals (MaTeck, Juelich, Germany) with a
thickness of 3 mm and a diameter of 5 mm, polished using SiC
papers (400, 800, 1200, and 4000 grit) and alumina paste (1.0−
0.05 μm), washed with 1 M KOH, followed by de-ionized water
and immediately dried under a stream of argon and finally
inserted into a Teflon holder as an RDE tip controlled by a
rotator (Autolab, Metrohm, Switzerland) at 1600 rotations per
min. The purity of the metals was from 99.9% (e.g., Ru) up to
99.999% (e.g., Bi). The potential of the working electrode was
controlled using a potentiostat/galvanostat (BioLogic, VSP with
EIS, France). The counter electrode was a graphite rod, and the
reference electrode was commercial Ag/AgCl with saturated
KCl (Metrohm AG, Herisau, Switzerland). Temperature was
controlled with a thermostat (Huber CC-K6, Germany) in the
293−323 K range. The temperature drift of the reference
electrode versus RHE was 0.125 mV/°C. The electrolyte was 0.1
M HClO4 made by dilution out of suprapure 70% HclO4
(Merck, Darmstadt, Germany) and ultrapure deionized water
(ELGA, PURELAB flex system with a resistivity of 18.2MΩ cm,
Celle, Germany). The electrolyte was pretreated by electrolysis
over a duration of 30 min at 10 mA cm−2 to minimize the impact
of impurities (especially chlorides, but also incidental organic
impurities, etc.).

4.2. LSV, Tafel Analysis, and Arrhenius Plots. After an
initial 15 min of OCP, polarization curves were recorded in the
potential range from 0.1 V versus RHE up to a potential where a
current density of 25 mA cm−2 was reached with a scan rate of 5
mV s−1. From the Ohmic drop-corrected polarization curves,
Tafel analysis was conducted by linear regression of Tafel plots
to the reversible potential of HER. The applied current range
was from −2.5 mA cm−2 up to −25 mA cm−2. It is an order of
magnitude change in the current range, practically the minimum
that is required to apply Tafel’s analysis. If we take the example
of Pt, there are two linear regions. The first one is approximately
between the reversible potential and −100 mV versus RHE, and
the second one is from −100 mV versus RHE up to the terminal
point in the LSV. We took the first region as the most relevant
because the eventual interference of gas-bubble is less
pronounced. In the case of the other metals (practically all
except Ru) after the onset potential, there was only one linear
region. For metals whose onset potential is significantly more
negative with respect to the reversible potential, the region of
potential between the reversible potential and onset potential
was usually disregarded. The reason for this was that extremely
high values of the Tafel slope far exceed 120 mV/dec, indicating
possible difficult intermediate adsorption, but most probably
energetically demanding water reorientation/reconstruction,
which definitely does not originate from HER. Tafel’s
approximation is generally used for out-of-equilibrium processes
(minimum overpotential of 2.303RT/F ∼ 60 mV). If one
analyzes the polarization curves of the four most active metals
(Ir, Rh, Pt, and Pd), it can be observed that only the polarization
curve on Ir reached a maximal targeted current density (25 mA
cm−2) at an overpotential smaller than∼60 mV versus RHE. For
all the other metals, the linear region of the Tafel plots is
spreading toward larger overpotentials. Importantly, even in the
case of Ir, the Tafel plot is linear despite the fact that the
overpotential never reached ∼60 mV. This suggests that it is
more realistic to use Tafel approximation than linear polar-
ization for small overpotentials. Arrhenius plots originated from
exchange current densities estimated at four different temper-
atures (20, 30, 40, and 50 °C) using previously explained Tafel’s
analysis. From the slope of the Arrhenius plots, activation energy
was obtained, while the intercept was corresponding to the pre-
exponential frequency factor. All Arrhenius plots (given now in
Supporting Information) were linearly fitted with a correlation
coefficient above 0.90, indicating strong correlation, except in
the case of Cu and especially Ag, which are two points with the
lowest confidence, because on these metals linear fit was not
possible.

4.3. EIS Ohmic Drop Correction and Surface Rough-
ness. Ohmic drop correction was conducted using electrolyte
resistance extracted by EIS at open circuit conditions (OCP)
and under-applied overpotential in the galvanostatic regime
(current intensities of 0.01, 0.1, and 1 mA), because EIS based
on potentiostatic polarization exhibited substantial noise. The
employed alternate current (AC) perturbation was 10 mV using
frequencies between 1 and 100 000 Hz. Supporting Information
shows plots of the real component of impedance (Z′) as a
function of frequency, for four different conditions of
galvanostatic polarization (0, 0.01, 0.1, and 1 mA) and four
different temperatures (20, 30, 40, and 50 °C). It is interesting to
observe that current density (at frequencies larger than 1000
Hz) had a minor influence on Ohmic resistance, despite the
possible impact of gas bubbles. Our expectation was that with an
increase of current, Ohmic resistance will also increase; however,
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there was no significant trend in that case. At the same time,
temperature change had a noticeable impact on Ohmic
resistance. At 20 °C, Ohmic resistance was around 28 Ω; at
50 °C, it dropped to 20 Ω. This was very important to consider
during Ohmic drop correction of LSV measurements. Double
layer capacitance was not extracted due to the fact that without
knowledge of the specific capacitance of every material (i.e.,
usually done on single crystal materials that are not really
relevant for polycrystalline materials with a substantial number
of defects) usage of double layer capacitance for estimation of
the active surface area is not appropriate. Second and most
importantly, as discussed already in the text above, due to gas
bubble blockage phenomena, the true challenge is the effective
surface area. Briefly, considering roughness, flat polycrystalline
electrodes were used, which were pretreated using the same
procedure given above, so differences in roughness are expected
to be minor. However, even if we could accurately determine the
number of active sites for gas evolving electrodes, this is
definitely not sufficient. What is relevant is the effective surface
area that is somewhere between real area (defined by a total
number of active sites) and geometric area. The effective surface
area is the average fraction of the real surface area that is not
covered by gas bubbles at a defined overpotential. We proposed
in the past a methodology to estimate that quantity. However,
themethodology conceals someweak points. To our knowledge,
a reliable methodology for the determining effective surface area
is yet to be developed; until then, every comparison or kinetic
analysis of gas evolving electrodes done in the last 100 years is
questionable. This is valid also for flat electrodes (not only for
porous electrodes) because gas evolution depends on the
hydrophilicity/hydrophobicity of a surface that can significantly
vary on different metals, oxides, and so forth. Additionally,
impedance data were collected using the Mott−Schottky
operational mode where capacitance at 100 000 Hz is measured
as a function of the applied potential to observe the difference in
capacitance at conditions where no gas bubbles are generated
and conditions of gas evolution (shown in Supporting
Information). By observing this difference, one can get some
insight into what fraction of the geometric area is blocked with
gas bubbles. Noise was substantial in these experiments, so we
report an example of it in Supporting Information. Noise was
partially due the high frequency that was used to ensure
negligible pseudo-capacitance and that we observed only double
layer capacitance.
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