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ABSTRACT: Despite the apparent simplicity of the hydrogen evolution
reaction (HER) and the decades of research into it, controversy remains in
the literature regarding the identity of the active site and the competition
between the Heyrovsky and Tafel steps. In this work, we use charge-
extrapolated ab initio simulations with explicit water in conjunction with
mean-field microkinetic modeling to explore the mechanism for HER on
both close-packed (111) and stepped (211) transition metals. First, we show
that atop H*, beyond a monolayer of hollow H¥, is unlikely to play a role in
the HER mechanism, given its very positive adsorption energies. The
energetics suggests the Volmer—Heyrovsky mechanism to predominate on
fcc transition metals under typical operating conditions. We evaluate our
theoretical results vs several experimental observations. We show that the
Volmer—Heyrovsky mechanism predicts an activity volcano with its peak at a
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H* binding AGyx = 0 eV, consistent with experiment. In contrast, the Volmer—Tafel volcano shows a broad rate plateau between
AGy« = 0 eV and AGy« ® — 0.4 eV. We find our theoretical Tafel slopes to be consistent with experimental ones on a range of
transition metals. We show that, in line with experimental observations, the introduction of a CO(g) atmosphere shifts the strong
binding metals toward the weak binding leg. Our study suggests that the simple thermodynamic approach to HER activity still holds,

even when a detailed kinetic picture is considered.

1. INTRODUCTION

Sustainable hydrogen-based energy storage systems"” neces-
sitate a mechanistic understanding of electrochemical hydro-
gen evolution reaction (HER).

Hydrogen evolution involves three elementary reactions:

(i)

H* + e~ < H* Volmer step

(i)

H" + e~ & H* Heyrovsky step
(iii)

H*+H* < H, Tafel step

Despite the apparent simplicity of the reaction and decades
of research, controversy remains in the literature regarding the
role of overpotential (OPD) vs underpotential deposited
(UPD) H* and the competition between the Heyrovsky and
Tafel steps.”” "

Existing models typically examine the Tafel slo]pes of HER to
determine the rate-limiting step of HER.>"®7 hI13141672% o
Tafel slope of around 30 mV/dec is commonly reported in

acidic HER on Pt by many groups,'”'”**** consistent with the

Volmer—Tafel route; however, it has been shown by several
authors that this 30 mV/dec slope corresponds to a fully
diffusion limited current density.”””° When diffusion limi-
tations are mitigated with H,-pump experiments or with micro-
electrodes,7’14’23 a Tafel slope of 120 mV/dec on Pt is
reported.”’ The ongoing debate on Tafel slope measurements
pertains to the mechanistic studies, where some studies suggest
Pt(110) to be Tafel-limited,”” whereas Pt(100) is reported as
Heyrovsky-limited.'” It remains unclear whether HER is
dominated by a Volmer—Heyrovsky or a Volmer—Tafel
mechanism and whether the predominant mechanism shifts
with transition metal surfaces.

Another controversy in the HER literature pertains to the
active adsorbate species in H, formation. UPD (underpotential
deposited) H* corresponds to H* adsorbed above the H,
equilibrium potential (U > 0 V vs RHE) and OPD
(overpotential deposited) H* to those adsorbed
below.'”***’73! On strong binding metals such as Pt, these
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Figure 1. Free-energy diagram of Pt(111) at Upyg = —0.1 V, showing Volmer—Tafel and Volmer—Heyrovsky routes around 1 ML H* (6« =
0.88—1.11 ML). The insets show images of transition states, with blue circles and arrows indicating the proton or hydrogen of interest. The
transition state of the Volmer step shows a proton moving toward an atop site before setting in a hollow site. The transition state of a Heyrovsky
step on a 1 ML covered surface shows a hollow H* moving toward an atop site as it associates with the incoming proton. The Tafel state shows

association of the 10th atop-bound H* with a nearby hollow-bound H*.

species have been assigned to different sites;”’ the usual
assumption is that UPD H* is more coordinated (adsorbed on
hollow sites’”) and more strongly bound than OPD H*
(adsorbed on atop sites™”’*). The significance of this
distinction between the UPD and OPD H* is that it suggests
UPD H* to be a spectator species, whereas the OPD H*
adsorb on atop sites above 1 monolayer (ML) of UPD H* and
are active for HER. Despite intensive research efforts, the
question regarding the nature of the active H* species remains
debated in the recent literature.””*°

In this work, we use ab initio simulations with explicit water,
in conjunction with mean-field microkinetic modeling, to
investigate trends in the HER mechanism on both close-
packed fcc(111) and stepped fcc(211) transition metals. Qur
computational analysis elucidates the controversies mentioned
above. First, we show that it is unlikely that we exceed 1 ML of
H* coverage under HER conditions, even on the strong
binding metals. Next, we present a kinetic HER volcano built
with kinetic scaling relations via metal surfaces across different
H* coverages, considering both the Volmer—Heyrovsky and
Volmer—Tafel as viable routes. We find the Heyrovsky step to
be slightly more facile than the Tafel step. Moreover, we find
that only the Volmer—Heyrovsky mechanism gives a AGyx =~
0 eV volcano peak, consistent with experimental trends. Our
kinetic model is furthermore consistent with the potential
dependence of experimental Tafel slopes on Ag, Au, and Pt, as
well as with the experimentally observed shifts in HER activity
in a CO atmosphere. Most importantly, our study suggests that
the simple thermodynamic picture of HER activity still holds,
where AGy« & 0 eV gives the optimal activity.

2. METHODS

2.1. DFT Calculations. Reaction energetics were calculated
with density functional theory with a periodic plane-wave
implementation and ultrasoft pseudopotentials using the
QUANTUM ESPRESSO code,”” interfaced with the atomistic
simulation environment (ASE).*® We applied the BEEF-vdW
functional, which provides a reasonable description of van der
Waals forces while maintaining an accurate prediction of
chemisorption energies.’” Plane-wave and density cutoffs were
500 and 5000 eV, respectively, with a Fermi-level smearing
width of 0.1 V. A Monkhorst—Pack k-point grids of [4 X 4 X
1] was employed.*” Thermochemical H* binding energies
were determined on six-layer transition metal slabs to reduce
uncertainty from slab energetic convergence. Electrochemical
barriers were calculated within (3 X 3) supercells on fcc(111)
surfaces and (3 X 1) ones on fcc(211) surfaces, with at least
three atomic layers where atoms in the top layer are relaxed
and the rest are fixed, along with a hydrogen-bonded water
layer. Transition state geometries and energies were calculated
using the climbing-image nudged elastic band (CI-NEB)
method, with the forces on the climbing image converged to
less than 0.05 €V A™". The spring constants were tightened for
images close to the saddle point. The charge extrapolation
method"” was used to deduce the transition states at constant
potential (details below). All transition states were referenced
to the initial state of aqueous protons and electrons in bulk
solution,41 as determined using the reversible/computational
hydrogen electrode. For electrochemical barriers, we shift H-
down water structures around the surface and selecting the
lowest transition state energy. Tafel barriers were calculated
with similar supercells without water layers. All energetics
plotted in free-energy diagrams and scaling relations are
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Figure 2. (a) Differential H* free binding energy on transition—metal fcc(111) surfaces as a function of H* surface coverage up to the first two

atop H* on a fully H* covered surface. To guide the eye, the figure uses a fitted algebraic equation parameterized with the form

x

to fit the

N1+«

free binding energies on all metals up until the second atop H* past 1 ML coverage (H* cov: 1.22 ML). (b) Scaling relations of the charge-
extrapolated Volmer, Heyrovsky, and Tafel transition state energies vs H* binding energy. Certain points are labeled, the rest can be found in
Tables S1 and S2. (c) Barriers vs H* binding energies. (d) Extrapolated exchange current densities as a function of Gy Experimental points are

taken from ref 48.

referenced to H, gas and bulk protons in solution (or the clean
metal state).”' Scaling relations were derived from “unscaled
transition state energy” (calculated and charge-extrapolated
transition state energy from NEB calculations); the transition
state data across the metal surfaces considered in this study are
provided in Tables S1 and S2. We then use linear scaling
equations to determine “scaled transition state energies” based
on the H* binding energy of a given metal surface, and our
kinetics are computed from these scaling relations.

Steady-state, mean-field microkinetic models were simulated
with the CATMAP software package.” All relaxed structures
and energetics are available on the Catalysis-Hub database:
https://www.catalysis-hub.org/publications/
TangModeling2020.**

2.2. The Charge Extrapolation Scheme. The absolute
potential at the interface was determined by the work function
relative to vacuum and referenced to the experimental work
function of the standard hydrogen electrode, 4.4 eV." GGA-
level functionals can lead to incorrect band alignment of
solvent and water, which leads to artificial charge transfer at the
interface. This problem is mitigated with the usage of
counterions, a shift in water structure, or the application of a

Hubbard U.*® In this work, we have applied H-down water
structures, which present the least issues with band alignment
for negatively charged slabs. Close to the potential of zero
charge (0.3 V vs SHE), the net orientation of waters is close to
neutral.'' We therefore assume that the strong dipole from H-
down water adds an artificial contribution to the potential
obtained from the work function. The net dipole from the H-
down water orientation was found to be approximately 1.3 eV,
and this value was subtracted from the calculated work
function to correct for the effect of using an artificially H-down
oriented water layer in the simulations.

3. RESULTS AND DISCUSSION

3.1. On the Nature of H* Species under HER. We
examined the differential H* adsorption energies on Ag(111),
Cu(111), Pt(111), Ir(111), Pd(111), and Rh(111). We find
that the hollow site are clearly preferred on weak binding
metals such as Ag and Cu as well as strong binding metals, Pd
and Rh. (On Pd, we have left out the possibility of hydride
formation.) For Pt and Ir, we find atop sites to be 0.1 eV more
stable than the hollow sites, though such a difference is within



the uncertainty in DFT calculations.”” For simplicity, we
assume that the hollow sites are occupied first on all metals.

In the literature on Pt-like metals, OPD H* has been
suggested to correspond to atop sites and is kinetically distinct
from the UPD H* assumed to occupy hollow sites.””** This
leads to the suggestion that the H* fill up hollow sites as a
spectator species, and that only H* bound on atop sites above
1 ML H* are active.””””** To investigate this assumption, we
show in Figure 1 the competition between a Heyrovsky step on
a hollow H* (at 1 ML H*) vs both Tafel and Heyrovsky steps
off an atop H* at >1 ML H*. We have included images of
transition states as well as an image of 10 H* adsorbed on the
3 X 3 Pt(111) cell corresponding to @« = 1.11 (the barriers
they correspond to are indicated by the color of their borders).
Given the differential binding energetics in Figure 2a, Pt(111)
has a saturation coverage of around 0.66 ML at 0 V vs RHE.
We therefore consider an applied potential of Upyg = —0.1 V
to obtain Oy« = 1 on Pt(111) so that we can evaluate the
kinetic contributions of hollow H* vs the atop H* that is
adsorbed above 1 ML H*.

The free energies in Figure 1 start with eight hollow H* on
Pt(111) (in a 3 X 3 cell such that G+ = 0.8). The ninth hollow
H* is adsorbed through a Volmer step to give a Oy« = 1; we
find that the transferring proton tends to approach the top site
as it adsorbs onto the hollow ones. H, can be evolved from
these hollow H* through a Heyrovsky step (blue) or a Tafel
one (not shown). In this Heyrovsky step, we find that the H*
migrates toward the top site en route to meet with the
incoming proton.

To evaluate the hypothesis that hydrogen evolution occurs
with atop H* at Oy« > 1, we consider the two pathways for H,
evolution from the 10th H* (in the 3 X 3 cell, this corresponds
to Oy« = 1.11 ML). To keep the figure simple, we have omitted
the corresponding Volmer barrier (which we calculated to be
0.69 eV at —0.1 V) to adsorb this 10th H*. Note that the
adsorption free energy of the 10th atop H* is AGy« = 0.48 eV
at Upyg = 0 V (see Figure S12 for energetics). This process
thus becomes exergonic only at Ugyg = —0.48 V, well beyond
the onset for HER in acid. At Ugyg = — 0.1 V shown in Figure
1, AGy« = 0.38 €V and the corresponding Boltzmann coverage

of these atop species is HH*mp = 107, The Heyrovsky and atop-

hollow Tafel barriers off this 10th H* are shown in orange
dashed line and red solid line, respectively.

We estimate the differences in TOF between the different
pathways at —0.1 V vs RHE using the Boltzmann coverages
and the computed barriers. Assuming a prefactor A of 10"3, the
TOF for a Tafel step associated with H*;_and a H*,_ at Oy >
lis

top

E —6
Taf—top = AHH*mPGH*&Cexp[—ﬁ] =AX10"° X1

B
[_ 0.86 eV ] 0
kBT (1)
Similarly, the Heyrovsky step associated with a H*,,, with a

Otis,, = 107 at over 1 ML H* has a barrier of 0.7 eV with a
corresponding TOF of

0.7 eV

They—top = A X 107 X exp(— J = ~10"%/s

)

B

In contrast, the TOF associated with a Heyrovsky step off a
H* at or just below 1 ML H* (assumed to be in hollow, fcc
sites) is orders of magnitude higher:

=~1/s

0.77 eV
rhey—fcc =AX1X exp[_ie]

ke T 3)
From these estimates of TOF, the activity off the Heyrovsky
from the H* adsorbed at or below 1 ML surface coverage are
far from spectators and dominate the activity.

Our calculations on Pt(111) do not definitively show that
H* adsorbs initially on hollow sites since they differ in stability
from the atop sites by only 0.1 eV. We have therefore included
consideration of the 10th H* over a fully atop-covered surface
and found a 0.1 eV difference in its binding energy compared
to the fully hollow-covered surface, as shown in Figure S12. So
the idea that the H* species adsorbed below 1 ML is much
more active for HER still holds even if the top sites were
occupied first. We also note that infrared reflection—absorption
spectroscopy (IRAS) has been applied as an attempt to identify
the reaction intermediate for HER. These studies have
reproducibly measured a very weak vibration at ~2090 cm™
on both polycrystalline and single-crystal Pt surfaces,”*>**
suggesting the presence of atop H*. However, this result does
not indicate the existence of significant atop H* above 1 ML,
nor does it suggest which H* species is most active for HER.

In summary, we expect the H* coverage on Pt(111) to
saturate at around Oy« = 1. Coverages of H* species above a
monolayer are orders of magnitude smaller and contribute
negligibly to HER activity. We find no inactive H* species
deposited only above the equilibrium potential (UPD
conditions) that is distinct from active H* species that is
deposited only below (OPD conditions). Additionally, Figure
2a illustrates that, across transition metals considered in this
study, H* in atop sites at g« > 1 ML always possess a
significantly higher adsorption energy. Once the H* coverage
reaches 1 ML, subsequent H* adsorption is thermodynami-
cally unfavorable for all metals under typical potentials for
HER.

3.2. Universal fcc(111) and fcc(211) Kinetic Scaling.
Next, we examine the universal transition-state scaling of the
HER elementary steps. Figure 2b shows the scaling relations
for the transition state energies of the Volmer, Heyrovsky, and
Tafel steps on fcc(111) surfaces at O« = 0.11 as well as on
fcc(211) surfaces at 6y« = 0.88. The Volmer and Heyrovsky
transition states correspond to a potential of U = 0 V vs RHE
(pH = 0), as determined from charge extrapolation. We note
that, in this subplot, the transition state energy is referenced to
the clean metal slab; the distinction between transition state
energy, E1g, and activation barrier, E, = Erg — Eg, is shown in
Figure S13. Activation free-energy barriers, G, = Grs — Gy, are
determined via harmonic approximation using the vibrational
modes found in Table S5. Thus, while Pt(211) has a somewhat
negative Tafel Erg, the corresponding G, is positive because
the 2H* initial state is far more negative. Figure 2b allows one
to see how the transition state energies shifts with changes to
H* binding energy; tuning the H* binding energy more
positive (less stable) in turn shifts the transition state energies
higher.

Figure 2c shows the corresponding activation barriers at 0 V
vs RHE (pH = 0) for the three steps. These barriers are
derived from taking the linear fitted Epg from the scaling
relations in Figure 2b, then referencing them to the respective



initial states of the Volmer, Heyrovsky, and Tafel step such that
E, = Ers — Ej5. The results are plotted and listed in Table S4.
Figure 2c illustrates how the barriers change with H* binding
energy, which in turn affects the rate volcano shape (discussed
later). As expected, Volmer and Heyrovsky barriers have
opposite slopes with respect to H* binding energy, with the
Volmer step being less facile on weak binding metals and the
reverse for the Heyrovsky step. The same figure shows the
Tafel association barrier to have a very small slope with respect
to H* binding energy, which suggests an initial state-like
transition state. We see a 0.1—0.2 eV difference between the
Heyrovsky and Tafel step at a potential of Upyg = 0 V.

Figure 2d shows the exchange current density volcanoes vs
H* free binding energy, determined from the transition state
scaling relations and the corresponding barriers in Figure 2b,c.
The exchange current densities were determined through
linear extrapolation from the current densities at U = —0.1 V to
U = —0.3 V vs RHE, where the Tafel approximation to the
Butler—Volmer equation is valid. The exchange rate of the
volcano is within 1—2 orders of magnitude agreement with the
experimentally measured exchange current densities on Pt-like
metals.”*>*® The largest discrepancy between experiments and
the calculated exchange rate is regarding Ag and Au on the
Volmer leg; however, the discrepancy may be due to possible
defect sites not considered in this study.

In addition to the overall exchange rate, Figure 2d also
shows the decomposition of the volcano into the Volmer—
Tafel and Volmer—Heyrovsky contributions. Strikingly, there
is a flat plateau spanning a 0.4 eV range in Gy at the top of the
Volmer—Tafel volcano, which is not observed in experiments
regardin§ tuning the H* binding energy using metallic
alloys.””>” The flat plateau of the Volmer—Tafel volcano is
attributed to the weak correlation between the Tafel activation
barrier vs the hydrogen binding energy shown in Figure 2c.
Figure S13d shows that the 2H* state and the H—H transition
state correlate nearly one-to-one, suggesting that the H—H
state stabilizes by a similar amount as the 2H* state for the
transition metals considered in this study.

In terms of partial rates, the Volmer—Heyrovsky mechanism
dominates for all metals considered, while Volmer—Tafel
volcano shows around 1-2 orders of magnitude smaller
contribution to the overall rate. The relative order of
magnitude of the Heyrovsky vs Tafel rates is dependent on
the particular potential reference applied in calculating barriers.
However, the flat region of the Volmer—Tafel volcano remains
regardless of the potential referencing scheme, which suggests
a Volmer—Heyrovsky mechanism to dominate on all transition
metals considered. We note that the leftmost leg on the
Volmer—Tafel volcano corresponds to a region where Gy is so
negative that the transition state energy of the Tafel step drops
below than the H, gas state (see Figure S1 for how the FED
influences the activity volcano legs) such that its reaction rate
is determined by the reaction energy. Finally, Figure S10 shows
the evolution of the HER rate volcano with applied potential
and how the charge transfer coefficient 8 of the Volmer and
Heyrovsky step may change the shape of the rate volcano.

3.3. Tafel Slopes. Table 1 shows the experimental Tafel
slopes reported by the literature compared with slopes
determined by the microkinetic model. We have classified
the reported values into two bins: one determined from the
activity at small overpotentials U,yeqa = —0.1 V and one
determined from the activity at higher overpotentials U,ypjieq <
—0.1 V. Some works report two Tafel slopes corresponding

Table 1. Comparison of Experimentally Reported vs
Theoretical Tafel Slopes in Different Overpotential
Regimes”

theoretical Tafel
slopes Uyypiied =
-0.1V

experimental “Tafel
metal slopes” Uypplied =
1V

experimental Tafel
slopes Uyypliea =
=01V

surface —0.
Pt —37%3 1 30,17 74% % 1122 120712 -121
_3020,21
Ag =59 —60'° 112'¢ -118
Au =65 —50%3, =680 —114,"* —123,>* —-118

bl
—105%*" —120%°

“Slopes are reported in units of mV/dec. We take experimental Tafel
slopes from both polycrystalline electrodes and single-crystal
electrodes (the (111) data are labeled with an asterisk (*). (100)
Data from ref 3 labeled with a pound sign (#) may have not
considered solution resistance and can be heavily diffusion limited).
Data labeled with a dagger (1) are determined through fit through the
BV equation. Theoretical Tafel slopes were calculated for the Pt(111),
Ag(211), and Au(211) facets. We also note that for the low
overpotentials U,jieq = —0.1 V, a Tafel approximation to the Butler—
Volmer equation is not valid, but we include the reported slopes for
completeness. Theoretical Tafel slopes are determined in the Tafel
regime where Uypjieq < —0.1 V.

approximately to these two regions. We note that it is generally
not meaningful to consider the ones in the small overpotential
region. By definition, a Tafel slope is only defined where the
Tafel approximation to the Butler—Volmer equation is valid,
e.g, where the cathodic branch dominates at potentials
negative enough of equilibrium. At small overpotentials
(Upic
and backward reactions such that log j does not vary linearly

4> —0.1V), there are contributions from both forward

with voltage.”® For completeness, however, we have included
them in the table though they cannot really be called “Tafel
slopes”. In general, for the three metals considered, we find
simulated Tafel slopes of close to —120 mV/dec for all metals
considered at overpotentials < —0.1 V, consistent with
literature reports. We furthermore note that, on Pt, Tafel

17,19,20,25 )
d'7192025 _30 mV/dec slope can arise from

13,21,26

slopes aroun
diffusion limitations; when transport limitations are
mitigated through H,-pump experiments or with micro-

electrodes,7’14’23 a —120 mV/dec slope is also recovered.

Figure 3a shows the Tafel plots on Pt(111), Ag(211), and
Au(211) using the scaling relations formed from Figure 2b.
The Tafel slopes can be rationalized for both the weak binding
(right leg) and strong binding (left leg) metals. In the weak
binding case, 8y — 0 (see coverage plots for Ag(211) and
Au(211) in Figure S8). With a Volmer—Heyrovsky mecha-
nism, the corresponding rate is then

GaVolmer + eﬁUsHE
ks T

R = AaH+exp[—
(4)

where ayy is the activity of protons in solution, and GY°™ is
the Volmer activation barrier. A # = 0.5 results in a Tafel slope
of around 120 mV/dec. On strong binding metals like Pt(111),
0y — 1 (see coverage plot in Figure S8). The corresponding
rate is therefore given by
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which again results in a =120 mV/dec Tafel slope. Note here
that the coverage of H* is saturated at unity once enough
potential is applied.

Finally, Figure 3b shows the corresponding free-energy
diagrams of Pt(111), Ag(211), and Au(211) as a function of
potential. It is shown that, on Pt(111), the transition state for
the Heyrovsky step Pt(111) decreases much faster than that
for the Volmer barrier since it is the second proton—electron
transfer step and therefore shifts with (1+f) compared to the
Volmer barrier (3).”> However, the H* coverage (i« ~ 1, as
shown in Figure S8) also affects the activity, and so its overall
rate can be determined by eq S, which contains the Heyrovsky
barrier. Similarly, the free-energy diagram of Ag(211) and
Au(211) shows that the energies of the transition states for
both Volmer and Heyrovsky steps are similar when no applied
potential is applied. The weak H* binding on both metal

R= AaH+9H*exp[—

Heyrovsky
Ga

+ efUse
kyT

= AaH+exp(—

surfaces means a small O« ~ 0 (see Figure S8). The overall
rate can thus be determined by the Volmer barrier, as in eq 4.

3.4. Note on Our Barriers vs Previous Studies.
Compared to previous studies on Pt(111),>*°**” we find
that our Tafel barriers (0.77—0.83 eV) are within the ranges
proposed by other DFT methods. Likewise, Skdlason et al.”
report a Volmer barrier of 0.69 eV on Pt(111), whereas we
measured a similar barrier of 0.61 eV. The most notable
difference in our work are the Heyrovsky barriers (0.62—0.74
eV), which others have generally reported to be much higher
(1.4 eV).”” The difference may lie in the consideration of the
energy difference between bulk and interface proton—electron
pairs;”>*" without referencing to bulk proton—electrons (see
Figure S14 for further clarification), our Heyrovsky barriers
near 1 ML would lie around 1.2 eV and our Volmer barriers
around 0.57 eV. Nevertheless, we provide the microkinetics in
a case where Heyrovsky has a 1.4 eV barrier as reported in
these previous studies while keeping the Volmer and Tafel
barriers the same as this work for Pt(111). The result is shown
Figure S7. With such a high Heyrovsky barrier, the Tafel step
limits the overall activity. Using a transfer coefficient of 0.5, the
electrochemical Volmer barriers can decrease with applied
potential; however, the Tafel barrier cannot. Thus, if Pt(111)
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Figure S. (a) Theoretically predicted and (b) experimentally measured polarization curves on Pt(111) and Cu overlayer on Pt(111) with and
without CO(g). Polarization curves were simulated with assumptions that fygjme = 0.5, Beyrovsky = 0.5. Experimental curves are taken from refs 66,

67.

were to only run the Volmer—Tafel mechanism, a flat Tafel
slope is obtained at potentials Ugyg < —0.1 V, in stark contrast
to the —120 mV/dec slope given by the Volmer—Heyrovsky
mechanism.

3.5. Note on Hydrogen Oxidation. As an aside, the
inverse of the HER suggests a similar predominance of the
Heyrovsky step; given the barriers in Figure S9, we find that a
reverse Heyrovsky barrier is slightly more energetically
favorable than the reverse Tafel step on most metals. Figure
S6 shows that the Tafel slope in the HOR potential range
(Ugge = 0.1 V to Ugyg = 0.3 V) is =120 mV/dec, in agreement
with Durst et al."> determined via the H, pump.

3.6. HER with the Presence of CO and OH. HER can
occur in the presence of other adsorbates, for example, CO*
under CO, reduction conditions, or *OH, which can be
present on oxophilic metals under HER conditions. They
adsorb as follows:

(i) CO < CO*

(ii) H,O < OH* + H' + e~

Thus, we consider the impact of *CO and *OH on HER.
Figure S10 shows the differential adsorption energy of CO* on
the Pt(111) surface as a function of coverage, where
adsorption energy starts to monotonically increase beyond a
coverage of 0.25 ML. We apply a first-order adsorbate—
adsorbate interaction model®® that is shown to provide a good
description of the coverage-dependent adsorption energies
metal surfaces; in the particular case in Figure S10, the error
between the model (line) and DFT calculations (points) is
typically less than 0.2 eV, similar to the uncertainty brought by
DFT calculations.”” Given the similarity in size between OH*
and CO*, we treat OH* interactions to be identical to CO*

interactions, where we apply a first-order interaction model
with an onset threshold at 0.25 ML (see Figure S10),
interaction parameters are also included in Supplemental Note
6.

As shown in Figure 4a, the CO* coverage is predicted to
saturate to 1 ML as soon as AG¢o+ binding energy is below 0.0
eV when no adsorbate—adsorbate interactions are introduced.
This is in contrast with the model with adsorbate—adsorbate
interactions, where an extra —2 eV in AG¢q+ binding energy is
needed to reach 1 ML CO* coverage. The effect of
interactions is therefore the most pronounced for the surfaces
with moderate binding strength. For the weak binding surfaces

such as Ag and Au, CO* coverages stay near 0 such that no
observable CO* repulsive interaction takes place. Metals with
strong CO* binding of around AG¢o« < —1.5 eV still lead to
near 1 ML covered surfaces. On metals with moderate CO*
binding strength (—1.5 eV < AG¢o+ < —0.5 eV), the inclusion
of interactions enables better predictions of saturation CO*
coverage. For example, the saturation CO* coverage on
Pt(111) is reported to be around 0.6 ML,”~°" consistent with
the microkinetic model with adsorbate—adsorbate interactions
as shown in (a), whereas the non-interacting model grossly
overestimates the CO* coverage to be 1 ML on Pt(111).

The adsorption of CO* on metal surfaces leave H* with
weaker binding sites, which also in turn lead to a lower H*
coverage on all metals. This is shown in the 2D coverage map
in Figure S4, where even with an applied potential of Upyg =
—0.5 'V, the CO* coverage hovers around 0.4—0.7 ML on Pt-
like metals, while the H* coverage is shown to be effectively 0
for all metals considered. This suggests that CO* “blocks” H*
from the remaining sites. In similar studies, sulfur has also been
found to block active sites on Pt(111), leading to a notable
decrease in HER activity when 6g. goes from 0 to 0.3 ML.°>*

Figure 4b depicts the hydrogen evolution activity volcano
under —0.5 V vs RHE, with and without the presence of CO.
The hollow points are metals with their H* binding energies in
the low H* coverage regime, whereas the solid points are
predicted H* binding energy under the CO sparged environ-
ment. Under the CO environment, metals with moderate to
strong CO binding energies are shifted toward the Volmer leg
of the activity volcano due to the weakened H* binding in the
presence of *CO.””* The metals shift along the transition
state scaling relations in Figure 2b such that the activation
barriers increase in accordance to the weakened H* binding
energy; the resultant activity volcano with the presence of CO
remains similar to the one without. This is in agreement with
the work done by Jaramillo et al.”* and Peterson et al.”” using a
thermodynamic analysis. Interestingly, very strong H* binding
surfaces like Ni may possess a sufficiently facile Volmer barrier
despite the introduction of adsorbed CO*, which result in a
reversal of the activity trends in CO-free environments.

Metals with strong OH* binding energy will likely retain a
small OH* coverage at the onset potential of HER. Figure S3a
depicts a 2D coverage map of OH* on (111) metal surfaces at
—0.1 V vs RHE under acidic (pH = 0) HER conditions. For
most transition metals, OH* binding energies are too positive



to adsorb any OH* under HER conditions. However,
CuPt(111), where a monolayer of Cu is layered over
Pt(111),% is found to adsorb OH* strongly on the oxophilic
Cu monolayer surface. As a result, Figure S3b shows the effects
of OH* poisoning on a 2D (Egs, Eoy+) HER current density
volcano, where there is a notable decrease in activity when a
surface binds OH* strongly.

We have also simulated the polarization curves to investigate
the effect on catalytic activities brought by CO* and OH*.
Figure S exhibits the predicted polarization curves on Pt(111)
and Cu/Pt(111), with and without CO, along with the
experimental observations. As indicated by the blue solid line,
HER on Pt takes off immediately after 0 V vs RHE in the
absence of CO, exhibiting negligible overpotential. This is
consistent with the fact that Pt is demonstrated by numerous
studies to be ideal for HER and serves as a widely accepted
catalyst benchmark.”'*3%3%6%7 Ag indicated by the gray
dashed line in Figure S, the addition of CO poisons the Pt
surface and inhibits its HER activity. An overpotential of about
0.2 V is required to surmount such an effect. Within the Tafel
regime and given the charge transfer coefficient f = 0.5, we
observed a similar Tafel slope of —120 mV/dec between
Pt(111) and Pt(111) with CO presence.

Similarly, there is also a suppression of HER on a Cu
overlayer on Pt(111) (Cu/Pt(111)) in the presence of CO, as
indicated by the orange dashed line, though the shift in onset is
smaller than in the Pt(111) case. This effect arises from the
presence of OH* on Cu/Pt(111) without CO*. In the
presence of *CO, the adsorbate displaces *OH. Since both
*OH and *CO suppress HER, the net result in a smaller shift
in activity than in the Pt(111) case, upon switching from a
CO-free to CO environment. Figure SS shows the Tafel slope
of CuPt with and without CO presence to be similar at late
overpotentials. When OH* poisoning is present, there is an
earlier Tafel slope of around —46 mV/dec according to our
microkinetic model.

In both Cu/Pt(111) and Pt(111), the shift in overpotential
is described by the theoretical model with reasonable accuracy.
This resemblance between the theoretical predictions and
experimental observations suggests the validity of using a first-
order adsorbate—adsorbate interaction model to describe the
impact of *CO and *OH under HER conditions.

4. CONCLUSIONS

In this work, we applied the charge extrapolation scheme to
determine electrochemical barriers for the hydrogen evolution
reaction. We uncover several trends that may aid the ongoing
mechanistic debate regarding active species and rate-limiting
steps of HER. On Pt(111), we find that the energetics for H*
adsorption above 1 ML is very endergonic. Therefore, H*
coverage converges toward 1 ML, and the same trends hold
across a variety of transition metal surfaces considered.

Next, we have determined kinetic scaling relations of the
Volmer and Heyrovsky steps for the (111) and (211) surfaces.
We find universal scaling lines across the surfaces and H
coverages considered. Overall, we find that our scaling lines
produce an exchange current density volcano that corroborate
with experimental results. We also find that only the Volmer—
Heyrovsky route produces a volcano optimum at AGy« ~ 0
eV, whereas the Volmer—Tafel route produces a rate plateau,
which suggests the former mechanism to dominate on all
transition metals considered.

Using mean-field microkinetic modeling, the corresponding
Tafel slopes on Ag, Au, and Pt were also found to be consistent
with experiment. Nevertheless, as our study simply models
with a charge transfer coefficient # = 0.5, future studies should
look into conditions where the charge transfer coefficient may
deviate from the supposed 0.5 value. Additionally, we included
CO* and OH¥* interactions into our microkinetic model to
show the changes in HER rates due to the adsorption of other
intermediates. The effectiveness of the interaction model is
suggested by Pt(111) and Cu:Pt(111) polarization curves.

Finally, our work demonstrates that, even after a full kinetic
treatment is considered, the H* binding energy remains a
relevant descriptor for optimizing HER rates. Surfaces
possessing significant quantities of sites with H* free binding
energy close to zero produce the highest HER rates.
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