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Abstract

Theoretical estimation of the activation energy
of electrochemical reactions is of critical impor-
tance but remains challenging. In this work,
we address the usage of an implicit solvation
model for describing hydrogen evolution reac-
tion steps on Pt(111) and Pt(110), and com-
pare with the ‘extrapolation’ approach and co-
workers as well as single-crystal measurements.
We find that both methods yield qualitatively
similar results, which are in fair agreement with
the experimental data. Care should be taken,
however, in addressing spurious electrostatic in-
teractions between periodically repeated slabs
in the VASPsol implementation. Considering
the lower computational cost and higher flexi-
bility of the implicit solvation approach, we ex-
pect this method to become a valuable tool in
electrocatalysis.

Introduction

Electrocatalytic reactions involve electron
transfer to or from an electrode surface and
are evidently crucial for all electrochemical
production processes, as well as for corrosion
chemistry and the electronics industry. De-
tailed insights into the reaction mechanism and
kinetics, however, are difficult to obtain and

generally require a combination of experimen-
tal and computational work.

While in classical, “gas phase” heterogeneous
catalysis the field of theoretical modeling is
rather well established, further methodologi-
cal development is still required when it comes
to electrocatalysis. Two major challenges in
this field are given by (i) the description of
metal/electrolyte interface, and (ii) the require-
ment of constant electrode potential over the
course of an electron transfer reaction. These
aspects complicate, in particular, the evalua-
tion of activation energies of electron trans-
fer reactions. As a result, the vast majority
of computational electrocatalysis studies have
been limited to thermodynamic properties only,
such as reaction energies. ? It is, however, well
recognized that the proper study of reaction
kinetics (in electrocatalysis as in conventional
catalysis) requires knowledge of transition state
energies. 3

Several approaches have so far been proposed
to address these challenges, which differ espe-
cially in the manner the constant-potential re-
quirement is handled. This requirement stip-
ulates that the electrode potential w.r.t. the
reference electrode remains constant over the
course of an elementary reaction, also when it
is accompanied by electron transfer. As only a
finite number of electrons N, can be included in
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the electronic structure calculations, however,
the potential will change significantly over the
course of an electron transfer reaction, if IV, is
held constant.’” Extended electrode surfaces
are furthermore most conveniently modeled us-
ing periodically repeated supercells, which must
satisfy overall charge neutrality.

In this context, the arguably most rigor-
ous method is the so-called ‘extrapolation’ ap-
proach,®% where energy barriers are evaluated
at successively larger lateral cell dimensions and
extrapolated to the infinite cell limit where the
potential drop is zero. The number of electrons
N, is determined by the charge neutrality con-
dition, which entails that e.g. hydrogen atoms
must be added to or withdrawn from the elec-
trolyte to vary the electrode potential. This
method has so far exclusively been applied to
FCC(111) surfaces in conjunction with ice-like
hexagonal water structures. 659

In a second, related method, '>!! the compu-
tationally costly extrapolation is avoided by as-
suming that the required correction to the tran-
sition state energy has a purely capacitive char-
acter. This correction is based on changes in
the charges of the metal atoms at the electrode
surface, and hence an additional ambiguity lies
in the choice of the charge density partitioning
scheme.

Thirdly, in the ‘double reference’ ap-
proach!'®!3 the electrode potential is controlled
by varying N,, with introduction of a homo-
geneous compensating background to maintain
overall charge neutrality. It is not quite clear,
at this point, if this method applies sound cor-
rections to the obtained total energies, which is
known to be a non-trivial problem in the case
of charged slabs in homogeneous compensating
backgrounds. !41?

Methods have also been proposed where
charge neutrality is maintained by localiz-
ing the compensating charge in a ‘counter-
electrode’ at some distance away from the
electrode/electrolyte interface.'®” In reality,
however, charge compensation is mediated by
changes in the concentration profiles of the elec-
trolyte’s ions near the electrode surface.

In yet another approach!®!¥ electrochemi-
cal barriers are estimated in a two-step pro-

cedure inspired by Markus theory. First, the
activation energy of the corresponding non-
electrochemical reaction is calculated (e.g. re-
action with adsorbed H in the case of a proton-
coupled electron transfer (PCET) reaction) and
it is assumed that, at the same potential, the
electrochemical process possesses the same acti-
vation energy. The potential dependence of the
activation energy is then described using e.g.
Butler-Volmer theory, requiring further simpli-
fying assumptions regarding the symmetry fac-
tor of the reaction.

Finally, a more recently developed approach,
which we will be focusing on in this work, is
one where (part of) the electrolyte is approx-
imated by a polarizable dielectric continuum
(i.e. an implicit solvation model).?*** The
constant-potential requirement is here obeyed
by varying N, with concomitant changes in
the concentration of counterions in the sur-
rounding electrolytes (frequently described by
Poisson-Boltzmann theory). The main assump-
tion here, then, is that the ionic distribution in
the electrolyte is equilibrated also at the saddle
point, and not only at the reactant and product
states.

Although several studies have applied the
above constant-potential approach with im-
plicit solvation models (using e.g. the VASP-
sol,227 JDFTx,?® SIESTA?°33 and GPAW
codes3!), we are not aware of attempts to com-
pare its results to those of the extrapolation
method, or to detailed single-crystal measure-
ments.

The present work offers such a comparison, fo-
cusing on the various steps of the hydrogen evo-
lution reaction (HER) on Pt(111) and Pt(110).
There are three types of reactions relevant to

the HER:

Volmer:  H' +e +* — H (1)
Tafel: 2H" - Hy + 27 (2)
Heyrovsky: HY +e” + H* - Hy + *  (3)

Adsorbed H and vacant adsorption sites are de-
noted H* and *, respectively.

The (111) facet is chosen to compare with the
extrapolation approach, which has so far been
exclusively applied to FCC(111) surfaces due to
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Figure 1: Side and top views of the obtained
transition states for the Volmer reaction on
Pt(111) at an initial hydrogen coverage of 0.92
ML. The considered water structure are a pro-
tonated hexagonal ice bilayer [Panel (a)] and a
H30%(H20); (‘Eigen’) cation [Panel (b)].

the commensurability with the hexagonal ice bi-
layer structure used to model the metal /water
interface. The structure of this adlayer is illus-
trated in Figure 1, in the transition state for
hydrogen deposition via the Volmer reaction.
As the implicit solvation approach is less re-
stricted in terms of water structures, we will
also compare with results from a water cluster
model, corresponding to the ‘Eigen‘ cation in
its protonated form (H3O"(H50)3). Also the
HER steps on (110) facets are included, as ex-
perimental Tafel slopes are here easier to an-
alyze and indicate a Volmer-Tafel mechanism
with the Tafel reaction as the rate-determining
step (RDS).%

It should be noted that the above considera-
tions apply not only to activation energies but
also to reaction energies. The latter have, how-
ever, typically been calculated using the compu-
tational hydrogen electrode (CHE) formalism, !
which makes use of the equilibrium relation of
the proton/hydrogen redox-couple of the stan-
dard hydrogen electrode (SHE). The focus of

this work will hence lie on the estimation of
barrier heights.

Computational methods

To facilitate the comparison to results from
previous publications with the extrapolation
approach,® the same computational setup is
used here. The bulk of the electronic struc-
ture calculations are performed with the VASP
code?93? using Kohn-Sham density functional
theory (DFT).*** Core electrons are treated
via standard projector augmented wave (PAW)
setups with the following valences: H (1), O (6),
Pt (10). The basis set consists of plane waves
with a kinetic energy up to 350 eV.

Additional calculations are carried out using
the JDFTx code?! using GBRV ultrasoft pseu-
dopotentials*? with the recommended cutoffs
for the wave functions (20 Hartree) and the elec-
tron density (100 Hartree).!

Electronic exchange and correlation are
described using the revised Perdew-Burke-
Ernzerhof (RPBE) functional®® which modifies
the exchange enhancement factor of the origi-
nal PBE expression** to improve the descrip-
tion of adsorption energies on transition metal
surfaces. In JDFTx the RPBE functional is
implemented through the LibXC library. 4

Three-layer slabs of ¢(3 x 4) geometry are em-
ployed for the Pt(111) surface, with the RPBE
crystal lattice constant of 4.025 A. For the
Pt(110) slab, six metal layers are used with a
p(2 x 4) cell size and a (1 x 2) missing-row re-
construction. In both cases the first Brillouin
zone is sampled using (4 x 3 x 1) Monkhorst-
Pack grids. %7 Local minimizations and saddle
point searches with the dimer method*®*° are
pursued until the largest force components are
less than 0.05 eV/A in magnitude. All metal
layers except the topmost layer are constrained
to their bulk lattice positions. The distances
separating periodically repeated slabs will be
addressed in the Results section.

Implicit solvation calculations of the aqueous
electrolyte are performed using the GLSSA13

'In the GBRV pseudopotential set the 5p® semicore
states are included in the valence for Pt.
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solvent model,*® which is available in VASP
through the VASPsol extension.???® Like other
models such as SCCS,®! the method puts for-
ward a dielectric profile € as a functional of the
Kohn-Sham electron density distribution p:

elpl = 1+ (epurc — 1) Slpl, (4)

with the following form for the ‘shape function’

S
Slpl = %erfc (%) . (5)

The dielectric function therefore changes grad-
ually from 1 to the bulk dielectric constant ep
(78.4, the experimental value for liquid water at
298 K°?). The particular shape of this transi-
tion is governed by the ¢ and p.,; parameter, for
which we have applied the default values (0.6
and 0.0025 A=3, respectively). The free energy
required to create a solvent cavity around the
solute is calculated as

Avaity = 7 / VS| dr, (6)

where the 7 parameter (0.525 meV/A?) has
been optimized to reproduce the solvation en-
ergies of a series of organic molecules.??

In case the electrode potential is different
from the potential of zero charge (PZC), a coun-
terion charge distribution is included in the im-
plicit solvent region through the use of the gen-
eralized Poisson-Boltzmann equation:

2coq?e?

kT

V- e(r)Voip(r) = (
(7

S spw). (s

)
c+(r) = cpexp ( T )
We used x values corresponding to a Debye
length of 3 A, corresponding to a 1 M con-
centration of a 1:1 electrolyte (¢o =1 M). This
mimics the experimental situation where 1 M
of a strong acid is used (Usyg = 0 for HER and
pH = 0).
Though grand-canonical SCF algorithms ex-
ist2! which vary the number of electrons N, so

as to match the targeted chemical potential,

)%mwmmwx

currently only conventional (canonical) meth-
ods are available in VASPsol, making it nec-
essary to adjust N, in between successive SCF
loops instead. For local minimization runs, we
use a simple iterative approach:

Ne(i+1) = Ne(i) = a - [pe(2) = pre target] - (9)

We find an a value of 1.0 V~! to be appropriate
for the structures considered in this work. In
this manner, the electrode potential converges
to the targeted value as the local optimization
proceeds. For saddle point searches, we find it
more convenient to adapt NV, after a completed
dimer search, iterating until the target potential
is matched within 15 mV.

The electronic chemical potential p,. is cal-
culated by comparing the Fermi level with the
potential in the bulk electrolyte, which in an
implicit solvent equals that of an electron in

vacuuin: 23

He = €Fermi — Vbulk- (10)
If, then, a certain potential U is to be attained
w.r.t. the standard hydrogen electrode (SHE),
the target chemical potential is given by:

(11)

where &gy is the work function of the SHE.
We have taken ®syr equal to 4.43 V, which lies
within the experimental value of the SHE work
function compared to vacuum which is usually
measured to be 4.44 (+/- 0.02) V.?3

To compare energy differences of two struc-
tures at different N, values (but identical elec-
trode potential U), the VASPsol and JDFTx
output energies need to be corrected by the cost
(gain) of removing (adding) electrons:

He, target = _q)SHE - U7

Q = EDFT—{—NB[LQ(U). (12)
Even though Eppr here includes entropy terms
from the solvation model, we will refer to AQ2 as
(electronic) grand-canonical energy differences,
as no entropic contributions are included from
the explicit atom calculations.

The symmetry factor 3 for an elementary re-
action at a given U corresponds to the deriva-
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tive of the activation energy w.r.t. U, which

we evaluate using a central difference scheme
(AU =0.1V):

aAgzact
BU) = T (13
N AQ.t (U + AU) + AQ, (U — AU)
o 2e AU '
(14)

Results and Discussion

In the following paragraphs we present our re-
sults for Volmer, Tafel, and Heyrovsky energy
barriers on Pt(111) and Pt(110) at U =0 V on
the SHE scale.

H; evolution on Pt(111)
Convergence w.r.t. slab separation

The activation energies calculated with VASP-
sol (following the procedure outlined in the pre-
vious Section) are found to converge only slowly
with respect to the distance L, between period-
ically repeated slabs. More precisely, the acti-
vation energies are a linear function of 1/L,,
as shown in Figure 2. The slopes of the fit-
ted regression lines appear to be anti-correlated
to the difference in N, between the initial and
transition states. The slope is namely close to
zero for the Tafel reactions (for which AN, ~
—0.05 e7) and negative for the Volmer and Hey-
rovsky reactions (where AN, ~ 0.6 7).

The 1/L, dependence suggests the presence of
spurious charge interactions in the conventional
3D-periodic implementation in VASPsol. This
behavior is possibly connected to the observa-
tion that standard Poisson-Boltzmann models
do not necessarily enforce strict charge neutral-
ity.>* We therefore performed single-point cal-
culations using the JDFTx code which imple-
ments a truncated Coulomb scheme to fully de-
couple periodically repeated slabs.? As shown
in Table 1, the JDFTx activation energies in-
deed agree well with the VASPsol results ex-
trapolated to L, = oo. The small differences
that remain can be attributed to the different

=== Volmer 1 ML
=== Tafel 1.08 ML
=== Heyrovsky 1.08 ML

—— Volmer 0.92 ML
—— Tafel 1 ML
—— Heyrovsky 1 ML

1.5

1.0 4

0.5 1

0.0 1

A-Qact (eV)

—0.5 1

-1.0

0.00 0.02 0.03 0.04

1/L: (1/A)

0.01 0.05

Figure 2: Activation energies calculated using
VASPsol for HER reactions on Pt(111) using
Eigen ions as a proton model for the PCET
reactions. The values are plotted as function
of the inverse of the cell length perpendicular
to the plane of the slab. The three types of
barriers have been evaluated at two different
hydrogen coverages in the reactant state, i.e.
at/below 1 ML and above 1 ML.

treatments of core-valence interactions and ki-
netic energy cutoffs.

It should furthermore be noted that the
L.-dependence seems not to have been taken
into account in several previous studies?425:27
of PCET reactions using the VASPsol code.
Without extrapolation to L, = oo, values of
L, of over 400 A would be have been required
in the present work to converge the Volmer and
Heyrovsky barriers on Pt(111) within 0.1 eV.

Water model

Figure 3 furthermore shows the barrier heights
when an ice bilayer is used for the water struc-
ture (red bars), compared to the results with an
Eigen ion (blue bars).? The two sets are in fair

2Note that the Tafel barriers reported in the ‘water
cluster’ approach are calculated without explicit water
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Table 1: Comparison of VASPsol activation energies (extrapolated to L, = o0)
and JDFTx single-point calculations performed at the VASPsol geometries using a
Coulomb truncation scheme. Each barrier has been evaluated at two different ini-
tial hydrogen coverages 0y as well as two different water structures (a water cluster
corresponding to the ‘Eigen’ cation as well as the (protonated) ice bilayer (‘IBL’)

structure).

AQ,et (€V)

O VASPsol JDFTx  VASPsol JDFTx
Reaction (ML) (Eigen) (Eigen) (IBL) (IBL)
Volmer 0.92 0.477 0.479 0.692 0.693

1.00 0.655 0.629 0.805 0.838
Tafel 1.00 0.865 1.007 0.807 0.830

1.08 0.545 0.407 0.420 0.416
Heyrovsky  1.00 1.408 1.364 1.618 1.625

1.08 1.110 0.995 1.393 1.388

agreement, though it can be noticed that the
barriers for the PCET reactions (i.e. Volmer
and Heyrovsky steps) are consistently increased
by about 0.2 eV when employing the ice bilayer
model. We attribute this difference to the rel-
ative rigidity of the bilayer structure, leading
to a more pronounced loss (compared to the
more ‘flexible’ water cluster model) of hydro-
gen bonds in the transition state than in the
initial state. The changes in H-bond distances
are reported in Table 2 for the Volmer reaction
(the corresponding transition state structures
are shown in Figure 1). For the water clus-
ter, the coordination of the central H;O" ion is
qualitatively similar in the initial and transition
states: 2 H-bonds are donated, and 1 H-bond
is accepted. Using the ice bilayer, however, the
H;O™ ion in the initial state is significantly less
well solvated compared to the initial state: two
fewer H-bonds are donated, and only one more
(stretched) H-bond is accepted. Though the
structural properties of the water/Pt(111) in-
terface remains an active field of research, sev-
eral theoretical and experimental works have
provided support for ice bilayer formation on
Pt(111).57%9 This suggests that the energy bar-
rier obtained with the bilayer structure would
be more accurate than with the cluster model.
As will be discussed further below, however, the
Volmer and Heyrovsky steps are not kinetically

molecules.

relevant for HER on Pt(111) at 0 Vgug, and
therefore the relative accuracy of the two water
models cannot be compared in this context.

Table 2: Hydrogen-bond distances in A
for the H;O™ ion at the initial state (IS)
and transition state (TS) for the Volmer

step on Pt(111) with an initial H coverage
of 0.92 ML.

Acce-
Water structure Donor  ptor
Water cluster (IS) 1.39, 1.39  2.09
Water cluster (TS) 1.75,1.80 194
Ice bilayer (IS) 1.45, 1.59, 1.58 -
Ice bilayer (TS) 1.70  2.46

Comparison with the extrapolation ap-
proach

The calculated barrier heights are now com-
pared with literature results obtained with the
extrapolation at the same electrode potential,
hydrogen coverage, and water model (the ice bi-
layer structure, see Ref. 6) as also shown in Fig-
ure 3.3 The agreement is remarkably good, con-
sidering the pronounced differences in method-

3In Ref. 6 the Heyrovsky barrier at an initial H cov-
erage of 1 ML is given at -0.2 Vggg. We therefore used
a typical symmetry factor of 0.5 to estimate the corre-
sponding value at 0 Vggg.
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1.6 7" — Water cluster
144 — Ice bilayer
Extrapolation
124-" approach (Ref. 6)
\?o/ 1.0 H
& 0.8 1
<
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Figure 3: Calculated activation energies for
HER reactions on Pt(111) using the implicit
solvation scheme (VASPsol) at different initial
hydrogen coverages and with two different wa-
ter structures. The values obtained via the
extrapolation approach are also indicated (see
Ref. 6)

ology. Both approaches therefore agree that hy-
drogen is evolved via a Volmer-Tafel mechanism
with the Tafel step as the RDS.

Additionally, Figure 3 shows that with the
implicit solvation approach the barriers change
as the coverage is increased beyond 1 ML, in
ways which are similar to the extrapolation ap-
proach.® Increasing the coverage beyond 1 ML
requires the occupation of the energetically less
favorable atop sites. Following a Bell-Evans-
Polanyi principle, the activation energy for the
Volmer step increases, whereas those of the
Tafel and Heyrovsky steps decrease.

Lastly, the symmetry factors 5 calculated at
0 Vgug with the ice bilayer model amount to
0.62 (Volmer, 6y = 0.92 ML), -0.04 (Tafel, 0y
= 1 ML), and 0.76 (Heyrovsky, g = 1 ML).
The activation energies of the two PCET re-
actions will therefore indeed decrease as the
applied potential is lowered, while the barrier
for the non-electrochemical Tafel step is nearly
potential-independent. Skilason and cowork-

ers% obtained values of 0.44, ~0, and 1.07, re-
spectively, using the extrapolation approach.
These values are, however, not directly compa-
rable to ours, as these also include the poten-
tial dependence of the hydrogen coverage and of
the transition state geometry and are obtained
by linear regression over a fairly wide potential
range of 1 V or more.

Comparison with experimental measure-
ments

Experimental measurements of the HER ki-
netics on Pt(111) surfaces are available in the
works by Markovié et al.?® and He et al.®® Al-
though both groups measure similar current
densities at 0 V, different temperature depen-
dencies are reported. We follow the explana-
tion offered in Ref. 60 that the Pt(111) sub-
strate used in Ref. 35 may have contained low
concentrations of highly active defect sites. In
this view, the higher apparent activation en-
ergy measured by He et al. (circa 0.67 eV)
should be closer to that of a pristine Pt(111)
surface. The magnitude of the corresponding
pre-exponential factor (circa 10 mA /cm?) is
characteristic of a process involving only sur-
face adsorbates, supporting the Tafel reaction
as the RDS. These findings compare well with
the computational results described in the pre-
vious paragraphs. As the barrier for the Tafel
step is not sensitive to the water structure at
the interface, this does not, unfortunately, al-
low to discriminate between different types of
water models.

Comparison with other implicit solvent
calculations

Fang et al. have previously addressed®' the
HER on Pt(111) using a largely similar method
implemented in the SIESTA code.??3% At 0
Vsue and a hydrogen coverage at or below
1 ML, the Tafel barrier reported by Fang et
al. (0.92 eV) agrees well with our calculations,
while the reported Volmer and Heyrovsky bar-
rier heights are significantly lower than ours
(< 0.2 eV and 0.93 eV, respectively). We pre-
sume the origins of this difference may lie in
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the DFT setup, details of the implicit solvation
model, the use of a water trimer cluster (as op-
posed to the quadrimer employed here), and/or
the inclusion of entropic and zero-point vibra-
tional contributions (which are not considered
here).

An alternative constant-potential implicit sol-
vation approach has been recently proposed3*
where essentially the countercharge is not de-
scribed by a Poisson-Boltzmann equation, but
is instead homogeneously spread out over the
bulk solvent region. Using this ‘solvated jellium
method’” (SJM), the barrier for the Volmer step
on Pt(111) is found to be significantly lower
(circa 0.02 eV at 0 Vgpyg using the ice bilayer
model, compared to 0.7 eV in the present work).
Also here further investigation is needed to lo-
cate the origin of the discrepancy, i.e. whether
or not it is due to the simplified description
of the countercharge distribution. One impor-
tant question is whether the SJM energy dif-
ferences change as the jellium-+solvent width is
increased, which entails a progressive dilution
of the countercharge concentration.

H; evolution on Pt(110)-(1x2)

We now turn to the missing-row reconstructed
Pt(110) surface, with a hydrogen coverage of 1
ML where all ridge and (micro-)facet sites are
occupied (see Panel (b) in Figure 4). Although
there is a weak thermodynamic preference for
the adsorption of additional hydrogen atoms in
the trough sites at Usgg = 0 V (with differ-
ential binding energies of circa 0.1 eV),561.62 it
will be argued below that trough-adsorbed hy-
drogen atoms, if present, would not contribute
significantly to the hydrogen evolution rate at
0V.

Panel (a) in Figure 4 shows the calculated
barrier heights for several relevant Volmer and
Tafel steps at and below 1 ML coverage of
hydrogen. Various attempts at locating sad-
dle points for the Heyrovsky reactions con-
verged to Volmer-like saddle points, suggesting
that these reactions are inoperable on this sur-
face. On both sites the Tafel reaction proceeds
via an intermediate corresponding to a Kubas
complex,® consisting of a stretched hydrogen

(a) — Ridge (b) 35 .
1.0 — Facet S %
08
>
L
5 0.6
&
<
0.4
0.2
0.0 ;
089 ML 1.0ML R: ridge F: facet  T: trough
Volmer Tafel

Figure 4: Panel (a): calculated barrier heights
for the Volmer and Tafel processes on the
Pt(110)-(1x2) surface. Panel (b): structural
model of the transition state for the Volmer re-
action on a (micro-)facet.

molecule on top of a platinum atom (see Fig-
ure 5). Desorption of Hy via the Tafel reac-
tion is faster on the facet (0.75 eV) compared
to the ridge (0.84 eV). This is in line with
the higher binding energy of the ridge-bound
adatoms. These results are comparable to cal-
culations in the literature using the same func-
tional and hydrogen coverage, but without sol-
vent and at the potential of zero charge. %62

ﬁ ﬁ
Figure 5: Structural models of the Kubas com-
plex as an intermediate of the Tafel reaction on

ridges (a) and microfacets (b) of the Pt(110)-
(1x2) surface.

Similarly, at an initial hydrogen coverage of
0.89 ML, we find a higher barrier for the Volmer
step on the facets (0.94 ¢V) compared to the
ridge (0.33 eV). This change exceeds the differ-
ence in hydrogen binding energy between the
two site types (calculated to be only 0.23 eV).
Hence, even though hydrogen desorption will
take place on the facets, replenishment of the
coverage happens most rapidly via diffusion of
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Figure 6: Calculated energy diagram for HER
on Pt(110)-(1x2) for a steady-state hydrogen
coverage of 1 ML. The reaction energies have
been evaluated using the CHE formalism.

H atoms from the ridge to the vacant facet
sites followed by Volmer discharge on the now-
vacant ridge site. This process is illustrated
in the energy diagram in Figure 6. As the
diffusion barrier is low (0.3 eV), the Volmer
step will dictate the apparent activation en-
ergy, which then amounts to 0.56 eV. This en-
tails that hydrogen deposition is fast relative to
the Tafel reaction, making the latter the rate-
determining step. This mechanism, as well as
the lower barrier of the rate-limiting Tafel step
compared to Pt(111), is in good agreement with
the measurements on Pt single crystal surfaces
by Markovié¢ and coworkers. 3

We now return to the question whether hy-
drogen coverages beyond 1 ML (with occu-
pations of trough sites) could be relevant at
U =0 Vggg. Firstly, the relatively high bar-
rier obtained for the Volmer reaction on the
facet suggests that the corresponding barrier on
the trough will be even higher, requiring a sim-
ilar diffusion-assisted mechanism as described
above. However, moving a ridge-bound H atom
to a trough position requires more energy (0.46
eV) than to a facet site. Achieving a signif-
icant occupation of the trough sites is, there-
fore, kinetically difficult. Additionally, even if a
partial occupation of the trough sites would be

reached, the Tafel reaction on the facets would
remain the main desorption pathway for hydro-
gen. Previous studies have namely found that,
despite the lower binding energy, the barrier for
hydrogen desorption from trough sites is larger
compared to the facet sites when the hydro-
gen coverage is at or slightly beyond 1 ML.6%62
It is therefore sufficient to only consider ridge-
and facet-bound hydrogen atoms for HER on
Pt(llO)-(1X2> at 0 VSHE-

Conclusions

We have evaluated the performance of a re-
cently developed constant-potential implicit
solvation approach to electrochemical barriers
for one of the classical processes in catalysis, the
hydrogen evolution reaction on platinum. The
relevant Volmer, Tafel, and Heyrovsky kinet-
ics on Pt(111) and Pt(110) at 0 V versus SHE
compare well with the previously developed ‘ex-
trapolation” approach and with available exper-
imental data. Importantly, the inclusion of an
implicit solvent only moderately increases the
computational cost, whereas calculating barrier
heights with the extrapolation approach is more
expensive by at least one order of magnitude.
Care should be taken, however, in dealing with
spurious electrostatic interactions between peri-
odically repeated slabs when using the VASPsol
code.

Although further testing for other types of re-
actions and materials is warranted, we have so
far found the accuracy to be satisfactory and
expect implicit solvation approaches to receive
increasing attention in future research. The ap-
plication and continued development of cost-
effective methods is most welcome, as the pre-
vious lack of such approaches has frequently
led to kinetic aspects being disregarded in first-
principles electrocatalysis research.
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