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We present results of density functional theory calculations on a Pt(111) slab with a bilayer of
water, solvated protons in the water layer, and excess electrons in the metal surface. In this way

we model the electrochemical double layer at a platinum electrode. By varying the number of
protons/electrons in the double layer we investigate the system as a function of the electrode
potential. We study the elementary processes involved in the hydrogen evolution reaction,
2(H" + e7) —» H,, and determine the activation energy and predominant reaction mechanism
as a function of electrode potential. We confirm by explicit calculations the notion that the
variation of the activation barrier with potential can be viewed as a manifestation of the
Bronsted—Evans—Polanyi-type relationship between activation energy and reaction energy

found throughout surface chemistry.

Introduction

The development of a molecular-level picture of surface
electrochemical processes is complicated by difficulties in
experimentally probing the processes occurring at the interface
between the electrode surface and the electrolyte. Measure-
ments of the rate of electron exchange during a reaction can be
done with relative ease, but it is considerably more difficult to
obtain information about the state of the surface during
reaction. Most of the powerful techniques developed in surface
science cannot be used in the presence of a liquid electrolyte,
but a few in situ methods exist which can probe the state of the
interface during electrocatalytic operation.

While considerable progress has been made on the char-
acterization of electrochemical interfaces and processes in
situ, 1% a consensus has not been reached on the predominant
reaction mechanism even for the electrochemical formation of
hydrogen molecules, the hydrogen evolution reaction (HER),
2(H" + e¢7) - H,, on the most common electrode material,
Pt. The initial adsorption of a proton to form adsorbed
hydrogen, the Volmer reaction, H" + ¢~ — H,g,''is usually
considered to be fast' but then there are two possibilities for
the subsequent, slower hydrogen evolution process: one is the
homolytic Tafel reaction, 2H,q — H,,'? the other is the
heterolytic Heyrovsky reaction, Hyy + HT + ¢~ —» H,."®
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Markovic et al. have found from experimental studies of
kinetics that HER proceeds via the Tafel reaction on the
Pt(110) surface but via the Heyrovsky reaction on the
Pt(100) surface.'"* They could, however, not conclude which
mechanism dominates on the Pt(111) electrode. A number of
other experimental studies of HER on various Pt single crystal
surfaces or polycrystalline Pt films have suggested either the
Tafel reaction®'>!® or the Heyrovsky reaction.!” Kunimatsu
et al. concluded that it is not possible to make definitive
statements about the reaction mechanism on the basis of
kinetic measurements alone, and recommended that such
experiments should be supplemented by the direct observation
of the electrode surface at the molecular scale.” Some indica-
tions have been found for a dual pathway mechanism of the
HER or the reverse reaction, the hydrogen oxidation reaction
(HOR). Wang et al.'® have constructed kinetic equations
taking into account both the Tafel and the Heyrovsky path-
ways in the HOR on Pt electrodes and the results indicate that
the simplest kinetic models may be inadequate in describing
the reaction.

It is generally found that the reaction order in electron
transfer, the transfer coefficient, is between 0 and 1 for all
electrochemical reactions, and typically close to 0.5.'%%° The
apparent activation energy for the HER on Pt(111) at the
equilibrium potential has been determined to be ~0.2 eV
under acidic conditions.'* Two different adsorbed hydrogen
species on Pt(111) have been invoked; the underpotential
deposited hydrogen Hpq 2 and the overpotential deposited
hydrogen Hopd.22’23 During a potential sweep in the negative
direction the Hy,q state is observed starting at ca. +0.35V
relative to the equilibrium potential for the reaction at room
temperature.’"'* The Hopq refers to adsorbed hydrogen at and
below the potential where hydrogen evolution becomes ther-
modynamically possible, and it has been suggested to be more
reactive than the Hupd.l’2
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Electronic structure calculations offer the possibility of
providing a detailed molecular-level description of the pro-
cesses involved. This, however, requires large-scale calcula-
tions of realistic systems including the electrolyte with
sufficient accuracy to give results that are at least qualitatively
correct. In addition, it requires a systematic study of the effect
of the electrode potential in these processes. Several important
steps have been taken in this direction. Cai and Anderson have
performed quantum chemical calculations to study elementary
processes relating to HER on small Pt clusters finding e.g. an
activation energy for the Heyrovsky reaction at the equili-
brium potential in agreement with the value determined
experimentally for the Pt(100) surface.>* The model used to
describe the Pt surface in these studies is extremely small, just a
single Pt atom. Several groups have, on the other hand,
described the electrode by density functional theory (DFT)
calculations of an extended slab® with the possibility of
contact with a bilayer or more of water molecules.>? Re-
cently, a method for extracting thermo-chemical data as a
function of the applied potential has been introduced from
such calculations.”*** Filhol and Neurock have taken the
further step of including the possibility of charging the slab
while smearing a countercharge homogeneously over space as
a method of introducing an electrical potential in the system.?®
Otani and Sugino have taken another approach where an
external potential is included in the super cell, dragging the
electrons from one side of the slab to the other, creating a
charged surface.**

In the present paper we introduce a set of DFT calculations
where the charge and potential of the surface is varied by
adding hydrogen atoms to a water bilayer outside a metal slab.
Since the hydrogen atoms get solvated to form protons and the
electrons move to the surface we create in this way a double
layer and by varying the proton/electron concentration we can
study the system as a function of surface charge and hence
electrode potential. We use the method to elucidate the reac-
tion mechanism of the HER on Pt(111) by presenting results
for the reaction path and activation energy of the various
elementary reactions. We study the Volmer reaction and the
coverage and potential dependence of the hydrogen adsorp-
tion energy, elucidating the nature of the different adsorbed
states. For the subsequent hydrogen formation step, both the
Heyrovsky and the Tafel reactions show a linear variation in
the activation barrier with the applied potential. The results
indicate that the two mechanisms have similar activation
barriers, with the one for the Heyrovsky reaction being slightly
lower at the equilibrium potential. Finally, we show that a
linear variation of the activation energy with potential can be
viewed as a manifestation of a linear Breonsted—Evans—Pola-
nyi-type relationship between the activation energy and the
reaction energy.

Model and calculational details

We base our studies on DFT calculations in a plane wave
pseudopotential implementation,®>*® employing ultrasoft
pseudopotentials®’ to represent the ionic cores. All calcula-
tions were performed with the RPBE exchange—correlation
functional.*®* The self-consistent electron density is deter-

mined by iterative diagonalization of the Kohn—Sham Hamil-
tonian, with the occupation of the Kohn—Sham states being
smeared according to a Fermi-Dirac distribution with a
smearing parameter of kg7 = 0.1 eV, and Pulay mixing of
the resulting electronic density. All total energies have been
extrapolated to kg7 = 0 eV.

In all cases an irreducible Monkhorst Pack k-point grid was
used to reduce the number of k-points in the calculations. The
calculations were carried out in periodically repeated surface
(3 x2),(6 x2),(3 x4)and (6 x 4) super cells with 4 x 6, 2 x
6,4 x 3 and 2 x 3 k-point sampling, respectively. Calculations
for hydrogen adsorption and desorption in the absence of a
water overlayer were performed using a (2 x 2) surface super
cell and a 4 x 4 k-point sampling. The Pt(111) electrode was
represented by a slab consisting of three atomic layers in all
cases. The addition of 5 more Pt layers was found to change
the adsorption energy and energy barrier in a few test cases by
less than 0.1 eV (see Fig. S1 in the ESI{). The two bottom
layers of the Pt slab were fixed but the top layer was allowed to
relax. The dipole correction was used in all cases to decouple
the electrostatic interaction between the periodically repeated
slabs. The RPBE lattice constant of Pt of 4.02 A was used and
the slabs were separated by 10-12 A of vacuum, depending on
the system (see Fig. S2 in the ESI¥). The plane wave cutoff was
26 Ry (354 eV) both for the wave function and for the density.
An increase to 30 Ry for the wave function cutoff and 60 Ry
for the density cutoff changed values of the reaction energy by
less than 0.01 eV.

In order to model the water—solid interface as a function of
electrode potential, we set up the following simple model. The
Pt-electrode/electrolyte interface is modeled using a Pt(111)
slab with a bilayer of water and excess H atoms included in the
water layer as shown in Fig. 1. This results in the formation of
solvated protons in the water layer and transfer of electrons to
the metal. By varying the number of hydrogen atoms added,
the electrostatic potential of the double layer can be varied.
The potential at which the calculations are made is deduced
from the work function, or in some cases, hydrogen coverage
of the model system.

The approach outlined above results in the formation of
solvated protons as can be directly observed by the formation
of an electrostatic dipole layer outside the surface. The varia-
tion of the electrostatic potential profile as a function of
distance perpendicular to the surface is shown in Fig. 2 for
two different charge states and hence two different potentials.
We note that the system used in our simulations is overall
charge neutral. For a Pt(111) electrode in an acid solution at
electrode potentials below the potential of zero charge (pzc),
our model quite realistically describes the (Helmholtz) double
layer set up by the electrons in the electrode surface and the
same number of solvated protons just outside the surface. This
model is realistic, and a similar system has been studied
experimentally.** The neutral double layer is found generally
in electrochemical cells; it is a consequence of the fact that in
the conducting electrolyte there cannot be a long range
electrical field, hence the surface charge is screened by the
counter ions. The main approximation in our model is that the
protons are only allowed to be solvated in the first water
bilayer at the electrode surface. The use of only a single water
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Fig. 1 Top (a) and side (b) view of the model system for the
electrochemical double layer above a Pt(111) electrode. This example
contains 3 hydronium ions (marked H;0™") in a water-bilayer over a
hydrogen covered 3 layer Pt(111) slabs in a 6 x 4 supercell. The TS
marking shows the transition state for the Heyrovsky reaction. The
hydrogen coverage is 7/6 ML, with 1 ML of hydrogen atoms in face
centred cubic (FCC) or bridge sites plus 1/6 of a ML in on-top sites.
All adsorbed H atoms are shown as light grey and have been made
smaller to distinguish them from the H atoms in the water bilayer.
Some hydrogen atoms are pushed from FCC holes to bridge sites
because of the interaction with the H in the on-top position.

T I T I T | T

— (6x4) cell -4 H'
== (6x4) cell - 1 H'
++++ Fermi Level

Electrostatic Potential [V]

1 | 1
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Fig. 2 The variation of the electrostatic potential profile averaged
parallel to the surface as a function of the z-axis of the super cell.
Starting from the left we have the Pt slab, adsorbed hydrogen atoms,
the protonated water layer, and the vacuum region separating one slab
from the next. The electrostatic potential is shown for two different
charge states and hence two different electrode potentials. The
(i)(v)1H+ and d)(v)‘““ represent the absolute value of the electrostatic
potential in the vacuum region relative to the Fermi level for systems
with 1 and 4 protons solvated in the water bilayer, respectively. In the
vacuum region a dipole layer is introduced in the calculation in order
to electrostatically decouple the periodically repeated slabs in the
z-direction.

bilayer is a simplification dictated by the high computational
cost of the DFT calculations and the resulting limitations on
the system size. We note that because of the neutrality
requirement, the concentration of protons in the double layer
is given by the potential (or the surface charge) of the electrode
and is different (higher below the pzc) than in the bulk
solution.

Compared to recent models introduced to do DFT calcula-
tions of charged electrode surfaces, the present model has the
advantage that it explicitly describes the surface and counter
ions and the electrical field created by them. In the method of
Filhol and Neurock?® charge is added to the metal surface and
(implicitly) the counter charge is smeared out over all space as
a homogeneous background. In the method of Otani and
Sugino®* an external dipole layer is introduced to create a
charged surface, and the counter charge is therefore located
approximately 10 A away from the electrode. Both methods
provide a large step forward towards a microscopic descrip-
tion of the electrochemical cell, but in the first case the double
layer is smeared out considerably by the fact that the counter
charge is not localized, and in the second case the Helmholtz
layer becomes very broad.

To be able to attain different values of the electrode
potential we vary the proton concentration in the double
layer. In order to describe a reasonable range of potentials,
the unit cell of the slab has to be large. We have added 1, 2, 3,
and 4 protons and electrons in a large super cell (6 x 4), 1 and
2 protons and electrons in intermediate sized super cells (6 x 2
or 3 x 4), and 1 proton and electron in a small super cell
(3 x2).

The electrode potential (U) of the slab relative to the normal
hydrogen electrode (NHE) can be estimated from the work
function, ¢, relative to that of the NHE

U:¢_¢NHE (1)

This procedure was outlined by Trasatti*' and has been used
previously by e.g. Filhol and Neurock® and Cai and Ander-
son.* We use a value of ¢nug = 4.5V as the work function of
the reference system (NHE vs. vacuum), chosen to be within
the range 4.44—4.85 V found in the literature.*>** The fact that
we can only treat a small system with few protons per unit cell
has implications for the calculated work function. It means
that when studying proton/electron transfer reactions, the
potential changes during the reaction. This is particularly
problematic for the smallest unit cell, and we therefore pri-
marily use the large unit cells where only one of the protons
reacts, in order to establish the potential dependence of the
activation energies in the following. We, furthermore, take the
average of the initial and final state potentials as representative
of the potential at which the reaction occurs. In this context we
also note that the work function could depend on the number
of water layers included. Hence, the uncertainty in U stems not
only from ¢nyg but also from the absolute value obtained
from the calculations. A final interesting issue to consider
regarding the extraction of the potential from the work
function is the coverage of H on the surface since it also
affects the work function. Indeed, as will be shown in the
following, one can actually relate the hydrogen coverage to the
potential versus the standard hydrogen electrode. Hence, in
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order to read off the correct potential from the work function
for a certain proton concentration, a H coverage consistent
with the chemical potential of H in solution (assuming this
step to be in equilibrium) is needed on the surface. The method
described above allows us to vary the potential relative to the
NHE in the range from —2.3 V (two protons in an intermedi-
ate size unit cell, high H coverage or 22/12 ML) to +0.5 V
(one proton in an intermediate size unit cell, low H coverage or
1/12 ML).

In the present study we investigate the Volmer, Tafel, and
Heyrovsky reactions under varying potentials using the model
described above. The calculations include a complete nudged
elastic band (NEB) calculation**** of the reaction paths and
the reaction barriers. Due to computational limitations set by
the DFT calculations we have made the following simplifica-
tions: A starting guess of the initial, final, and transition states
of the relevant reaction paths is found using the smallest super
cell (3 x 2). These calculations include complete relaxation of
the first metal layer, the adsorbed hydrogen, and the water
bilayer during the reaction. We use the relaxed structures of
the initial, transition and final states from the (3 x 2) cell
calculations as a starting guess for the larger cell calculations
where we can vary the composition and hence the charge and
potential of the electrode. The initial and the final states are
completely relaxed, while the transition states (TS) are calcu-
lated in a more approximate way. The main core of the TS in
the Heyrovsky reaction, the Pt-H-H-OH, configuration ob-
tained by NEB calculations for the small cell (see the TS
marking in Fig. 1), is fixed in these larger cells while the
surrounding water, hydronium ions, adsorbed hydrogen and
the first Pt layer are allowed to relax. After relaxation, the
residual forces on the fixed TS atoms are less than 1 eV A~ in
all cases. Since the TS corresponds to a saddle point of the
potential energy surface, we expect this to give rise to quite
small errors in the TS energy, but this procedure leaves room
for improvement.

The Volmer reaction
First, we consider the Volmer reaction:
H +e — H.q4

We have studied this reaction at different hydrogen coverages
and for different numbers of protons and electrons (different
potentials). Fig. 3 shows examples of transferring solvated
protons to the Pt(111) electrode at negative potentials with
initial hydrogen coverages of 5/6 ML and 1 ML. The activa-
tion barriers are quite low, below 0.15 eV for both systems.
The main contribution to these activation barriers come from
an initial proton transfer from one water molecule to another
before a proton can be transferred to the electrode. This can be
seen in the inserts of Fig. 3. The actual transfer of the proton
to the surface, from the TS to the final state (FS), is downbhill
in energy. We invoke the initial proton transfer to another
water molecule in the water bilayer in order to end up in the
energy optimized final state of the ice-like structure of the
water bilayer where every other water molecule in the hex-
agonal framework points down and the others are parallel to
the surface. The barrier of about 0.15 eV including rearrange-

T T { T | T [ T
® IMLH H'->7/6 ML H
0.15+ TS ~ aat .> ad
@ 5/6 ML H‘d+ H ->1ML Hm
0.10 FS —
=
&,
-
Ec 0.05 —
= 90 22
0.0 -
"-.
-------- ®

-0.05 -l 1 | 1 | 1 | 1
Reaction path [A]

Fig. 3 Reaction paths from NEB calculations for the Volmer reac-
tion, H" + e~ — H,q, at two different hydrogen coverages. The initial
states contain solvated protons and 1 ML (solid curve) or 5/6 ML
(dashed curve) of hydrogen atoms cover the surface in the FCC holes.
In the final states the solvated protons have adsorbed into on-top sites.
The average potential is —0.2 V vs. NHE (solid curve) and +0.2 V vs.
NHE (dashed curve). Inserts show top and side views of the initial (IS),
transition (TS), and final state (FS) structures for the 1 ML coverage
system. The average distance from the first Pt layer to the O atoms in
the water bilayer is 3.59 A for the IS and 3.99 A for the FS. For the
system with 5/6 ML coverage, the proton is transferred to an on-top
site with an empty FCC hole next to it. It will subsequently move to
the FCC site and gain ~0.1 eV in potential energy.

ments in the water layers is consistent with calculated barriers
for proton transfer in water.*® 48

Our calculations for the Volmer reaction suggest that the
energetics is given essentially by the reaction energy with a
small extra contribution to the energy barrier due to the
proton transfer in the water bilayer. This means that close to
the equilibrium potential, the barrier for this process is small, a
finding that is in good agreement with conclusions from
experiments.! We therefore expect this reaction to be in
equilibrium even at room temperature. This means that the
coverage of hydrogen on the surface is given by the chemical
potential of hydrogen, which at standard conditions (298 K,
pH = 0) is determined by the potential, U, relative to the
normal hydrogen electrode:

g = —eU 2

This expression is analogous to the Nernst equation for pH = 0.

We have calculated the differential hydrogen adsorption
energy and free energy (using the method outlined in ref. 26)
as a function of coverage in the absence of water and potential
as shown in Fig. 4. We have found that water and an
additional electrostatic field have only small effects on the
hydrogen adsorption energy,*’ so this is a good representation
of the adsorption free energy at the electrode surface.

Eqn (2) gives us a direct link between the electrode potential
and the hydrogen coverage since states with a free energy AGy
< uyg = —eU will tend to be filled. According to Fig. 4, at 0.25
ML hydrogen coverage the potential U is approximately
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Fig. 4 Calculated differential adsorption energy of hydrogen as a
function of coverage over a Pt(111) surface in vacuum. Both the
energy and the free energy (at 300 K) are shown relative to 1/2 H,
in the gas phase (at standard conditions). In the inset the contribution
from the configurational entropy has been included in the free energy
(dashed).

+0.18 V and an increase to a coverage of 1 is achieved close to
U=0V.

This is in quite good agreement with the work of Markovic
et al.** whose cyclic voltammetry (CV) measurements indicate
0.25 ML coverage of Hy,q on Pt(111) at approx. 0.20-0.25 V.
Experiments have also indicated that the H coverage at U = 0
Vis ~0.66 ML.! In fact, if the contribution from the config-
urational part of the entropy term is included in AG an even
better agreement is achieved. To model the configurational
part of the entropy we use

Sconf. = 7kB(01n(9) + (1 - 9) ln(l - 9))

Since we are looking at the differential free energy, we need
dSconr/d6, which is given by:

dSconr./d0 = kg In((1 — 0)/0)

In the inset of Fig. 4 this part is added to AG. Now the
calculated H coverage at U = 0 Vis ~0.8 ML.

From the adsorption energies shown in Fig. 4 a value of the
pair-wise nearest neighbor interaction between adsorbed H
atoms in the FCC sites can be extracted. We find the H-H
interaction to be very weak, about 0.02 eV. This is very close
to values (0.04 eV) extracted from CV.>

At hydrogen coverage above 1, the H atoms are found to be
most stable in an on-top adsorption site, but the calculations
suggest that this high coverage state is not occupied except at
potentials below ~—0.5 V. The reason is that at a hydrogen
coverage of 1, we find a discontinuity in the adsorption energy
of close to 0.5 eV. This we associate with a strong, repulsive
H-H interaction when the H-H distance becomes small.

As mentioned in the Introduction, the terms Hy,q and Hopg
are frequently used when discussion the HER and the HOR.'®
Since Hopq is the adsorbed hydrogen species below the equili-
brium potential, it must be associated with the active species in
the HER reaction. The question is whether it is fundamentally
different from Hy,q. The calculations indicate that apart from

a weak H-H repulsion, nothing special happens to the ad-
sorbed state of hydrogen on Pt(111) up to a coverage of 1.

In situ infrared reflection-absorption spectroscopy (IRAS)
experiments®' have found two different adsorbed states, one
assigned to Hypq (around 1000-1300 em™1)>** and another
one assigned to Hypq with a considerably higher vibrational
frequency (around 2100 cm™').? The assignment of Hopq was
supported by the finding that the intensity of the high fre-
quency band increased linearly with decreasing potential.

In order to look more into this we have calculated the
perpendicular vibrational frequency for adsorbed hydrogen in
on-top and FCC sites. We find these frequencies to be 2200
and 1017 cm™', respectively, in good agreement with the
experiments. But, as noted above, our calculations suggest
that the on-top H is not the equilibrium site at potentials just
below 0 V. One possible explanation of the IRAS observations
is therefore the following: DFT calculations show the differ-
ence in adsorption energy (including zero point energy) for
hydrogen adsorbed in the on-top and FCC sites to be very
small, about 0.1 eV.>® Thus, with a certain coverage of H
adsorbed in the FCC sites, the coverage of H in the on-top site
is given by Oy, = Opccexp(—AG/kgT), where AG ~ 0.1 €V, if
equilibrium is assumed. At room temperature the on-top
occupancy is therefore about 1% of the FCC occupancy. To
understand why only the on-top hydrogen is observed when it
is only a minority species, we have calculated the dynamical
dipole matrix element M for the perpendicular vibrations. We
find M to be 0.004 ¢ and 0.032 ¢ for the FCC and on-top
adsorption sites, respectively. Since the IR absorption is
proportional to the square of the dynamical dipole matrix
element, this means that the intensity of the vibration in the
on-top site is nearly two orders of magnitude stronger than in
the FCC site. Hence, in this picture the on-top H, and hence
the H,pq, is a thermally populated minority species. The linear
relation observed between the intensity of the high frequency
band and the potential is in this picture associated with a linear
relation between the occupation of on-top sites and the
occupation of FCC sites, which in turn is linear in the potential
as can be deduced from Fig. 4 for hydrogen coverage between
0.25 and 1 ML.

The Tafel reaction

Next we consider the Tafel reaction:
2Haq — Ha

In the small unit cell at high coverage of hydrogen, the energy
barrier is found to be 0.55 eV, considerably higher than for the
Volmer reaction, see Fig. 5. Since there is no electron transfer
involved, we do not expect the activation barrier for the
process to show much potential dependence as long as the
hydrogen coverage is constant. Using the intermediate sized
unit cells we have calculated the activation energy of the Tafel
reaction to be 0.52, 0.60, and 0.68 eV at initial state electrode
potentials (deduced from the work function) of +1.8, —0.1
and —1.3 V vs. NHE, respectively, with the same initial
hydrogen coverage (13/12 ML). Since the electrode potential
window is very wide, the calculated changes in the activation
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Fig. 5 Reaction path from an NEB calculation showing the energy
barriers for the Tafel reaction, 2H,q — H,. The hydrogen coverage is
initially 7/6 of a ML. An on-top hydrogen atom and hydrogen atom in
an FCC site react and form a H, molecule that desorbs from the
surface. The average distance from the first Pt layer to the O atoms in
the water bilayer is 4.52 A for the IS and 4.59 A for the FS.

energy are rather small and are perhaps within the error of our
calculations.

The Tafel process is equivalent to the traditional Lang-
muir—Hinshelwood mechanism for H, desorption from a
Pt(111) surface into a vacuum, and we find that the barrier
is not changed significantly by the presence of the water. In
Fig. 6 we show the calculated value of the barrier for H,
desorption as a function of the hydrogen coverage both with
and without the water bilayer. Experimentally, the barrier
for desorption into vacuum has been measured to be 0.45—
0.80 eV.>*

Even though there is only a small direct dependence of the
barrier for hydrogen desorption on the applied potential, there
is an indirect dependence through the connection between the
hydrogen coverage and the potential described above. We can
construct the dependence of the barrier for H, desorption on

10 . , . , . ,
N
0.8 - -© -
A Ea w water “|
" \
_ ey &6 E_J w/o water 4 i
3 -8
=y i
04 | - —
o
0.2 .
1 | ! I 1 |
0'00.0 0.5 1.0 15

Hydrogen Coverage

Fig. 6 Calculated activation barrier for the Tafel reaction for H,
desorption from a Pt(111) surface into a vacuum (diamonds) and in
the presence of a water bilayer (triangles, for 3/6 and 7/6 ML) as a
function of initial hydrogen coverage.

A Tafel Mechanism w water

0 Tafel Mechanism w/o water

=y
&
T y = 0.64x +0.80
s & 04—
0.2
1 | 1 | 1
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Fig. 7 Activation energy for the Tafel reaction as a function of
potential with (triangles) and without (diamonds) a water bilayer.
The graph is obtained by combining the hydrogen coverage depen-
dence of the activation (shown in Fig. 6) with the potential scale
obtained from the coverage dependence of the differential free energy
for hydrogen adsorption (shown in Fig. 4; the configurational entropy
has been neglected here) and its relation to the electrode potential
(described in the text).

the potential under the assumption discussed above that the
Volmer reaction is in equilibrium. From Fig. 4 we can get the
H coverage as a function of electrode potential, and from the
variation of the activation barrier with hydrogen coverage in
Fig. 6 we can get the desired relationship. The result is shown
in Fig. 7.

The variation of the activation barrier for hydrogen deso-
rption is consistent with a linear dependence on the electrode
potential. The gap between the two groups of data points in
Fig. 7 is due to the discontinuity in the hydrogen coverage at 1
ML and at 0y > 1 ML (see Fig. 4). From the slope, one can
derive a value for the transfer coefficient, «, for the reaction,
which we define here as the derivative of the activation energy,
E,, with respect to the potential, U:

o=dE,/d(eU)

where e is the electron charge. From the results of Fig. 7, we
get a transfer coefficient for the Tafel reaction of o =~ 0.65.

The Heyrovsky reaction
We now turn to the Heyrovsky reaction:
Hy+H' +e — H,

In this process, a proton from the double layer picks up an
H™-like species on the surface to form an H, molecule without
first adsorbing on the surface. The calculated minimum energy
path is shown in Fig. 8. The initial coverage in this particular
calculation is slightly above 1 (7/6 of a ML), and the H that is
picked up is the on-top H atom. At a coverage below one, the
reacting H adatom on the surface first has to move to the on-
top position before this process can take place. The additional
energy cost for doing this is small, ~0.1 eV. When there is an
empty on-top site directly underneath the reacting proton, the
NEB calculation gives a spontaneous discharge mechanism

3246 | Phys. Chem. Chem. Phys., 2007, 9, 3241-3250

This journal is © the Owner Societies 2007



0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
0.4
-0.5

Energy [eV]

l 1 ] | ! ] ] ! l l
0 1 2 3 4 5 6 7 8 9
Reaction path [A]

Fig. 8 Reaction path from NEB calculations showing the energy
barrier for the Heyrovsky reaction (H™ + e~ + H,q — H,). The
initial hydrogen coverage is 7/6 ML and a solvated proton reacts with
on-top hydrogen, forming a H, molecule, which desorbs from the
surface leaving 1 ML of hydrogen left on the surface. The average
distance from the first Pt layer to the O atoms in the water bilayer is
3.76 A for the IS and 4.60 A for the FS.

corresponding to the Volmer reaction. We find a somewhat
lower energy barrier for the Heyrovsky reaction than for the
Tafel reaction in Fig. 5.

We now turn to the larger unit cell calculations where the
potential can be varied by introducing additional protons/
electrons. The results are summarized in Fig. 9. As expected,
the variation in the reaction barrier with potential for the
Heyrovsky reaction is substantial. We note that the value at
the highly positive potential is hardly relevant to any experi-

a

E, [eV]

y =0.42x + 0.59

1 | ] I 1 | 1 L | I 1 |

20 -15 -1.0 -05 00 05 1.0 15
Uvs NHE [V]

Fig. 9 Calculated activation energy vs. potential for the Heyrovsky
reaction. The initial, transition and final states were calculated in three
different super cells. For the most negative bias, the intermediate bias
and the most positive bias, (6 x 2), (6 x 4) and (3 x 4) super cells were
used with two, three and one hydronium ion(s) per unit cells and with
initial hydrogen coverage of 22/12, 25/24 and 1/12 ML, respectively.
The information in Fig. 4 has been used to determine the hydrogen
coverage consistent with the potential generated by the hydronium ion
concentration in the water bilayer. Here, we have included in the
activation energy the energy cost of moving the adsorbed H atoms
from an FCC site to an on-top site for the point at the most positive
bias.

mental conditions since the reaction is very endothermic at
these conditions; we include it only to show the variation of
the activation energy with potential over a wide range. Com-
parison of Fig. 7 and Fig. 9 shows, however, that the activa-
tion energy for the Heyrovsky reaction is somewhat lower
than for the Tafel reaction at a given potential.

It should be noted that the method we use to obtain the
electrode potential in these calculations is somewhat uncer-
tain, particularly with respect to the absolute magnitude. The
inclusion of more water layers could affect the calculated work
function. Another uncertainty of the absolute potential is that
ranges of values have been proposed for the shift, ¢pnpg, used
to determine U, see eqn (1). If we take the maximum value
suggested for ¢np (4.85 V),* this would shift the whole curve
in Fig. 9 left by 0.35 V, and the barrier for the Heyrovsky
reaction at 0 V would increase by ~0.15 eV, but it would still
be smaller than that of the Tafel reaction at the same potential
(note that the potential scale here is related to the coverage
dependence only and thus comes from the adsorption free
energies). The calculations, therefore, indicate that the Heyr-
ovsky reaction is dominating. We are basing this conclusion
on the calculated activation energy only. Entropic effects
should also be taken into account, but given the magnitude
of the difference in activation energy, it is likely that the
conclusion would be the same even if the entropic barriers
for the two reactions were somewhat different. Calculations of
the vibrational frequencies for both the initial and transition
states of the two reactions show all frequencies to be much
larger than k7. In harmonic transition state theory this
would suggest that the entropy factors are similar for the
two mechanisms.

Similar to what was done for the Tafel reaction above, we
can extract a transfer coefficient for the Heyrovsky reaction
directly from the slope of the activation energy vs. potential
(see Fig. 9). The value we find from the calculations is « =~ 0.4.
This is, again, in good agreement with measured values.?’ We
note that this value is not affected by shifts in the estimates of
the absolute value of the potential.

Discussion

If we combine the dependence of the coverage (Fig. 4) and
activation energy (Fig. 9) on the potential we get the following
overall picture: starting at positive values (relative to the
normal hydrogen electrode) and lowering the potential U,
hydrogen starts building up on the surface in FCC sites until
it reaches a coverage of 1 around U = 0 V. Lowering the
potential further does not lead to an increased coverage until
approximately U < —0.5 V, at which point additional hydro-
gen is adsorbed in on-top sites. The present results therefore
suggest that the H,pq adsorbed just below U = 0 V is a high
coverage state with H adatoms mainly in FCC sites and only
with a small fraction of thermally populated H in on-top sites,
which is not very different from the low coverage H,q4 state.

Below U = 0 V, hydrogen evolution becomes thermodyna-
mically possible, and both the Tafel and the Heyrovsky
reactions are found to have a moderate activation energy.
The barrier for the Heyrovsky reaction is found to be lower
and this suggests that the Heyrovsky reaction dominates, but
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given the uncertainties in e.g. the determination of the overall
electrode potential from the calculations, this conclusion is
only tentative. We find that the Heyrovsky reaction proceeds
by a proton from solution attacking a H atom in the on-top
position. At all but the most negative potentials this means
that the first step in the process is a transfer of a H atom from
an FCC site to an on-top site on the surface. The energy
difference between the two sites is very small (~0.1 eV).

Further insight into the origin of the transfer coefficient for
the Heyrovsky reaction can be obtained from Fig. 10 where
the calculated activation barrier is shown as a function of the
reaction energy AE = E(final) — E(initial). These calculations
are all done with the large, (6 x 4) simulation cell and a
coverage slightly above 1 ML (unlike Fig. 9 where the data
points correspond to a coverage that is consistent with the
electrode potential). The change in reaction energy originates
in variations in the hydronium concentration in the simulated
system. The correlation of the activation energy with the
reaction energy is as good as with the potential, and the slope
is essentially the same. We emphasize here that the reaction
energy and the electrode potential extracted from the work
function are independent variables, and that the variations in
the activation barrier with electrode potential and H coverage
are the same when plotted in this way. The result in Fig. 10 is
analogous to the Bronsted—Evans—Polanyi relations between
activation energy and reaction energy found throughout
chemistry,®® in particular in surface chemistry.>® %> This rela-
tion has been assumed for a long time and the results of Fig. 10
represents a direct computational demonstration of the rela-
tion. The slope of approximately 0.45 indicates that the nature
of the transition state is somewhere in-between that of the
initial and the final state. This can also be seen in the insets in
Fig. 8. The analogy between Fig. 9 and Fig. 10 confirms
explicitly that the electrochemical transfer coefficient can be
viewed as simply another manifestation of a Brensted—Evans—
Polanyi relation.

We note that the activation barrier (0.6 eV) obtained for the
Heyrovsky reaction at U = 0 V is considerably larger than the
one deduced from experiments (0.2 eV).'* While there are
definitely uncertainties relating to the methodology used in the

5 v = 0.45x + 0.86 -
w” ® o6
04—
0.2
| 1 | | | i i | L 1
15 1 05 0 0.5 1
AE [eV]

Fig. 10 Activation energy vs. reaction energy (AE = Egfna — Einitial)
for the Heyrovsky reaction. A (6 x 4) super cell is used in all cases,
with 1, 2, 3, or 4 protons and with initial hydrogen coverage of 25/24
or 28/24 ML.

calculations, the difference seems rather large. One possibility
is that H atoms adsorbed on step sites are more reactive and
could lead to a lower barrier. The magnitude of the calculated
barrier, on the other hand, agrees quite well with the absolute
values of the exchange current. As mentioned above, we find
that the vibrational frequencies for both the initial and transi-
tion states of the Heyrovsky reaction are much larger than
kgT. According to harmonic transition state theory this
suggests a prefactor, v, of the order 10" site™' s™' in an
Arrhenius rate constant

ko = vexp[—E,/ksT].

A typical value of the exchange current, iy, on Pt(111) is 4.6 x
107* A cm™2,! and the surface area per Pt atom, A/N, is
6.64 x 107'® cm®. By applying

io = k()é’N/A

we get ko ~ 0.95site” ! s7!, which results in a E, of 0.75 eV in
quite good agreement with our calculations. Note that the
0.75 eV is the upper limit for E,. Two effects could reduce the
estimated barrier: a smaller prefactor and reduced number of
reactive sites since only surface sites in contact with protons
are active.

In this connection it should be remembered that the method
used here to estimate the effect of the electrode potential is
approximate. The method could be made fully self-consistent
if it were not for limitations in the system size and computa-
tional time available. The right hydrogen coverage would then
be found by interpolation and used in simulations correspond-
ing to a given value of the electrode potential. This self-
consistency has only been achieved approximately in the
present calculations. It is also important to realize that the
potential affects the activation energy in different ways for the
two reaction mechanisms. For the Tafel reaction, the variation
in the activation energy occurs primarily through the variation
of the hydrogen coverage, which is directly affected by the
potential, but a change in the hydronium/electron concentra-
tion at a fixed coverage has little effect. For the Heyrovsky
reaction, on the other hand, both the hydrogen coverage and
the hydronium/electron concentration affect the activation
barrier significantly.

For the Heyrovsky reaction we only consider the transfer of
a proton from the double layer to the surface. There is an
additional step where a proton from solution moves into the
double layer to replace the proton that has reacted. We expect
this step to have a barrier comparable to proton transfer in
water, as for instance observed in connection with the Volmer
reaction (ca. 0.15 eV, see Fig. 3). This is much lower than for
the proton transfer to the surface, but the entropy barrier for
this step could be much larger. This will require further study.

Conclusions

The present calculations provide a quite detailed picture of the
electrochemical double layer during an electrochemical reac-
tion. Our preliminary analysis of the results for the hydrogen
evolution reaction gives a molecular level picture of the
process, which is in good agreement with several experimental
observations. We can understand the onset of H adsorption
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and the subsequent onset of hydrogen evolution as the poten-
tial is decreased further. We find a strong potential dependence
of the activation energy for both the Tafel and the Heyrovsky
reactions, and the slope directly gives access to a theoretical
value for the electrochemical transfer coefficient, ~0.65 for the
Tafel reaction and ~0.4 for the Heyrovsky reaction. This is
clearly in the range of values usually quoted for the HER.'*%
The finding that the Heyrovsky reaction probably dominates
is not in conflict with experimental observation, and the fact
that the Tafel reaction is close in activation energy and can
work in parallel, is in agreement with the observation that
changing the surface structure is enough to change from one
mechanism to another.'*

The present calculations raise a number of questions. The
most important discrepancy between theory and experiment
from the present analysis is the large difference between the
calculated and measured values of the activation energy. The
procedure used for obtaining the electrode potential from the
work function is another point where more work is needed. It
would be desirable to develop a procedure where a closer self-
consistency is reached between the hydrogen coverage on the
electrode surface, hydronium concentration in the bilayer and
the electrode potential, and where the electrode potential is
more accurately estimated. We also need to include the
transfer of protons from solution to the double layer. The
present work also clearly points to the importance of being
able to describe systems that are large enough so that the
change in potential during a reaction is negligible. It would
also be desirable to include more water in the simulation and
to be able to distinguish between protons in solution and
protons in the double layer.
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