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Density functional theory molecular dynamics simulations of H-covered Pt(111)-H,O interfaces reveal
that, in contrast to common understanding, H,O coadsorption has a significant impact on the electrode
potential of and plays a major role in determining the stability of H adsorbates under electrochemical
conditions. Based on these insights, we explain the origin behind the experimentally observed upper limit
of H coverage well below one monolayer and derive a chemically intuitive model for metal-water bonding
that explains an unexpectedly large interaction between coadsorbed water and adsorbates.
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Adsorption of ions at electrode-electrolyte interfaces
controls the electrode potential as well as the rate of
electrochemical reactions relevant to electrochemical
energy storage, electrocatalysis, and aqueous corrosion.
While the relation between the electrode potential and
adsorbate coverage is accessible by experimental tech-
niques such as cyclic voltammetry [1-5], understanding
how exactly adsorbate interfacial structures influence the
measured electrode potential evades direct experimental
access. In contrast, for surfaces in vacuum, determining the
adsorbate structure is possible via modern surface science
techniques [6—-10]. Also, at surface science conditions the
work function, which is formally equivalent to the electrode
potential [11,12], is experimentally straightforward to
measure. A comparison of key experimental data such as
the voltage-coverage dependence or adsorption energies
obtained from surface science techniques and in an electro-
chemical setup often show very similar behavior. Based on
these empirical observations, a common assumption is that
adsorbate binding, as well as adsorbate-adsorbate structure
and interactions, can be accurately approximated from
surface science experiments or surface science modeling
[6,13-21].

Surface science models, however, have been unable to
explain some important properties of metal-water inter-
faces. Consider the H-covered Pt(111)/H,O interface,
which is also one of the best investigated “model”
electrochemical systems [1,3,4,22-36] due to its excellent
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catalytic performance for the hydrogen evolution reaction
(HER). While surface science principles have been used to
successfully reproduce voltammograms and the voltage-
coverage dependence for this system [4,5], they fail to
explain a key experimental observation: The presence of an
upper limit to the H adsorption at ~0.66 ML (monolayer).
This upper limit also coincides with the onset of the HER
[2,3]. A possible explanation is that water is not just a
spectator but actively controls adsorption and chemical
reactions at the metal-water interface.

To understand the impact of water on surface adsorption
and the electrode potential, we performed a systematic
comparison of the work function (electrode potential) of
H-covered Pt(1 1 1) with H coverages (@) of up to a single
monolayer in vacuum and an aqueous environment
employing density functional theory (DFT) calculations
using the Vienna ab initio simulation package [37-39]. The
equilibrium adsorbate structures and the work function
values for the surfaces in vacuum are obtained after
structural optimization, while DFT molecular dynamics
(DFT-MD) simulations with explicit water molecules con-
fined between the Pt surface and a computational Ne
counter electrode based on our recently developed compu-
tational approach [40] are used to sample structures and
their corresponding electrode potential values in the pres-
ence of water [41].

The calculated work function and electrode potential
values are summarized in Fig. 1. A comparison with the
experimental data for the surface in vacuum [18] (solid
black line) shows an excellent agreement with our DFT
computed results (blue line). For the system in contact with
water, there is a similar agreement with the experimental
data (black crosses) obtained from cyclic voltammetry
[2,56] for ®y < 0.66 ML. At these coverages, the work
function and electrode potential values show the same
trend in experiment and in our computational work:
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FIG. 1. Work function and time-averaged electrode potential as
function of H coverage (®y) for the Pt(1 1 1) surface in vacuum
(A®,,.) and in contact with water ((A®),). For comparison, the
experimentally measured work function [I18] and electrode
potential [2] are included. All potentials are referenced to the
work function of the clean (adsorbate free) Pt(1 1 1) surface.
Additionally, the H adsorbate induced change in the work
function (A®y_,4), for the system in the aqueous phase (see
text) is also plotted here. The yellow hashed area lies between two
DFT computed concentrations and marks the region where the
potential minimum (i.e., the critical H concentration) is predicted.
The dashed green lines extrapolate the low and high H-coverage
case in this region. Representative surface and interface structures
at select coverages are shown as insets. Gray, white, red, and
green spheres represent Pt, H, O of H,O molecules and O of the
solvated proton, respectively. The black line shows the simulation
cell boundary.

they decrease with increasing H coverage. While for
surface science conditions this trend monotonously extends
to a full hydrogen ML, under aqueous conditions the
adsorbate induced monotonous lowering in the potential
stops abruptly before a full ML coverage is reached.
The corresponding critical coverage in experiment is
Oy =~ 0.66 ML. Since the DFT computations can be only
performed for a rather small set of H concentrations, the
critical coverage cannot be exactly determined but is given
by the interval between two data points. As shown by
the yellow-shaded area in Fig. 1, this interval is
0.5 ML < Oy < 0.66 ML, i.e., the upper bound coincides
with the experimental value.

These results can be interpreted as follows: in the low-
coverage region, the system can respond to lowering of the
electrode potential by increasing the H coverage. This
direct connection between H coverage and electrode
potential breaks down at @y < 0.66 ML (in the calcula-
tions) and at Oy ~ 0.66 ML (in experiment). Above this
point, a further increase in H adsorption will no longer
result in a decrease in the electrode potential. A way for the
system to respond to the application of these large negative
potentials is by creating a large interfacial dipole through an
electrochemical desorption reaction. Indeed, as shown in

Fig. 1, the full ML adsorbate structure is only metastable,
and after ~25 ps, one of the H adatoms (H,q) desorbs,
resulting in a 11/12 ML H surface coverage and a single
proton Hy; in solution (Hyy — Hf; +e7). This step pro-
vides the necessary conditions for the HER. The electrode
potential for the desorbed state, as expected, is significantly
lower than any potential that can be achieved by H
adsorption alone. The above discussion directly links the
existence of the breakdown in the electrode potential and
the experimentally observed critical H adsorbate concen-
tration at which hydrogen evolution starts. Based on this
insight, two questions arise: first, what is the origin of the
breakdown, and second, why is it absent in the water-
free case?

To address these questions, we decompose the change in
the electrode potential into three contributions:

AD = ADyy 4 + ADee + AD ey (1)

The first contribution, A®y_,4, describes the contribu-
tions related to H adsorption and is conceptually equivalent
to the mechanism present in vacuum. It is computed by
averaging over a set of uncorrelated snapshots from our
molecular dynamics (MD) runs sampled at least 0.5 ps
apart,

N Pi i
Zi:l (I)Pt|H g
N .

<A(I)H—ads>t = (2)

Here, i is the index running over the N uncorrelated
snapshots. @pyy and @p, are the respective work functions
of the system Pt with H adsorbates and the system with Pt
atoms only. For both cases, the water molecules and the
counter electrode have been removed from each snapshot.
This approach is identical to the one we use to determine
the work function for the vacuum surfaces except that we
do not perform structural energy minimization but use the
frozen in structures from the MD simulations.

The second and third contributions occur only in an
aqueous environment. The second contribution, A®.,
stems from electronic charge transfer between metal and
water. It is again a time-averaged quantity calculated using
the DFT-MD snapshots. It is obtained from the charge
density of the snapshot with only Pt and H adsorbates
npt|H(r), and with only water and the Ne counter electrode
Ay, 0/Ne (T). These are subtracted from the charge density of
the snapshot of the entire interface npyy u,o|ne (¥) to get the
difference charge density

An(r) = npyuj,oNe (T) = 7pyu () — n,one (). (3)

This difference includes any charge transfer between
water and the slab, as well as electronic polarization
induced by the slab into water and vice versa. The potential
obtained by solving the Poisson equation for this difference
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FIG. 2. (a) Decomposition of the electrode potential vs H
coverage according to Eq. (1). (b) Correlation between the
electronic contribution of the potential A®,.. and chemisorbed
water coverage Oy, where the blue line shows the
linear regression. (c) Chemisorbed water coverage (see text)
®H20 \'A) G)H

charge density provides direct access to Ad,.. (for more
details, see the Supplemental Material [41]).

The third contribution, AD ., is due to the reorienta-
tion polarization of water molecules in the vicinity of the
interface. It is obtained from Eq. (1) as the difference of the
total potential drop minus the first two contributions. It
describes the reorientation of the water molecules to screen
the electric field [57].

These contributions are plotted in Fig. 2(a), and their
values are listed in Table 1 of the Supplemental
Material [41].

Considering only the contribution related to H-adsorp-
tion Ay 4 [plotted in Figs. 1 and 2(a)], a qualitatively
similar dependence on H-coverage Oy is observed as in the
vacuum case: the potential monotonously decreases with
increasing H coverage. This result may appear to support
the surface science picture that the impact of water is small.
However, consider the two water-related contributions,
AD.. and AD .., in Fig. 2(a): their magnitude is similar
or even larger than Ady_,4,. A closer inspection shows that,
for coverages up to about half a monolayer, the two water-
related contributions have an approximately opposite
dependence on H coverage. Consequently, for lower H
coverages, work function and electrode potential values are
shifted but show a rather similar coverage dependence
(Fig. 1). For H concentrations above 0.5 ML, the ability to
further lower the potential by water reorientation is
exhausted. Thus, this mechanism is no longer able to
further compensate for the steadily increasing A®,... This
is the source of the voltage breakdown discussed above and
the origin of an upper limit for H adsorption well
below 1 ML.

To understand why A®.. steadily increases with
increasing H coverage, we have analyzed in detail the
DFT-MD trajectories. We find that water molecules interact
with the Pt(1 1 1) surface as chemisorbed and physisorbed

adsorbates with Pt-O bond lengths of 2.3-2.4 A and
3.3-3.6 A, respectively. A further analysis shown in
Fig. 2(b) reveals that the electronic component A®,..
correlates almost linearly with the coverage (®y,p) of
chemisorbed water molecules (CWMs). A direct conse-
quence of this observation is that each CWM induces an
almost constant dipole moment independent of the H or
water coverage. Figure 2(c) shows that @y, rapidly
decreases with H coverage. At Oy = 1 ML, the CWMs
have almost completely disappeared. These observations
highlight the central role of the CWMs on the electrode
potential: They are the origin of the large downward shift of
the electrode potential compared to the work function at
low coverages and naturally explain why the two potentials
become almost identical at full H coverage when CWMs
cease to exist (Fig. 1).

To understand the nature of the large dipole moment with
which the CWMs control the electrode potential, we
inspect the difference charge density An(r) due to water
adsorption (Fig. 3) [58]. The analysis reveals that a CWM
transfers part of an electron (x0.15 e) to the Pt surface, thus
building up the above described large dipole moment. This
observation resembles in many aspects the well-established
Pt-water bonding model [15,42,59]: the H,O 1b; lone pair
orbital g1,y strongly interacts with the d orbitals epy4) of
the neighboring Pt atom [see Fig. 3(a)] giving rise to the
formation of bonding-antibonding states (with energies ep
and €,p) [see Fig. 4(a)]. Conventionally, it is thought that
eap 18 above the Fermi level (Epq,), causing an electron
transfer from the water molecule to the Pt surface atom
below it [60,61] [see Fig. 4(b)]. An analysis of the electron
occupation of the respective H,O and Pt orbitals shows
however a distinctly different behavior: While the H,O
molecule indeed donates its electron and gains positive
charge, the Pt atom to which the water molecule is

Aq = +0.15e

Oy = 3/4 ML

g

(a)
Ag = 4+0.05e
FIG. 3. Difference charge density An(r) represented as iso-

surfaces of (a) a CWM on top of a Pt atom and CWMs adsorbed
on P(1 1 1) with Oy values of (b) 0 ML and (c) 0.75 ML sampled
from the DFT-MD simulations (with the rest of the water
molecules removed). Ag is the approximate charge determined
by integrating An(r) in the vicinity of the atoms or molecules.
The brown, green, yellow, and violet surfaces represent isolevels
at —0.036 /A%, 0.036 ¢/A3, —0.01 ¢/A%, and 0.003 e/A,
respectively (positive values represent electron accumulation).
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FIG. 4. Schematic representation of the interaction between
metal surface and a CWM. (a) LCAO energy level diagram.
(b) The conventional Pt-water bonding model with vertical
charge transfer. (c) Derived model with diagonal transfer. The
arrows in (b) and (c) indicate the transfer of fractional electrons to
Pt atoms.

bonded also becomes positively charged (= + 0.05 e)
[Fig. 3(a)].

A consequence of this finding is that the electron transfer
is not vertical, i.e., from the on-top bonded water molecule
to the Pt atom below, as commonly assumed [Fig. 4(b)].
Rather, both the water molecule and the on-top Pt atom act
as electron donors, transferring a total of 0.2 e per CWM
[Figs. 3(b) and 3(c)]. Since a vertical transfer is blocked, a
diagonal transfer to the Pt atoms neighboring the chemi-
sorption site (with partially occupied states below eap)
occurs [Fig. 4(c)]. This is evident in Fig. 3(b), where the
violet regions show the orbitals into which the transfer
occurs. Based on this insight, we conclude that the
chemisorption of a CWM on a metal surface does not
require only a single on-top Pt site but also neighboring Pt
atoms to provide metallic orbitals for the diagonal charge
transfer. Thus, a CWM requires a much larger surface area
than originally thought, effectively reducing the number of
available sites for adsorbates. Vice versa, adsorbates like H
blocking these neighboring sites will prevent water chemi-
sorption. This adsorbate induced blocking mechanism
directly explains the observed anticorrelation between
adsorbed H and CWMs [see Fig. 2(c)]. The decrease in
the number of chemisorbed water molecules directly trans-
lates into the decrease in the magnitude of the electronic
component Ad.. of the electrode potential [Fig. 2(b)],
which has been identified as the source of the voltage
breakdown and thus the cause of instability for H adsorp-
tion above a critical coverage. The revised picture of the
water-metal bond thus provides an intuitive explanation for
the complex interplay between adsorbates and coadsorbed
water molecules on metal surfaces.

A second interesting observation from the linear combi-
nation of atomic orbitals (LCAO) model shown in Fig. 4(a)

is that the antibonding level of the CWM is pinned to the
Fermi level of the metal. As a consequence, the CWM'’s
highest occupied molecular orbital (HOMO) is partially
rather than fully occupied. A partially occupied HOMO
implies that the HOMO-LUMO (lowest unoccupied
molecular orbital) gap of the CWM vanishes and that it
is metallic. Because of their metallic character, the CWMs
show a very different behavior in terms of screening,
reactivity, etc. compared to conventional water molecules
in the liquid.

In conclusion, we computed the electrode potential as a
function of adsorbate coverage for one of the most studied
reference systems in electrochemistry: H adsorbed on
Pt(1 1 1) in an aqueous environment employing extensive
DFT-MD simulations. Based on a decomposition of the
potential into the various contributions and by performing
reference calculations for the same surfaces but in the
absence of water we show that (i) water coadsorption and
reorientation are relevant but (ii) at lower adsorbate cover-
ages have opposite trends. The latter leads to a partial
cancellation explaining why at these conditions the surface
science picture works surprisingly well. At higher H
coverages, however, the steady loss in chemisorbed water
can no longer be compensated by water polarization,
leading to an increase in electrode potential with increasing
H coverage. A direct consequence of this phenomenon is
that H adsorption above a critical H coverage becomes
unstable, giving rise to desorption of the excess H that
enables the hydrogen evolution reaction. The simulation
protocols, the analysis concepts, and the insights derived in
this study are general and can be straightforwardly applied
to other electrochemical systems. The excellent agreement
with available experimental data found in this study
indicates that DFT calculations including explicit water
provide an accurate tool to study complex structures and
reactions at the solid-liquid electrochemical interface.
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