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ABSTRACT: Local field effects at the electrical double layer change
the energies of reaction intermediates in heterogeneous electro-
catalysis. The resulting dependence on (absolute) electrode potential
can be pivotal to a catalyst’s performance in acid or alkaline media.
And yet, such local field effects are very difficult to describe
theoretically and are often ignored. In this study, we focus on O2
adsorption as the first step of the oxygen reduction reaction (ORR)
on Au(111). Different physical effects of the local field are elucidated
and compared by systematically improving the model of the double
layer: from an applied saw-tooth potential in vacuum to an implicit
solvent model, and explicitly modeled water via ab initio molecular
dynamics (AIMD). We find that all models predict a dominant dipole-field type interaction that significantly strengthens O2 binding
at increasingly reducing conditions. However, only an atomically resolved solvent model such as provided by AIMD can properly
capture the additional stabilization due to explicit H-bonding from the water network. This contribution comes with the formation
of a peroxo-like surface species and a more dramatic field response around the ORR onset. Our results overall demonstrate the
importance of including local electric field effects in models of the electrochemical interface, while assessing the level of detail that is
required to be accounted for.
KEYWORDS: electrocatalysis, oxygen reduction reaction, adsorption, gold, electrochemical interface, field effects, solvation,
ab initio molecular dynamics, implicit solvation, umbrella sampling

■ INTRODUCTION
First-principles simulations of electrochemical processes have
contributed enormously to our current understanding of
heterogeneous electrocatalysis. And yet, crucial methodological
challenges remain. Electron transfer, ion effects, as well as
structure and dynamics of the solvent are all very challenging
to treat theoretically at the atomic level.1−4 On top of all this,
we are challenged with how to represent the constant electrode
potential in first-principles simulations of the electrified metal/
water interface.5−12

Simplified mechanistic models, commonly used in computa-
tional electrocatalysis, often rely on the inclusion of the applied
electrode potential at the level of a thermodynamic electron
reservoir. Charge-neutral reaction intermediates are computed
from density functional theory (DFT) at conditions equivalent
to the so-called potential of zero charge (PZC) and the effect
of potential is then only included in a post-processing step as a
simple shift to the PZC energetics. The latter is made possible
by the computational hydrogen electrode (CHE) scheme
which conveniently references the chemical potential of a
transferred proton−electron pair to that of H2 in the gas
phase.13 This elegant approximation thus allows to explore
reaction thermodynamics without explicit treatment of

electrons and ions in solution. It further enables safe alignment
to the experimental reversible hydrogen electrode (RHE)
reference potential that includes both absolute potential, e.g.,
against the standard hydrogen electrode (SHE), and proton
activity.

Despite the appeal of treating charge-neutral intermediates
in a periodic DFT simulation cell, the PZC calculations
underlying the above methodology preclude any account of the
potential-induced capacitive charging that characterizes the
interface under realistic operating conditions. The resulting
mechanistic assumption is that all electrochemical steps are
viewed as proton-coupled-electron transfers (PCETs) that
change only with the RHE potential scale, while any
“chemical” steps of the reaction network are completely
independent of potential. Here, the chemical step is meant to
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denote any elementary reaction step which does not include a
Faradaic transfer of electrons such as, e.g., O2 adsorption in the
oxygen reduction reaction (ORR), CO2 adsorption or CO
dimerization in the electrochemical CO2 reduction, etc. An
improper description of such steps is of course particularly
problematic if they happen to become rate determining.
Indeed, while sufficient in many cases,14 this simple charge-
neutral picture is challenged by experiments showing electro-
catalytic activity change with (absolute) potential or,
equivalently, a pH dependence on the RHE scale for certain
catalysts under certain conditions (cf. e.g., refs 15−18).

As an experimental signature, pH dependence on the RHE
scale is characteristically found, e.g., during the ORR on weak
binding electrode surfaces such as Au.19−24 Competing
pathways of a two-electron (toward H2O2) and four-electron
(toward H2O) reduction process as well as a strong facet-
sensitivity paint a complicated picture for the ORR at Au
electrodes. A recurring observation, however, is the superior
catalytic performance in alkaline as compared to acidic media.
Many have tried to explain this effect. For example, Ignaczak et
al. suggested a faster reaction in base due to the formation of a
stable superoxide ion that results from a first outer-sphere
electron transfer.25 Lu et al. suggested that surface-adsorbed
H2O acts as a proton donor and hence promotes the ORR in
alkaline media.26 On the other hand, Vassilev and Koper,27

Duan and Henkelman,28 and Kelly et al.29 all argued as key the
stabilization of adsorbed OOH* due to local field effects at the
electrified metal/water interface. Despite these and many more
studies, the identity of the rate-determining step and even the
ability to bind O2 as a first mechanistic step remains under
debate. To the best of our knowledge, O2 has only ever been
detected in a physisorbed state above Au in ultra-high-
vacuum,30 but it is unclear how this situation may change in an
electrochemical environment under reaction conditions. Such
questions bring capacitive charging and the resulting local
electric field effects into perspective.

In this study, we focus on O2 adsorption as the first step of
the ORR on Au(111). Going beyond the PZC/CHE
methodology, we present results from three increasingly
sophisticated models of the electric double layer: a vacuum
background with applied saw-tooth potential, an implicit
solvent model, and explicitly modeled aqueous solvent via ab
initio molecular dynamics (AIMD). Systematically improving
the description of the electrochemical interface elucidates field
effects of different physical origins. We find all models agree in
their description of dipole-field type interactions and predict
significantly enhanced O2 binding for potentials relevant to
ORR operation. However, only an atomically resolved solvent
model such as provided by AIMD properly captures the added
contribution from explicit H-bonding interactions that mark
the formation of a peroxo-like surface species around the ORR
onset. Our results overall demonstrate the importance of
including local electric field effects in models of the
electrochemical interface, while assessing the level of detail
that is required to be accounted for.

■ METHODS
All DFT calculations are performed using the VASP pack-
age31−33 based on the projector-augmented wave (PAW)
method34,35 and a plane wave basis set in periodic boundary
conditions. We employ the RPBE36 exchange−correlation
functional and D3 dispersion correction scheme,37,38 as this
setup has been reported to perform well for similar

systems.39,40 Calculations including O2 are spin-polarized. All
simulations represent the Au(111) surface via a (non-
symmetric) three-layer 3 × 4 supercell with the two bottom
layers kept fixed, and a vacuum region of at least 14 Å
separating the periodic images in the z-direction perpendicular
to the surface. Further details on the DFT settings can be
found in the Supporting Information (Section S1.1). The
applied saw-tooth potential, implemented in VASP, results in a
constant electric field across the simulation cell in the z-
direction (Supporting Information, Section S1.2). Our implicit
H2O simulations use the polarizable continuum model
implemented in VASPsol41,42 with relative permittivity ϵr =
78.4 as in bulk water (Supporting Information, Section S1.3).

Our AIMD simulations use the same Au(111) surface slab
model as those with a vacuum background, but add roughly
“three” layers of interfacial water. This corresponds here to 24
explicit H2O molecules. Following the setup by Heenen et al.,43

we include a 7 Å vacuum region on either side of the slab and
apply a dipole correction.44 The NVT ensemble is sampled at
300 K using a Nose−́Hoover thermostat (damping coefficient
40 fs) and a timestep of 1 fs (Supporting Information, Section
S1.4.1). We charge the interface by describing randomly
selected H atoms of the H2O solvent with parametrized PAW
potentials (included in the standard VASP distribution) of 1.25
or 0.75 valency. The extra −0.25 or missing +0.25 electron
charge (e), as well as multiples thereof, is added to or
subtracted from the Au surface, depending upon whether we
want to model reducing or oxidative conditions, respectively
(Supporting Information, Section S1.4.2). For each total
surface charge considered, we run several trajectories with
and without O2 (Table S1). Images representing chemisorbed
O2 are considered those with the molecule’s center-of-mass
distance from the surface <3 Å, as well as magnetic moment μ
< 1 (μB units are implied here and throughout). Information
on how we estimate the averages and errors for the AIMD-
predicted adsorption energy at each value of surface charge can
be found in the Supporting Information (Section S2). At this
point, it should be noted that fully converged structures and
energies require sampling times that are well beyond those
currently feasible within AIMD. Our analysis shows locally
converged behavior within 40 ps, however, similar to what has
been reported previously.43,45,46 Running a number of different
trajectories (Table S1) then provides us with a more
representative picture over the various local minimum water
structures, along with a corresponding uncertainty analysis
(Supporting Information, Section S2.2).

In calculating the electronic O2 adsorption energy, we
correct for the well-known oxygen over-binding predicted by
semi-local DFT functionals47 by assuming that all the error
resides in the gaseous O2(g) reference. This error is then easily
corrected by the difference between the experimental standard
free energy of H2O(l) formation48 and the theoretical value
using our computational setup (Supporting Information,
Section S3.1). The validity of this assumption is difficult to
gauge and we note that absolute values of adsorption energies
should be taken with some caution, also recognizing that our
surface model does not consider the well-known “herringbone”
reconstruction.49 None of these uncertainties will strongly
affect the relative field-induced energetics that is the primary
focus of this study though.

Free energy contributions based on the ideal gas and
harmonic approximations are added to the electronic
adsorption energy Eads (eq 2) in order to arrive at the
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adsorption free energy Gads plotted in Figure 1. These free
energy contributions are calculated in a vacuum-background

simulation cell at conditions equivalent to the PZC and
assumed the same for varying potential conditions (Supporting
Information, Section S3.2). Static calculations consider zero-
point-energy, enthalpy, and entropy contributions, while in the
case of our AIMD simulations, we leave out the enthalpy
contributions as these are already included via the sampling.50

Comparing the three double-layer models in this study
requires that we convert between the (constant) interfacial
field E⃗ introduced via the applied saw tooth potential, and the
(effective) surface charge density σ controlled directly through
excess charge in the implicit solvation or AIMD models. For
this conversion, we assume that the double layer at the flat
single-crystal surface behaves like a simple parallel-plate
capacitor that can be related to the (absolute) electrode
potential USHE according to

= =E z
C U U

z
( )

r 0

SHE PZC

r 0 (1)

where ϵ0 is the vacuum permittivity (=8.85 × 10−12 F/m), and
ϵr the dielectric constant of interfacial water which we set here
to 1.5 as this is in line with values reported in the literature.12,51

We further use the experimental UPZC = 0.5 V for the PZC of
Au(111)52 and, for simplicity, a constant C = 25 μF/cm2 value
for the Helmholtz capacitance.29,53−56 By referencing to UPZC,
eq 1 inherently assumes the same capacitance for the clean and
oxygen-covered Au surfaces. This is a good approximation at
sufficiently low O2* coverages, i.e., approaching the infinitely
dilute limit.57 We stress, however, that the present approach
should not be confused with so-called grand-canonical DFT
simulations which give a more exact representation of reaction
energies at a constant applied potential.58

Finally, free energy simulations are performed using
umbrella sampling.59 The O2 center-of-mass distance from
the surface is chosen as the collective variable, and sampling is

initiated from selected AIMD images to accelerate the required
equilibration (Supporting Information, Section S4).

■ RESULTS AND DISCUSSION
We model O2 adsorption at the electrochemical Au(111)
interface by starting with the crudest approximation of the
electrical double layer. In this approximation, we completely
neglect the aqueous solvent and apply a sawtooth potential
across the metal/vacuum interface to simulate the local
potential drop driving the ORR. We relax the O2 adsorbate
at each applied field E and the lowest-energy configuration is
used to predict the adsorption energy at that field as

= **E E E E E E E( ) ( ) ( )ads O O (g)2 2 (2)

where * and O2* denote the clean surface and surface-bound
O2 configurations, respectively. With this definition, more
negative Eads denote a stronger binding to the electrode.
Correcting for the well-known over-binding in gaseous O2(g)
predicted by semi-local DFT and adding free energy
contributions to eq 2 (Methods and Supporting Information,
Section S3) ultimately gives the free energy of O2 adsorption
G E( )ads as a function of the local electric field. We can also
express this relation, however, in terms of capacitive charging
through an (effective) surface charge density σ or (absolute)
electrode potential USHE by assuming that the double layer
behaves like a simple parallel-plate capacitor (Methods, eq 1).
While such a picture holds a number of approximations that
should be kept in mind, it allows us to draw a direct relation to
experimental potential conditions as well as compare against
different theoretical models of the double layer in the
following. Results of Gads as a function of σ (bottom x-axis)
and USHE (top x-axis) are thus plotted in Figure 1 for a
potential window relevant to ORR, between ca. +1.0 and −0.3
V vs SHE.

In the absence of an electric field, i.e., at conditions
equivalent to the PZC (E⃗ = 0, σ = 0, USHE = UPZC), Figure 1
shows endothermic O2 adsorption with Gads = +0.3 eV in
vacuum. We consider here only the lowest-energy chemisorbed
state for which the magnetic moment is fully quenched (μ =
0). This state features an atomic configuration where O2* lies
parallel to the surface and with its center of mass above a
bridge site, in agreement with previous studies.27 While this
configuration remains essentially unchanged with varying saw-
tooth potential (Figure S7), O2* is considerably stabilized
under electric fields that represent more reducing conditions.
Stabilization within the present double-layer model is due to a
purely electrostatic interaction. In terms of a dipole-field
picture, the strength of this interaction can be measured by
fitting to a (truncated) second-order polynomial

= +G E G p E E( )
2ads ads

PZC 2

(3)

which yields here pz = 0.21 e·Å and αzz = 0.15 e·Å2/V for the z-
components of the O2* intrinsic dipole moment and polar-
izability, respectively. As a result, at the more negative
potentials in Figure 1, O2 chemisorption is favored by a
considerable ca. 0.7 eV compared to PZC and predicted to be
overall exothermic (Gads < 0). Already this very crude model of
the electrical double layer therefore captures a critical
dependence on (absolute) potential that suggests O2
adsorption as a first electrochemical, rather than purely
chemical, step of the mechanism.

Figure 1. Free energy of O2* adsorption at Au(111) as a function of
surface charge density (bottom x-axis) or applied potential vs SHE
(top x-axis). Compared are different models of the electrical double
layer as indicated in the figure’s legend: a vacuum background with
applied saw-tooth potential (green crosses), an implicit solvation
model (blue stars), and explicitly modeled H2O via AIMD simulations
(red circles). The vertical dashed line and shaded gray area mark the
PZC and (approximate) experimental onset of the ORR, respectively,
see text.
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Refining the model to include solvation at the level of an
implicit H2O electrolyte does not add much to the above
picture. In this approach, we explicitly charge the interface,
while maintaining overall charge neutrality by following a
Poisson−Boltzmann distribution of the corresponding coun-
ter-charge over the polarizable continuum that represents the
solvent.9,60,61 This allows for calculating Eads, and as an
extension Gads, as a direct function of the excess surface charge
σ. Figure 1 shows that this model yields, at least in this
situation, the same qualitative Gads curve as obtained from the
vacuum simulations above. Implicit solvation can be thought of
as providing a more physically inspired model of the electrical
double layer but captures essentially the same physics in terms
of the adsorbate’s response to the applied field. Fitting to eq 3,
we indeed find very similar values for the dipole moment and
polarizability (Table S3). The only quantitative difference in
Gads is an almost constant ca. 0.1 eV stabilization which
represents a slightly favorable interaction with the solvent and
depends somewhat on the model parameters (Supporting
Information, Section S1.3). As a technical side remark,
however, we note that the implicit charging approach offers
the advantage of a more stable electronic convergence at
stronger fields. This advantage comes with an almost negligible
added computational cost as compared to the vacuum
simulations.

Our next and final model of the double layer is the most
accurate, yet most computationally costly, as it explicitly
includes the dynamical H2O electrolyte with atomic resolution.
Ab initio molecular dynamics simulations are performed within
the NVT ensemble, sampling the O2 and interfacial water
structures at room temperature. In this approach, we charge
the interface while supplying explicit counter-charge onto the
core of randomly selected H atoms of the electrolyte. These
charge-modified H atoms are mobile within the H2O network
and are not expected to influence the surface chemistry
(Figures S2 and S3). We run several trajectories with and
without O2 for a specific surface charge density σ and the
adsorption energy in each case is taken from the difference in
ensemble averages while focusing only on chemisorbed O2*
(Supporting Information, Section S2). Following a similar
procedure from Eads as above, finally gives Gads as a function of
σ. As depicted in Figure 1, the resulting AIMD data can be
discussed in two potential regimes: closer to the PZC, Gads
shows remarkable quantitative agreement and even decreases
with potential in a very similar way as in the much simpler
vacuum and implicit H2O models. Around 0 V vs SHE,
however, the slope changes as Gads drops abruptly below zero
and becomes increasingly negative at more reducing
conditions. The onset of this change, marked by gray in
Figure 1, coincides with the (approximate) experimental onset
of the ORR19,21 (where the included uncertainty range is
meant to capture some of the variation found between different
studies in the experimental literature).

The explicit H2O solvent adds to the double-layer model a
full atomistic account of the dynamic interfacial H2O network,
including any adsorbate stabilization from directional H-
bonding interactions. It is exactly this effect that gives rise to
the stronger O2* binding in the more reducing potential regime
of Figure 1. Analyzing our AIMD trajectories, we count an
almost constant average of about two H-bonds to O2* in the
high potential region around the PZC (where the definition of
an H-bond follows that of ref 43). As shown in Figure 2a,
however, this situation changes to a linearly increasing number

of H-bonds when further reducing to USHE < 0 V or,
equivalently, σ < −12 μC/cm−2. Stronger affinity towards H
atoms of the H2O solvent even leads to spontaneous OOH*
formation during the AIMD, with increasing probability at
more negative potentials, which requires that we sample a
larger number of trajectories due to the practical challenge of
stabilizing the (unprotonated) O2* adsorbate (Table S1). We
determine the reason behind this change as a potential-
dependent transition from a superoxo- to a peroxo-like O2*
species at the surface. Between these two states, the peroxo
species forms with increased charge transfer from the Au
surface to the molecule’s anti-bonding 2π* orbitals and thus
features a weakened O−O* bond (Figures S8 and S9). As a
result, the superoxo and peroxo O2* are distinct from one
another in terms of their natural charge state, magnetic
moment, intramolecular bond length, and O−O* stretching
frequency, as also previously discussed by, e.g., Panchenko et
al.62 We indeed show in Figure 2b), e.g., a bimodal distribution
for the partial charge on chemisorbed O2*: a peak centered
approximately around −0.6 e represents a dominant superoxo
state near PZC (σ > −12 μC/cm−2), while a second peak
around −1.1 e represents a dominant peroxo state in the more
negative potential regime (σ < −12 μC/cm−2). A similar
picture is seen for the intramolecular O−O* bond length in

Figure 2. (a) Average number of H-bonds to O2* predicted from
AIMD as a function of surface charge density (bottom x-axis) or
applied potential vs SHE (top x-axis). The vertical dashed line and
shaded gray area mark the PZC and (approximate) experimental
onset of the ORR, respectively. (b) Probability density of the partial
charge on O2* as estimated from Bader charge analysis for different
values of surface charge density as listed in the figure’s legend. The
distribution distinguishes the superoxo- from the peroxo-like O2*
dominating the surface at higher and lower potentials, respectively.
(c) Same as panel (b), but for the intermolecular O−O* distance
predicted from AIMD.
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Figure 2c) with peaks around 1.33 and 1.44 Å for the superoxo
and peroxo species, respectively. These values are in line with
the definition of the two chemisorbed O2* states by
Montemore et al.30 We note that the peroxo-like O2* could
be viewed as a PCET precursor state given its spontaneous
protonation to OOH* (or even, less occasionally, H2O2)
during our AIMD. Such classification is, however, ambiguous
on the basis of our simulations and involves, at least to some
degree, a semantic discussion to differentiate.

All available states in competition for adsorbing O2 under
varying potential conditions can be found in the underlying
free energy landscape. For this purpose, we perform umbrella
sampling simulations for different values of σ in a setup similar
to that used for the AIMD. Figure 3 plots the resulting free
energy profile as a function of the O2 center-of-mass distance
from the surface at increasingly reducing conditions (from top
to bottom, panels a−c). At the PZC (σ = 0), Figure 3a shows a
dominant physisorption well around 3.2 Å above the surface
that has O2 residing in the first interfacial H2O layer.
Approximate boundaries for this H2O layer are marked by

the shaded blue region according to the H2O density profile in
the lowermost panel, Figure 3d (detailed analysis in Figure
S3). In line with this assignment, we find the shallow
physisorption minimum features a weakly bound O2 in its
triplet spin state (μ = 2). As such, this state is not included in
the analysis underlying Figures 1 and 2 (which consider only
chemisorbed O2*). Resolving the free energy surface with
respect to magnetic moment, however, reveals the higher-
energy (metastable) O2* states that give rise to the
endothermic chemisorption predicted at the PZC in Figure
1. We specifically resolve two surface-bound states with
partially or fully quenched spin, both of which lie between
the surface and first H2O layer: the well-defined minimum
closest to the surface (at ca. 2.0 Å) is assigned to the peroxo-
like O2* species (in line with the AIMD analysis, Figure S9).
This state is characterized by an essentially negligible spin
(outlined in Figure 3 as μ < 0.25) and an atomic configuration
that is consistent with that found in vacuum, i.e., where O2* lies
parallel to the surface and with its center-of-mass above the
bridge (Figure S10). Further away from the surface, the
superoxo-like O2* state is not as easily defined as it is
represented by a flatter region of the free energy landscape and
a rather wide range of possible spin values (in agreement with
ref 30). While outlined in Figure 3 as μ < 1.25, we note that
choosing a slightly lower or higher cut-off of μ in defining this
state simply shifts its relative population in what we consider
here as chemisorbed (resulting in a slightly different adsorption
free energy) and does not change the qualitative results (cf.
sensitivity analysis in Figure S6). In any case, between the two
chemisorbed O2* states, the lower free energy of the superoxo
state rationalizes its preference over the peroxo state around
the PZC, as seen in the AIMD.

The PZC free energy landscape changes with increasingly
reducing conditions. Figure 3b specifically shows two changes
in relative stability: first, the two chemisorption states are both
energetically shifted towards the physisorption minimum. This
shift explains the initial decrease of Gads in Figure 1 (as well as
the larger fraction of chemisorbed AIMD images at more
negative potentials, Table S1). Simultaneously, both chem-
isorbed O2* configurations move away from the surface as the
first interfacial H2O layer becomes more compact (again, in
line with the AIMD analysis, Figures S3 and S9). Second, the
peroxo state is stabilized against the superoxo O2* state. This
effect is even more pronounced at increasingly negative σ with
Figure 3c finally showing a preference for the peroxo over the
superoxo O2*. We emphasize here again that only the inclusion
of explicit adsorbate−solvent interactions can resolve the
competition between these two states in our most
sophisticated model of the electrical double layer. This
explains the steeper decrease of Gads at σ < −12 μC/cm2 in
Figure 1 via a growing peroxo population at the surface. We
predict that this preference marks the transition to operating
ORR potentials.

■ CONCLUSIONS
In summary, we show that O2 adsorption depends strongly on
the applied (absolute) potential through local electric field
effects during the ORR on Au(111). This dependence suggests
O2 adsorption as a first electrochemical, rather than purely
chemical step of the mechanism. We specifically predict that
chemisorption is endothermic at the PZC, but becomes
thermodynamically favorable around the experimental onset of
the ORR at 0 V vs SHE. This result makes it easy to imagine

Figure 3. (a−c) Free energy profiles as a function of O2 center-of-
mass distance above the surface predicted from umbrella sampling
simulations for increasingly negative values of surface charge density,
i.e., increasingly reducing conditions. Resolving the full statistics of the
free energy (thick solid line) with respect to the magnetic moment
reveals the chemisorption minima assigned to the peroxo-like (thin
line, μ < 0.25) and superoxo-like O2* (dashed line, μ < 1.25) states.
The shaded blue areas mark the approximate boundaries of the first
and second interfacial solvent layers according to the H2O density
profiles plotted in panel (d). The dotted line in panel (d) indicates
the bulk H2O density.
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O2 adsorption as the actual rate-determining step and explains
why the overpotential for this process (measured on an RHE
potential scale) depends on pH. Converting the onset of the
reaction from SHE to an RHE scale yields, e.g., 0.06 V vs RHE
at pH = 1 and 0.77 V vs RHE at pH = 13. As discussed by
others before,16,24,25,29 these values are to be considered in
relation to an equilibrium reaction potential. Here the
equilibrium potential of 0.70 V vs RHE63 for the two-electron
ORR that dominates at the Au(111) electrode surface20

translates into a significantly higher overpotential in acid as
compared to alkaline media. This effect is entirely missed if
assuming no potential dependence for O2 adsorption within
the PZC/CHE methodology, thus highlighting that electric
field effects cannot be neglected in corresponding DFT
models.

In predicting the system’s response to applied potential, we
find two effects of the local electric field that jointly contribute
towards O2* stabilization. A dipole-field type interaction
dominates around the PZC and is similarly captured by the
simplest of our double-layer models, namely an applied saw-
tooth potential in vacuum and an implicit aqueous solvent.
Already this electrostatic effect is sufficient to recover a large
part of the O2* stabilization with reducing potentials due to the
adsorbate’s considerable dipole moment. However, only an
atomistic solvent model as provided by AIMD can capture the
additional stabilization due to directional H-bonding from the
H2O network. We show that this effect sets in around the
experimental onset of the ORR and attribute its origin to the
concomitant preference for a peroxo-like O2* species at the
surface. This state likely acts as a precursor to protonation, as
evidenced by spontaneous OOH* formation in our AIMD,
thus setting the stage for the next step of the ORR mechanism.
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