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Revealing the molecular interplay of
coverage, wettability, and capacitive
response at the Pt(111)-water solution
interface under bias
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While electrified interfaces are crucial for electrocatalysis and corrosion, their molecular morphology
remains largely unknown. Through highly realistic ab initio molecular dynamics simulations of
the Pt(111)-water solution interface in reducing conditions, we reveal a deep interconnection
among electrode coverage, wettability, capacitive response, and catalytic activity. We identify
computationally theexperimentally hypothesised states for adsorbedhydrogenonPt,HUPDandHOPD,
revealing their role in governing interfacial water reorientation and hydrogen evolution. The transition
between these two H states with increasing potential, induces a shift from a hydrophobic to a
hydrophilic interface and correlateswith a change in the primary electrode screeningmechanism. This
results in a slope change in differential capacitance, marking the onset of the experimentally observed
peak around the potential of zero charge. Our work produces crucial insights for advancing
electrocatalytic energy conversion, developing deep understanding of electrified interfaces.

The observable physical-chemical properties of electrified interfaces depend
closely on their molecular structure. In turn, interfacial properties govern
electrochemical processes, such as electrocatalysis and corrosion. Thus,
understanding and controlling these properties at themolecular-level, is key
to develop better catalysts. In particular, Platinum remains the catalyst of
choice for many technologically significant reactions, such as the hydrogen
evolution reaction (HER) in electrolysers. However, even for the ideally flat
Pt(111)-electrolyte interface, key molecular-level details—structure, cover-
age, origin ofwettability and capacitive response—remain largely unknown,
both experimentally and theoretically.

This lack of insight reflects a broader challenge in electrochemistry:
bridging the gap between macroscopic experimental observations and ato-
mistic theoretical interpretations. Experimentally, the buried nature of active
sites hinders a characterisation resolved at the molecular scale; theoretically,
simplistic interfacial models or artificial assumptions about interfacial charge
distribution, hinder accurate evaluation of key electrochemical parameters,
including interface polarisation and the influence of the electrolyte on
interface properties. Consequently, our knowledge of the fundamental
physics and chemistry at electrified interfaces is fragmented, as further
illustrated in the following sections for the Pt(111)-electrolyte interface.

The Pt-group metals have the ability to adsorb hydrogen at potentials
higher than the standard potential for HER1–4. Two states of adsorbed
hydrogen have been experimentally identified on Pt3: underpotential
deposited hydrogen, HUPD,more strongly adsorbed on fcc sites, observed at
higher potentials, and overpotential deposited hydrogen, HOPD, more
weakly adsorbed on atop position at lower potentials.

The existence of underpotential deposited Hydrogen species, HUPD,
was initially suggested based on kinetic data for Pt(111) and polycrystalline
platinum1,5. In acidic environment, underpotential deposition of hydrogen
produces a characteristic adsorption signal in the cyclic voltammogram
(CV), indicating that hydrogen starts adsorbing at around 0.4 V, and its
coverage increases to the limiting value of 0.66monolayers (ML)onPt(111),
as the RHE potential is approached1,6. However, other experimental evi-
dence in similar conditions7 suggests that HUPD adsorption would extend
beyond this region and that coverage by adsorbed hydrogen on Pt(111)
would be significantly larger than 0.66ML, as also elaborated in theoretical
studies8,9. Overpotential deposited hydrogen, HOPD, starts adsorbing on
atop sites slightly above the RHE, at potentials that compete with HER.
HOPD is considered the active intermediate for theHER1,5,10, while the role of
HUPD in both HER and the hydrogen oxidation reaction (HOR) is more
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controversial. Some believe that HUPD is an intermediate for the HOR10,11,
highlighting the complexity of bothHER andHOR,while others believe it is
a spectator, only indirectly influencing the reactions by blocking surface
sites12. This is a central issue in hydrogen electrochemistry as it impacts the
understanding of the rates of technologically important reactions, such as
HER in electrolysers and HOR in fuel cells.

Spectroscopy13,14 and other evidence15 supports the existence of two
distinct H species on Pt showing that HOPD interacts with water molecules,
while HUPD does not, and also confirm that HUPD adsorption occurs at fcc
sites (inactive in IR spectroscopy), and HOPD adsorption at top sites (IR
active)5,16. Unfortunately, the high Faradaic currents associated to HER/
HOR may mask the adsorption/desorption currents, so it difficult to dis-
tinguish among different H adsorbed species in this potential range7 or
decouple the adsorption of hydrogen from that of other ions in solution.
Thus, the specific interplay between the two adsorbed species as a function
of the applied potential, their specific contribution to HER/HOR, and even
the basic H coverage morphology of the Pt(111)-electrolyte interface are
only qualitatively understood to date.

Another interesting open question is about the molecular origin of Pt
wettability as a functionof appliedpotential. ElectrochemicalQuartzCrystal
Nanobalance (EQCN) analysis of Pt behaviour2 reveals that around the
potential marking the onset of HOPD, the interaction betweenwater and the
electrode reaches a minimum, suggesting that adsorbed hydrogen species
make the surface hydrophobic by altering surface dipole properties17; this
picture is also supported by spectroscopy5,18. Unfortunately, no experi-
mental technique can directly monitor in situ changes in the surface elec-
tronic andwettingproperties of Pt as a functionof electrodepotential, so our
knowledge of the specific interactions of these species among themselves, as
well as with the electrode and water, remains, again, qualitative.

Recent ab initiomolecular dynamics (AIMD) simulations have started
to shed some light on the hydrogen adsorption behaviour on platinum
surfaces in the presence of water electrolytes. Specifically, modelling the
electrolytewith purewater, these simulations develop the concept thatwhen
hydrogen coverage on the platinum surface reaches 0.66ML, the metal
surface and water in the electrolyte can no longer facilitate charge redis-
tribution due to adsorbed hydrogen and water molecules, leading to
spontaneous hydrogen desorption19. These findings support the experi-
mental hypothesis of a saturationH coverage close to 0.66ML close to RHE
potential, experimentally ascribed to the repulsive lateral interaction
between adsorbed Hydrogen atoms3,12. However, although ions in the
electrolytic solution have a central role in screening the electrode, they were
not included in these AIMD simulations. Moreover, the two H adsorption
states on Pt electrode were not identified. Further research is necessary to
fully understand the complex behaviour of the two types of hydrogen
adsorbed on the Pt(111) surface under bias.

A closely connected open issue also impacting energy conversion
technology, is unravelling the molecular adsorption processes underlying
the capacitive response of Pt(111)-electrolyte interface. In particular, above
0.4 V, in the double layer window where the Pt surface should be stable
without adsorbates, the interface should behave as aGouy–Chapman–Stern
ideal double layer, and a minimum in differential capacitance corre-
sponding to the potential of zero charge (PZC), should be measurable.
Starting from Pajkossy and Kolb20, capacitance measurements have been
used to determine suchminimum, which was eventually observed at 0.56 V
only very recently, at pH 3 and very low ionic concentration (0.1mmol)4;
However, an unresolved issue is how to explain that the observed capaci-
tance is higher than what is predicted with continuous theories such as the
Gouy–Chapman–Stern model4,21,22. This anomalous behaviour could be
partially rationalised in terms of the presence of weakly absorbed species
over the surface, however, no consensus is achieved about the specific
adsorption process. Some authors suggest that the anomalous behaviour is
due to thepotential adsorption of anions or cations23, while others argue that
it involves anions only24 or attribute it to OH adsorption25. Although these
theories can be semi-quantitatively reconciled23, the exact nature of the ions
and of their interaction with the Pt(111) substrate still remains a matter of

debate. In general, these studies all suggest that interfacial adsorption pro-
cesses are key for determining the capacitive behaviour of Pt(111)-water
interface. This notion is relevant at all electrolyte concentrations. Indeed, in
addition to the minimum, a maximum in differential capacitance is also
observed at most ionic concentrations near the PZC on Pt(111) electrode
surfaces4,20. Initially, this maximum was associated with the PZC and
attributed to reorientation of the water dipoles, but later it was excluded by
Kolb20,26 andmore recently associated againwith the PZC4. To interpret this
capacitive behaviour close to thePZC,many concur thatwater adsorption at
the interface is likely toplay an important role22. In thepast,Kornyshev27 had
explained for a different systemthat the capacitancepeak corresponds to the
voltage atwhich thepotential drop across the electrical double layer (EDL) is
equal to the thermal energy of the ions in the electrolyte solution. The
negative slope in differential capacitance could be explained by the con-
sideration that, above this potential, the ions in the electrolyte solution
diffuse into the electrically charged surface, resulting in a decrease in the
differential capacitance and electrode charge24,27. Other studies have shown
that the application of a progressively more positive potential leads to an
increase in coverageofpositively chargedwatermolecules chemisorbedover
the surface9,19,28,29. The chemisorption dipole generated by these charged
water molecules is mainly responsible for screening of the metal charge
during polarisation28,29. Recent work by Cheng’s group29, modelling
Helmholtz layers with very high ion concentration, shows that a change in
water chemisorption in response to electrodepotential leads to abell-shaped
differential capacitance around the PZC. However, this calculation models
the limit of a very high interfacial ionic concentrations, which can alter the
structure of the interface significantly. It does not consider how water and
ions in solution can contribute to differential capacitance in a less con-
strained environment, or address how the presence of hydrogen on the
surface affects water adsorption and re-orientation below the PZC. Thus,
despite decadesof research and these recentmost intriguingfindings,we still
do not have a comprehensive understanding the molecular origins of dif-
ferential capacitance close to the PZC, or its relation with adsorption pro-
cesses over the surface, necessitating further analysis.

The above scenario highlights significant, interconnected questions
about themolecular origins of the complexphysico-chemical behaviour and
morphology of metal/electrolyte interfaces. These include the origins of
wettability, capacitance, the structure and interaction of adsorbed species,
and the high catalytic activity of these materials. Current theoretical and
computationalmodels have not been able to date to provide comprehensive
molecular picture of this complexity.

Advancing our understanding requires the development of more
realistic, unbiased computational models that simulate well-defined con-
ditions, which can help to interpret and contrast experimental evidence
resulting from varied or uncontrolled conditions.

In this paper, we develop highly realistic and controlledAIMDmodels
for the hydrogen-covered Pt/water interface, representing well-defined
states with specific electrode coverage, temperature and charge, across a
range of potentials from negative up to PZC. Our unique models provide a
holistic perspective into the complex interplay between the aqueous elec-
trolyte, adsorbed hydrogen and the electrode, uncovering molecular-level
correlations between interface hydrophilicity, hydrogen coverage, catalytic
activity and capacitive response as the potential changes.

Understanding the molecular-level electrochemistry of metal/water
interfaces and in particular, H adsorption behaviour is essential for
advancing hydrogen electrochemistry and determining energy conversion
rates in electrolysers and fuel cells. This knowledge is also crucial for cor-
rosion prevention and enhancing supercapacitor technologies, impacting
both scientific research and industrial applications.

Results
We systematically investigated the impact of electrode potential on the
molecular structure,Hydrogencoverage, polarisability andwettability of the
Pt-aqueous solution interface. To achieve this, we constructed a series of
models for the electrified Pt(111)-water solution interfaces (see Fig. 1a),
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hydrogenated with varying levels of surface H coverage, including low
(~0.3ML), medium (~0.6ML) and high (~0.9ML) coverage.

Thesemodels simulate a potential window ranging from−1.0 to 0.5 V
relative to the potential of zero charge (PZC), where the Pt surface is known
to be either clean or covered byH. In this paper, we have not considered the
specific adsorption of OH−, expected at potentials above the double layer

window, as our focus is on understanding how the surface is covered with
hydrogen at potentials consistent with theH evolution reaction, and slightly
above. TheMaterials andMethods sectionprovides a detailed account of the
models and the statistical approach used to evaluate the expectation values
for the formation energy and coverage as a function of the potential, as well
as how the interfacial potential drops have been used to align the electrode
potentials to the PZC.

Hydrogen coverage as a function of the applied potential
Our first goal has been to determine the relation between equilibrium
hydrogen coverage on Pt(111) and applied potential and to characterise the
structure of hydrogen adsorption. Figures 2 and 3a show our analysis of the
hydrogen adsorption enthalpy and coverage as functions of the applied
potential.

Our findings align well with experimental data, indicating that
hydrogen coverage begins at ~0.12 V below the PZC. From this potential,
hydrogen coverage increases progressively as the potential decreases,
reaching about 0.9ML at around 0.4 V below the PZC.

We reference our potential scale to a flat Pt(111)/water electrolyte
configuration at the PZC, under pH conditions withno adsorbed species on
the surface, butwitha 2MconcentrationofNa+ andCl− ions in solution. It is
important to note that the PZC can vary due to environmental factors such

Fig. 1 | Model structure and potential profiles for the Pt/ water electrolyte
interface. a Structure of the Pt/electrolyte interface. b Profiles for the average
potential (blue line), double mean potential for the electrode (green line) and the
double mean potential for the water bulk (red line). The red box indicates the
window where the water bulk potential was calculated.

Fig. 2 | Hydrogen adsorption energies and surface coverage as functions of
electrode potential. The zero of the potential scale is aligned to the potential of zero
charge (PZC) of the platinum-water electrolyte interface. Coloured dots depict
snapshots from simulations at constant hydrogen coverage, as labelled. The inset
illustrates how the distribution of configurations changes as the potential shifts from
the PZC towards more reducing values. The solid coloured lines display the average
re-weighted formation energy (in eV/Å2) at each potential, calculated as detailed in
the Methods section. The colour bar on the right provides the colour coding for the
different coverage levels.

Fig. 3 | Coverage and adsorption/desorption current as a function of the applied
potential. aCoverage (θ) as a function of the applied potential. The overall coverage
is depicted in black, while the contributions of HUPD and HOPD are indicated in blue
and red, respectively. bAdsorption/desorption current I, (I∝ θ) as a function of the
applied potential. The total current is plotted in black, while the HUPD and HOPD

contributions are in blue and red. The shaded boxes indicate the confidence range for
the transition between finite and zero coverage.
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as pH, dielectric constant, surface structure, electrolyte nature, and pressure,
making it difficult a direct comparison with many experiments. The H2

reversible potential also depends on these factors and thus affects the onset
of HOPD deposition. However, this variability does not impact the range of
HUPD relative to the onset of HOPD, as both processes follow the same pH
dependence10.

A significant observation, depicted in Fig. 4, is the clustering of
hydrogen atoms on the Pt surface. This challenges the conventional
understanding, based on experimental suggestions and prior simulations in
vacuum, which proposed a uniform distribution of H atoms on Pt(111)
surfaces due to their mutual repulsion. Instead, we observe a high degree of
heterogeneity in the distribution of adsorbed hydrogen atoms as the
potential varies. This behaviour can be attributed to the crucial role played
by the electrolytic solution in shaping the adsorption behaviour of hydrogen
on metal surfaces (Fig. 4c, d and Supplementary Fig. S1). A more detailed
explanation of this clustering, in terms of hydrogen charges and cluster
adsorption energy, is given in Supplementary Fig. S11 and Supplementary
Discussion 3, ‘Thermodynamic origin of cluster stabilisation’.

Identification of HUPD and HOPD

Through the analysis of the predominant adsorption structure at each
coverage, we identified computationally HUPD and HOPD, the two experi-
mentally hypothesised states for adsorbed hydrogen. To the best of our
knowledge, this is the first direct AIMD observation of the dynamic inter-
play between these species under varying potential. It sheds new light on
their role in determining water arrangement, driving the electrochemical
behaviour of the interface, and facilitating HER/HOR.

When varying the applied voltage, we observe two different hydrogen-
adsorbing species.Hydrogen identifiedasHUPDstarts adsorbingon fcc sites,
with coverage increasing until it peaks around −0.3 V versus the PZC.
Below−0.3 V versus PZC, the predominant adsorption site becomes atop,
and we identify the H atoms adsorbed there as HOPD. As the potential
decreases, HOPD coverage rapidly increases while HUPD clusters shrink
(Fig. 3a and Supplementary Fig. S2). The potential region between the point
when HOPD becomes dominant and when H coverage becomes maximum
marks the onset of HER. This trend continues until a maximum overall
coverage of 0.9ML is achieved at ~−0.4 V versus the PZC.

Notably, our deconvolution of the coverage curve intoHUPDandHOPD

components matches experimental evaluations of strongly and weakly
adsorbed H as shown by Chen11 and by Strmčnik7. The molecular-level
picture of the interaction between HUPD and HOPD clarifies several
experimentally debated questions. Firstly, H continues to adsorb on fcc sites
even below the potential for HER, traditionally identified as the limit for
underpotentially deposited H5. Secondly, the overall surface coverage can
exceed0.66ML, aligningwith experimental observations that truehydrogen
coverage onPt(111) is significantly larger 0.665. Lastly, despite the dominant
adsorption site changing with potential, we always observe a mix of both
types of sites and a minimal proportion of bridge and HCP sites, indicating
the coexistence of both HUPD and HOPD.

Amore detailed analysis of H distribution in prototypical low (0.3ML
at −0.2 V versus PZC) and high (0.9ML at −0.6 V versus PZC) coverage
configurations shows that at high potentials and low coverages, more than
60% of the adsorbed atoms occupy fcc sites, forming HUPD clusters that
cover~20%of themetal surface. The remainingHatoms are predominantly
adsorbed at isolated bridge or atop sites (Fig. 4c).When the overall coverage
is ~0.9ML, the majority of the adsorbed atoms occupy atop sites, forming
clusters that cover ~60% of the metal surface (Fig. 4a, d).

We would like to emphasise that, unlike in Todorova’s work19, our
simulations did not show an overall H coverage saturation at 0.66 ML.
Currently, we observe saturation only for HUPD fcc coverage. Indeed, the
0.66 ML structure was found to be metastable at all potentials, with only
a few stability points in the region at the boundary between HOPD and
HUPD predominance regions. Any attempts to increase its size above
~60% adsorbing H over fcc sites, led to H desorption into the solution
phase, indicating the instability of this configuration. However, below
the onset of HOPD region, we observed that the overall coverage can
actually become higher than 0.66 ML, by adsorbing H on atop sites. This
is in line with the experimental observation that hydrogen coverage on
Pt(111) can be significantly larger than 0.66 ML below the HOPD onset
potential7.

Notably, our ability to observe an H coverage higher than 0.6ML is
likely due to the inclusion in our model of ions in solution, which can
contribute to the screening of the highly negative surface charge at low
potentials.

We also evaluated the current associatedwith the variation of adsorbed
hydrogen species on the surface as a function of the potential,
I ¼ ± νQtot

dθ
dV, in the limit of a slow scanning rate ν, assumed to be 50mV/

s. Here, we used a slightly modified version of Karlberg’s approach8, which
accounts for charge polarisation of the double layer under applied potential
(Fig. 3b) (see ‘Methods’ section). To compare our findings with experi-
ments, we need to clarify that our first-principles model does not include
current fromhydrogen evolutionor anion adsorption.Comparisonwith the
experimental evaluation of this component of the hydrogen peak in CV
curves for Pt(111)12 shows thatwe are able to replicate the experimental data
very closely. Notably, we have also de-convoluted the current in its HUPD

and HOPD components.
The coexistence and interplay ofHUPD fcc andHOPD atop clusters have

significant implications for the electrocatalytic activity of the electrode,
especially in the context of the HER. In particular, since in reducing con-
ditions the size of the HOPD cluster increases when the potential decreases,
there is an increasingly high probability that HER involves HOPD as the
potential becomes more negative.

Fig. 4 | Distribution of adsorbed hydrogen on Pt at low and high coverages.
aDistribution of adsorbed hydrogen onPt at low and high coverages. bPercentage of
hydrogen atoms belonging to a cluster. c Schematic representation of adsorbed H
distribution on a low-coverage surface. d Schematic representation of adsorbed H
distribution on a high-coverage surface. In c and d, the shaded areas indicate H
clusters. The small black dots represent Pt surface atoms, while the larger circles
denote adsorbed hydrogen. The colour coding corresponds to the sites indicated in
(a) and (b).
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As detailed in the next paragraph, at low potentials, when HER takes
place and the percentage of HUPD drastically reduces, the approach of a
water molecule or hydronium ion with a hydrogen pointing towards the
surface is more favourable. Consequently, HER can efficiently proceed in
this potential range.

Although the primary objective of this paper is unravelling the equi-
libriumdistribution of hydrogen across the surface as a function of potential
rather than the mechanism for HER, the experimental assertion proposing
the involvement of twodistinct hydrogen species inHER14 is consistentwith
our findings, given the presence of both species on the surface. Moreover,
the observation of few exchange events between HUPD and HOPD during
dynamics may support the idea of an exchange energy difference compar-
able to thermal equilibrium. This would provide a positive answer to the
longstanding question of whether HUPD is involved in HER7,10–12. At high
potentials, where theHUPD fcc cluster is predominant, thefirst layer ofwater
orients its O atom towards the surface, which makes proton transfer to the
surface more difficult.

Hydrophilicity-hydrophobicity modulation induced by H
coverage
The analysis of our AIMD trajectories reveals that density, charge, and
orientation of interfacial water are strongly influenced by H coverage and
therefore vary significantly with the electrode potential.

In particular, analysing Figs. 5 and 6 as well as Supplementary
Figs. S4–S9 and Supplementary Discussion 2), we can see that when noH is
present over the Pt surface, and until H coverage is low, water can approach
the surface, chemisorbs almost flat over it, with its H atoms pointing slightly
outwards, is positively charged, and has coverage which decreases with
potential, consistently with other literature9,28,29, and further decreases when
H is present. Interestingly, the Pt bonded to chemisorbed water is also
positive and the charge donated by water distributes over the neighbour Pt
atoms, which become more negative. After HOPD start adsorbing and H
coverage increases to 0.67ML, the adsorbed layer prevents a direct inter-
action between the oxygen atoms from water and the negative electrode
surface.As a result, a chemisorbedwater layer cannot form, the closestwater
molecules are pushed away from the surface and point one of their positive
hydrogen atoms towards the negative surface. Overall, this water layer is
charged slightly negatively and its orientation closely resembles the one
found for the secondwater layer on a clean Pt(111)-water interface28 and on
highly hydrophobic graphene surfaces30 (Figs. 5, 6 and Supplementary
Figs. S4–S6). Cicero31 showed that a metal surface displaying the low cov-
erage structure exhibits hydrophilic behaviour due to the stronger hydrogen
bonds established between the water bonded to the surface and the sur-
rounding water molecules (Supplementary Figs. S7, S8). In summary, the
surface hydrophilicity is modulated from being strongly hydrophilic to

weakly hydrophobic depending on the applied potential. This transition is
induced by the changes in surface H coverage, which, in turn, substantially
affect surface charge distribution and water orientation.

Notably, themain features of the interfacial structure for high coverage,
are also observed for the structure simulating the metastable 0.67ML cov-
erage, as shown Supplementary Information file, in Figs. S4–S9, therefore
the transition between hydrophilic to partially hydrophobic regimes
approximately occurs below −0.3 Vwrt. the PZC, just below the potential
when HOPD becomes predominant.

In line with the above findings, the number of available acceptors
among water molecules progressively drops to zero as the potential
decreases, reaching zero between the 0.33ML and 0.67ML coverage
regions. The number of hydrogen donors also decreases as hydrogen cov-
erage increases (see Figs. S7 and S8 in the Supplementary Information
document). This is consistent with a decreasing number of chemisorbed
water molecules connecting via their hydrogen atoms with other water
molecules (Figs. S4–S6 in the Supplementary) as the potential decreases.

Our findings match the experimental evidence of hydrophobicity of
Pt(111) induced at negative potentials by H deposition17,18. They also align
with recent experimental findings32 which use infra-red spectroscopy to
explore the interactions between adsorbed hydrogen and water and show
that when the potential decreases and H coverage becomes high, hydrogen

Fig. 5 | Arrangement and charge of water on the Pt surface. a Position of a water
molecule in the first water layer on a low coverage surface. b Position of a water
molecule in the first water layer on a high coverage surface. c Average cosine of the

angle between the water dipole and z-axis as a function of the distance from the
surface. d Average charge of the water molecules as a function of the distance from
the surface for low and high coverage surfaces.

Fig. 6 | Hydrogen and oxygen probability distributions. Hydrogen (solid lines)
and oxygen (dashed lines) probability distributions for low (blue) and high (red)
hydrogen coverage surfaces as a function of distance from the surface.
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appears to displace water molecules. Our data are also consistent with the
EQCM experimental observation2 that a minimum of the interaction
between water and Pt substrate is reached at the minimum of water cov-
erage, which occurs just below the onset of HUPD region.

This picture is confirmed by the analysis of the mass density dis-
tribution for low coverage, where two distinct oxygen peaks are present
below 3.8Å (dashed lines in Fig. 6 and Supplementary Fig. S6), as for clean
interfaces9,19,28,29,31. Thefirst small peak, located at 2.0–2.7Å fromthe surface,
characterises the position of the first chemisorbed water layer which che-
misorbs almost flat over the surface. This water configuration is induced by
the formation of a dative-like bondbetweenone of thewatermolecule’s lone
pairs and themetal surface19. This bond causes the two hydrogen atoms and
the remaining lone pair to lie on the same plane slightly above the oxygen
atom, as shown in Fig. 5a. The chemisorbed nature of the first water layer is
confirmedby the observation that in the time spannedbyour trajectories for
low and no coverage systems, when a watermolecule forms such a bond, its
diffusivity is heavily impaired. In addition, a localisation of electronic charge
along the Pt-water bond is also observed, as shown in a sample snapshot in
Supplementary Fig. S9.

The second water layer arises at 2.7–3.5Å from the surface, however,
the dative bond does not form in this case, and the water molecules become
slightly negative, oriented with one of the hydrogen atoms toward the
negative platinumatomsof the surface, and theother pointing slightly away,
similarly to the water configuration when there is a high H coverage at
negative potentials (Fig. 6 and Supplementary Figs. S4–S6). This second
water layer ismore free to reorient as a response to thepotential, however, its
intrinsic dipole is smaller than that characterising chemisorbed water9,29.
Beyond 3.8 Å, the probability distribution flatten out (see Supplementary
Fig. S5) and the overall water charge is zero (see Fig. 5d), as the interaction
with the surface is very small and water bulk conditions are approached.

Interfacial capacitance
Wehave illustrated previously that the variations in hydrogen coveragewith
potential, play a crucial role in influencing the charge, orientation, and
density of water. This ultimately affects the interface capacitance. It has been
shown previously that at very low or very high potentials, the differential
capacitance saturates towards a constant value29. We focus here on the
potential range going from sligthly negative potentials, up to the PZC.

The electrode charge of the bare, low, medium, and high coverage
structures are shown as a function of potential in Fig. 7. The graph shows
that the bare surface has an overall negative average charge, amounting
to −9.2 μC/cm2 (−2.1 ∣e∣). The low coverage surface follows with

−18.0 μC/cm2 (−4.1 ∣e∣) while the high coverage surface has−29.8 μC/cm2

(−6.8 ∣e∣). The ~0.6MLcoverage configurationhas only a couple of stability
points, and overall is metastable, with a charge of about −34.2 μC/cm2

(−7.8 ∣e∣), however, we use this configuration to evaluate the capacitance at
the boundary between hydrophobic and hydrophilic regions. Notably, this
configuration is more negative than 0.9ML configuration, which is more
stable at lower potentials. The lower charge in the ~0.6ML configuration is
the result of the occurrence ofmoreH+ desorption processes than in 0.9ML
case during the equilibration phase, which left the metal slab more nega-
tively charged. This enhanced desorption tendency is due to the metastable
nature of the fcc cluster above 0.6ML coverage19. For the point at
V =+0.4 V vs. PZC, we have used the data from our previous work on
Pt(111)-water interface around the PZC, calculated with a consistent set of
methodologies and parameters28.

The plot of surface charge versus potential (see Fig. 8) exhibits a sig-
moidal trend, similar to an electrosorption isotherm for charged species over
a surface. To understand this we need to recall that, as demonstrated earlier,
when the potential becomes higher than ~−0.3 V, the system transitions
from hydrophobic to hydrophilic, due to the decreasing H coverage which
starts allowing the chemisorption of water molecules which are charged.
This transformation is clearly reflected in the observed changeof slope in the
charge-versus-potential curve (Fig. 8). Notably, this corresponds to the
onset of a peak in differential capacitance, obtained by taking the derivative
of the charge/potential sigmoidal curve,which reaches itsmaximumaround
the PZC (Fig. 8).

More specifically, at very negative potentials, when themetal surface is
saturated with adsorbed hydrogen, the capacitance remains constant, as
previously noted in the literature33–38. In this potential range, the interface is
hydrophobic (even if itmust allowwater or hydronium ions to approach for
Hevolution) and lacks of a chemisorbedwater layer. Therefore the electrode
charge is screened by solvated ions and water molecules, orienting their H

Fig. 7 | Surface charge versus applied potential.Electrode surface charge,measured
in units of ∣e∣ for 0, 0.33, 0.66 and 0.9 ML coverages as function of the potential. The
circularmarkers indicate the charge of individual snapshots while the squaremarker
represents the mean value for each coverage.

Fig. 8 | Surface charge density and differential capacitance versus applied
potential. Teal line: surface charge density (σ, measured in μC/cm2) vs. applied
potential in the potential region where changes in water orientation and screening
mechanism of the electrode occur. Purple line: differential capacitance (C, in (μF/
cm2)) in the same potential range. At the top, pictorial representation of water
orientation and coverage as well as Hydrogen coverage. The orange dotted vertical
lines, signal the potential of zero charge. The blue dotted vertical line represents the
boundary between hydrophobic and hydrophilic domain. The dashed regions in the
differential capacitance curve are plotted to guide the eye and have not been eval-
uated in current work. They point to 0 on the right and to 20 μF/cm2 as per ref. 28.
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atoms towards the electrode surface (Fig. 5 and Supplementary Fig. S4).
Above ~−0.3 V, when the interface transitions from hydrophobic to
hydrophilic, the primary electrode screening mechanism changes. In this
potential range, extending up to the PZC, the first water layer reorients into
an almost flat configuration, acquires a positive charge, is closer to themetal
surface and chemisorbs onto it. Notably, the number of positively
charged water molecules chemisorbed over the surface, increases
with potential, resulting in a steep increase in differential capacitance. The
steeper slope is explained as the water chemisorption dipole is larger than
the water reorientation dipole. Thus, water chemisorption dipole becomes
the main contributor to electrode screening and surface capacitive
response19,28,29.

The maximum capacitance is reached around the PZC, consistently
with previous findings29. This aligns with the shared view19,28,29 that water in
the double layer region has peculiar properties: can carry charge, chemisorb
onto surfaces, and screen electrode charges by generating a chemisorption
dipole.

While we did not specifically focus on determining the capacitive
response of the interface in the region above the PZC, we suggest that as we
cross thePZC, the interplaybetween increasing the coverageof chemisorbed
watermolecules, and the counteracting action of the secondwater layer and
different ions in solution, induces a flex in the slope of the surface charge vs.
potential curve, identifying the maximum in the peak in differential
capacitance.

Previous studies29 observed that as the potential continues to increase
above the PZC, water coverage saturates, while the differential capacitance
starts decreasing until it reaches a constant value. Thus, when water cov-
erage saturates, the main contributors to the variation in differential capa-
citance would become the other ions in solution, including OH− possibly
chemisorbed over the metal surface and contributing negatively to differ-
ential capacitance.

Similarly to Cheng’s findings for the case of very high ion
concentration29, we find a maximum in differential capacitance associated
with the PZC; however it is important to note that, unlike in Cheng’s work,
our PZC doesn’t signal the moment when water reorients from adsorbed
andH-down to chemisorbed andflat. InCheng’swork, such reorientation is
triggered by the densely populated ions of opposite nature present in the
Helmholtz layer a the two sides of the PZC. In our study, not constrained by
high ion concentration conditions, water reorientation occurs when the
surface switches from hydrophobic to hydrophilic, ~0.2 V below the PZC.
This transition marks the onset of the capacitance peak, which we’ve
observed to be sharper than in Cheng’s findings, consistently with experi-
mental observation.

Similarly to Koper’s findings23, our study explains themolecular origin
of differential capacitance around the PZC with the adsorption and inter-
play of ionic species over the surface.However, in ourwork,wedemonstrate
that the chemisorbed, positively charged species mostly responsible for the
capacitive response just below the PZC are water molecules behaving as
ions, distinct from the ions in the electrolyte, while the interplay of che-
misorbed H and water layer is crucial to determine the physicochemical
properties of the interface at lower potentials.

Conclusions
By developing highly realistic AIMD models for the electrified Pt(111)-
water-electrolyte interface at prototypic coverages (0, 0.3, 0.6 and 0.9ML),
we shed light on the complex interplay between the aqueous electrolyte and
adsorbed hydrogen as the applied potential changes. We demonstrate a
holistic connection between variations in H coverage, interface hydro-
philicity, catalytic activity, and capacitive response, across reducing poten-
tials, up to the potential of zero charge.

Our simulations reveal a bimodal H adsorption behaviour on Pt(111)
in response to electrode potential variations. Adsorbed H atoms tend to
cluster on the metal surface and form multiple domains with different
adsorption sites.

Hydrogen starts adsorbing onPt(111) at ~0.12 Vbelow the PZC. From
this potential, hydrogen coverage progressively increases as the potential
decreases, reaching about 0.9ML at around 0.4 V below the PZC.

Through the analysis of the predominant adsorption sites at various
electrode potentials, we computationally identify the two experimentally
hypothesised hydrogen adsorbing species: HUPD and HOPD. HUPD adsorbs
on fcc sites and is predominant at low hydrogen coverage (<0.3ML) and
highpotentials. Below−0.3 Vversus thePZC,HOPD,which adsorbs on atop
sites, becomes predominant, and hydrogen coverage rapidly increases
to ~0.9ML.

We clarify several experimental debated issues: firstly, hydrogen con-
tinues to adsorb on fcc sites even below the potential for HER, traditionally
the limit for underpotentially deposited hydrogen. Secondly, the overall
surface coverage can exceed 0.66ML, aligning with observations that
hydrogen coverage on Pt(111) can be significantly larger than 0.66ML.
Lastly, despite the dominant adsorption site changing with potential, a mix
of both types of sites is always observed, with minimal bridge and hcp sites,
indicating the coexistence of both HUPD and HOPD.

We evaluate the adsorption/desorption current, which compares well
with experiments, and uncover the mechanism of transition between these
two states as the potential increases and their significant impact on inter-
facial water charge, polarisation and reorientation.

Wedemonstrate that this transitionmodulates a change at the interface
fromweakly hydrophobic to strongly hydrophilic, correlating with changes
in the primary electrode screening mechanism and the onset of the bell-
shaped peak in differential capacitance.

Specifically, at negative potentials, when the surface is saturated with
adsorbed hydrogen, the interface displays predominantly hydrophobic
behaviour. In this state, water molecules orient with their hydrogen atoms
facing the electrode surface, and a chemisorbedwater layer is absent. Recent
literature29 indicates that the differential capacitance remains constant in
this potential range. Around−0.3Vwrt. the PZC, the interface undergoes a
transition from a hydrophobic to strongly hydrophilic, driven by the
changes in the H coverage structure, which presents lower coverage. In this
state, extending up to above the PZC, thefirst water layer reorients into aflat
configuration, acquires a positive charge, moves closer to the metal surface,
and chemisorbs over themetal. Notably, the coverage of these chemisorbed
and charged water molecules increases with the potential. The associated
chemisorption dipole, which is larger than the reorientation dipole, causes
the charge density to steeply increase with potential. This sharper increase
reflects a change in the primary electrode screening mechanism and man-
ifests in the onset of the bell-shaped peak in differential capacitance.

As the potential passes through the PZC, a peak in differential capa-
citance is identified, in line with prior research29. However, it is important to
note that, in our case, the PZC does not correspond to water reorientation
from H-down to chemisorbed and flat, as reported by Cheng for systems
with a very high ion concentration. In our investigation, water reorientation
rather occurs at the boundary between the HOPD and HUPD regions, and
coincides with the surface’s transition from hydrophobic to hydrophilic.
Furthermore, water reorientation doesn’t mark the peak in differential
capacitance, but rather marks its onset. Notably, we observe the differential
capacitance peak to be sharper than inCheng’s research, in linewith existing
experimental data.

Our study links the peak in differential capacitance to the adsorption
and interaction of different ionic species on the surface. While we did not
focus into determining the capacitive response of the interface in the region
above the PZC, we suggest that as we cross the PZC, the interplay between
increasing the coverage of chemisorbed water molecules, and the counter-
acting actionof the secondwater layer and solvated ions, induces aflex in the
slope of the surface charge vs. potential function, identifying amaximum in
the peak in differential capacitance. This effectmay be further influenced by
the chemisorption of OH− onto the surface, potentially contributing
negatively, alongwith solution ions, to the capacitive response of the surface
at higher potentials.
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The interplay between HUPD and HOPD also affects the electrode’s
electrocatalytic activity, especially theHER. Indeed, at high potentials, water
reorientation induced by the presence of H hinders proton transfer, but at
lower potentials, when HER occurs, water orientation favours proton
transfer, enabling efficient HER.We observe that for each coverage, the size
of the predominant cluster increaseswhen the potential decreases, therefore
although bothHUPD andHOPD are present at negative potentials, there is an
increasingly high probability that HER involves HOPD as the potential
becomes more reductive.

Overall, our simulations show that understanding the complex inter-
play between the interfacial water charge, H adsorption configuration, and
potential is crucial for controlling interface behaviour. This has significant
implications for practical applications in electrocatalysis, corrosion resis-
tance, and energy storagedevices.Applyingourmethodological approach to
various materials, interfaces, and environmental conditions will disclose
new knowledge in electrochemistry. For instance, it will help to identify
active sites in their environment and reaction mechanisms for electro-
catalytic transformations and how they depend on electrochemical condi-
tions (e.g. type of ions in the electrolyte).

Despite the increased realism of the proposed AIMD models, we are
still far from simulating EC systems from atom to device, due to necessary
simplifications arising from computational costs. A significant limitation of
AIMD is the short sampling time, restricting, for instance, the simulation of
phenomena like ion diffusion, which occurs over much longer timescales.
Additionally, achieving convergence for theGalvani potential dropbecomes
challenging when the Debye length of the electrolytic solution increases (at
lower ionic concentrations). Machine learning-based interatomic force
fields for electrified interfaces39–41, developed from DFT datasets, offer
promise due to their low computational overhead, though they face chal-
lenges in treating the long-range components of interatomic interactions.

Another inherent limitation is that controlling the potential is achieved
by controlling the charge over the electrode at a constant number of par-
ticles. In it cumbersome to control simulations cumbersome and evaluate
electrochemical reaction kinetics non-trivial. Therefore, developing grand-
canonical methodologies to model electrochemical interfaces seems a nat-
ural solution, which is being pursued by an increasing number of
researchers42–45.

Methods
We generated highly controlled datasets from AIMD trajectories that
sample the Pt(111)-water-electrolyte interface at a wide range of applied
potentials. These datasets provide statistically meaningful microscopic
sampling of defined states with specific electrode coverage (0, 0.3, 0.6 and
0.9ML), temperature, charge, and potential. This enables us to classify and
reweight the database of states accumulated at each potential and extract
physicochemical insights from each individual prototypical trajectory. In
the following paragraphs we describe the computational setup for these
simulations, the method we use for establishing a potential scale and the
statistical approach to generate the expectation value for energy and cov-
erage as a function of the potential.

Computational setup
Calculations were performed within the density functional theory (DFT)
using CP2K package46. The PBE47 formulation of the general gradient
approximation and Tether, Goedecker and Hutter (GTH)
pseudopotentials48,49 were used while Van der Waals interactions were
accounted under the DFT-D3 scheme.50 A cutoff energy of 300 Ry was
applied to describe the electronic density. Only the Γ-point was included in
the Brillouin zone (BZ) integration. AIMD simulations were carried out
withCar-Parrinello-like (CP-like)MDwith a 0.5 fs timestep51. Systemswere
sampled with a Langevin-type equation governed by a random-noise term,
γD, which is highly system-dependent. We indicated the employed para-
meters for each simulated structure in Table 1. The γD term allowed to
compensate for the intrinsic dissipation of the Car-Parrinello-like metho-
dology and to keep the temperature between 326 and 331 K (see Table 1 for

details). In CP-like MD forces are not obtained by full minimisation of the
wave-function as in Born-Oppenheimer MD. Instead, they follow a
predictor-corrector scheme based on the previous steps wave-functions. An
extrapolation order of 1 for the always stable predictor-corrector was used.
The number of corrector steps was determined either by the fulfilment of a
convergence threshold (5.10−5 a.u.) or by a maximum cap of iterations51.
The corrector stepsize was set to 0.0075.

The trajectorieswere equilibrated for 80ps because of the slowmobility
of the ion dissolved inwater and to stabilise the systems after the occurrence
of severalHdesorptionprocesses from the surface (see below), and analysed
for about 30 ps each. All the simulated systems are composed of two
symmetrical and independent half-cells. The metal slab (shown in Fig. 1a)
was modelled using a 4-layer Pt electrode exposing the (111) surface to the
saltwater (NaCl). The coordinates of the central layers of the Pt slab were
constrained to the bulk electrode values.Overall, there are 216 Pt atoms, 330
watermolecules, ten couples of Na+Cl− ions, corresponding to ~2MNaCl
concentration, and a variable number of hydrogen atoms adsorbed on the
surface. Namely, we introduced an initial coverage of 0ML (bare surface),
0.33ML (referred as low coverage surface), 0.66ML (referred as medium
coverage surface) and 1ML (referred as high coverage surface).

During the equilibration phase of the dynamics, we observed notable
events, where a few hydrogen atoms desorbed from the platinum surface
and entered the solution phase, resulting in a slight decrease in the initial
coverage for each configuration. Specifically, 5 out of 36 hydrogen atoms
desorbed from the low-coverage surface, 9 out of 72 for the medium cov-
erage, and 8 out of 108 for the high-coverage surface. These desorption
events occurred as the systems sought to minimise their Gibbs free energy,
finding a balance between the charge on the electrode and in the solu-
tion phase.

After the initial equilibration phase, no additional H atoms were des-
orbed, and the presented data were evaluated for each simulation at a
constant number of adsorbed H atoms and constant electrode charge.
However, the dissolution of H atoms from the surface had important
consequences for the determination of the electrode status. Upon dissolu-
tion, the H atoms donated part of their electronic charge to the platinum
electrode, causing its negative charge to increase, and combined with water,
generating three different concentrations of hydronium ions within the
solution. As a result, as per ref. 28, the simulated electrodes span a negative
range of potential and the three H coverages correspond to different
potential ranges, as described in Fig. 4. In our simulations, the electrode’s
charge does not only originate from the presence of ions in solution but also
from the complex interplay between the charging and discharging of
interfacial water28 and adsorbed hydrogen as the potential changes. Thus,
although in all simulations contributing to the phase diagram in Fig. 2, the
number ofNa andCl ions remains constant at 10Cl and10Na, the observed
potential for each coverage fluctuates around an average value. These
fluctuations, due to the finite size of our model, allow each single trajectory
to explore a continuum range of potentials, from reductive up to above the
PZC. The different average values for each coverage are induced by the
different surface dipoles induced by different coverages and the different
number of H ions in solution. Notably, these fluctuations enable a direct
comparison of configurations with different coverage and similar work
functions, as it will be explained in detail below, in the subsection ‘Statistical
Approach’.

Table 1 | Simulation details regarding the computed
structures: random-noise term γD, average temperature, and
length of the cell in the z-direction

Coverage (ML) γD Temperature (K) Cell length (Å)

0 2.9 e−4 331 36.9

0.33 2.8 e−4 326 38.1

0.67 2.8 e−4 336 39.3

0.9 3.1 e−4 326 38.9
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In addition, to analyse how local variations in potential affect the
distribution of H adsorption sites (HUPD and HOPD), short AIMD simula-
tions of ~5 ps (after equilibration)were performed, in addition to thedataset
generated using a concentration of 10Na:10Cl, for each hydrogen coverage:
variations in ionic concentrations of 10Na:12Cl and12Na:10Clwere studied
for each coverage to generate potentials slightly lower and higher than that
associated with the 10Na:10Cl conditions (see Supplementary Fig. S2 and
Supplementary Discussion 1).

The presence of charged water, as well as salt and hydronium ions
effectively screens the electrode within a few angstrom from the surface.
Indeed, the separation between the two electrode surfaces corresponds to at
least ~8Debye screening lengths, so electrolyte bulk conditions are reached
in themiddle of the cell for each system.The overall cell length in z-direction
is influenced by the electrolyte density and the coverage. In order to find the
correct length for each coverage we ran classical molecular dynamics
simulations in a NPT ensemble. The extracted value for the volume was
mediated over a simulation time of the order of microseconds, on top of
which a NVT classical simulation was performed, using Gromax code and
the Heinz force field52 to model the metal water interaction. The results are
reported in Table 1 for each structure. The large cell cross-section of 365Å2

was chosen to reduce the effects of 2D periodicity along the electrode
surface.

Interfacial potential drop and electrode potential alignment
Tounderstandhowhydrogen coverage impacts the structure and behaviour
of the Pt-electrolyte interface, it is essential to establish a reliablemethod for
determining the expectation value for H formation energy and coverage for
each configuration, as a function of electrode potential, and establish a
potential scale, as measured with respect to the PZC.

To this end, we propose a double potential reference method, inspired
by Rosmeissl’s work53, as described below.

We first computed the average potential difference between the bulk of
the electrolyte and the Fermi level of the electrode (Galvani potential) for
each coverage along the full trajectory. To establish a standardised scale for
the electrode electrochemical potentials of each configuration and system,
we consider the 0ML structure as representative of the point of zero charge
and refer to the electrochemical potential of its Pt electrode to this value. A
recent experimental evaluation for planar Pt(111)/electrolyte at a very low
ionic (micromolar) concentration and pH 3 reported this as 0.56 V4.

Next, we compare each electrolyte-platinum potential differences
calculated for non-zero coverage,Δψ, with that obtained at zero coverage for
thePZC,ΔψPZC.Notably, the potential drops associatedwith configurations
with different coverage can be compared as all the systems share the bulk
electrolyte level, which is used as a reference. The resulting difference of
potential drops, ΔU allows to evaluate the shift from the potential of zero-
charge UPZC, and hence the absolute voltage, U, for the electrodes of each
configuration, relative to the PZC. At pH = 0 this reads as:

ΔU ¼ U � UPZC ¼ Δψ � ΔψPZC:

the adsorption energy of each of the the non-zero coverage config-
urations is evaluated as a function of its associated potential, U referred to
the PZC, and of pH, similarly to what was proposed by ref. 53:

EformðUÞ ¼ EXMLðUÞ � E0ML � NðEH2
=2þ ΔU � 2:303kBTpHÞ;

where EXML(U) is the energy of the non-zero coverage structure, E0ML is the
average energy of the bare reference surface, N is the number of hydrogen
atoms in the cell, EH2

is the energy of a hydrogen molecule and ΔU is the
potential difference with respect to the RHE.

The main difference between our potential alignment approach and
the one developed by ref. 53 lies in the reference level used to evaluate the
electrode potentialU (andhenceΔU in our formation energy formula). This
paper evaluates the work function for each configuration ϕe� (measured as
the difference between the Fermi level and the electrostatic potential energy

level in front of the solvent) and uses the work function for the electrode at
pH= 0 and USHE = 0V, ϕSHE, to determine an absolute alignment with
the SHE.

eURHE ¼ ϕe� � ϕSHE þ 2:303kBTpH

This requires introducing constraints in the configuration of water at the
interface with vacuum, to avoid forming spurious interfacial dipoles due to
limited simulation times. In contrast, we use the Galvani potential energy
(difference between the Fermi level and the reference bulk potential energy
level of the electrolyte) for a reference configuration for the bare Pt(111)/
water interface representing the PZC at pH = 0, ΔψPZC, and align
this to the RHE via the experimental value for the PZC4, Expref (by doing
UPZCExp

=ΔψPZC− Expref). We then align all other configurations to Expref
by calculating the differences in Galvani potentials Δψ relative to the PZC
reference, ΔψPZC

eΔURHE ¼ eURHE � eUPZCExp
ðpH ¼ 0Þ

¼ Δψ � ΔψPZC þ Expref þ 2:303kBTpH� 2:303kBT:ðpH ¼ 0Þ

therefore ourmethod allows for the determination of the electrode potential
without requiring to open a gap in the water bulk.

Notably, the Galvani potential of this configuration is obtained as
average along the full trajectory.

The twomethods correspond to each other when considering that the
difference between the bulk potential of the electrolyte solution and the
vacuum in front of it, is a constant surface dipole contribution, which
cancels out when evaluating ΔU.

Interestingly, our method also can be mapped into Jun Chen’s
approach54, with the difference being in the alignment constant for the
reference system at the PZC. In Cheng’s case, this is evaluated from the
solvation energy of the proton, while in our case, it is taken from experi-
mental datum, Expref.

Finally, it is important to note that our systems contain on average
different concentrations of hydronium ions in bulk electrolyte solution.This
variation can impact the position of the reference potential energy level in
each of them, given the (relatively) small dimension of ab initio simulation
cells. To account for this effect, we introduced a pHcorrection,— 2.3kBTpH,
to the bulk electrolyte solution level.Here, kB is the Boltzmann constant,T is
the temperature, and pH was evaluated from the concentration of hydro-
nium ions in bulk electrolyte solution. In each system, we calculated the
concentration of hydronium ions within the same window used for the
calculation of the water bulk potential (red box of Fig. 1b).

More specifically, thepurpose of this term is to align the reference levels
for the bulk solution across all studied metastable states, so that ΔΨ can be
calculated for every configuration with respect to the same reference, based
on the assumption of a solution pH of 0. This alignment correction is
essential as the bulk levels used to align different systems need to represent
physically equivalent states.

Our alignment correction is calculated as −2.3kBTln([H
+]), where

[H+] is the concentration of H+ ions present in the central region of our cell
defined above. This correction accounts for the potential difference between
the systemwith the reference bulk solution at pH 0 and the systemwith the
actual measured pH value and charge density in the simulation cell.

In our case, the reference is the bulk electrolyte, related to the potential
of zero charge as explained above, via the well-known experimental value
versus the SHE [4].

Therefore our method allows for the determination of the electrode
potential without requiring to open a gap in the water bulk.

Finally, for the calculation of the electrolyte-platinum potential drop,
the electrolyte bulk energy levelwas obtainedwith a doublemean calculated
on the xy averaged potential, with a second sliding window of 10Å (see
Fig. 1b). To identify the value for the bulk electrolyte reference level, we
calculated the arithmetical mean of the obtained function on a 4Åwindow
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in the middle of the solution (red box of Fig. 1b). To identify a value for the
bulk platinum level,we usedadifferent doublemean,whose secondwindow
was tuned to the platinum interlayer distance, to remove the oscillations in
the electrode bulk potential.

To analyse the effect of voltage on electrode charge, for each coverage,
we computed the Bader charges of the atoms belonging to the electrode and
averaged the sum over a number of snapshots taken from the trajectory at
regular 500 fs intervals. Our definition of electrode charge included the
Bader charges of all Pt atoms, all the adsorbed hydrogen atoms, the che-
misorbed water layer and any additional atom within 3Å from the Pt
surface, if present. The voltage associated to each status of charge for the
electrode was determined by averaging all potential drops observed during
each constant coverage simulation. Since no H adsorption or desorption
occurred during the trajectory sampling, each constant coverage simulation
is also at constant charge.

Statistical evaluation of average energy and coverage vs.
potential
To evaluate expectation value for the hydrogen adsorption energy as a
function of the potential, we compare the energies of different metastable
equilibrium states with constant hydrogen coverage and similar Galvani
potential and statistically evaluate their occurrence probability. To this end,
the data on formation energy, Eform from all simulations carried out at
different coverages, were binned along the potential axis. Within each bin,
all the points from the simulations at different coverageswere included. The
expectation value for the formation energy at eachpotentialwas obtained by
reweighting the formation energies by the grand canonical probability

pi ¼
1
ZG

expð�Eform;i=kBTÞ;

where ZG ¼ P
i expð�Eform;i=kBTÞ is the grand canonical partition func-

tion. The data obtained for each bin were then fitted to plot the continuous
line of Fig. 2.

The value for themost probable coverage at eachpotential (Fig. 3a)was
obtained using the same re-weighting methodology employed for the for-
mation energy and represented in Fig. 2 by the colour of the formation
energy profile.

In particular, we compared the statistical weight of the various meta-
stable coverages, characterised by the same potential drop. It should be
noted that the instantaneous values of the coverage at each voltage may not
correspond to equilibrium coverage at that voltage. Therefore, due to the
limited range of coverages studied, a statistical error is expected in our
evaluation.

More specifically, within each bin, the expectation value for the cov-
erage was determined as weighted average by the grand canonical prob-
ability pi. The coverage value per bin was then fitted by a B-spline function.
The overall coverage and the contributions to it from HUPD and HOPD

versus potential are plotted in Fig. 3a. To calculate the contribution ofHUPD

and HOPD to overall coverage, the relative amount of adsorbed hydrogen
atoms in the fcc and top positions was computed for each simulation, and it
was assigned to the bin, based on the weighted average. The size of each bin
was determined adaptively, ensuring it could produce smooth curves while
reproducing all main features of the trend.

Adsorption/desorption currents
The hydrogen adsorption/desorption current in the limit of a slow sweep
rate was obtained using a slightly modified version of Karlberg’s approach8,
with the formula

I ¼ ± νQtot
dθ
dV

:

here, θ is the coverage, ±ν is the sweep rate, assumed to be 50mV/s, andQtot

is calculated by summing the elementary charge per atommultiplied by the

density of surface Pt atoms as reported by ref. 8 with the extra charge
contribution from the applied potential and the interaction with the double
layer (Fig. 6), as determined from the Bader analysis. The HUPD and HOPD

contributions were calculated in the same way as the coverage.

Data availability
All data needed to evaluate the conclusions in the paper are present in the
paper and/or the Supplementary Information andSupplementaryData 1–8.
Additional data related to this paper may be requested from the authors.
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