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The concerted proton-electron
transfer mechanism of proton
migration in the electrochemical interface

Guoping Gao1,3,* and Lin-Wang Wang2,*

SUMMARY

The proton migration in the electrochemical interface is a fundamental electrochemical processes in pro-
ton involved reactions.We find fractional electron transfer, which is inversely proportional to the distance
between the proton and electrode, during the proton migration under constant potential. The electrical
energy carried by the transferred charge facilitates the proton to overcome the chemical barrier in the
migration pathway, which is accounting for more than half electrical energy in the proton involved reac-
tions. Consequently, less charge transfer and energy exchange take place in the reduction process. There-
fore, the proton migration in the electrochemical interface is an essential component of the electrochem-
ical reaction in terms of electron transfer and energy conversation, and are worthy of more attention in
the rational design and optimization of electrochemical systems.

INTRODUCTION

Proton, the simplest cation, participates in numerous significant electrochemical energy conversion reactions, including water splitting,1 CO2

reduction,2 and N2 reduction.
3 It carries out the tasks of mass transport and energy transfer in these electrochemical reactions. The proton

must go through two processes in order to accomplish these tasks: migration from the outer Helmholtz layers to the inner Helmholtz layers

and reduction process on the electrode surface.

It is widely assumed that charge transfer and energy exchange primarily take place in the reduction process,4,5 and the reduction process is

considered as the primary process in the electrochemical reactions. Hence, there have been significant attempts to improve the catalytic per-

formance of electrode.6,7 Based on the supposition that there is no charge transfer involved in the proton migration process, sequential pro-

ton transfer electron transfer mechanism, much less focus is placed on comprehending the proton migration process. Some recent studies

point out that solvated protons in the first water layer outside ametal surface have fractional charges,1,8 but those in the third water layer have

charges close to 1e+.9 It is unclear what causes this fractional charge, how proton and electron transfer interact, or how this affects the ener-

getics of the protonmigration. Investigating the interdependence of proton and electron transfer and the associated energetics will shed new

light on many electrochemical reactions. However, it is a challenge for conventional density functional theory (DFT) calculations based on the

fixed chargemethod to describe chemical processes involving electron transfer.10,11 Thus, a grand canonical DFTmethod that allows the total

charge to fluctuate during the calculation holds substantial advantages in investigating such critical electrochemical processes.12–16

In this work, we examine themigration of protons in the electrical double layer and the reduction reaction on the Pt (111) surface using the

grand canonical fixed-potential method. This method adjusts the total number of electrons to satisfy the fixed potential (Fermi energy) of the

electrode as shown in Figure 1. We track the total overall energy and electron of the entire system during the protonmigration from the water

layers to Pt (111) under constant potential. By doing so, we learn how the simulated system and the external reservoir exchange electrons and

energy throughout the proton migration. Additionally, the impact of the electrode potential on the proton migration is determined by

repeating the previous calculation under various constant potentials.

RESULTS

To verify the reliability of the electrical double layermodel, an excess proton in each first water layer outside the two Pt (111) surfaces under an

absolute potential of �4.44 V, which represents protons in the inner Helmholtz layer, is used as an example to illustrate the hydrogen reduc-

tion environment of the electrical double layer. We divided the XY plane-integrated electron density into the Pt electrode zone (in green) and

protonated water layers zone (in blue) via the charge density minima point between them as shown in Figure 2A. Subtracting integration elec-

trons in each zone by their valence electrons, respectively, we can calculate the charge state of the electrode and protonated water layers.
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Under an absolute potential of�4.44 V, the charge state of the entire system is 0.23 e+. Specifically, the charge state of the electrode is 1.31e�,
while each protonated water-layers has a charge state of 0.77e+. The opposite charges at the solid-solvent interface generate a local electric

field directed toward the electrode and an electrostatic potential dropwithin the electrical double layer. Similar results can be foundwhen the

proton is in the other water layer, as shown in Table S1 in the supplemental information.

The electrostatic potential drop in the solid-solvent interface is another physical characteristic used to evaluate the electrical double layer

model. In plane-wave pseudopotential DFT calculations, the Columbia potential includes the Hartree potential and the local part of the pseu-

dopotential is shown in Figure 2C via dashed-dotted green line,17 which exhibits deep wells at each nucleus plane. Systems with random ion

positions are expected to smooth the deepwell oscillations. However, it is still a challenge to obtain an accurate electrostatic potential via this

approach.18 A rough alignment of the electrostatic potential based on the highest occupied molecular orbital (HOMO) of the electrode and

solvent is an appropriate compromise. In our fixed-potential method, a linearized Poisson-Boltzmann equation19 is used to screen the ions’

electrostatic potential exponentially in the implicit solvent zone and provide a converged flat potential far away from the surface where the

electron density is zero. The flat potential is set as the absolute potential of zero. By doing that, the energy of electrons in a vacuum just

Figure 1. The Fixed-potential method

The flow of the fixed-potential method realized by the outside loop is present in blue color, while the fixed-potential method designed in our group is highlighted

in red color.

(A) the comparison of the calculated performance of the fixed-potential method and conventional DFT method; (B) the fixed-potential method for NEB

calculations of the Volmer reaction in hydrogen evolution reaction; (C) the fixed-potential method for ab initio MD to simulate the ethylene carbonate

decomposition.
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outside the solvent becomes the reference for the fixed potential of the electrode.20 In this example, the absolute electrode potential of the

electrode is fixed at �4.44 V (the standard hydrogen electrode level). The system’s density of states at �4.44 V is mainly occupied by the 5d

orbitals of Pt (111), while the HOMO of the protonated water layers featured by the O-2p orbitals is approximately at �7.30 V as shown in

Figure 2D, which is close to the energy level HOMOof water and protonated water (See Figure S1 supplemental information). The negatively

charged electrode and positively charged protonated water layer will generate an electrostatic potential drop at the boundary of the Pt elec-

trode and water solvent (�26 Å and �35 Å on the z axis), which connects the electrostatic potential gap between the Pt electrode and water

solvent. Therefore, the aligned electrostatic potential is�4.44 V in the Pt electrode and then decreases gradually at the solid-solvent interface

to �7.30 V till the outer Helmholtz water layers. According to the aforementioned analysis, the electrical double layer model can efficiently

capture the key characteristic of the electrical double layer and reproduce the hydrogen reduction environment.

In the following, we track the adiabatic electron transfer process during the protonmigration and reduction process in the Volmer reaction

under constant potential (�4.44 V) as present in Figure 3A. If we set the total electrons of the system with the proton in the sixth water layer

(N6th
e ) as the reference, the quantity of adiabatic charge transfer is defined as the extra charge flowing from the reservoir to the system during

Figure 2. Model of the electrical double layer

The side view (A) and top view (B) of a proton in the first water layer outside the Pt (111) surface; plane-integrated electron density distribution as a function of the

z-coordinate (A); the Coulombic potential and the alignment of the electrostatic potential as a function of the z-coordinate (C); the PDOS and the HOMOorbitals

of the Pt-d and O-p orbitals (D).
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the proton migration from the outer to inner Helmholtz layers under constant potential. Therefore, the quantity of adiabatic charge transfer

(Nct ) is calculated by Equation 1:

Nct = Nxth
e � N6th

e (Equation 1)

Here, theNxth
e is total electron when the proton at xth water layer. TheNct rises to 0.018e�, 0.038e�, 0.088e�, 0.212e�, and 0.604e� when the

protonmigrates into the 5th, 4th, 3rd, 2nd, and 1st water layers, respectively. TheNct can be fitted by a formula as the function of the proton’s z-co-

ordination (z): Nct = 1:66
25:65� z � 0:09. The fitted parameter of 25.65 is slightly smaller than the top Pt nucleus layer’s z-coordination (28.12 Å).

Screened by their valence electrons and terminated H*, the effective electrode surface is slightly outside of the Pt nucleus layers. Thus, 25.65 Å

represents the position of the effective electrode surface, and z-25.65 is the proton’s distance (d) from the electrode. The valence of the proton

Figure 3. The electron evolution during proton migration and reduction under the constant potential of �4.44V

(A) The charge transfer of the whole system during the proton migration from the outer Helmholtz layer to the Pt electrode under different potentials. The

detailed data can be seen in Table S2 in the supplemental information; (B) the sketch of proton migration to the electrode; (C) the charge density difference

(D r) caused by the proton migration; (D) plots of 3D differential charge densities between protons at the 6th and 1st water layer (Dr = ðr0th � r00thÞ �
ðr6th � r06thÞ) at isosurfaces of 0.00065 e/Å3 (yellow, charge accumulation) and - 0.00065 e/Å3 (blue, charge depletion).
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(Z,1e+) multiplied by a factor (A) is responsible for the 1.66. The A is expected to relate to the permittivity of the solvent, the orientation of the

solvent and the states of the electrode. The determination of the A is beyond the scope of this work. In addition, the 0.09 is nearly zero and negli-

gible, which can be attributed to the uncertainty in electron calculation. Therefore, the fitted formula can be condensed into Equation 2 and illus-

trated in Figure 3B:

Nct = � AZ

d
(Equation 2)

Based on the formula, the adiabatic electron transfers from the reservoir to the electrode during the proton migration to maintain the po-

tential of the electrode. The quantity of the adiabatic charge transfer is proportional to the valence of the protons and inversely proportional

to its distance from the electrode as presented in Figure 3B. In addition, similar adiabatic charge transfer behaviors can be observed under

different applied potentials (See Figure S5, supplemental information) and under various H* coverages and with other ions involved (Na+ and

Cl�, See Figures S3, S4, and S6, supplemental information). Therefore, the proton migration goes through the concerted proton-electron

transfer mechanism.

The observed results, however, depart from the induced charge of the point-infinite-plate obtained by the image method, where the

induced charge is independent of the distance z under the assumption that the dielectric constant of water is a constant. As we know, the

electric field induced by the proton is proportional to Q
d2, where Q is the proton’s charge. The local electric field induced by the proton is

greater than 108 V/m within a range of 10 Å. In such extremely high electric fields, the water solvent will become dipolar saturated resulting

in a field-induced reduction in the dielectric constant.21,22 The field-induced reduction in the dielectric constant results in the enhancement

of the electric field pointed toward the Pt surface during the proton migration, and more induced/compensation charge is required to main-

tain the constant potential. Therefore, the charge transfer is caused by the reduction of the effective dielectric constant as the proton ap-

proaches the electrode.

To finish the whole Volmer reaction, the protonwill migrate further toward the Pt (111) surface (the reduction process). The electron obtained

duringthe reductionprocess (definedas the reductioncharge,Nrc ), isonly0.47e
�, whichconflictswith thecommonassumption that the reduction

charge ismainlyobtained in the reductionprocess.TheNic andNrc makeuptheobtainedelectronof theVolmer reaction (Noe). TheNoe (1.07e
�) is

not exactly 1.0 e� as the proton’s chemisorption alters the electrode’s work function and surface dipoles slightly. Generally, the larger the work

functionof a system, theharder it is to loseelectronsandtheeasier it is to trapelectronsunder theappliedpotential.Thework functionF is strongly

associated with the electronegativity c. In our calculations, the work function can be obtained directly from the absolute potential of zero-charge

(PZC), i.e.,F = � eUPZC . As a result, the calculatedF of * (H coverage of 5/9) andH* (H coverageof 6/9) are 5.11 and 5.14 eV, respectively. Addi-

tionally, the surfacedipolemomentd canbegivenby thework function changeDF, i.e., Helmholtz equationd = � ε0AsurfDF=e,where theAsurf

is the surfaceareaof thecatalyst andε0 is the vacuumpermittivity. ThedipolemomentofH* is�0.03Debye.Anegativedipolemomentd indicates

a dipole pointing to the catalyst surface, resulting in an increase in the work function and making it easier to gain electrons from the reservoir.

Therefore, theH*will have a lower charge state than the * andexperiencemore thanone electron transfer during theVolmer reaction. The charge

transfer during the element reaction will deviate from the integer slightly as the intermediate states alter the work function and dipole. It is worth

noting this work function altering does not change the total number of electrons involved in the entire redox reaction.10

It is a challenge to locate the Nct of the proton migration since the Nct is less than 0.60 e� whereas the system’s total electron is approx-

imately 1236 e�. To address this issue, we obtained the charge density change (Dr) caused by the proton migrated from 6th water layer to nth

water layer via the following Equation 3:

Dr =
�
rnth � r0nth

� � �
r6th � r06th

�
(Equation 3)

Here, the rnth is the charge density of the proton at the nth water layer under the potential of �4.44 V. The r0nth is the charge density of the

neutral system with protons at the nth water layer. The ðrnth � r0nthÞ can eliminate the errors caused by atoms’ positions. The ðr6th � r06thÞ is
used as a reference. This allows us to locate theNct as shown in Figures 3C and 2D.When the protonmigrates from the outer Helmholtz layers

to the Pt (111) surface, the adiabatic transferred electron ismainly found in two locations: the interlayer between the electrode andwater layer,

and the oxygen framework of the first water layer. The intensity of these two peaks gradually increases when the protonmigrates closely to the

Pt (111) surface as implied by the Equation 2. Meanwhile, the sum of the electrons in these two peaks is about equal to the total obtained

electrons shown in Figure 3A and Table S2 in the supplemental information. These electrons gather on the surfaces of the electrode during

the proton migration and wait for the reduction process.

Based on the PDOS analysis of the H-1s and O-2p in the H3O
+, and O-2p of water in the first water layer during the proton migration and

reduction process as shown in Figure S2, supplemental information, No PDOSof H3O
+ is shifted over the Fermi level during the protonmigra-

tion. Thus, the proton is not reduced during the proton migration. However, induced by the negatively charged Pt electrode, there is a tiny

PDOS of the first water layer’s O-2p spanning across the Fermi level. Therefore, some electrons spillover to the oxygen in the first water layer

during the proton migration.

The concerted proton-electron transfer mechanism facilitates the proton to overcome the chemical barrier in themigration pathway at the

expense of the electrical energy carried by the transferred charge. The negative free energy change (Gnth;Uabs
, see Equation S1 in supplemental

information for details) can be used to describe the promotion of protonmigration. In Figure 4A, we compare the grand free energy evolution

during the protonmigration and reduction processes under constant potentials ranging from�4.84 V to�4.24 V, as shown. Here, theG6th ;Uabs

is set to zero. Under the absolute potential of �4.84 V, the proton at the 6th water layer is 0.31V more stable than it is on the Pt (111) surface,
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thus the hydrogen reduction is nonspontaneous. The electrodewill getmore negative charges whichwill stabilize the proton on the electrode

as the the absolute potential rises. When the absolute potential increased to�4.44 V (0 V vs. SHE), the proton on the Pt surface is more stable

than it in the 6th water layer by 0.12 eV, but is still unstable in comparison with the proton in the 1st water layer by 0.24 eV. Since the proton on

the Pt surface and at the 1st water layer is energetically more favorable than that at the outer Helmholtz layer, more protons are expected to

accumulate at the 1st water layer based on the Boltzmann distribution. The increased concentration of proton near the cathode will raise the

protons’ grand free energy, allowing the proton to overcome the shallow well and complete the reduction process. The free energy proton in

the first water layer (�0.47 eV) and on the Pt surface (�0.33 eV) is more negative compared to it at the 6th water layer when the absolute po-

tential is further increased to�4.24 V (�0.2 V vs. SHE). Therefore, the rise in the absolute potential promotes proton migration and hydrogen

reduction processes.

Recasting the data in Figure 4A yields the hydronium pKa as a function of water layers at various applied potentials. The predicted hydro-

nium pKa at the first water layer (pKa = 2.9, 0.4 V vs. SHE) corroborates the experimental surface-specific electrical transport spectroscopy

results (pKa = 4.3) and the reactive force field molecular dynamics calculation (pKa of 2.5–4.4).
23 A large hydronium pKa indicates hydroniums

enricher near the water layer and vice versa. As we can see, the hydronium pKa at the sixth layer (and beyond) is unrelated to the potential,

indicating that the electric field generatedby the electrode has already decayed at the sixth layer. The hydroniumpKa decreases slightly at the

5th and 4th water layers, then rises dramatically at the closer water layers. The hydroniumpKa will rise with a higher applied potential, especially

at closer water layers.

Based on the previous analysis, the promotion magnitude is sensitive to the absolute potential change, the proton’s distance to the elec-

trode, and the transferred charge, in which the transferred charge is related to the proton’s distance to the electrode. In the following, we

attempt to establish the functional relationship between the promotion magnitude, the absolute potential, and the transferred charge quan-

titatively. The promotion magnitude of the potential change from �4.84 V to �4.24 V is defined as:

DG� 4:84 to� 4:24 = Gnth ;� 4:24 � Gnth ;� 4:84 (Equation 4)

Figure 4. The grand free energy evolution during proton migration and reduction

(A) The grand free energy evolution during the whole protonmigration step under several constant potentials; the grand free energy of the proton at the 6th water

layer is set to zero; (B) the hydronium pKa as a function of water layers and as a function of applied potential; (C) the grand free energy change from �4.84 V to

�4.24 V as a function of theNct during the protonmigration; the grand free energy change of the proton at the 6th water layer is set to zero. The grand free energy

of H* on the Pt electrode is slightly deviating from the fitted data, which can be ascribed to the proton’s chemical potential changing from H2O-H to Pt-H and is

not used as data for the fitting; (D) the local pH value as a function of Uabs of the electrode and its distance from the electrode. The pH of the bulk solvent is set to 7.
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Table S2 of supplemental information lists theNct of the proton in each water layer. Figure 4C shows theDG� 4:24 to� 4:84 as a function of the

Nct during the protonmigration. As we can see, theDG is negatively correlatedwith theNct of the protonmigrating to the specificwater-layer.

The negative slope is fitted to be �0.61, which is close to the negative potential change (�4.84 to �4.24). Thus, the DG can be estimated by

the Equation 5,

DG = �NctDUabs (Equation 5)

The Nct is positive during the proton migration. The rise in Uabs will promote proton migration toward the electrode in the solvent (the

energy-favorable locations), and the magnitude of this promotion is negatively proportional to the Nct and the absolute potential, which ex-

plains the inhomogeneous distribution of protons in the electrical double layer.24,25 In comparison with the outer Helmholtz layer, a higher

absolute potential will induce a higher proton concentration near the electrode.

The relationship between absolute potential and proton concentration is estimatedby the Boltzmann distribution equationwhich converts

the DG into the proton distribution. It is reasonable to ignore the proton-proton interactions under the experimental proton concentration

(Under pH = 0, for example, the proton concentration corresponds to one proton per 65 water molecules). Thus, the protons can be consid-

ered as distinguishable particles for the Boltzmann distribution equation. The local proton concentration or the local pH value should be sen-

sitive to theDG, or theNct and absolute potential. Since there is no electric field in the electrical double layer to relocate the proton under the

PZC, in both the inner and outer Helmholtz layers, the proton concentration is uniform and the DG is zero. Based on this assumption, the PZC

is the reference potential for calculating the proton concentration difference between the inner/outer Helmholtz layer. The PZC can be esti-

mated by the potential at which the grand free energy of the proton in the inner and outer Helmholtz is equal as given in Equations S3–S6,

supplemental information. The calculated potential of the zero-charge potential of Pt (111) is �4.99 V (0.55 V vs. SHE) in this work, which is

consistent with the experimental value (0.55 V vs. SHE).26 Thus, the local proton concentration or the local pH value can be estimated by

the Uabs of the electrode and the proton’s distance from the electrode as present in Equation 6 (the derivation can be found in the supple-

mental information).

pH = pH0 � 1:66ðUabs+4:99Þ
dkTln10

(Equation 6)

Figure 4D illustrates the local pH calculated by Equation 6 when the pH of bulk solvent (pH0) is 7. As we can see, the local pH value is nega-

tively proportional to the Uabs, while it is inversely proportional to its distance from the cathode. Our results confirmed that the proton con-

centration in the electrical double layer is inhomogeneous, which is evidenced by the pH gradient observed in the continuous-flow Raman

electrochemical cell.25

DISCUSSION

We reproduce the electrical double layer above the Pt (111) surface using a hybrid water solvent and the grand canonical fixed-potential

approach. An electrostatic potential drop occurs at the boundary between the Pt electrode and water layers caused by the negatively

charged electrode and positively charged water layers under the absolute potential of �4.44 V. The band alignment of the Pt surface

and water layers is compatible with electrostatic potential drop. In the following, we track the electrons and grand free energy change

of the entire system during the proton migration and reduction processes in the Volmer reaction. In doing so, we establish the relationship

between transferred electrons, free energy, and potential for the first time. Our study has answered a few long-standing questions in this

area: (1) the proton migration goes through the concerted proton-electron transfer mechanism, which overcomes the chemical barrier

along the migration pathway at the cost of the electrical energy carried by the transferred charge; (2) the quantity of induced electron

transfer from the external reservoir to the electrical double layer system is inversely proportional to the distance between the proton

and electrode during the proton migration, which is accounting for more than half of the electrons and electrical energy involved in

the Volmer reaction. Consequently, the proton migration in the electrical double layer is an essential component of the electrochemical

reaction in terms of electron transfer and energy conversation; (3) the dissipated electrical energy reduces the chemical potential of the

proton and induces the accumulation of proton near the negatively charged electrode. As a result, the local pH value is negatively pro-

portional to the absolute potential and inversely proportional to its distance from the electrode. All these discoveries provide new insights

for rational design and optimization of electrochemical systems.

Limitations of the study

It is worth noting that Equation 6 is a simple equation to convert the calculated data (the charge transfer and free energy evolution during the

proton migration) to the local proton concentration observed in the experiment under various applied potentials. We admit that there are

many factors, like electrode voltage, the concentration of other ions, proton concentration, and H* coverage, that are not considered in

this model. All these factors will alter the local free energy profile of the proton in the solvent slightly, and bring a small derivation to Equa-

tion 6. An exact energy evolution profile does need to account for all local environmental variables, which is beyond theoretical and exper-

imental capability at the present stage.
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METHOD DETAILS

All calculations were performed using planewave DFT calculations implemented in the PWmat code with norm-conserving SG15 pseudopo-

tential.27 The exchange-correlation interactions were treated by the generalized gradient approximation in the form of the Perdew–Burke–

Ernzerhof functional.28,29 The Van der Waals interaction was described by using the empirical correction in Grimme’s scheme, i.e. DFT+D3.
30

The electron wave functions were expanded by plane waves with cut-off energies of 680 eV, and the convergence tolerance for residual force

and energy on each atom during structure relaxation were set to 0.005 eV Å�1 and 10�5 eV, respectively. The Brillouin zone was sampled with

the Monkhorst�Pack K-point mesh of 33331. A linearized Poisson-Boltzmann equation19 is used to screen the ions’ electrostatic potential

exponentially in the implicit solvent zone and provide a converged flat potential far away from the surface. The flat potential provides a refer-

ence potential to fix the electrode potential and to compare with the experiment. All the calculations are done under the scheme of the fixed-

potential method, in which the total charge of the system is automatically adjusted for a given potential.31,32

Several groups have recently developed DFT-based fixed-potential (or constant-potential) methods for electrochemical simulation.32,33 In

these methods, an outside loop of an existing ab initio package (e.g., PWSCF and GPAW) was used to adjust the total electron of the system

until the desired Fermi energy is reached as summarized in the left panel of Figure 1. For the PWSCForGPAW to realize structure optimization

under constant potential, each or a few ionic steps are followed by a potential-equilibration step, in which the amount of electrons is adjusted

to ensure the potential is within tolerance.34–36 The drawbacks of these approaches include being computationally expensive and ignoring

the correlations between charge and the structures, which prevent people fromperforming complex calculations, includingNEB and ab initio

MD under constant potential. Here, the fixed-fermi-energy self-consistent field (SCF) procedure is embedded in the DFT electronic structure

calculation itself, which can significantly speed up the calculation without the use of the outside loop. Additionally, our fixed-potential tech-

nique enables atomic relaxation (Figure 1A), NEB (Figure 1B), and ab initioMD (Figure 1C) at a given constant potential U. All these functions

are implemented in the PWmat software.

The Pt (111) electrode ismodeledwith a p (3x3) and 4-layer slabwith the inner two layers of Pt fixed. The two Pt(111) surfaces are terminated

by 5/9 monolayers of H* as suggested by our previous work.1 To simulate the microchemical environment of the solid-solvent interface, each

Pt (111) surface is coveredwith a six-water-layers in mirror symmetry (see Figures 2A–2D). The vacuum region beyond the explicit water layers,

which is�16 Å along the Z-direction, is simulated by the implicit solvent model.37 A hexagonal H2O-molecule lattice, which is commensurate

with the substrate Pt (111) lattice, is found on the Pt (111) surface in the experiment.38,39 The recent Raman spectra of interfacial water also

reveal that the interfacial waters are highly organized under the hydrogen evolution reaction potentials.40,41 Therefore, hexagonal water layers

with ‘two-H-down and one-H-up’ configurations under the ABC arrangement, rather than random and highly fluctuating water clusters above

Pt (111), are used in our work. To minimize the back-interface of the Pt electrode’s effects, we construct a symmetric Pt slab electrode with

water and proton migrations on both sides of the electrode. The high symmetry of our model can improve the convergency in the charge

transfer and energy exchange calculations.

To simulate the different stages of proton migration and the reduction process, one excess proton at each side of Pt (111) is added

symmetrically to the different water layers and Pt (111) sequentially. At the potential of U=-4.44 V, the (3x3) supercell of Pt(111) unit cell

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

PWmat Jia et al.27 http://www.pwmat.com/

Python version 2.7 Python Software Foundation https://www.python.org
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with six-water layer has a capacitance of 26.80 mF/cm2, which is consistent with the value of the (6x6) supercell (26.74 mF/cm2, see Figure S8 in

supplemental information), and is in reasonable agreement with the experimental value of 9-38 mF/cm2.42–44

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as either absolute values or mean +/� standard deviation, with the sample number n stated wherever relevant.

ADDITIONAL RESOURCES

Does not apply.
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