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Understanding the response of the surface of metallic solids to external electric field

sources is crucial to characterize electrode-electrolyte interfaces. Continuum elec-

trostatics offer a simple description of the induced charge density at the electrode

surface. However, such a simple description does not take into account features re-

lated to the atomic structure of the solid and to the molecular nature of the solvent

and of the dissolved ions. In order to illustrate such effects and assess the ability of

continuum electrostatics to describe the induced charge distribution, we investigate

the behaviour of a gold electrode interacting with sodium or chloride ions fixed at

various positions, in vacuum or in water, using all-atom constant-potential classi-

cal molecular dynamics simulations. Our analysis highlights important similarities

between the two approaches, especially in vacuum conditions and when the ion is

sufficiently far from the surface, as well as some limitations of the continuum de-

scription, namely neglecting the charges induced by the adsorbed solvent molecules

and the screening effect of the solvent when the ion is close to the surface. While

the detailed features of the charge distribution are system-specific, we expect some of

our generic conclusions on the induced charge density to hold for other ions, solvents

and electrode surfaces. Beyond this particular case, the present study also illustrates

the relevance of such molecular simulations to serve as a reference for the design of

improved implicit solvent models of electrode-electrolyte interfaces.

a)Electronic mail: benjamin.rotenberg@sorbonne-universite.fr
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I. INTRODUCTION

The properties of metal/electrolyte interfaces result from the interplay between, on the

one hand, the electronic response of the metal to the charge distribution arising from the

solvent molecules and dissolved ions and, on the other hand, the reorganization of the latter

in response to the charge distribution at the surface of the metal. From a classical point of

view, in perfect metals there is no polarization charge or electric field within the material

and the excess or default of electronic density in the presence of an external perturbation

is localized only at the surface of the metal. On the electrolyte side, under the effect of

thermal fluctuations, the ionic charges are also screened by polar solvents, as well as the

ionic cloud formed by the other ions.

In the continuum picture, the charge density induced at the surface of a perfect metal

by a point charge qion in a semi-infinite medium characterized by a relative permittivity εr

(εr = 1 for vacuum) is given by1

σcontind (r) = − qion
2πεr

zion
(r2 + z2ion)3/2

, (1)

with zion the distance of the ion from the metallic surface and r the radial distance from

the ion along the surface. This surface charge distribution corresponds to the electric field

at the interface between the dielectric medium and the metal, which is identical, outside of

the solid, to the field arising when the metal is replaced by a medium with permittivity εr

and a so-called “image charge” −qion placed symmetrically to the ion with respect to the

interface. The effect of the solvent is thus limited to decreasing the induced charge by a

factor εr. Such a description neglects many features of real interfaces, including the atomic

and electronic structure of the metallic solid as well as the molecular nature of the solvent

and ions of the electrolyte.

Importantly, the presence of an interface modifies the dielectric response of a polar sol-

vent2,3 and classical molecular simulations allowed to compute permittivity profiles for in-

terfacial and confined water. This in turn modifies other interfacial properties, such as the

capacitance or electrokinetic effects4–11. In addition, the response of the electronic distribu-

tion of the metal to an external perturbation, in particular the fact that its interface with

vacuum is not infinitely sharp has been considered within Density Functional Theory (DFT),

already in early studies in a simplified 1D geometry12 and nowadays with more advanced

functionals and atomically resolved surfaces13,14.



In order to investigate the interface between electrodes and electrolytes taking into ac-

count atomic and molecular features, it is possible to resort to DFT-based ab initio molecular

simulations15–19. The computational cost associated with such studies, which accurately de-

scribe the electronic density on both the metal and electrolyte sides, renders the sampling

of the configurations of the latter difficult, especially for large systems. Several strategies

have been introduced to capture the electronic response of the metal in classical molecular

simulations (see Ref. 20 for a recent review). Such methods include descriptions based on

fluctuating charges21–26, core-shell models27,28, explicit image charges29, induced charges on

surfaces30,31 or Green functions32.

Such simulations allowed in particular to study the effect of the polarization of the

metal on the interfacial structure, dynamics and capacitance, the adsorption of ions and

biomolecules, or solid-liquid friction, for a variety of electrodes such as gold, platinum or

graphite and liquids, from pure water and solutions of simple salts to water-in-salt elec-

trolytes, polyelectrolytes and biomolecules in solution and ionic liquids28,33–38. They also

emphasized the combined role of the atomic structure of the metal and molecular nature of

water in the overall hydrophilic/phobic behaviour of the interface39,40. From a more funda-

mental point of view, the fluctuations of the charge of the electrode in constant-potential

simulations reflect the statistics of the microscopic configurations in the corresponding ther-

modynamic ensemble. In particular, fluctuation-dissipation relation linking the variance of

the charge distribution to the differential capacitance of the system has already been con-

sidered in DFT-based ab initio molecular dynamics simulations41, classical Monte Carlo42

and molecular dynamics43–46 simulations, and more recently in Brownian Dynamics with an

implicit solvent47.

In the present work, we investigate the charge distribution induced on an atomically

resolved metallic surface by a single ion in vacuum or in the presence of a molecular solvent.

Using classical molecular simulations, we consider the Na+ cation and the Cl− anion in water,

at various distances from a (100) surface of a model gold electrode. This particular example

allows us to highlight some expected limitations of the continuum picture and simultaneously

illustrates how such simulations can provide a reference for improved implicit-solvent models

of these interfaces. After describing the system and methods in Section II, we present the

molecular simulation results for the charge distribution induced by an ion in vacuum and

in water in Section III. We then compare these results with the predictions of continuum



electrostatics in Section IV.

II. METHODS

A. Simulation details

FIG. 1. Snapshots of typical molecular configurations considered in this work. (a) The default

‘vacuum’ system. (b) The same including water molecules represented as small sticks. In both

panels, the sodium ion, the counterion and the upper wall atoms are depicted as cyan, dark yellow

and dark grey spheres respectively. The electrode atoms are colored according to the instantaneous

atomic charge, with red and blue corresponding to the negative and positive values, respectively.

In both panels, the ion is located at a distance zion = 5.40 Å from the first atomic plane of the

electrode.

In order to investigate the charges induced by an external charge in a metallic surface and

the effect of the solvent, we considered the two systems illustrated in Fig. 1. Each system

embeds two confining walls, separated by a distance L = 48.935 Å. Each wall consists of 1620

atoms on an FCC lattice (9×9×5 unit cells with lattice parameter a = 4.07 Å corresponding

to gold), arranged in 10 atomic planes perpendicular to the z direction and facing the

inner part of the system with a (100) plane. Only one wall is treated as metallic, using



the fluctuating charge model in which each (electrode) atom is equipped with a Gaussian

charge of width w = 0.40 Å, with magnitude qi determined for each configuration of the ion

and solvent molecules in order to impose a constraint of constant potential (we considered

without loss of generality a value of 0 V) and the constraint of overall electroneutrality21,22,46.

Specifically, each electrode atom i at position ri contributes to the total charge density as:

ρi(r) =
qi

(2πw2)3/2
e−|r−ri|

2/2w2

. (2)

The opposite wall has the same structure but the atoms are treated as neutral.

The simulation box has dimensions Lx = Ly = 36.63 Å and Lz = 85.565 Å and periodic

boundary conditions (PBC) were applied in the x and y directions only. The ion (Na+ or

Cl−) is fixed at a position (0, 0, zion), where zion is expressed relative to the top electrode

plane, which sets the reference z = 0. This corresponds to a (a/2, a/2, ·) site. Specifically,

we consider zion = 1.50, 3.14, 5.40, 7.03 and 15.00 Å. This set is based on the density profile

of Na+ ions in the proximity of the gold electrode surface, reported in Fig. 4a in Ref. 48

for a 1M NaCl aqueous solution using the same description of the gold electrodes, water

molecules and ions as in the present work. In particular, the first position corresponds to an

ion in direct contact with the surface, the next three to maxima of the density profile (which

decrease in intensity as the distance from the surface increases), while the last one represents

a typical position in the ‘bulk’ of the solution. In order to enforce the electroneutrality of the

charge distribution outside the metal, a counterion is placed on the surface of the opposite

wall at (Lx/2, Ly/2, L). For the simulations in the presence of solvent, illustrated in Fig. 1b,

the system also includes 2160 water molecules.

The atoms interact via electrostatic interactions, computed using a 2D Ewald summa-

tion method taking into account the Gaussian distributions of the electrode atoms22,49, and

truncated and shifted Lennard Jones (LJ) potentials. Water molecules are modeled with the

SPC/E force field50 and the LJ parameters for the Na+ and Cl− ions are taken from Ref. 51

and those for the gold atoms from Ref. 52, with the Lorentz–Berthelot mixing rules. All

simulations are performed using the molecular dynamics code Metalwalls53, and the charge

on the electrode is determined at each time step using the matrix inversion method46. For

the ion in vacuum, a single step is sufficient to determine the charge on the wall atoms. For

the ions in water, we performed simulations in the NV T ensemble, using a Nosé-Hoover

chain thermostat54 with a time constant of 1 ps to enforce a temperature T = 298 K; these



simulations were run for at least 2 ns (after prior equilibration) using a time step of 2 fs.

For the analysis detailed below, electrode charges and solvent configurations were sampled

every 100 steps (0.2 ps) and every 1000 steps (2 ps), respectively. The uncertainties on the

average atomic charges were estimated as the standard error σ̂qi for each electrode atom.

These values were used to construct the upper and lower bounds of the induced charge

densities (see Section II B) by simply considering 〈qi〉 ± σ̂qi instead of the average values.

B. Data analysis

In order to analyze the charge induced within the metal, we reconstruct the 3D charge

distribution from the atomic contributions (see Eq. 2),

ρelec(r) =
∑
i∈elec

〈qi〉
(2πw2)3/2

e−|r−ri|
2/2w2

, (3)

where the sum runs over all electrode atoms (in the following, we consider sums per atomic

plane or over all planes) and 〈. . . 〉 denotes an average in the canonical ensemble (such an

average is not necessary for the ion in vacuum). Furthermore, in order to visualize the lateral

distribution of the induced charge, we integrate over the z direction to obtain the 2D charge

density:

σind(x, y) =

∫
ρelec(x, y, z) dz . (4)

and also consider the radial average, to obtain:

σind(r) =
1

2πr

∫∫
σind(x, y)δ

(
r −

√
x2 + y2

)
dxdy (5)

as a function of the radial distance with respect to the ion. Finally, we also analyze the

solvation of the ion close to the surface by computing the charge distribution arising from

the solvent molecules as

ρsolv(r, z) =

〈∑
k∈solv

qkδ(rk − r)δ(zk − z)

〉
(6)

where the sum runs over solvent atoms with partial charge qk and position expressed in

cylindrical coordinates.



III. INDUCED CHARGE DISTRIBUTION

A. Ion in vacuum

Fig. 2 shows the 2D distribution, σind (see Eq. 4), of the charge induced in the gold

electrode by a Na+ ion in vacuum for three distances zion of the ion to the top electrode plane.

More precisely, panels 2a, 2b and 2c correspond to the charge induced in the first atomic

plane, while panels 2d, 2e and 2f correspond to the charge induced in the second atomic

plane. The charge induced in the other electrode planes is negligible (see appendix A),

as observed previously55. In line with the continuum prediction Eq. 1, in the first plane

the induced charge is negative (red color) close to the positive ion and its absolute value

gradually decreases laterally away from the ion and as the distance of the ion from the

surface increases. However, several features differ from this prediction.

FIG. 2. Surface charge densities induced on the electrode, σind(x, y) (see Eq. 4) in the first (top,

panels a to c) and second (bottom, panels d to f) atomic planes, for a Na+ ion in vacuum. In all

panels, the charge density is indicated by the color and the position of the Na+ ion is indicated by

a circle.

Firstly, the induced charges becomes positive (blue color) far from the ion, owing to the

presence of the counterion and the resulting net electroneutrality of the electrode. Compared



to the negative charge induced by the Na+ ion close to the surface, this positive charge

induced by the counterion is approximately homogeneous, due to the relatively large distance

of this ion from the surface and the PBC in the x and y directions (the effect of PBC will be

discussed below). In fact, considering a homogeneous counter-charge distribution instead of

a single counterion yielded almost the same results (see appendix B).

Secondly, we observe a square pattern reflecting the atomic lattice. The position of the

ion, indicated by the central circle, is above an atom belonging to the second plane, where

the magnitude of the induced charge is smaller than in the first, as expected. For the closest

ion position (panels 2a and 2d), we note the presence of an additional positive charge in

the second plane in the vicinity of the ion, probably resulting from the very large negative

charge induced on the atoms of the first plane. Such an oscillatory behaviour is reminiscent

of Friedel oscillations, even though the description is purely classical in the present case.

B. Ion in water

We now turn to the case of a Na+ ion in water, shown for the same ionic positions in

Fig. 3. Unlike the previous case where a single charge calculation was necessary, the results

are now averaged over equilibrium configurations of the solvent. The distribution of the

induced charge is qualitatively similar to the vacuum case and the two features related to

the presence of the counterion and to the atomic lattice of the electrode are also visible in

the presence of the solvent. The main effect is an overall decrease in the magnitude of the

induced charge (note the different scale with respect to Fig. 2), consistently with the idea

of screening of the ionic charge by the polar solvent. However, the extent of this screening

depends on the position of the ion with respect to the surface, as discussed below.

Beyond the mere screening of the ionic charge, we also note an important difference with

the vacuum case, pertaining to the relative charge density of the first and second planes,

most strikingly far from the ion. Indeed, in this region the charge density on the atoms of

the second plane is more positive than on the first plane. Such an observation is inconsistent

with the continuum picture and arises from the discreteness of water molecules. Indeed, in

the first adsorbed layer molecules are located in the cavities formed by four gold atoms

in the first plane and one atom in the second plane and form a network of (mainly in-

plane) hydrogen bonds as shown for an instantaneous configuration in Fig 4a. The same



FIG. 3. Surface charge densities induced on the electrode, σind(x, y) (see Eq. 4) in the first (top,

panels a to c) and second (bottom, panels d to f) atomic planes, for a Na+ ion in water. In all

panels, the charge density is indicated by the color and the position of the Na+ ion is indicated by

a circle. Note that the color scale is different from that of Fig. 2.

water configuration is also shown in Fig. 4b together with the average charge density due to

molecules in the adlayer (computed from O and H atoms at a distance smaller than 3.6 Å

from the first atomic plane, which corresponds to the first minimum of the water density

profile). The charge density map indicates the localization of hydrogen atoms between the

oxygen basins, i.e. a relatively tight H-bond network. This organization of the adsorbed

water layer is in turn reflected in the charge induced within the electrode of Fig. 3c (for the

position of the ion corresponding to the configuration of Fig 4): While atoms in the first

electrode plane are close to both O and H atoms, those of the second electrode layer are

closer to the O atoms. The negative partial charge of these O atoms results in a positive

charge induced on the atoms of the second plane over the whole surface, except possibly

close to the ion.

The screening effect of the solvent is even clearer when considering the radial charge den-

sity profiles, depicted in Fig. 5. The results are computed from Eq. 5 using the total charge

distribution, i.e. summing over all electrode planes (only the first two planes contribute



FIG. 4. (a) Top view of the water adlayer in a typical configuration; Au atoms are represented

in yellow, O atoms in red and H atoms in white, while the position of the Na+ ion (located at a

distance zion = 5.40 Å from the first atomic plane of the electrode) is shown as a semitransparent

cyan circle. (b) Same water configuration, shown above the average charge density map arising

from water in first the adsorbed layer (see text).

FIG. 5. (a) Radial charge distribution σind(r) (see Eq. 5) and (b) corresponding radial integral.

In both panels, the colors correspond to three distances zion of the ion with respect to the first

atomic plane of the electrode, while dashed and solid lines correspond to a Na+ ion in vacuum and

in water, respectively. The shaded areas indicate the standard error (in the aqueous case only) and

the inset in panel a is a zoom for large distances.

significantly, see appendix A), for three distances of the ion from the surface (zion = 1.5,



5.4 and 15.0 Å). The oscillations of σind(r) in panel 5a reflect the position of the electrode

atoms: the negative minimum at r = 0 corresponds to the Gaussian centered on the atom

below the ion in the second plane, while the next minimum correspond to the nearest neigh-

bours in the first plane. The comparison between the vacuum (dashed lines) and water

(solid lines) cases shows the reduction of the induced charge density in the presence of the

solvent, which is not identical for all the positions of the ion. In particular, for the closest

position, zion = 1.5 Å, there is no water between the ion and the nearest electrode atoms,

so that the charge distribution near the atom below in the second plane is hardly changed

and the reduction for the nearest neighbours in the first plane is only reduced by a factor of

≈ 2. The decrease in σind(r) with respect to the vacuum case is more pronounced when the

ion is farther from the surface. The role of the water structure will be further examined in

Section IV C.

Fig. 5b further illustrates the integrated charge density, which provides a convenient way

to analyze the behaviour far from the ion (shown in the inset of Fig. 5a). This representation

clearly shows the radial distance r at which the radially averaged density σind(r) changes

sign (this corresponds to the minimum of the integrated charge density). This distance

systematically shifts towards larger r values when the ion is farther from the surface, consis-

tently with the increase in the spread of the charge distribution induced by the ion (see also

Figs. 2 and 3). The integrated charge densities also better show that the overall screening

effect is less pronounced when the ion is very close to the surface. In order to go beyond

such a qualitative statement, we now compare these molecular simulation results with the

predictions of continuum electrostatics.

IV. COMPARISON WITH CONTINUUM ELECTROSTATICS

A. Ion in vacuum

Fig. 6 compares the atomistic results (solid lines) with the continuum prediction, Eq. 1,

for a Na+ ion in vacuum (εr = 1) and three distances zion from the top electrode plane.

The direct application of Eq. 1, i.e. considering only the ion in the simulation box and the

corresponding counterion (dotted lines), fails to reproduce the oscillations of the induced

charge density profiles, as described above, but its integral coincides reasonably well with



the numerical results at short distance. However, it significantly deviates beyond r ≈ 5 Å.

This observation is not due to the precise location of the counterion (which is much further

from the surface than the ion of interest), as we obtain almost identical results placing it in

one corner of the simulation box, aligned with the ion in the center of the box, or replacing

it by four charges −qion/4 at the corners or the box (not shown).

FIG. 6. (a) Radial charge distribution σind(r) (see Eq. 5) and (b) corresponding radial integral, for

a Na+ ion in vacuum. In both panels, the colors correspond to three distances zion of the ion with

respect to the first atomic plane of the electrode. Solid lines correspond to the simulation result,

while dashed (resp. dotted) lines correspond to the continuum predictions Eq. 1 taking (resp. not

taking) into account the periodic images. The inset in panel a is a zoom for large distances.

Rather, the discrepancy is essentially due to the fact that the simulated system is periodic

in the x and y directions, so that the ionic distribution corresponds in fact to a 2D-periodic

array of ions and counterions. The necessity to take periodic images into account to com-

pare with the analytical prediction was already pointed out by Reed et al.22. We do this

numerically by considering 41×41 ion/counterions, i.e. the central ones and 20 images in all

directions, which is sufficient to converge the sum. The prediction of Eq. 1 for the integrated

charged density (panel 6b) is then in good agreement with the atomistic results over the

whole range of considered distances, except for the oscillations at short distance due to the



atomic structure of the electrode, as expected. In the following, we therefore compare with

the continuum prediction in the presence of water only taking into account the periodic

boundary conditions.

B. Ion in water

We now turn to the case of a Na+ ion in water, illustrated in Fig. 7 where the molecular

simulation results (solid lines) are compared to Eq. 1 (with the above-mentioned sum over

periodic images) using the relative permittivity of the SPC/E water model56, namely εbulkr =

70.7 (dotted lines). These predictions are actually difficult to see on the same scale as the MD

results, indicating that they excessively underestimate the charge density – or equivalently

overestimate the screening of the charge by the solvent.

Such a poor prediction is not unexpected, since it is now well established that the dielec-

tric properties of water (and other polar liquids) are drastically modified at interfaces. The

response of the polarization to an applied field becomes in principle non-local and tensorial,

but it is possible to introduce a local permittivity tensor, whose components parallel and

perpendicular to the walls are related to the equilibrium fluctuations of the polarization2.

These fluctuations can be sampled in molecular simulations to determine how these com-

ponents depend on the position with respect to the interface and/or on the width of the

fluid slab, for confined fluids)3–5,7,9,57,58. The general picture emerging from these studies is

a reduction of the permittivity in the vicinity of solid walls, consistently with experimental

observations on confined water59, even though the microscopic origin of this reduction is not

to be found in the molecular structure of interfacial water but rather in the frustration of

collective long-range fluctuations11.

The implications of a decrease in permittivity on other interfacial properties such as the

capacitance or the electrokinetic response has also been investigated, in particular in the

framework of suitably parameterized slab models4,5,7,57. In the present case of the charge

induced by a single ion, the translational invariance along the surfaces is broken and a

continuum description should in principle involve a spatial dependence of the permittivity

tensor. As a first step toward a simpler implicit-solvent description, we follow instead an

effective approach by considering the relative permittivity εr in Eq. 1 as a fitting parameter

(see appendix C) for each distance zion of the ion from the surface. The radial density



FIG. 7. (a) Radial charge distribution σind(r) (see Eq. 5) and (b) corresponding radial integral, for

a Na+ ion in water. In both panels, the colors correspond to three distances zion of the ion with

respect to the first atomic plane of the electrode. Solid lines correspond to the simulation result,

while dotted and dashed lines correspond to the continuum predictions Eq. 1, taking into account

the periodic images, using the bulk permittivity εbulkr = 70.7 or a fitted value for each distance

(see text), respectively. The shaded areas indicate the standard error (for the molecular simulation

results only) and the inset in panel a is a zoom for large distances.

profiles resulting from this procedure (dashed lines) are compared with the MD simulation

results in Fig. 7. The agreement is now comparable with that observed in the vacuum case,

i.e. going through the oscillations due to the atomic structure of the electrode (especially

at short distance) and following closely the integrated charge density at larger distances.

The values resulting from this fitting procedure are εeffr = 2.5, 14.4, 15.1, 21.4 and 68.0,

for zion = 1.50, 3.14, 5.40, 7.03 and 15.00 Å, respectively. Such a decrease in the effective

permittivity as the ion approaches the surface reflects a reduced screening of the ionic charge

by the solvent. We emphasize however that, even though this crude approximation seems

sufficient to account empirically for the numerical observations, a physically better motivated

description of the dielectric response is of course desirable.



C. Cation vs anion

Another important prediction of Eq. 1 is that the charge induced on the metallic surface

should be opposite when the sign of the ionic charge is changed. This is indeed the case with

an atomically resolved constant-potential electrode when the ion is in vacuum (not shown).

In order to compare the molecular simulation results obtained with a Na+ cation or a Cl−

anion in water, the radial charge distribution σind(r) is shown multiplied by the valency of

the ion, qion/e, in Fig. 8 for three ion distances from the first electrode plane. The results

for the closest and farthest ion positions (zion = 1.5 and 15.0 Å, respectively) are consistent

with the predicted charge inversion over the whole range of radial distance r, despite the

differences between the MD and continuum results discussed above. In contrast, the radial

charge distribution induced by Na+ or Cl− at the intermediate distance zion = 3.14 Å (red

lines) differ by more than a sign inversion.

FIG. 8. (a) Radial charge distribution σind(r) (see Eq. 5) multiplied by the valency of the ion,

qion/e, and (b) corresponding radial integral, for a Na+ (solid lines) or Cl− (dashed lines) ion in

water. In both panels, the colors correspond to three distances zion of the ion with respect to the

first atomic plane of the electrode. The shaded areas indicate the standard error and the inset in

panel a is a zoom for large distances.



Such a difference originates from the well known asymmetric solvation of ions by water,

since water molecules are not simple point dipoles60,61. This asymmetry is clearly visible in

Fig. 9, which shows the average charge density due to O and H atoms from water molecules

in the (r, z) plane, for Na+ and Cl− ions at three distances from the first atomic plane of the

electrode. For ions far from the surface (panels 9e and 9f for Na+ and Cl−, respectively),

the charge density is spherically symmetric around the ion, but the alternating signs of the

charge density shells reflect the different typical orientation of water molecules around the

ions, with the O atom closer to the Na+ cation and a H-bond donated by water to the Cl−

anion. However, this asymmetry manifests itself only in the close vicinity of the ion, so that

the difference between Na+ and Cl− in Fig. 8 for zion = 15 Å is the mere change of sign of

the induced charge density.

FIG. 9. Average charge density due to O and H atoms from water molecules in the (r, z) plane, for

Na+ (panels a, c and e) and Cl− (panels b, d and f) ions at three distances from the first atomic

plane of the electrode. The color indicates the charge density, with negative values in red and

positive value in blue. In each panel, the inset shows a typical configuration of water molecules in

the first solvation shell.



The H-bond pattern of water in the first adsorbed layer (see Fig. 4) is also visible in

the (r, z) plane, for molecules sufficiently far from the ion, as the alternating positive and

negative charge density basins in panels 9a to 9d (the same structure is also present near

the surface when the ion is far from the surface, but the corresponding range of z is not

visible in panels 9e and 9f). These panels further show that the ion solvation shell interferes

with the network of surface water as the ion approaches the surface. This interplay explains

why the charge induced by a Cl− anion is not simply the opposite of that induced by a Na+

cation, at least for the intermediate distance zion = 3.14 Å of panels 9c and 9d. Even though

such an asymmetry is still present for zion = 1.50 Å in panels 9a and 9b, at such a short

distance the ion is closer from the surface than the water molecules in its first solvation shell.

The charge induced by the “bare” ion then dominates the polarization of the electrode, so

that the leading effect is again a simple charge inversion when changing the sign of the ionic

charge.

V. CONCLUSION

Using molecular simulations, we investigated the charges induced on an atomically re-

solved metallic surface by a single ion in vacuum or in the presence of a molecular solvent.

Specifically, we considered the Na+ cation and the Cl− anion in water, at various distances

from a (100) surface of a model gold electrode. The charge distribution within the elec-

trode qualitatively follows the predictions of continuum electrostatics, in particular (i) the

induced charge density decreases with the radial distance from the ion or with an increase

of the distance of the ion from the surface; (ii) the induced charged density decreases in

the presence of the polar solvent, consistently with the idea of screening by the latter; (iii)

the main difference between the cation and anion cases is the reversal of the induced charge

density.

However, the present molecular simulation study also highlights several expected limita-

tions of the continuum picture: (i) the induced charge density oscillates following the atomic

lattice of the electrode, even in the absence of solvent; (ii) the induced charge density re-

flects the structure of the first adsorbed water layer, even far from the ion; (iii) the bulk

permittivity of the solvent is not sufficient to capture the screening of the ionic charge as

the ion approaches the surface; (iv) the asymmetry in the solvation shell of cations and



anions results in effects beyond the mere sign reversal of the induced charge when the ion

approaches the interface (even though, as it approaches even further, this leading effect is

recovered due to partial desolvation).

The detailed features of the charge distribution are system-specific (even for a given metal

and solvent, the interfacial liquid structure crucially depends on the considered crystal face,

see e.g. Ref. 39 for water on Pt) and depend to some extent on the details of how the metallic

character is described in these classical constant-potential simulations (in particular, on the

width w of Gaussian charge distribution on atoms55 or a screening length inside the metal48).

Nevertheless, we expect the above generic conclusions on the induced charge density to hold

for other ions, solvents and electrode surfaces than the ones considered here. In addition,

we have considered here a single metallic surface and another natural step is to investigate

the effect of voltage between two electrodes on the induced charge distribution, since it will

also modify the organization of the interface. Finally, such molecular simulations studies

provide a useful reference to design improved implicit solvent models, beyond the bulk (or

ad hoc distance-dependent) permittivity. First steps in this direction could for example

include continuum electrostatics for an interfacial slab model6, molecular density functional

theory62–64 or field theories65–67 based on molecular models.
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Appendix A: Charge distribution across the electrode planes

As discussed in the main text, most of the induced charge is localized in the first two

electrode planes. This can be easily observed by comparing the radial charge density pro-

files, σind(r), when taking into account either only the first two atomic planes or the whole

electrode, as shown in Fig. 10. The agreement between the two data sets is almost perfect.

FIG. 10. (a) Radial charge density profile, σind(r), considering either the first two electrode planes

or the whole electrode, for a Na+ ion at a distance zion = 1.50 Å from the first atomic plane.

(b) Radial integral of σind(r). In both panels, dashed (resp. solid) lines correspond to the ion

in vacuum (resp. in water) and results for the first two planes and for the whole electrode are

indicated with blue lines and orange lines, respectively.

Appendix B: Influence of the distribution of the counter-charge

To test the influence of the localization of the counterion charge, we also performed

calculations in vacuum where the counterion is replaced by a uniform charge distribution

among the atoms belonging to the first plane of the upper confining wall. The comparison

represented in Fig. 11 shows that this choice causes negligible differences in terms of induced



charge profiles.

FIG. 11. (a) Radial charge density profile, σind(r) and (b) Radial integral of σind(r), for a Na+ ion

in vacuum at various distances zion from the first atomic plane of the electrode. In both panels,

solid lines are the results for the system including the counterion (as in the main text), while darker

dashed lines represent the results when the counterion is replaced by a uniform charge distribution

among the atoms belonging to the first plane of the upper confining wall.

Appendix C: Optimization of effective relative permittivity

The effective permittivity εeffr is determined for each distance zion of the ion from the first

atomic plane of the electrode by employing a simple parametric sweep optimization scheme.

For each zion, we fit the radial integral of charge density profiles, Q(r) =
∫ r
0

2πr′σind(r
′)dr′,

obtained with molecular dynamics simulations by tuning the relative permittivity values in

the continuum prediction Eq. 1. For this purpose, we introduce the following loss function:

L(εr) =

∫ Lx/2

0

[
QMD(r)−Qcont

εr (r)
]2

dr (C1)

and define the effective permittivity as εeffr = arg minL(εr). Note that for the continuum

prediction, we include the effect of periodic boundary conditions by summing over 41 × 41



periodic images to estimate the 2D density σind(x, y) before performing the radial average to

compute σind(r) hence Q(r). From Eq. 1, it follows that this calculation can be performed

once for εr = 1 and the radially averaged result scaled by 1/εr.
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