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ABSTRACT: The properties of the electric double layer are largely determined by ions adsorbed on the
electrode surface. To elucidate the role of cations in particular, we have studied hydrated Ca** and K* ions
adsorbed on Pt(111), Au(111), and Ag(111) using density functional theory. In all the investigated cases, the
cations are not chemisorbed on the metal electrode. A hybrid solvent model, combining implicit solvent with
explicit water, was employed to accurately capture solvation effects. In this model, explicit water molecules
form stable solvation cages around the ions, stabilizing their charge. These charges are balanced by the
countercharge induced on the metal. The resulting dipole moment produces a dipole potential, which is
determined by the solvation shell, the chemical interaction with the metal, and the screening properties of the
metal. Notably, Ag(111) shows distinctive behavior, as its large electronic spillover results in smaller dipole
moments. The dipole potential is seldom measured but can be related to the familiar electrosorption valency.
While K* practically retains its charge upon adsorption, Ca®* shows a true partial charge transfer, resulting in a
fractional electrosorption valency.

1. INTRODUCTION metallic surface, with well-known configurations at the
potential of zero charge (PZC)."*"> These configurations
influence thermodynamic properties at the interface, driven by
both energetic and entropic factors.'®

Electrochemical experiments related to the dipole moment
generated by the adsorbate are challenging, and data remain
scarce. However, not only are the charges on the adsorbates
and their screening by the metal and the solvent key factors in
understanding electrochemical adsorption, but they also
strongly influence on the local reaction conditions for
electrocatalytic reactions. For instance, halide ions affect
hydrogen evolution, and in alkaline solutions, the same
reaction as well as CO, reduction can be catalyzed by cations
which are not chemically adsorbed.'””'® In particular, the
presence of cations can significantly influence the dipole
generated at the electrode surface, mainly throu%h charge
transfer interactions and solvent reorganization.lg_2

Due to their great importance in electrochemistry, there
have been countless studies of ions or atoms in the electrical
double layer on an electrode surface. In recent years, most of
this work has been based on DFT.”*~*° A significant challenge
reported in these studies is the modeling of the solvent. Ideally,
solvents should be treated at the same atomic level as the

Since the advent of surface science, it has been recognized that
adsorbates on metal surfaces may acquire a partial charge,
which is balanced by a counter-charge on the metal surface.'
This arrangement of charges results in a dipole moment, which
modifies the work function of the metal.* Prime examples are
adsorbed alkali and halide ions, which are well investigated.4_9
Early density functional calculations showed that the counter
charge, otherwise known as the image charge, spills over the
geometrical metal surface and may even partially surround the
adsorbate.'” This implies that the dipole moment is influenced
not only by the charge transfer to the adsorbate but also by the
screening properties of the metal.

The same principle applies in electrochemical adsorption
processes,'" where the initial state is usually an ion from the
solution, whereas in surface science it is an atom in the gas
phase. Despite this difference, the behavior of the adsorbed
state remains similar. A significant difference in electro-
sorption, however, is the presence of the solvent, which is
usually polar, as in the case of water. The dipole moments of
the solvent molecules interact with the charge on the adsorbate
and may modify or screen it, making electrosorption more
complicated. Additionally, electrosorption is affected by the
electrode potential, generating a measurable current, which led
to the concept of electrosorption valency.'

Adsorbed water molecules also influence the surface charge
distribution of bare metal surfaces, predominantly through
electronic redistribution, with a small contribution from the
orientational dipole of the water molecules."” The orientation
of the water molecules at the interface is specific to each
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Table 1. Pt, Au, and Ag with 1/9 Ca Coverage, and Effect of the Implicit Solvent”

surface work function pristine surface [V]
(3 x 3)Pt(111) 5.52
(3 x 3)Pt(111) + imp solv 5.31
(3 x 3)Au(111) 491
(3 x 3)Au(111) + imp solv 4.70
(3 x 3)Ag(111) 417
(3 x 3)Ag(111) + imp solv 3.90

A¢ [V] dipole moment [e A] Bader charge adsorption distance [A]
2.65 091 1.3 2.2
3.14 1.07 1.3 2.6
2.25 0.85 1.3 2.1
2.29 0.87 1.7 2.2
1.67 0.64 1.1 2.4
2.84 1.09 1.8 2.8

“A¢: work function difference between the system of reference without the ion and the system with the ion. Work functions are for the adsorption

of a single atom. Dipole = AgeyA.

Table 2. Pt, Au, and Ag Interaction with 1/9 K Coverage, and Effect of Implicit Solvent”

surface work function pristine surface [V]

(3 x 3)Pt(111) 5.52
(3 x 3)Pt(111) + imp solv 531
(3 x 3)Au(111) 491
(3 X 3)Au(111) + imp solv 4.70
(3 x 3)Ag(111) 417
(3 x 3)Ag(111) + imp solv 3.90

“A¢: (see Table 1).

A¢ [V] dipole moment [e A] Bader charge adsorption distance [A]
3.07 1.0 0.80 2.8
2.00 0.68 0.96 3.6
2.75 1.04 0.70 2.8
1.94 0.74 0.99 4.7
2.36 0.90 0.70 2.9
1.75 0.67 0.99 4.8

electrode and statistically averaged over different solvent
configurations. However, this is computationally too expensive.
A hybrid approach, combining an implicit solvent model with
explicit water molecules, offers a feasible solution. While
implicit solvation models effectively capture macroscopic
properties such as electrostatic screeninég, long-range solvent
effects, and bulk solvent characteristics®°™>%, the inclusion of
explicit water molecules is crucial for an accurate ion
representation at the interface.””*° Moreover, explicit water
molecules are essential to account for partial charge transfer
due to solvation shell polarization, highli%hting the limitations
of implicit models in such situations.’”* Nonetheless, fully
explicit solvent models are computationally prohibitive for
complex reaction mechanisms. Thus, a hybrid approach, where
a limited number of explicit solvent molecules are integrated
into a continuum model, allows for a treatment of solvent and
ion effects at the interface.”® In this work, we aim to enhance
our understanding of adsorption on metal electrodes by
studying two ions with different charges, Ca®* and K*, on
commonly used electrode materials, such as Pt(111), Au(111),
and Ag(111), using a hybrid approach. Like many metal
cations, these ions are not chemically adsorbed on these
metals, so that the interactions are dominated by charge
transfer, dipole formation, and electrostatic effects. These
cations are small and have a low polarizability so that, unlike in
the case of anion adsorption, the polarizability plays a

negligible role.

2. METHODS

We conducted periodic DFT calculations using the Vienna ab
initio simulation package (VASP).”*** As previously demon-
strated,’® the revised Perdew—Burke—Ernzerhof (RPBE)
exchange—correlation functional,>” combined with the DFT-
D3 dispersion correction method developed by Grimme et
al,*® provides reliable accuracy to model the electrochemical
interface between a metal electrode and an aqueous electrolyte,
particularly with the inclusion of dispersion corrections based
on the zero-damping scheme. The electronic cores were
represented using the projector-augmented wave (PAW)
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method,” and the electronic states were expanded using a
plane wave basis set with a cutoff energy of 400 eV.

Three single crystal electrodes were modeled as a six-layer (3
X 3)-FCC(111) slab, with the two innermost layers fixed at an
optimized lattice parameter of 3.99, 4.21, 4.19 A, for Pt(111),
Au(111) and Ag(111), respectively. The two outermost layers
on each side of the slab were fully relaxed until the forces on
each atom were less than 107° eV/A. Gamma-centered k-point
meshes were generated with a reciprocal space resolution of (3
X 3 X 1). The adsorbed atoms, K and Ca, were placed over
each surface in their preferred adsorption sites, which for both
atoms are hcp hollow sites (with minimum difference to fcc),
leading to a perfectly symmetric system, with 1/9 coverage. To
simulate long-range interactions with the solvent, we used the
implicit solvent model as implemented in the VASPsol
package,*”*" with a permittivity value of 78.4 and a surface
tension parameter 7 = 0, since we aimed to compare the three
metals on a purely electrostatic basis. Two configurations of
the solvation shell were tested for each atom: one with six
molecules surrounding the atom and another with seven. A 20
A thick implicit solvation layer was applied along the surface-
normal axis of the slab to prevent interactions between the slab
and its periodic images in the upper and lower directions.

Favorable orientations of water molecules were explored to
generate an appropriate solvation shell around each ion by
means of DFT-MD simulated annealing, using a linear
temperature ramp heating the system from 0 to 370 K in 2
ps, followed by another ramp to cool it from 370 to 0 K in 2.5
ps, using a Nose—Hoover thermostat; this method was applied
to both ions over all surfaces. The final orientations of the
water-molecule configurations were used to optimize the
solvation shell with 6 and 7 water molecules.

The balance of the countercharge due to the electron
transfer caused by the ion-surface interaction generates a
measurable dipole moment,*” which we can obtain by
analyzing changes produced in the work function from the
surfaces with an adsorbate. While initially it may seem
straightforward to calculate the dipole moment using the
expression: ¢t = Qd, where Q is the charge and d is the ion-
surface distance, this method overlooks several important

https://doi.org/10.1021/acs.jpcc.5c01062
J. Phys. Chem. C 2025, 129, 9179-9188
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Table 3. Pt, Au, and Ag Interaction with 1/9 Ca Coverage under Different Conditions: Six Water Molecules and Implicit

Solvent”
surface work function surface [V]
(3 x 3)Pt(111) + water 5.57
(3 x 3)Pt(111) + water + imp solv 541
(3 X 3)Au(111)+ water S.14
(3 X 3)Au(111) + water + imp solv 4.79
(3 x 3)Ag(111) + water 4.81
(3 x 3)Ag(111) + water + imp solv 4.25

“A¢p: (see Table 1).

A¢ [V] dipole moment [e A] Bader charge adsorption distance [A]
3.36 1.15 1.6 29
2.51 0.86 1.6 2.9
2.87 1.09 1.6 2.8
2.47 0.94 1.6 3.0
2.73 1.08 1.6 2.8
2.38 091 1.6 3.0

Table 4. Pt, Au, and Ag Interaction with 1/9 Ca Coverage under Different Conditions: Seven Water Molecules and Implicit

Solvent”
surface Work Function surface [V]
(3 x 3)Pt(111) + water 5.69
(3 x 3)Pt(111) + water + imp solv 4.67
(3 x 3)Au(111)+ water 4.83
(3 x 3)Au(111) + water + imp solv 4.77
(3 x 3)Ag(111) + water 4.22
(3 x 3)Ag(111) + water + imp solv 4.22

“A¢: (see Table 1).

A¢ [V] dipole moment [e A] Bader charge distance [A]
2.07 0.71 1.6 2.9
2.57 0.88 1.7 4.1
2.17 0.82 1.6 3.0
3.13 1.19 1.7 4.3
2.12 0.81 1.6 3.0
2.71 0.96 1.7 4.2

Table S. Pt, Au, and Ag Interaction with 1/9 K Coverage under Different Conditions: Implicit Solvent, Six Water Molecules,

and the Combined Environment”

surface work function surface [V]
(3 x 3)Pt(111) + water 5.99
(3 X 3)Pt(111) + water + imp solv 5.29
(3 x 3)Au(111) + water 5.07
(3 x 3)Au(111) + water + imp solv 4.72
(3 x 3)Ag(111) + water 4.80
(3 x 3)Ag(111) + water + imp solv 4.12

“A¢: (see Table 1).

A [V

1.54
1.86
1.52
1.72
2.04
1.93

] dipole moment [e A] Bader charge adsorption distance [A]
0.53 0.88 3.6
0.64 0.96 6.0
0.58 0.89 3.6
0.65 0.96 6.0
0.78 0.88 3.6
0.74 0.96 6.0

Table 6. Pt, Au, and Ag Interaction with 1/9 K Coverage under Different Conditions: Implicit Solvent, Seven Water

Molecules, and the Combined Environment”

surface work function surface [V]
(3 x 3)Pt(111) + water 5.92
(3 X 3)Pt(111) + water + imp solv 5.19
(3 x 3)Au(111) + water 5.36
(3 x 3)Au(111) + water + imp solv 4.72
(3 x 3)Ag(111) + water 4.47
(3 x 3)Ag(111) + water + imp solv 3.95

“A¢p: (see Table 1).

A [V

1.87
1.65
1.90
1.69
1.46
1.52

] dipole moment [e A] Bader charge adsorption distance [A]
0.64 0.90 3.6
0.56 0.94 5.0
0.72 0.90 3.8
0.64 0.95 5.0
0.56 0.90 4.0
0.52 0.95 5.0

factors. To accurately calculate the dipole moment, one must
account for the surface area (A), the effect of the solvent, and
the potential difference A¢ relative to a reference system.
Given these considerations, the dipole moment is more
precisely expressed as Age,A. Where Ag is the work function
difference between the system of reference without the ion and
the system with the ion, and A is the surface area. In the
presence of an implicit solvent, there is no vacuum in our
system, so the work function was calculated from the potential
at large distances from the metal within the implicit solvent.
The implicit solvent is a pure dielectric, and hence does not
have a surface potential; so the potential is the same on both
sides of the surface of an implicit solvent.

We report the changes in the work function for three
different metallic crystalline surfaces and two ions placed on
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the surface at their preferred positions (from Tables 1, 2, 3, 4,
S, and 6). The top side of Figure 1 shows one electron
potentials and the work functions for a pristine (3 X 3)Pt(111)
surface resulting from interactions under various conditions,
including the presence of an implicit solvent, water molecules,
and their combined effect. The bottom side of the figure shows
the interactions involving the ion alone, ion with implicit
solvent, ion with water, and ion with both the implicit solvent
and water are depicted in the right part of the figure. These
potentials are averaged parallel to the electrode surface.
Therefore, the potential generated by the water molecules
only generates minor wiggles, since the hydrogen and oxygen
potentials tend to cancel each other. In contrast, the attractive
potential generated by adsorbed Ca®" is clearly visible on the
bottom part of the figure, second plot.

https://doi.org/10.1021/acs.jpcc.5c01062
J. Phys. Chem. C 2025, 129, 9179-9188
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Figure 1. Top: (3 X 3)Pt(111), bottom: Ca/(3 X 3)Pt(111). At various conditions: with an implicit solvent, with water, and both combined.

¢

Figure 2. Charge density difference of the side view of Ca/(3 X 3)Au(111) + 7 water molecules. The blue region depicts positive charge, and the

red negative charge. Isovalue of +0.001 e A3

As illustrated in the inset panel of Figure 1, second plot, one
might expect that combining implicit and explicit solvents
would lower the electrostatic potential, as both individually
reduce the electrostatic potential compared with the cation
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alone on the surface. However, the total interfacial dipole and
the vacuum reference shift can behave in a nonintuitive
manner. In the specific case of Pt, this combination of solvent
models appears to increase the dipole at the interface. On

https://doi.org/10.1021/acs.jpcc.5c01062
J. Phys. Chem. C 2025, 129, 9179-9188
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Figure 3. Charge density difference (Ca/(3 X 3)Ag(111), Ca/(3 X 3)Au(111), Ca/(3 X 3)Pt(111)) + 7 water molecules, top plane-cut with three
water molecules above the plane and four below. Blue region depicts positive charge and red negative charge. Isovalue of + 0.001 e A3

_dD._dD._ 4 w .

Figure 4. Charge density difference (Ca/(3 X 3)Ag(111), Ca/(3 X 3)Au(111), Ca/(3 x 3)Pt(111)) + 6 water molecules, top plane-cut. Isovalue

of +0.001 e A%,

surfaces like Pt(111), the electronic response to adsorbates is
particularly sensitive thus, small changes in the arrangement of
water molecules can lead to noticeable shifts in the local
potential, making the overall effect less predictable than the
effects on Au or Ag, which do not noticeably change the
electrostatic potential.

To calculate the dipole moment for each system, we
compared the potential differences between the reference
system and the ion-containing systems for each case. The
dipole moment observed is affected across all of the metallic
surfaces, depending on the reaction conditions and the ion-
specific surface interactions. As seen in Figure 2, the implicit
solvent and the polarization of water molecules exert opposing
influences on the effective position of the image plane. An
analysis of the counter charge density reveals that the charge is
predominantly localized on the surface, with a residual negative
charge remaining near the water molecules; see Figures 2 and
3, calculated as Pdiff = Pion+water+surface — Pion — Pwater — Psurface:
Consequently, the charge calculated using the Bader method
deviates from an integer value (Tables 1 and 2), which is an
expected outcome due to the complexity of charge distribution
in these systems.

3. RESULTS AND DISCUSSION

3.1. Solvation Shell. Our main objective was to construct
an ideal solvation shell that accurately captures short-range
interactions at the interface while remaining compatible with
an implicit solvent model to account for long-range
interactions. Previous studies have shown that the first
solvation shell of cations typically contains six to eight water
molecules.””**** To refine the structure and orientation of the
water molecules within this solvation shell, we performed
DFT-MD simulations. After optimizing configurations with
varying numbers of water molecules around both Ca®* and K,
we determined that the optimal solvation shell for these ions
consists of either six or seven water molecules. The solvation
shells were fully optimized at 0 K in both cases. Hence, our
calculations are static, which could be perceived as a
considerable constraint. However, the solvation shells of alkali
and earth alkali ions are quite stable. The residence times of
water molecules in the first hydration shells of alkali ions are of

the order of tens of picoseconds,45 and for the divalent ions,
they are even longer, so that our calculations should capture
the essence of the adsorbate properties.

3.1.1. Structure of the Six-Water Solvation Shell. In the
configuration with six water molecules, the solvation shell
exhibited a nearly symmetric arrangement. Five water
molecules are equidistant from the ion and from themselves,
and have one hydrogen pointing toward the surface and the
other toward the next water molecule. The sixth water
molecule was placed horizontally on top of the ion. This
star-like arrangement is particularly interesting as it suggests
the apparent adsorption of a semisolvated Ca?* on the surface,
see Figure 4. While it is generally accepted that cations do not
specifically adsorb on the surface until very negative potentials
are applied,” other studies suggest that the presence of water
on the surface can enhance the adso?tion of smaller cations
while weakening that of larger ones.”® We observed a similar
behaviour in the presence of six water molecules, Ca*" was
contact adsorbed on all the FCC(111) surfaces we tested,
whereas K* was not contact adsorbed in the hybrid solvation
model; see discussion below.

3.2. Role of the Considered Cations in the Adsorption
Process. For our two prime models, six or seven water
molecules plus implicit solvent, the adsorption geometries are
very similar for the three metals. The size of the cation plays a
significant role in its interaction with the surface. Larger
cations like K tend to disrupt hydrogen bonding within the
solvation shell, leading to a delocalized and less stable positive
charge compared to smaller cations such as Ca®'. Charge
transfer is determined by several factors: ionization energies of
the atom, solvation energy, image charge, and the work
function of the substrate. K has a low first energy of ionization,
4.34 eV, which is lower than the work function of the metals
considered. Therefore, it is easily ionized and carries a high
positive charge, which is close to unity when it is solvated. A
higher positive charge is prohibited by the high second energy
of ionization of 31.7 eV. The first ionization energy of Ca, 6.22
eV, is somewhat larger than the work function of the metals
considered. But image interaction and solvation induce a
positive charge. Indeed, because of its relatively low second
energy of ionization, 11.8 eV, it acquires fractional charges

https://doi.org/10.1021/acs.jpcc.5c01062
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Figure 5. Charge density difference for Ca/(3 X 3)Ag(111): with implicit solvent (right) and vacuum (left). Isovalue of + 0.0005 e A%,

larger than unity. Because of their low density of valence
electrons, they interact primarily through electrostatic forces
and image charge effects. Because K* and Ca* are hard, weakly
polarizable cations, their adsorption distances remain relatively
short compared to those when they are surrounded by one
more molecule.

When the K' shell is formed by seven water molecules plus
implicit solvent, its distance to the surface decreases to 5 A,
compared to 6 A with six water molecules, indicating a
stronger interaction. In contrast, the opposite trend is observed
for Ca*, where the distance increases to 4 A with seven water
molecules and decreases to 3 A with six water molecules. This
reduction in adsorption distance is likely due to enhanced
charge stabilization within the solvation shell and the
concomitant stronger attraction to the surface (comparisons
done considering only results obtained from the hybrid
configuration; see Tables 3—6).

3.3. Dipole Moments in the Vacuum. Before analyzing
the effects of solvation, it is useful to establish a reference
system by first considering adsorption in vacuum. Tables 1 and
2 summarize the relevant quantities for Ca and K adsorption
on Pt(111), Au(111), and Ag(111), including dipole mo-
ments, adsorption distances, and Bader charges. The latter
should be interpreted cautiously, as the metal electrons that
screen the adsorbate charge partially surround the ion,"
complicating an accurate charge evaluation.

Essentially, three critical factors affect the dipole moments in
the following systems: (1) The work function of the metal: a
higher work function means a stronger attraction of the
electrons and hence a larger positive charge on the adsorbate.
(2) The screening properties of the metal: the ability of the
metal to screen the charge can be characterized by the position
of the effective image plane.'® The further this plane is in front
of the metal surface, the better the adsorbate charge is
screened. For the three metals under consideration, the
distances between adsorbate and metal are larger for A§,
which exhibits the best screening ability among these metals.”’
A better screening reduces the total dipole moment. (3)
Adsorption distance: a larger distance between the adsorbate
and the metal surface results in a larger dipole moment, since
dipole moments are proportional to both charge and
separation distance.

3.3.1. Adsorption of Calcium. 1t is important to realize that
the dipole moments are caused not only by the adsorbed
particle but also by the whole interface. The Bader charges and
dipole moments on Pt and Ag are roughly equal. Based on the
higher work function of Pt, one would expect a higher charge
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on the ion adsorbed on this surface, but as discussed above,
Bader charges may not fully capture the effective charge. Also,
the Pauling electron affinity of Au (2.54) is higher than that of
Pt (2.28). The adsorption distance on Pt(111) is somewhat
larger than in Au(111), so is the dipole moment; similarly, the
adsorption distance on Ag(111) + implicit solvent is larger and
consequently is the dipole moment. The most important
finding in this table is the small dipole moment on Ag in
vacuum, which is caused by both the good screening property
of this metal and the small work function.

3.3.2. Adsorption of Potassium. The dipole moments for
potassium follow the same trend: the values for Pt(111) and
Au(111) are roughly equivalent, while Ag(111) displays a
smaller dipole moment. Interestingly, the Bader charges for K
on Au(111) and Ag(111) are nearly the same, which might
seem unexpected. However, as with calcium, these values
should be treated with caution due to the limitations of the
Bader charge approximation in this context.

3.4. Solvation Effects. 3.4.1. Implicit Solvent. Basically,
an implicit solvent adds a background dielectric constant to the
part of the system that is not occupied by atoms. Similar to the
famous dark matter in cosmology, it cannot be imaged directly
but can be detected by its effects on the system. On bare metal
surfaces, the implicit solvent leads to a small reduction of the
work function, of the order of 0.2—0.3 eV. The implicit solvent
screens the spillover of the electrons into the vacuum, thereby
reducing the work function. This effect has already been
observed in the jellium model,*® where it is somewhat larger,
since the spillover extends further.

The implicit solvent forms a solvation shell around the
adsorbed ions. To a first approximation, the solvation energy is
proportional to the square of the charge. So the solvent
induces a strong tendency to increase the charge on the
adsorbate in all cases. In the case of K, the adsorbate is almost
completely ionized. At the same time, it reduces the dipole
moment and weakens the electrostatic interaction with the
metal substrate, so that the adsorption distance becomes larger.
This eftect is particularly large for K, which carries a unit
charge and is therefore more weakly bound than Ca. Indeed, in
this case, the adsorption distance changes up to almost 2 A.
But even for Ca on Ag(111) this shift is of the order of 0.4 A
and is related to the increase in the positive charge by 0.7.
Figure 5 shows the charge distribution for Ca adsorbed on
Ag(111) in the absence (left) and presence (right) of an
implicit solvent. In the latter case, the charge on the adsorbate
is significantly larger, and it is further from the surface; this
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induces a spreading out of the pancake-like countercharge on
the silver surface.

Since the implicit solvent itself has no energy, it is easy to
calculate the hydration energy of the adsorbed ions. It varies a
little between the various metals, but since the implicit solvent
is a rough approximation in any case, we are only interested in
average values. For adsorbed K, the solvation energy is about
2.6 €V, to be compared with the experimental value for K in
the bulk of 3.6 eV.* Therefore, about 1/3 of the hydration
energy gets lost on adsorption, which seems reasonable for
geometric reasons. However, this contradicts the findings of
Quaino et al.,”® who studied adsorption by classical molecular
dynamics. They observed no change in the hydration energy
upon adsorption since the water forms a very favorable
hydration shell. Obviously, such structural effects are missing
in an implicit solvent. On the other hand, classical molecular
dynamics is based on effective interactions, which lack
quantum molecular details.

For adsorbed calcium, our calculations predict a hydration
energy of about 5 eV, much smaller than the bulk value of 16.6
eV.*” The implicit solvent model, which is based on a linear
response, is too simple for multivalent ions. Note that a
theoretical study addressing the adsorption of iodide near a
water/metal interface, using a combination of quantum
chemical cluster calculations, the Newns—Anderson theory of
chemisorption, and molecular dynamics simulations,”" found
two different ionic adsorption states separated by a small
energy barrier. We did, in fact, not observe two separate
adsorption states. We associate this difference to the fact that,
in general, the interaction of anions with metal surfaces is
stronger than that of cations.

3.4.2. Explicit and Hybride Solvation. We calculated the
dipole moments of Ca®* and K" ions over the Pt, Au, and Ag
metallic surfaces in the presence of an explicit solvent, which,
as previously discussed, could consist of either six or seven
water molecules. In a second step, we combined explicit and
implicit solvents.

In this section, we focus on how different environmental
conditions affect the dipole moments. In principle, modeling a
solvation shell differs from a single water layer, as the
arrangement of the water molecules and their respective
dipoles contributes distinctly to the overall dipole moment,
either from the water dipole moment or, as in our case, the
dipole moment from the adsorbate.

Water molecules arrange differently depending mainly on
the ion rather than on the surface. This is illustrated in Figure
6, where the alignment of water molecules around K" is less
symmetrical compared to the highly ordered arrangement
observed with Ca’*. Because of its smaller charge, the
hydration shell of K* is less rigid.

For clarity, we separated the dipole moment calculations by
ion type and by the number of water molecules in the solvation
shell. The corresponding values for both Ca and K under the
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six-water-molecule condition are presented in Tables 3—6. Just
as the implicit solvent, the water tends to reduce the overall
dipole moment by a net orientation of the hydrogen toward
the surface. On the other hand, solvation tends to increase the
charge and pull the ion toward the bulk, which has the
opposite effect on the dipole moment. This makes it difficult to
understand the overall effect.

3.4.3. Ca** Dipole Moments. This ion is compact and
carries a double charge, which leads to a close-packed,
symmetric arrangement of water molecules when the solvation
shell is formed by six molecules. In this configuration, one
water molecule is positioned horizontally over the surface (on
top of the ion), while the remaining five surround the ion, each
with one hydrogen atom pointing toward the surface. The
dipole moment trend observed only with water is Pt > Au >
Ag. However, when an implicit solvent model is applied, the
trend changes to Au > Ag > Pt. The distance between the Pt
surface and the ion is smaller than with the other two metals,
resulting in a smaller dipole moment.

When the ion is surrounded by seven water molecules, the
arrangement becomes less compact, with the water molecules
distributed above and below the ion. In the case of Pt, the
water molecules below the ion typically have one hydrogen
pointing toward the surface. For Ag, however, some water
molecules have different geometries above the surface. The
dipoles generated by the water molecules pointing directly at
the surface contribute to the overall dipole moment, which is
influenced by each metal’s screening properties. As a result, the
dipole moments for Pt and Ag are smaller compared to those
for Au in this configuration. In general, the trend shows an
increasing dipole moment for all metals. However, Pt appears
to be particularly sensitive to local environmental changes
compared to Au or Ag. With six water molecules, the interfacial
water structure is more ordered (as shown in Figure 4),
maximizing the surface dipole moment. The addition of a
seventh water molecule disrupts this arrangement, resulting in
a less oriented water network and a weaker overall dipole. On
Pt, where adsorbate interactions are highly dependent on
coordination and electronic structure, even subtle changes can
significantly reduce the efficiency of charge transfer stabiliza-
tion.

In the four cases investigated, the Bader charge is larger than
in the vacuum and takes on a value of 1.6—1.7. In addition, the
adsorption distance is greater.

3.4.4. K* Dipole Moments. Since the unit charge of this ion
does not promote the formation of a compact shell, the water
molecules are positioned farther from the ion. Despite this, the
hydrogen atoms of the molecules beneath the ion are mostly
oriented to the surface, with their angles showing no significant
deviation compared to their arrangement around the Ca®*
Therefore, the effect of the water dipole is, on average, similar
to the effect faced by Ca*". Interestingly, the dipole moment
values for this ion display an opposite trend: Ag > Au > Pt
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when considering only the water molecules. When the implicit
solvent is introduced, the trend remains consistent with what
was observed in the six-water-molecule case, with Ag
maintaining the highest dipole moment. When the ion is
surrounded by seven water molecules, the trend in dipole
moment values shifts to Au > Pt > Ag, which remains
unchanged even with the addition of the implicit solvent. This
outcome is expected given that silver consistently exhibits the
lowest dipole moment in such configurations. The more
surprising result arises from the six-water-molecule case, where
silver presents the highest dipole moment, diverging from the
expected behavior. The potential difference is always lower
with an arrangement of six water molecules, because at the
interface, this arrangement creates an ordered network,
aligning the water dipoles that effectively counteract the
surface electric field from the metal, which results in a decrease
in the electrostatic potential. When an extra water molecule is
added, it disturbs this ordered network, leading to a less
oriented overall dipole. Consequently, the screening becomes
less effective, and the potential drop increases.

3.5. Dipole Moment and Electrosorption Valency.
Measuring the dipole moment g of an adsorbate exper-
imentally is challenging, and available data are limited, making
direct comparisons difficult. Moreover, when changes in the
dipole moment occur due to an applied potential, it is
necessary to introduce a related concept: the electrosorption
valency 7, defined as the charge that flows onto the electrode
surface per adsorbed particle at constant electrode potential ¢:

e
* o), (1)

where o is the surface charge density on the electrode, and I' is
the surface excess of the adsorbate. Obviously, the electro-
sorption valency can only be determined in a complete
electrochemical system with a solution and a double layer. As
discussed above, within DFT, this is impossible to model by a
discrete solvent, and the major part of the solution must be
modeled implicitly. A good explanation of how this can be
done is detailed elsewhere.”

An equation proposed by Vetter and Schultze™ relates the
electrosorption valence to the nonmeasurable charge A =z — g
transferred during adsorption, where z is the charge number of

the ion:
]r )

g is called a geometrical factor, which gives the change in the
potential ¢, at the adsorbate site with the electrode potential.
According to Schultze and Koppitz,™* g = 0.16 — 0.841/z.
Since / is negative, we have 0 < g < 1.

Let us start the discussion with K*. Eq 2 allows us to
estimate the electrosorption valency from the charge transfer.
In the presence of any water model, the charge on adsorbed K*
is almost unity on all three metals. If we use an average value of
about 0.95, we obtain y &~ 0.24. The only experimental value
for K* is on Hg with y = 0.16,>* which is based on the
assumption that 4 = 0; overall, this is a satisfactory agreement.

For the electrosorption of Ca**, the charge on the adsorbate
does not vary much between the three metals. If we use an
average value of A = —0.31, we obtain an estimate of y = 0.8,
indicative of a physical partial charge transfer. Unfortunately,

9
o¢p

}/=gz—/1(1—g)whereg=[
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there are no experimental values, but our estimate may be
useful in future experiments.
At the potential of zero charge (pzc), the dipole moment
and the electrosorption valency are related through:
zey€q

U= C—H(l —7/z2)

()
where Cy is the Helmholtz capacity of the double-layer, and €,
the permittivity of vacuum. This equation, which is based on a
linear response, shows explicitly that the experimental dipole
moment depends on the double-layer capacity, which
characterizes the screening properties of the interface. In
particular, a large capacity indicates good screening of charges
and results in small dipole moments. Conversely, a small
electrosorption valency implies a small charge transfer, a large
remaining charge on the ion, and hence a large dipole moment.
In eq 2, the double-layer properties are contained in the
geometric factor. Eq 3 is not based on any model for the
double layer but purely on thermodynamic reasoning. There
are two different and equivalent derivations in refs 3 and SS.

For a given Helmholtz capacity, eq 1, which is based on the
linear response, suggests a maximum value for the dipole
moment: fi,,, = zey€y/ Cy. For example, forz=1and Cy; =0, 1
F m™2, this gives a value of 0.88¢, A, which is in fact larger than
all the dipole moments calculated for K*. For Ca**, with z = 2,
the limiting value would be twice as large and thus again higher
than all the values we obtained for this ion. As has been
discussed by Avila et al,® obtaining the Helmholtz capacity
requires a full model of the system, including the electrolyte;
nevertheless, an inspired estimate can be useful to check the
consistency of the results. In fact, Ci; = 0.1 F m™ is a decent
estimate for this purpose since cations are usually adsorbed at
low negative potentials, where the Helmholtz capacities are of
this order of magnitude. Using for K" an average value of u =~
0.65¢ A for all three metals, we obtain an estimate of y ~ 0.28,
which compares quite well with the value of 0.24 obtained
above from an entirely different argument. For Ca**, the dipole
moments scatter somewhat for the different metals, but a value
of u & 0.9¢, A is a good average, which results in y ~ 1. This is
only slightly higher than the value estimated from eq 2. More
importantly, both methods predict correctly that the electro-
sorption valency of K* is low in all cases, indicating little charge
transfer, while that of Ca" is substantially higher, indicating
true partial charge transfer.

Schultze and Koppitz™* also propose a relation for the
electrosorption valency based on differences in the electron
affinities. However, with the chosen parameters, this works
quite well for the absorption of anions. All the halides
investigated by these authors are chemisorbed on the surface,
so the properties of the chemical bond are captured by
electronegativities, which describe the chemical bonding. In
contrast, the cations studied in this work are not chemically
bonded; therefore, we refrain from a discussion in terms of
electron affinities.

4. CONCLUSIONS

We have investigated the adsorption of two different atoms
(Ca and K), that, after interacting with the surface, can be
considered as the divalent Ca** and the monovalent K*, on the
popular electrode surfaces Pt(111), Au(111) and Ag(111), by
means of DFT. In all cases investigated, there was no chemical
bonding of the adsorbates, as we have discussed at length in
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the introduction; solvation of adsorbed cations presents a
special problem. To address this, we have employed various
models: simple implicit solvation, ensembles of explicit water
with 6 and 7 molecules, and a combination of these ensembles
with implicit solvent. Our results show a complex interplay
between solvation and attraction from the metal: Solvation
favors a high charge on the adsorbate, and a larger adsorption
distance, so that the solvent can surround the adsorbate as far
as possible. While these effects tend to increase the dipole
moment, the orientation of the explicit water and the implicit
solvent tends to shield the overall dipole moment. The metal
attracts the adsorbate through a combination of chemical
interaction and image forces. The image charge spills over from
the metal surface and compensates for the charge on the ion.
These opposing effects, solvation-driven repulsion and metal-
driven attraction, prevent the establishment of a clear universal
trend, necessitating a case-by-case analysis for each metal
surface.

This spillover effect is particularly large on silver, so that the
surface dipole moments induced by the adsorbates tend to be
smaller on this metal. This is in line with the fact that the
surface-enhanced Raman effect is strong on silver, where,
indeed, it has been discovered,®” indicating a strong response
of the surface electrons to external fields. This is consistent
with DFT calculations,”” which showed a substantially stronger
response for Ag than for Au or Pt.

Adsorbate dipole moments are rarely measured in electro-
chemistry; they are, however, related to the electrosorption
valency. Unfortunately, this relation involves an electric double
layer, which is absent in our model. Nevertheless, by using
reasonable values for the capacity, we estimated consistent
values for the electrosorption valencies from two different
relations. The small value of y & 0.24—0.26 for K* indicates
ionic adsorption with little charge transfer, while the larger
values of y ~ 0.88—1 for Ca** indicate true partial charge
transfer.
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