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Electrochemistry experiments have established that the capacitance of electrode-
electrolyte interfaces is much larger for good metals such as gold and platinum than
for carbon-based materials. Despite the development of elaborate electrode interac-
tion potentials, to date molecular dynamics simulations were not able to capture this
effect. Here we show that changing the width of the Gaussian charge distribution
used to represent the atomic charges in gold is an effective way to tune its metallicity.
Larger Gaussian widths lead to a capacitance of aqueous solutions (pure water and
1 molar NaCl) in good agreement with recent ab initio molecular dynamics results.
For pure water, the increase in the capacitance is not accompanied with structural
changes, while in the presence of salt the Na™ cations tend to adsorb significantly on
the surface. For a strongly metallic gold electrode, these ions can even form inner

sphere complexes on hollow sites of the surface.

a)Electronic mail: mathieu.salanne@sorbonne-universite.fr



AlP

Publishing

I. INTRODUCTION

(Classical molecular dynamics simulations of electrode — electrolyte interfaces bring im-
portant microscopic insights for the interpretation of electrochemistry experiments!. They
are not only relevant in the case of concentrated electrolytes, for which classical theories fail
to capture many effects such as ion-ion correlations?, but also in cases where the molecular

structure of the solvent can impact the interfacial properties®

. Even though most of the
recent works were dedicated to the study of supercapacitors®, in which the electrode is gen-
erally a carbon material and the electrolyte an organic or ionic liquid, systems made of good
metals such as platinum or gold put in contact with water were also considered. Such stud-
ies have evidenced very interesting phenomena, such as the formation of a strongly bound
water adlayer at the surface of the metal displaying hydrophobic features® . Recently, the
role of this adlayer on the adsorption of hydrophobic solutes and on the energetics of elec-
trochemical reactions occurring at the interface was further investigated®. However, these
simulations were not able to reproduce one of the key experimental quantities, namely the
capacitance of the interface. Extracting quantitative numbers from experiments is difficult
due to many specific adsorption processes, but it is well accepted that this value should typ-
ically be in the range of 20 to 50 uF cm™2, although recent experiments on platinum suggest

even larger values?, up to 100-200 uF cm™2. So far, simulation studies generally reported

single-electrode capacitances in the range of 5-10 uF cm™=2 for aqueous electrolytes®.

Although such lower capacitance could be attributed to specific interactions occurring at
the interface, including chemisorption effects that would not be captured by conventional
force fields, recent ab initio molecular dynamics simulations of interfaces with gold elec-

trodes do not support this hypothesis!®!!

. Indeed these calculations yield estimates of the
capacitance of 15 uF cm™2 to 30 uF cm~2, while the structure of the adsorbed water layer is
very similar to the one of previous classical simulations. This therefore points towards a lim-
itation of the classical models used in the molecular dynamics to describe the metal and its
interactions with the electrolyte. In particular, its metallicity, or metallic character, reflects
the strength of the electronic response to external fields such as the ones due to the adsorp-
tion of charged or polarized species, and is expected to play an important role. In a recent

work, we have introduced a semi-classical Thomas-Fermi electrode model to account for the

kinetic energy of the electrons. This allowed us to study the effect of the Thomas-Fermi
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screening length on the accumulation of charge at the electrode surface, the structure of
the interfacial electrolyte and the capacitance in conditions corresponding to materials with
poor metallic properties such as carbon'?. In parallel, Sato and co-workers have shown that
similar effects can be expected by changing the width of the Gaussian charge distributions
which are used for the electrode atoms'®14. By testing two different values in a preliminary
calculation, they reported that the capacitance of a KCI aqueous solution in contact with
platinum was greatly enhanced'®. However the physical origin of this enhancement was not
studied in detail. Here we build on these works to investigate systematically the impact of
the Gaussian width in the case of gold electrodes put in contact with aqueous solutions. We
show that increasing the Gaussian width may lead to a substantial increase of the capac-
itance, which is accompanied by changes of the ionic adsorption profiles, while the water

layers remain largely unchanged.

II. CHOICE OF THE ELECTRODE MODEL PARAMETERS

Over the past decade, fluctuating-charge models have been widely used to simulate elec-
trochemical systems in which the potential of electrode atoms is fixed. First introduced
by Siepmann and Sprik!, the main ingredients are (i) the use of atom-centered Gaussian

charge distributions for the electrode atoms:
,01(1‘) - qz‘(27T02)_3/2@—|1‘—ri|2/202 (1)

where o is the width of the distribution and r; is the position of atom i, and (ii) the
application of a constant potential condition for all the atoms within an electrode material.
As discussed at length in Ref. 13, the use of the Gaussian charges introduces a self-interaction
term inversely proportional to o, which can thus be linked to the hardness parameter H
of the charge-equilibration method!®'" as H ~ 1/oy/7. The latter is generally used in
other contexts, but it was recently used in a series of works devoted to electrode-electrolyte
interfaces!® 2. Note that besides this self-energy term, the Gaussian width also impacts all
the electrostatic interactions involving electrode atoms so that the two approaches are not
strictly equivalent. Note that it is also possible to use point charges for the electrode atoms
and to damp the corresponding electrostatic interactions, which leaves more flexibility to

choose the parameters'.
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It is thus instructive to compare the value of the hardness corresponding to the usual
choice for the Gaussian width with typical hardness values from the literature. Siepmann
and Sprik proposed to adjust this value in order to match the energy of a system made of
a single charge adsorbed on a flat metallic surface to the one obtained in the continuum
limit, yielding ¢ = 0.40 A for platinum'®. In the absence of a generic criterion, this value
was then also used for other materials. It is worth noting that most of these studies focused
on carbon and generally yielded interfacial properties in good agreement with experiments.
Yet, as discussed in Ref. 14, this corresponds to a hardness H =~ 20 eV, quite far from the

21 Even

expected gas-phase value for carbon (10 eV), gold (6.92 e¢V) or platinum (7 eV)
though atomic parameters such as hardness are not expected to be directly transferable from
gaseous to condensed phase, because of the different electronic structures, such a gap calls
for an examination of the influence of this quantity.

We recently introduced a semi-classical Thomas-Fermi electrode model, with an addi-
tional term accounting for the kinetic energy of the electrons in the metal'?. This term,
arising from a description of the electronic properties of the materials instead of the atoms,
contributes in the classical description to the self-energy of the electrode atoms by increasing
the “effective” hardness. We analyzed the impact of this screening length at fixed Gaussian
width o = 0.40 A, which corresponds to materials with poor metallic character. In this
work, we focus instead on a good metal, gold, and study the effect of increasing the Gaus-

sian width at fixed null Thomas-Fermi length, from an initial value of 0.43 A to an upper

limit of 1.17 A, which corresponds to the gas-phase hardness of the atom.

III. SIMULATION DETAILS

All simulations were performed using the molecular dynamics code MetalWalls?2. Two
different systems were simulated, both with two gold electrodes, each with 1620 atoms
distributed in 10 planes and their (100) face in contact with the liquid between them. In
the first case, the liquid consists of pure water (2160 molecules), while in the second it also
contains 39 NaCl pairs, resulting in a 1 mol L™" NaCl,,) electrolyte. In both cases, the
lateral box dimensions are L, =L, =36.63 A.

For each system, the distance between the two inner planes of the electrodes was equi-

librated at atmospheric pressure by applying a constant pressure force to the electrodes,

4
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FIG. 1. a) Atomic density profiles for the O atoms near the electrode at null potential for Gaussian
widths o varying from 0.43 to 1.17 A. b) Hydrogen bond density within the adlayer water molecules
as a function of the Gaussian width. c¢) Representative snapshot of the system (lateral view), with
Au atoms in yellow, O atoms of the water molecules of the adlayer in blue, O atoms of the other
water molecules in red and H atoms in white. d) Representative snapshot of the system (top view
of the adlayer, which shows a square symmetry with some vacancies); the same coloring scheme is

used for the atoms.

yvielding distances of 48.93 A and 50.67 A for the two systems, respectively. As in our previ-
ous work!?, water molecules are modeled using the SPC/E force field?®, while the Lennard-
Jones parameters for Na™ and Cl~ were taken from Ref. 24 and the ones for the electrode
atoms from Ref. 25. The simulations were run in the NVT ensemble with a timestep of
2 fs: a Nosé-Hoover thermostat chain?® was used with a time constant of 1 ps to maintain
a temperature of 298 K. The electrode charges were calculated at each timestep using a
matrix inversion method?? to enforce both a constant applied potential of 0 V betweeen the
two electrodes and the electroneutrality constraints on the charges. Widths of 0.43, 0.59,
0.82, 1.06 and 1.17 A were used for the Gaussian charge distribution. In the case of pure

water the simulation times used for equilibration and production were of 1 ns and 5 ns. For
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the second system, they were of 1 ns and 9 ns except for the largest value of o (1.17 A) for
which they were increased to 2 ns and 25 ns in order to reach convergence for the structural

properties and for the calculation of the differential capacitance.

IV. GOLD — WATER INTERFACE

We first focus on the most simple system in which the gold electrodes are separated by
pure water. Figure la shows that the atomic density profiles of water across the electrochem-
ical cell do not change with the Gaussian width. The structure at the interface was already
described in previous work?®: Water molecules form a tightly bound adlayer (located at less
than 4.0 A from the surface), with an average of 12 molecules per nm?, in which they adopt
a flat orientation — see the snapshots of a lateral and a top view of this adlayer on Figures
lc and 1d. To further characterize the structural changes, the number of hydrogen bonds
(HB) per unit area was determined within these adlayer water molecules. Two molecules
are considered to form a HB* when the O(-H)--- O distance is smaller than 3.2 A and the
corresponding OHO angle is in the range [140° — 220°].

Figure 1b shows that the number of HBs within the adlayer decreases with the Gaussian
width: On average there are 16.55 HBs nm~2 for ¢ = 0.43 A and 16.05 HBs nm~2 for
o = 1.17 A. This suggests that the water molecules may be less bonded within the adlayer
and less strongly bound to the surface. To investigate this possibility, we estimate the
characteristic adsorption lifetime of the water molecules, 7, as the time integral of the

following correlation function:
Co-m(®) = o) )

where h(t) = 1 if a water molecule is continuously interacting with the gold surface from
time 0 to time ¢, and 0 otherwise. A water molecule is considered as interacting with the
Au surface via its O atom if: (1) the distance between the inner Au plane and the water
oxygen atom is less than 4.0 A (i.e. the water molecule belongs to the adlayer) and (2) both
Au-O-H angles are greater than 60°. This characteristic adsorption lifetime decreases from
14 to 11 ps when the gold charges Gaussian width increases (Figure 2).

These structural and dynamic changes remain relatively small, in agreement with our

previous work on poorly metallic electrodes!?. Nevertheless, the latter study showed that

6
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FIG. 2. Time-correlation functions for the adsorption of water molecules within the adlayer for
Gaussian widths varying from 0.43 to 1.17 A (the corresponding characteristic adsorption lifetimes

are provided in the inset).

the capacitance is generally more sensitive to the electrode metallicity, so that we determined

the differential capacitance from the fluctuations of the total charge of the electrode®”:
Cair = B(0QL) + Caig™ (3)

where § = 1/kgT, 6Q = Qr — (Qr) with Qp the instantaneous total charge of the left
electrode (which is strictly opposite to the charge of the right electrode since an electroneu-
trality constraint is imposed at each timestep) and Cig’™ is a contribution arising from
the charge fluctuations suppressed in the Born-Oppenheimer dynamics of the charges and
corresponding to the capacitance of the empty capacitor®” (i.e. in the absence of liquid be-
tween the electrodes). Note that Cyie is the capacitance of the full system. Since there is no
voltage between the two electrodes, they are equivalent and the single-electrode capacitance
is simply Cgig = 2Caig-

The capacitance is shown as a function of the Gaussian width on Figure 3, with confidence
intervals obtained from the standard error on the variance corrected for data correlations as
(0Q3 ) x\/47c /75 Where Tg is the total sampling time and 7o = [;(6Q(¢)5Q1(0))?/(6Q3 )2dt
is the correlation time°. There is a clear effect of the Gaussian width since the capacitance
switches from 5 uF cm~2 for ¢ = 0.43 A, to a value of 13 uF cm~2 for 0 = 1.17 A. These
values agree well with previous simulations performed on platinum electrodes in limiting

cases™!®. Due to the insulating character of pure water, it is not possible to compare these

numbers with an experimental value. However recent ab initio molecular dynamics simula-

7
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FIG. 3. Single-electrode differential capacitance as a function of the Gaussian width for the pure

water system. Error bars correspond to 95 % confidence intervals.

tions performed on (111) surfaces of gold provided capacitances of 15 and 30 uF cm™2. The
difference between the two ab initio values probably lies in the different setups. Indeed, the
first work involves a single electrode and the water layer consists of a slice of explicit water
molecules followed by a dielectric continuum,'® while in the second one the electrochemical
cell is made of a slab of gold in contact with a slab of pure water molecules only.!* The
method for charging the electrodes was also different since in the first case a net charge
was added to the system, while in the second case it was achieved by introducing explicit
Na*t counterions. In addition, due to the use of density functional theory to calculate the
atomic forces both studies were limited in terms of system size and sampling time, with
production trajectories of 10 ps only. Nevertheless, we note that the capacitance we obtain
for the larger Gaussian width is in much better agreement with these two studies than the

prediction of the more usual, smaller width.

V. GOLD - AQUEOUS SODIUM CHLORIDE INTERFACE

The structural variation is much more pronounced for the aqueous NaCl solution. Indeed,
although the adsorption profile of the water molecules also remains unchanged, it is not the
case for the ions, in particular for the Na®™. As shown on Figure 4a, and in agreement
with our previous study,'? the first layer of Nat ions is located at approximately 3.1 A

from the surface for the smallest Gaussian width, i.e. they lie just above the water adlayer.

8
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FIG. 4. a) Atomic density profiles for the Na™ ions near the electrode at null potential for Gaussian
widths of 0.43 and 1.17 A. The density profile of oxygen atoms is also shown for comparison. b)
Surfacic concentration of the Na™ ions in the two identified adsorption sites. c¢) Typical snapshot
of a Na™ ion adsorbed within the water adlayer (2.45 A < z < 4.05 A). d) Typical snapshot of a

Na™ ion adsorbed in an inner sphere site (z < 2.45 A).

The corresponding concentration is of 0.15 ions nm~2 as shown on Figure 4b. Further
examination of the structure of this adsorption mode leads to the picture shown on Figure
4c: The ion is located on top of a gold atom; it is solvated by 3.5 water molecules from
the adlayer on average (4 on the snapshot shown) and by 1 water molecule from the second
water layer, which corresponds to a typical octahedral coordination shell (consisting of 1
gold atom and 5 water molecules in total). When the Gaussian width is increased, the
preferential position of Na™ ions progressively shifts inside the water adlayer; as shown on
the Figure 4a the corresponding peak is almost superimposed with the one of the oxygen
atoms. In parallel, their surfacic concentration increases, slightly until o = 1.06 A and more
noticeably for o = 1.17 A.

For the latter width, we also observe the appearance of another adsorption mode in

9
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FIG. 5. Characteristic adsorption lifetimes of Na™* ions in the two adsorption sites as a function

of the Gaussian width.

which the Na™ ions adopt an inner sphere structure. It is represented on Figure 4d, where
it appears that the ion sits in a hollow site of the gold surface and is thus coordinated to
four gold atoms. In addition, it remains solvated by 4 water molecules from the adlayer.
The distance between the Na' ions and the surface in this adsorption mode, which is of
approximately 2.1 A, is in good agreement with previous DFT calculations made on similar
surfaces,®" and the corresponding concentration is of 0.035 ions nm~2. The calculated Na™
adsorption lifetimes are provided on Figure 5. They are larger by almost one order of
magnitude than the ones previously calculated for water molecules for most of the Gaussian
widths (7 ~ 90 ps) except for the largest one, for which we observe a large increase for the
ions adsorbed in the adlayer. The lifetime of the Na™ ions in the inner sphere is noticeably

shorter (25 ps).

The adsorption profile of the chloride anions is very different from the one of the sodium
cations, due to their larger ionic radius and to their different solvation shell structure. As
shown on Figure 6a, the Cl~ ions also have two different adsorption positions, but in that
case they are both observed for all the o values. In the first adsorption mode they sit in the
inter-layer region located between the water adlayer and the bulk liquid, and in the second
one they are located slightly below the water second layer. The corresponding concentrations
increase progressively with the Gaussian width (Figure 6b), but the variation is much weaker

than in the case of the Na™ ions.

The increase of the capacitance with the Gaussian width is much more pronounced in

10
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FIG. 6. a) Atomic density profiles for the C1~ ions near the electrode at null potential for Gaussian
widths of 0.43 and 1.17 A. The density profile of oxygen atoms is also shown for comparison. b)

Surfacic concentration of the C1~ ions in the two identified adsorption sites.

the presence of salt than in pure water, as shown on Figure 7 and in agreement with the
preliminary results reported for a KCI solution in contact with platinum by Nakano et
al.'3. The value obtained for the largest Gaussian width (33 uF cm™2) is much closer to
experimental results generally obtained with good metals such as gold and platinum than
in previous simulation studies. It is also worth noting it agrees well with the ab initio MD
simulation in which Na® counterions were explicitly included.!! It is therefore possible that
the discrepancy observed between the two previously discussed ab initio studies is due to

the effect of ion adsorption. Increasing the Gaussian width to 1.25 A, which is the largest

11
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FIG. 7. Single-electrode differential capacitance with respect to the Gaussian width for the aqueous

NaCl electrolyte. Error bars correspond to the 95 % confidence interval.

value for which simulations remained stable (with respect to the self-consistent calculation
of electrode charges that may be affected by polarization catastrophe), further confirmed the
trend since it yielded a capacitance as large as 125 uF cm™2, but with a very wide confidence
interval. In addition, 50 ns production runs were not sufficient to converge the adsorption
lifetimes of the ions. Although such a capacitance seems to be too large, we note that recent
experimental work reported values of the same order of magnitude®. This suggests that such

large o values may deserve more attention in the future.

In order to assess the role of the ion adsorption/desorption on the electrode charge fluctu-
ations, hence on the capacitance, we have computed the average charge on the left electrode
at fixed Nat imbalance ANn, = Nyaleft — NNaright Detween the two electrodes, where N
can be computed either taking into account all the adsorbed layer or restricting to the inner
sphere only. In the former case, results are shown for the two largest ¢ values on Figure
8a. For o = 1.06 A no correlation is visible, while for 1.17 A the two quantities are anti-
correlated, reflecting the opposite charge induced by an adsorbed ion. In the absence of any
other species, one would expect (Q1) to scale as -0.5 AN. Here we obtain a slope of -0.17,
which points to additional mechanisms, such as changes in the interfacial chloride density
or the reorganization of the water molecules. When the analysis is restricted to the inner
sphere, the anti-correlation is also visible, with a larger slope of -0.32, showing the crucial

role played by these ions on the overall capacitance.

Finally, we have also computed the average charge per plane inside the electrodes. This

12
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FIG. 8. Average charge on the left electrode as a function of the imbalance in the number of
adsorbed cations between the left and right electrodes (black and blue symbols: simulation data;
red line: linear regressions for the o = 1.17 A case). a) All the Na* ions in both the adlayer and in
inner sphere positions are considered b) Only the Na™ ions in inner sphere positions are considered.

Error bars correspond to 95 % confidence intervals.

quantity is shown for the various Gaussian widths (normalized by the total charge of the
electrode) on Figure 9. Contrarily to the case of poor metallic systems, where the charge
decays exponentially when going deeper inside the electrode!?, in the present case we observe
the build-up of charge oscillations, reminiscent of Friedel oscillations, that become more and
more pronounced when o increases. A consequence is that it is necessary to use sufficiently

wide metallic slabs to avoid finite-size effects for large Gaussian widths.

13
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FIG. 9. Average of the total charge per plane normalized by the total electrode charge, (Qr/Q+ot),
as a function of the atomic plane index k for Gaussian widths varying from 0.43 to 1.17 A. k equals

1 for the topmost plane in contact with the electrolyte.

VI. CONCLUSION

We have evidenced the importance of the parameterization of the electrostatic parameters
on the electrode/electrolyte properties. More precisely, changing the width of the Gaussian
charge distribution used to represent the atomic charges in the electrode is an effective
way to tune its metallicity. By focusing on aqueous interfaces with gold electrodes, we have
shown that larger Gaussian widths lead to an increase in the interfacial capacitance — for the
considered nanocapacitors, by a factor 3 in the case of pure water, and even larger for 1 molar
NaCl. The values obtained for the largest Gaussian widths are in much better agreement
(compared to the typical width used in the literature) with experimental data available as
well as with recent ab initio molecular dynamics results. For pure water, the evolution of the
capacitance with the Gaussian width is not accompanied with structural changes, while in
the presence of salt the Na™ cations tend to adsorb significantly on the surface. In particular,
we observe the appearance of an inner sphere adsorption mode on hollow sites of the surface.
These results open the way towards a more quantitative comparison between interfaces of
metallic electrodes and varying electrolytes. For example, it will be very interesting to study

the impact of the metallicity on highly concentrated electrolytes and ionic liquids.

14
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