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Fully harnessing electrochemical interfaces for reactions requires a detailed understanding of solvent effects
in the electrochemical double layer. Predicting the significant impact of solvent on entropic and electronic
properties of electrochemical interfaces has remained an open challenge of computational electrochemistry.
Using molecular dynamics simulations of silver-water and silver-acetonitrile interfaces, we show that switching
the solvent changes the signs for both the charges of maximum capacitance (CMC) and maximum entropy
(CME). Contrasting the capacitance and CME behavior of these two interfaces, we demonstrate that the
preferred orientation of the solvent molecule and the corresponding charge density determine the sign of the
CMC and CME, and hence, the qualitatively-different charge asymmetry of the electrochemical interface.

The molecular structure of the electrochemical double
layer plays a key role in catalysis by determining both
the access of reaction species to the electrode and the
subsequent reaction mechanisms.1 Solvent molecules can
block reactants, facilitate access to the electrode, or act
as reactants in industrially-relevant electrochemical reac-
tions such as the hydrogen evolution reaction, the oxygen
reduction reaction, and the hydrogenation of acetonitrile
for chemical manufacturing.2 The molecular structure of
the double layer changes as the electrode charges, chang-
ing the capacitance3,4 and entropy.5 We recently showed
using molecular dynamics (MD) simulations of aqueous
interfaces that both capacitance and entropy are asym-
metric with electrode charge, with charges of maximum
capacitance (CMC) and entropy (CME) both negative,
but with distinct magnitudes.6,7 However, the relation-
ship between the molecular structure of the double layer
and the charges of maximum capacitance and entropy is
yet to be unraveled.

Here, we predict CMC and CME from MD simula-
tions of Ag(100) interfaces with water and acetonitrile to
identify the solvent effects on these quantities. We first
compare MD simulations with explicit electrolyte against
those with a pure-solvent + continuum electrolyte (i.e.,
an explicit solvent layer followed by region with solvent
plus a continuum electrolyte), and observe only modest
changes in both the CMC and CME, in agreement with
small changes of the potential of maximum entropy with
electrolyte in experiments.8,9 In contrast, we find signifi-
cant contributions to both the CMC and CME from the
solvent, and find that their origins lie in the same molecu-
lar phenomenon. The molecular properties of the solvent
determine the sign of the CMC and CME, with both flip-
ping from negative for water to positive for acetonitrile.

Molecular dynamics simulations of an aqueous NaF -
Ag(100) interface find that the electrochemical capaci-
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tance increases for negatively charged interfaces, reach-
ing a maximum at a CMC of -3.7 µC/cm2(Fig. 1(a)).7

Here, we replace the explicit NaF electrolyte with a con-
tinuum electrolyte beyond an inner-layer width parame-
terized by z2 (discussed below). Figure 1(a) shows that
z2 controls the overall magnitude of capacitance, but does
not affect the shape of the capacitance curve, with the
maximum remaining at a CMC of -3.1 µC/cm2. The con-
tinuum electrolyte predictions for a physically-reasonable
inner-layer width of z2 ≈ 3 Å closely match the explicit
electrolyte predictions: the CMC is slightly smaller, but
the peak shape and the most of the charge asymmetry is
captured well. This indicates that the inner layer capac-
itance is determined by the solvent and is not modified
substantially by the ions in a non-adsorbing electrolyte.3

Briefly, to predict electrochemical capacitance and en-
tropy from pure-solvent MD simulations + continuum
electrolyte, we apply an electric field to the solvent us-
ing charge densities ±σ on two electrodes in a simu-
lation cell that is periodic in x, y and non-periodic in
the z-direction (Fig. 1(b)). (See SI for further simula-
tion details.) We then fit the linear electrostatic po-
tential profile in the central bulk region to extract the
field-dependent dielectric constant ϵb(σ) from the slope
and the intercepts ϕint(+σ) and ϕint(−σ) on both elec-
trodes (Fig. 1(c)), where σ = D, the externally ap-
plied electric field throughout the solvent region. From
these quantities and the vacuum permittivity ϵ0, we can
reconstruct the effective inner layer potential ϕil(σ) =
ϕint(σ) − z1σ/ϵ0 + z2σ/(ϵ0ϵb(σ)), where z1 accounts for
the distance between the electrode atoms and its charge
response plane (∆z in Ref. 6), while z2 is the width of the
solvent-only ‘inner-layer’ region of the electrochemical in-
terface as in the Gouy-Chapman-Stern model. Note that
we use the bulk permittivity ϵb(σ) only to define the inter-
face potential ϕint(σ), as a way of neatly separating bulk
and interface contributions between these two charge de-
pendent functions. The actual permittivity changes dra-
matically near the interface (where the potential oscil-
lates in Fig. 1(c)) and is captured within ϕint(σ) in our
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FIG. 1. (a) The charge-asymmetric capacitance from molec-
ular dynamics simulations of 1 mol/liter aqueous NaF elec-
trolyte interfaces6,7 is closely matched by pure-solvent + con-
tinuum electrolyte beyond an inner-layer width z2 ≈ 3 Å,
indicating that the solvent determines the sign of the charge
asymmetry of the capacitance. (b) These predictions start
from electrified pure-solvent interface simulations, and (c) use
the electrostatic potential profile, ϕMD(z), to extract field-
dependent dielectric constant ϵb(σ) and intercept ϕint(σ). The
inner layer potential ϕil(σ) accounting for electrode charge re-
sponse location z1 and inner-layer width z2 is (d) combined
with Debye-model diffuse layer potential ϕd(σ) to predict the
overall half-cell potential profiles, ϕmodel(z), and electrochem-
ical capacitance.

approach. Finally, we calculate the overall potential in
the electrochemical interface as ϕ(σ) = ϕil(σ) + ϕd(σ),
where ϕd(σ) is the potential across the diffuse layer at a
specified ionic concentration from the Debye model (see
SI), effectively constructing the potential of the half-cells
shown in Fig. 1(d), and predict the differential capaci-
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FIG. 2. (a) Water and acetonitrile exhibit opposite charge
asymmetry in capacitance, with charge of maximum capaci-
tance (CMC) negative for water and positive for acetonitrile.
(b) The charge of maximum entropy (CME), located by the
zero crossing of dV/dT , is also negative for water and positive
for acetonitrile. The CME and CMC are distinct for water,
but comparable within error bars for acetonitrile. The above
results are based on a pure-solvent inner layer combined with
a 1 mol/liter continuum electrolyte diffuse layer. (c) The field-
dependent dielectric constant is symmetric by definition, and
all asymmetry in the inner layer potential leading to the CMC
and CME arises from (d) the intercept potential ϕint(σ) (see
Fig. 1(c) for definition).

tance C(σ) = dϕ(σ)/dσ. This allows us to predict the
overall capacitance of ideal electrochemical interfaces for
different ionic concentrations starting from a single set
of pure-solvent MD simulations. As discussed above,
we find that z2 = 3 Å of solvent, plus continuum elec-
trolyte, reasonably captures the explicit 1 mol/liter elec-
trolyte predictions, while the electrode-plane distance
z1 = 0.46 Å remains unchanged from the explicit elec-
trolyte simulations.6,7

Now that we have shown that solvent MD + contin-
uum electrolyte closely approximates explicit electrolyte
MD simulations with z1 = 0.46 Å and z2 = 3.0 Å,
we fix these parameters as well as the continuum elec-
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trolyte concentration of 1 mol/liter and investigate the
solvent dependence. Figure 2(a) shows that water and
acetonitrile exhibit opposite asymmetry in the capaci-
tance, with charges of maximum capacitance (CMC) of
(−3.1 ± 0.3) µC/cm2and (+4.4 ± 0.6) µC/cm2 respec-
tively. Next, to predict asymmetry in the entropy of the
interface, we simulate heating of the interfaces, directly
mimicking experimental measurements of the charge of
maximum entropy (CME).10 Specifically, from the ther-
modynamic relation ∂S/∂σ|T = −∂V/∂T |σ, where V is
the interface potential difference, the maximum of en-
tropy S(σ) occurs where ∂V/∂T |σ crosses 0 with a pos-
itive slope. From the ∂V/∂T |σ shown in Figure 2(b),
computed from a finite difference of MD simulations at
298 K and 318 K,6 we see that water and acetonitrile
also exhibit opposite asymmetry in entropy with CMEs
of (−5.8±0.3) µC/cm2and (+4.7±0.6) µC/cm2 respec-
tively. The uncertainty in the capacitance (shaded re-
gions in these figures), and hence in the CMC and CME,
are calculated by resampling from five independent MD
simulations at each charge, as discussed in Ref. 6. Note
that the sign of the CMC and CME are identical for each
solvent. Their magnitudes differ for water, but for agree
within the uncertainties for acetonitrile.

To break down the contributions to the capacitance
and entropy predictions, Figure 2(c) and (d) respectively
show the bulk dielectric constant ϵb from the slope and
the intercept ϕint of the MD electrostatic potential pro-
files (defined in Figure 1(c)). The bulk dielectric constant
decreases symmetrically with increasing charge magni-
tude, due to dielectric saturation with the applied electric
field E = σ/ϵ0. This saturation is captured well by the
Booth equation for bulk water and acetonitrile,11,12 and
is relevant for electrochemical interfaces with ϵb reducing
by more than a factor of 2 over the range of relevant elec-
trode charges.13 This bulk ϵb is relevant in determining
the diffuse-layer and hence the total capacitance, but is
distinct from the changes in the interface dielectric con-
stant. These changes are captured within ϕint, which
encapsulates all interfacial contributions in the present
approach. Since ϵb is symmetric by definition, all the
asymmetry in the capacitance and entropy is necessarily
from the intercept potential, ϕint. Note that the ϕint at
zero charge has opposite signs for water and acetonitrile,
increases monotonically with charge and crosses zero at
negative and positive signs respectively. However, the
zero-crossing of ϕint is not directly connected to CMC or
CME; the capacitance contribution from the interface is
related to the second charge derivative ∂2ϕint/∂σ

2, while
the entropy contribution is related to the temperature
derivative ∂ϕint/∂T .

To connect CMC and CME to the molecular behav-
ior of the solvent at the interface, Figure 3 compares
the solvent charge density distribution and its temper-
ature derivative at the interface for various electrode
charges. Note that the solvent response is expected
to dominate the overall charge response in the inner-
layer region shown here, an idealized interface of a sil-
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FIG. 3. Spatial distribution of solvent charge density ρ and
its temperature derivative for (a, b) water and (c, d) acetoni-
trile, near electrodes with varying surface charge densities σ.
The peak of ρ closest to the neutral electrode is positive for
water and negative for acetonitrile, and this peak moves closer
to the electrode with increasing temperature, leading to the
same behavior for the closest peak of dρ/dT . This common
molecular orientation preference of the solvent at the inter-
face, H-facing for water and CN-facing for acetonitrile, lead
to a common sign for CMC and CME (opposite between sol-
vents), but with different magnitudes in general.

ver electrode and weakly interacting, non-adsorbing elec-
trolyte. The charge density of water closest to the elec-
trode is positive at zero electrode charge (gray line in
Figure 3(a)), indicating an interfacial water orientation
with the hydrogen slightly closer to the electrode on av-
erage. This slight charge imbalance, with a small posi-
tive (negative) charge density near (away from) the elec-
trode is consistent with experimental predictions of wa-
ter molecules in a flat orientation at neutral silver-water
interfaces.14,15 This charge density increases in magni-
tude for negative electrode charges, but for positive elec-
trode charges, decreases in magnitude first, then crosses
zero (near σ = 8 µC/cm2) and finally increases in magni-
tude with oxygen now facing the electrode. Additionally,
the location of the charge density is much closer to the
electrode when the hydrogen faces the negative electrode,
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compared to when the oxygen is next to the positive elec-
trode. This molecular behavior leads to a stronger sol-
vent response to negative charges, leading to a negative
CMC, as discussed previously.6

The above behavior is reversed overall from water to
acetonitrile. The solvent charge nearest the neutral elec-
trode (gray line in Figure 3(c)) is negative, indicating the
CN end of the molecule facing the electrode. For large
enough magnitude of σ < 0, this charge density flips
positive, with CH3 facing the electrode. This behavior
is in agreement with Sum Frequency Generation (SFG)
measurements on Pt electrodes, where acetonitrile binds
strongly,16 and reversibly flips between CH3 and CN to-
wards the metal at low and high potentials respectively.17

For acetonitrile, the negative (CN) solvent charge ap-
proaches the positively charged electrodes more closely
than the positive (CH3) solvent charge approaches the
negative electrodes, leading to stronger charge response
for σ > 0 and hence a positive CMC. Thus, the opposite
sign of CMC for water and acetonitrile stems from the
closer electrode approach of the positive H end of wa-
ter and negative CN end of acetonitrile, compared to the
negative O and positive CH3 ends respectively.

To understand the entropy response and CME, we need
to compare the behavior of ρ and dρ/dT for both solvents.
To relate the charge of maximum entropy to the molecu-
lar interaction at the interface, we first consider the neu-
tral interface. For the neutral interfaces of both water
and acetonitrile, the peaks of ρ closest to the electrode
in Figure 3(a, c) line up with the zero crossings of dρ/dT
in Figure 3(b, d) (connected by grey vertical lines). This
signature, along with the direction of zero crossing, cor-
responds to a charge density that moves closer to the
electrode with increasing temperature. This is expected
from a thermodynamic standpoint: as the temperature
increases, more thermal energy is available to overcome
the repulsive potential at the interface. In contrast, for
the highly charged electrodes with σ = ±15 µC/cm2,
the peaks of ρ line up with opposite peaks of dρ/dT
(green and magenta vertical lines), which indicates that
the ρ peak primarily broadens with increasing tempera-
ture. The commonality of these behaviors lead to the sign
of ρ and dρ/dT nearest the interface being linked. This
leads to the CMC and CME having the same sign in gen-
eral, as they stem from the same molecular orientation
preferences, but they could differ in magnitude as that
depends on further details of the overall complex charge
distributions and temperature derivatives in Figure 3.

Finally, to aid direct experimental comparisons, Fig-
ure 4 plots the simulated capacitance as a function of
electrode potential (instead of electrode charge in previ-
ous figures). Additionally, we present results for several
ionic concentrations in the diffuse capacitance contribu-
tion, approximated using the Gouy Chapman model (es-
sentially the nonlinear Poisson-Boltzmann model). For
both water and acetonitrile, the capacitance drop is cen-
tered at the potential of zero charge when the ionic con-
centration is sufficiently low, irrespective of the asym-
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FIG. 4. Capacitance as a function of ionic concentration by
combining a modified Poisson-Boltzmann model of the elec-
trolyte with the inner layer potential from molecular dynam-
ics simulations for (a) water and (b) acetonitrile. Low diffuse
layer capacitance of the neutral electrode leads to a dip in
the capacitance for low ionic concentrations centered at the
potential of zero charge, independent of the asymmetry in the
capacitance introduced by the solvent.

metry of the solvent response which affects the shape of
the capacitance curves at larger magnitudes of potential.
However, the capacitance curves for both water18 and
acetonitrile appear to be narrower than those observed
experimentally.

This underestimated width of the capacitance curves
may be caused by missing chemisorption interactions
in our simulation. Specifically, a classical force field
may not be able to adequately represent the intrinsically
quantum-mechanical strong attraction of the water to the
metal interface, beyond the average metal-molecule inter-
actions captured by parameterizing the wall interaction
to DFT (see SI). AIMD simulations of the aqueous dou-
ble layer of Pt(111)19 suggest that chemisorption of water
onto the electrode surface leads to the experimentally ob-
served bell-shaped capacitance feature.20 The chemisorp-
tion of water to silver interfaces is believed to be weaker
than that of platinum, but the electronic interaction is
still strong enough to significantly shift the potential of
zero charge (PZC) away from its expected value based
on the work function,21 and so may still play an impor-
tant role in determining the capacitance. Note however
that the ab initio molecular dynamics simulations are
typically coupled with a capacitance model for the bulk
solvent that is constant with potential,19 and thus may
not adequately describe the solvent contributions to the
capacitance that are captured by the longer and larger
classical MD simulations presented here.
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For acetonitrile, we note that qualitatively the Ag-
acetonitrile interface for both NaF and LiClO4 electrolyte
has increasing capacitance with potential across the po-
tential of zero charge22,23. A more quantitative compar-
ison of the capacitance curve width is difficult for ace-
tonitrile because of the experimental challenges with the
chemical stability of the interface, including oxidation of
the surface and contamination by solvent impurities.22,23

In conclusion, we related the CMC and CME to the
molecular behavior of the solvent, and compared the
opposite-charged behavior of the silver interface with ace-
tonitrile and water. Continuum treatment of ions does
not significantly change the CMC or CME compared to
explicit MD simulations of ions, allowing us to system-
atically investigate solvent effects in water and acetoni-
trile, and setting the stage for expanding this analysis to
several more solvents in future work. The natural orien-
tation of solvent molecules at the neutral electrode leads
to closer charge approach to electrodes of one charge sign
compared to the other, which leads directly to the com-
mon sign of the CMC and CME. The overall shape of
capacitance from these classical MD simulations does not
match experiment perfectly, likely due to missing solvent
chemisorption. Future work is needed to combine such
effects captured naturally in AIMD with the longer sam-
pling times and larger bulk regions captured in our classi-
cal MD simulations. This includes extending the present
approach to pure-solvent AIMD + continuum electrolyte
as a strategy to reduce the required time scales.24 Com-
binations of electronic DFT with classical MD,25 AIMD
simulations and the detailed solvent response models de-
veloped here hold promise for a more complete picture of
electrified electrochemical interfaces.

SUPPLEMENTARY MATERIALS

See supplementary information for details of the molec-
ular dynamics simulations in the LAMMPS,26 including
force field details for water (SPC/E)27 and acetonitrile,28

parametrization of silver-solvent interactions from elec-
tronic density functional theory calculations in JDFTx,29

and input files and analysis scripts for all results pre-
sented above.

Note: Certain software are identified in this paper to
foster understanding. Such identification does not imply
recommendation or endorsement by the National Insti-
tute of Standards and Technology, nor does it imply that
the software identified is necessarily the best available for
the purpose.
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