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Abstract

Molecular dynamics simulations have been used extensively to determine equilib-

rium properties of the electrode-electrolyte interface in supercapacitors held at various

potentials. While such studies are essential to understand and optimize the perfor-

mance of such energy storage systems, investigations of the dynamics of adsorption

during the charge of the supercapacitors is also necessary. Dynamical properties are

especially important to get an insight into the power density of supercapacitors, one

of their main assets. In this work, we propose a new method to coarse-grain simula-

tions of all-atom systems and compute effective Lennard-Jones and Coulomb param-

eters allowing subsequently to analyze the trajectories of adsorbing ions. We focus

on pure 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide in contact with

planar carbon electrodes. We characterize the evolution of the ion orientation and ion-

electrode distance during adsorption and show that ions reorientate as they adsorb.

We then determine the forces experienced by the adsorbing ions and demonstrate that

Coulomb forces dominate at long range while van der Waals forces dominate at short

range. We also show that there is an almost equal contribution from the two forces

at an intermediate distance, explaining the peak of ion density close to the electrode

surface.
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Introduction

Supercapacitors, also known as electrochemical capacitors, have emerged as promising energy

storage devices due to their exceptional power delivery, long cycle life, and fast charge/dis-

charge capabilities.1 They store energy through the formation of electrical double layers

(EDLs) at the electrode-electrolyte interface, leading to the compensation of electrode charges

through reversible adsorption of ions.2 Similarly to the bulk electrolyte transport properties

(diffusion coefficients, electrical conductivity, viscosity), the dynamics of ion adsorption is

influenced by various factors, such as electrostatic interactions, ion size and coordination. It

has a direct effect on the power characteristics of capacitive systems,3 hence it is essential

to describe and understand interfacial properties dynamically at the molecular level in order

to improve the performance of supercapacitors.

Experimentally, there are a number of techniques to probe the electrode / electrolyte in-

terface while applying an electrical potential to supercapacitors. Amongst them, atomic force

microscopy provides precise information on the local structure of the electrolyte at the inter-

face.4 X-ray diffraction, infrared spectroscopy, electrochemical quartz crystal microblance,

neutron scattering techniques, and nuclear magnetic resonance can provide quantitative or

semi-quantitative information regarding ion adsorption / desorption and ion dynamics while

charging.5–7 Nevertheless, experiments are often hard to interpret due to the complexity of

the adsorption processes. In addition, the forces driving the charging mechanisms are difficult

to elucidate experimentally. It is therefore important to study the adsorption mechanisms

fundamentally.

Classical molecular dynamics (MD) is a powerful computational tool for investigating the

behaviour of supercapacitors. By performing MD simulations, it is possible to gain insights

into the intricate processes occurring at the molecular level within these energy storage

devices. Due to their capability to obtain trajectories for large systems (> 10,000 atoms)

and for relatively extended duration (several nanoseconds),8–10 these simulations provide

valuable information on the mechanisms underlying charge storage, ion migration and other
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crucial factors that influence the efficiency and reliability of supercapacitors. In particular,

MD simulations enable the exploration of various aspects of supercapacitor operation, such

as ion diffusion, charge/discharge dynamics, and interfacial phenomena (EDL structure,

EDL dynamic, ion orientation with respect to the electrode etc). In recent years, significant

progress has been made in understanding the complex structure of ionic layers in EDLs

through MD simulation studies. The effects of overscreening and ion packing on the structure

of the EDL and capacitance value have been investigated.11–15 However, most of these studies

have focused on the equilibrium properties of supercapacitors such as the ion density, the

angular distribution of adsorbed ions, and more recently the energy aspects.16,17 Although

some MD simulation studies have investigated the charging dynamics of overall devices,3,18–20

a dynamic analysis of the individual ions adsorption process has yet to be carried out.

To address this, in this work we develop a set of methods allowing to provide a compre-

hensive and dynamic depiction of the ion adsorption process for a system composed of a neat

IL (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, EMIM-TFSI) in contact

with planar carbon electrodes. In particular, we focus on examining the dynamic orientation

of adsorbing ions, as well as comparing the electrostatic and van der Waals (vdW) forces

exerted on these ions throughout the charging process of the supercapacitor. By analysing

the evolution of these quantities over time, we show that ions adsorb at the same time as

they reorient. Once there is a vacancy in the EDL, adsorption is the result of the competition

between the electrostatic and van der Waals forces.

Methods

The MetalWalls software21,22 was used to perform MD simulations of neat EMIM-TFSI in

contact with two graphite electrodes, between which a constant potential difference was

maintained. Figure 1 provides a representative snapshot of the system. The electrolyte

comprises 322 ion pairs, and the electrodes consist of three parallel graphene sheets that are

4



Figure 1: Supercapacitor composed of two graphite electrodes (in grey) in contact with a
pure ionic liquid electrolyte EMIM-TFSI. A constant potential difference is applied between
the two electrodes.

maintained rigid and separated from each other by 3.4 Å. The simulation box has dimensions

of 34 × 37 × 112 Å
3
, with two-dimensional periodic boundary conditions applied in the x and

y directions. No periodic boundary conditions are applied in the z direction, perpendicular

to the electrodes.

In the constant potential method, each carbon atom i of the electrode carries a Gaussian

charge distribution, with a width η−1
i = 0.40 Å in this work. Thus, the charge distribution

of an atom in the electrode will be of amplitude Qi and width η−1
i , such that

ρi (r) = Qiη
3
i π

−3/2e−η2i |r−ri|2 (1)

where r = (x, y, z) is the position considered in the simulation box and ri = (xi, yi, zi) is

the position of the i − th electrode atom. The electrode atom charges fluctuate in order to

satisfy the constant potential condition.23

On the electrolyte side, the charges carried by the atoms are considered to be point
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charges. Thus, the charge distribution of an atom i of charge Qi is given by

ρi (r) = Qiδ (r− ri) (2)

To represent EMIM-TFSI, the all-atom CL&P force field24,25 was employed. This force

field includes electrostatic and van der Waals interactions. Atomic charges are scaled by a

factor of 0.8 to mimic polarizability effects, a technique that has been suggested in previous

studies of bulk liquids.26–29 For van der Waals interactions, a Lennard-Jones potential with

a cutoff of 14.8 Å is implemented, while the Ewald summation method is used to calculate

long-range interactions, with a real space cutoff of 17 Å. The initial configuration of the

system was generated using the PACKMOL software.30 The liquid density was adjusted by

allowing the electrodes to move in the z direction, for a few nanoseconds, using a piston

and applying a pressure of 0 bar on both sides. Once the positions of the electrodes became

stable, a bulk density of 1.6 g.cm−3 was attained, which is very close to the experimental

value at ambient temperature.31

The system undergoes charging by applying potential differences of ∆Ψ = 1 V, 2 V

and 4 V between the two electrodes. The simulations are conducted in the NVT ensemble

with the temperature set to 298 K using a Nosé-Hoover thermostat chain of length 5 with

a relaxation time of 500 fs. A constant applied potential is maintained between the two

electrodes.23 Initially, an equilibration phase is performed at 0 V. Following this equilibration,

a production run of 63 ns is carried out, using a timestep of 2 fs. Figure S3 shows the evolution

of the electrode charge along the simulation.

Results and discussion

In this work, we aim to investigate both structural changes and forces individually expe-

rienced by the ions during adsorption. More specifically, we focus on the adsorption of

EMIM cations on the negative electrodes and TFSI anions on the positive electrodes during
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electrode charging with 1 V, 2 V and 4 V potential differences applied. To emphasize spe-

cific phenomena occurring during adsorption, we have developed a method for dynamically

monitoring the system and statistically studying adsorption.

Interfacial structure and identification of the adsorbed ions

A common way to characterize the liquid structure at the interface with an electrode is to

plot ionic densities. Figure 2 shows the density of EMIM, ρ, as a function of the distance

to the electrode, delectrode, at different times during the charge of the supercapacitor. This

Figure 2: Ionic density of EMIM as a function of delectrode for ∆Ψ = 1V. The first peak
increases when the total electrode charge, Q, increases. The black vertical line represents
the boundary between the first and second adsorption layers, noted zads.

distance is defined here as z− zelec where z is the z-component of the position considered in

the box and zelec is the position of the graphene sheet in contact with the electrolyte. For

quantities where ionic positions are considered, delectrode is defined as zCM − zelec where zCM

is the z-component of the position of the center of mass of the considered ion.

There is a first intense adsorption peak for delectrode ∼ 3.6 Å that increases over time.

Indeed, during the charge of the supercapacitor, counterions adsorb on the electrodes and
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compensate their charge, which leads to an increase in the ion concentration in the first

adsorbed layer. According to this ionic density profile, ions are considered to be adsorbed

if zCM is located between the graphene sheet in contact with the electrolyte and the first

minimum of the ion density, noted zads. For the remainder of this article, analyzes are

conducted only on ions that are not in the first adsorption layer at t = 0 and that are there

once the supercapacitor is charged, i.e. only ions which adsorb during charging.

Evolution of quantities during the adsorption process

In order to generalize the study of the adsorption process, a method for statistically studying

the dynamics of adsorption was developed. This method follows the same strategy as the one

described by Péan et al..32 During the charging of the supercapacitor, the ions that adsorb

are identified and their orientation and the forces acting on them over time are computed.

Subsequently, each ion is then assigned a time tads such that delectrode (tads) = zads, the time

after which the ion is considered to be adsorbed. The orientations and the forces undergone

by the ions are then realigned with respect to tads (t′ = t − tads). This ensures that for all

the ions, the new origin t′ = 0 corresponds to the instant when the ions passes from the

non-adsorbed state to the adsorbed state. In other words, for t′ < 0 the ion is considered

not to be adsorbed and for t′ > 0 the ion is considered to be adsorbed. By aligning all

quantities around the time of adsorption, averages of various properties can be computed and

standard deviations extracted. To correlate local properties during adsorption, large vectors

containing i) all the ion-electrode distances and ii) the observed quantities during adsorption

are generated. It is then possible to plot any property as a function of the electrode distance

and conduct subsequent analyzes. More details about this way of analyzing the trajectories

done are available in SI.
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Structural description

In order to characterize the orientation of the ions with respect to the electrode on which

they are adsorbed, a unit vector normal to the electrode, labelled n, and a vector associated

with each ion, noted u, are defined. For EMIM, u is defined as a vector normal to the plane

of the imidazolium ring. For TFSI, u is defined as the vector linking the two carbon atoms

(Figure 3). The angle θ = n̂·u is used to determine the general orientation of the ions. For

EMIM ions, if θ is between 0◦ and 45◦, the ion is considered parallel to the electrode while

it is considered perpendicular to the electrode if θ is between 45◦ and 90◦. For TFSI ions,

if θ is between 0◦ and 45◦, the ion is considered perpendicular to the electrode while it is

considered parallel to the electrode if θ is between 45◦ and 90◦. Although stricter definitions

could be used, it would not change the conclusions obtained.

Figure 3: Scheme explaining the definition of u vectors for each ion

Figure 4 shows the average distance and orientation of EMIM ions as a function of time,

during adsorption, for ∆Ψ = 1V. The insert shows the variation of the angle as a function of

the distance from the electrode. It can be seen that before adsorption all the ions approach

the electrode in a perpendicular orientation. Indeed, for delectrode between 5Å and 6Å, there

is no variation in the angle θ. When adsorption occurs, the ions reorient themselves parallel

to the electrode at the same time as they enter the first adsorbed layer. Once the ions are
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Figure 4: In blue, average distance between the electrode and the centre of mass of the
EMIM ions that adsorb over time. In orange, average orientation of the EMIM ions that
adsorb over time. Shaded regions indicate the range of statistical uncertainty. The applied
potential is equal to ∆Ψ = 1V. The blue dashed line corresponds to zads, the orange dashed
line corresponds to θ = 45◦ and the vertical black line corresponds to t = 0 ns. Insert:
average angle as function of the distance.

adsorbed, the angle varies linearly with the variation in distance from the electrode. As the

ions reorient, their centre of mass moves and so their distance from the electrode decreases.

Figure S4 reports the raw data for distances and angles, before averaging, showing the

extent of the deviations observed for delectrode and θ. The same behaviour was observed for

all potential differences and for TFSI anions.

Forces description

Following the analysis of the interfacial structure of the ions, the forces felt by the ions during

the adsorption process are determined. Specifically, we investigate electrostatic interactions,

which are characterized by the Coulomb force, as well as van der Waals interactions, which

are derived from the Lennard-Jones potential. The force derived from a potential exerted
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by a particle j on a particle i is given by

Fij = −∇U (rij) =
∂U (rij)

∂rij
× 1

rij
(rj − ri) (3)

where ri and rj are the positions of particles i and j, rij the distance between the two

particles and U the potential energy.

In this analysis, ions are considered as single molecular entities (and not by their indi-

vidual atoms) so the interactions between two ions are defined in terms of the interactions

involving their respective centers of mass. Then, the position of a molecule is determined by

the position of its centre of mass, while its charge is calculated as the sum of all its partial

atomic charges. Since adsorption takes place along the z direction and in order to account

for an ion “field of vision”, we define the neighborhood of an ion as an infinite cone oriented

along z (Figure 5). Only the centres of mass and carbon atoms in this neighborhood of the

adsorbing ion are taken into account when calculating the contributions of the forces. The

dimensions of the cone have been chosen so that at 9 Å (corresponding to the first minimum

of the EMIM-TFSI pair distribution function, see Figure S5) the diameter of the cone is

equal to 10 Å (approximate size of an electrolyte ion). Using the expression for the Coulomb

and Lennard-Jones potential energies given in SI, the equations for the forces are derived.

The Coulomb force exerted by the particle j of charge Qj on the particle i of charge Qi is

given by

FCoulomb
ij = − 1

4πε0

QiQj

r3ij
(rj − ri) (4)

where ε0 denotes the permittivity of vacuum. The Coulomb force between an ion in the

electrolyte and an atom in the electrode is given by

FCoulomb
ij = − 1

4πε0

QiQj

r3ij

(
erf (η rij)−

2√
π
η rije

−(η rij)
2

)
(rj − ri) (5)

where erf is defined as the primitive of a Gaussian function. The force derived from the
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Figure 5: Scheme describing the definition of the neighborhood of an ion in this work. The
two colors represent anions and cations.

Lennard-Jones potential, describing the van der Waals interactions, is given by:

FvdW
ij = 24εij

(
σ12
ij

r14ij
− 2

σ6
ij

r8ij

)
(rj − ri) (6)

To work in the centre of mass representation and in order to compute FvdW
ij , it is necessary

to define a new set of parameters εii and σii corresponding to anions and cations. Following

the method described in SI, the obtained values are σEMIM = 4.02 Å, σTFSI = 5.45 Å, εEMIM =

0.71 kJ mol−1 and εTFSI = 1.05 kJ mol−1.

The z component of the total force exerted on the centre of mass of the ions adsorbing

during the charging of the supercapacitor is then given by

Ftot
ij .ez (t

′) =
∑
j

(
FCoulomb

ij (t′) + FvdW
ij (t′)

)
.ez (7)

where j is the j− th particle contained in the cone (Figure 5) and ez is a unit vector along z.

Figure 6 shows the mean total force felt by the EMIM during adsorption for ∆Ψ = 1V

as a function of the distance from the electrode. For the negative electrode, the EMIM
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Figure 6: z-component of the mean total force felt by the adsorbing EMIM (in magenta)
and number of neighboring EMIM and TFSI ions (in red) as a function of the distance from
the electrode for ∆Ψ =1V. The horizontal dashed lines highlight i) where the total force is
zero and ii) the frontier where total number of ions in the cone is exactly 1. The solid black
line is the cation density profile (arbitrary units) as a guide for the eyes to know which layers
correspond to given distance delectrode.

cations adsorb in the direction opposite to the axis z. So, if the force is directed toward the

electrode, then Ftot
ij .ez < 0 and then the force is attractive. Conversely, if Ftot

ij .ez > 0 the

force is repulsive.

Different regimes can be identified in Figure 6. The force is i) attractive and constant

for delectrode between 6.1 and 12 Å, ii) increasing linearly for delectrode between 4.1 and 6.1 Å,

iii) decreasing and becoming strongly repulsive for delectrode smaller than 4.1 Å. The distance

from the electrode at which a maximum ion density is observed corresponds to the distance

at which the total force cancels out. At this distance, the force is neither repulsive nor

attractive which explains this maximum of density. In addition, it should be noted that the

regime change observed at delectrode ∼ 4.1 Å, coincides with the time at which the ions have,

on average, less than one molecule in their field of vision. This shows that a vacant space

must be available to facilitate the adsorption process. Additional plots showing the results

of the same analysis with TFSI and the statistical uncertainty from the average curves are
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available in Figures S6, S7 and S8.

The kinetic energy of an ion is EK = 1
2
m

(
v2x + v2y + v2z

)
where vα correspond to the

different components of the ion velocity. For delectrode ≳ 4.1 Å and delectrode ≲ 8 Å, v2x and v2y

are close to zero, so the kinetic energy behaves like v2z . Figure S9 shows that the component

of the total force along the x-axis and the y-axis is zero, which is an additional argument for

looking only along the z-axis. For this reason, on Figure 7 we compare the total force felt by

Figure 7: z-component of the mean total force felt by the adsorbing EMIM (in magenta) and
a quantity proportional to the kinetic energy (1

2
⟨vz⟩2, in black) as a function of the distance

from the electrode for ∆Ψ =1V. The black dashed line correspond to the distance from the
electrode where Ftot

ij .ez = 0.

the ion with v2z as a function of the ion-electrode distance. Figure 7 shows that the kinetic

energy reaches its maximum at the distance for which the force is the most attractive, i.e.

for delectrode ≈ zads. In the neighborhood of the distance for which Ftot
ij .ez = 0, the force does

not modify the kinetic energy, the work of the force is zero: the ions diffuse in the plane of

the electrode.

Figure 8 shows the breakdown of the contributions of the van der Waals and Coulomb

forces to the adsorption process. The Coulomb force is attractive over the whole set of

distances, which is due to the presence of an opposite charge on the surface of the electrode.
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Figure 8: z-component of the van der Waals (in blue) and Coulomb forces (in red) as a
function of the distance from the electrode for ∆Ψ =1V.

At long distances this attractive Coulomb force is the major contribution to the total force

and it drives the adsorption of the ion. At short distances a larger contribution from the

van der Waals force is observed, which is due to the Pauli repulsion between the electronic

clouds, and prevent the ion to approach too close to the electrode. Finally, it is worth noting

that in the intermediate region, for delectrode between 4.1 and 6.1 Å the two contributions are

positive and almost equal.

Figure 9 shows the van der Waals force felt by the adsorbing ions as a function of time for

∆Ψ = 1, 2, 4 V. It can be seen that before being adsorbed, the forces experienced by the ions

do not exhibit any variation with respect to the applied potential and remain consistently

attractive. This is expected since this force, by definition, is not contingent upon charge.

Once the ions are adsorbed, the force is essentially repulsive but the standard deviations

of the curves are such that it is difficult to draw conclusions. Indeed, as seen in Figure 8,

once the ions are adsorbed, for small variations in distance there is a large variation in

force. Nevertheless, if one only considers the mean value, it seems that the magnitude

of the repulsive forces increases with the applied potential difference. This is due to the
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Figure 9: Average van der Waals force felt by EMIM (a) and TFSI (b) ions during adsorption
over time for ∆Ψ = 1, 2, 4 V. Note that the y-axis scales are different.

ion-electrode distance decreasing with an increasing applied potential, which consequently

increases the force. Furthermore, the fact that εEMIM is smaller than εTFSI can explain why∣∣FLJ
EMIM.ez

∣∣ is smaller than
∣∣FLJ

TFSI.ez
∣∣.

Figure 10 shows the Coulomb force felt by the adsorbing ions for ∆Ψ = 1, 2, 4 V.

For all applied potentials the forces are attractive and increase at the time of adsorption.

Furthermore, the attractiveness of the force increases with the potential. This observation

is consistent with the idea that when the potential increases, the charge carried by the

electrodes also increases. Consequently, this increased charge amplifies the Coulomb force

experienced by the ions, intensifying the attraction between the ions and the electrodes.

The force felt by the cations is greater compared to the force felt by the anions. This can

be explained by the fact that after adsorption, the centres of mass of the cations are on

average closer to the electrode than for the anions (see Figure S10). It is worth noting

that the quantitative results presented here may depend on the nature of the neighborhood

considered.

The comparison of the average absolute values of forces shown in Figure 11 reveals

that, at equilibrium, the van der Waals forces exhibit greater magnitude than the Coulomb

forces. This is consistent with the recent findings reported by de Araujo Chagas et al with
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Figure 10: Average Coulomb force felt by EMIM (a) and TFSI (b) ions during adsorption
over time for potentials ∆Ψ = 1, 2 and 4 V.

graphene/graphyne electrodes and [EMIM][BF4] electrolyte.17 This figure also shows clearly

Figure 11: Average of the absolute van der Waals force felt by EMIM and TFSI (a) and
average of the absolute Coulombic force felt by EMIM and TFSI (b) after adsorption for
∆Ψ = 1, 2, 4 V. Averages were done after ions are adsorbed, for times t′ ≥ 1..

the dependance of the forces on the applied potential.

Conclusion

The literature concerning the description, through molecular dynamics simulations, of the

EDLs formed by ionic liquids in supercapacitors focused mostly on equilibrium results so far.
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Most of the studies present the ion densities and ion orientations for different electrodes and

electrolytes in order to compare the capacitive properties of the simulated devices. However,

an understanding of the adsorption and charging dynamics of supercapacitors is needed to

improve the performance of such systems. So we have developed methods for generalising

and dynamically describing the ion adsorption process. The method developed here can

be adapted and used for the dynamic study of any observables transiting from state A to

state B, allowing a statistical study of non-equilibrium events. In addition, this method

makes it possible to coarse-grain an all-atom simulation by calculating new parameters for

the Lennard-Jones potential associated with each ion. In this way, we can retain the realism

and precision of all-atom simulations and reach a more generalised analysis thanks to coarse-

graining.

In this work, we focused on a typical supercapacitor, made of two graphite electrodes

separated by pure ionic liquid [EMIM][TFSI] for potential differences of ∆Ψ = 1, 2, 4 V.

Using molecular dynamics, we studied the dynamics of EDL creation by describing the ori-

entation of adsorbing ions in relation to their distances from the electrode, and by analyzing

the forces acting on them.

Firstly, we have seen that EMIM and TFSI ions reorientate as they adsorb, regardless

of the potential applied. The closer the ions are to the electrode, the more they tend to be

parallel to it. We have seen that this tendency varies linearly with the distance from the

electrode, i.e. reorientation occurs simultaneously to the adsorption.

Secondly, we described and detailed the contributions of the van der Waals and Coulomb

forces acting on the ions during adsorption. We have seen that Coulomb forces dominate at

long range while van der Waals forces dominate at short range. In addition, we saw that

there was an almost equal contribution from the two forces at an intermediate distance.

Interestingly, at short range, both contributions can depend on the potential applied, as a

consequence of the reduced ion-electrode distance.

In the future, the method developed here could be applied to more complex materials,
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such as MoS2,
33 MXenes,34 etc, for which the presence of a variety of elements may change

the balance between the main interactions, leading to different adsorption processes. The

method could further be used to explore the case of nanoporous materials, in particular with

different functional groups which have been shown to affect ion dynamics.35 In this case, it

would be necessary to account for their complex geometries by adapting dedicated tools36

in particular when detailing the forces experienced by the ions during adsorption.
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