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ABSTRACT: The unique properties of graphene make it an ideal
material for electrochemical studies, particularly of the electro-
chemical double-layer. However, experimental studies generally
require depositing graphene on substrates like gold, that may affect
the electronic structure of the electrode and thus the ions
adsorption properties. This study explores the impact of gold
substrates on graphene electrochemical behavior using molecular
dynamics. Two systems were compared: graphene on gold (Gr@
Au) and standalone graphene (Gr), with ionic liquid ([EMIM]-
[TFSI]) as the electrolyte. The model accounts for the different
metallic behavior of graphene and gold under the various applied
potentials. Despite a similar electrolyte structure, the interfacial
capacitance is affected, which can be attributed to different charge
distributions within the electrode. The variations of the van der Waals and Coulomb energies also show some differences in the
presence of gold, in particular for low potentials.
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■ INTRODUCTION
Owing to its peculiar properties, graphene is widely
investigated as an electrode material for various electro-
chemical applications.1 In particular, its structure is simple and
very stable. Unlike metals such as gold, there is no surface
reconstruction under an applied potential, so that it is believed
to be a perfect candidate for fundamental studies of the
electrochemical double-layer (EDL). However, some difficul-
ties arise when setting up the actual experiments. Indeed, it is
difficult to perform measurements on freestanding graphene
monolayers, so that they are generally deposited on a substrate.

For example, among the variety of experimental methods
allowing to study the EDL, Electrochemical Quartz Crystal
Microbalance (EQCM) stands as a powerful tool. It allows to
investigate ion fluxes and redox reactions in electrochemical
systems such as supercapacitors, batteries, and fuel cells.2−8 In
a nutshell, EQCM measures variations in the quartz crystal
oscillations, related to the adsorbed mass on an electrode, for
various applied potentials during an electrochemical experi-
ment. To achieve this, the quartz crystal is sandwiched
between two gold electrodes, allowing it to oscillate. It is then
possible to deposit specific electrode materials on the gold to
study the underlying energy storage mechanism.

EQCM is specially well adapted for nanoporous materials
such as carbon or 2D materials such as graphene or MXene.
For example, the deposition of a single layer of graphene on
one side of the EQCM5,6 enabled a dynamical study of

adsorption of ionic species on this surface. However, results are
generally analyzed by accounting only for the deposited
material, while the underlying gold layer could play an
important role, in particular when nanometer thin materials
are involved. Similar problems can arise when using other
surface-specific spectroscopy or microscopy techniques. Such
methods being increasingly used to investigate energy storage
and conversion systems, it is thus important to study the
influence of the substrate on the electrochemical response of
the material and on the adsorption of ionic species on the
surface. In previous works, we have studied the influence of the
presence of a liquid on the adsorption properties of water
nanodroplets9 and on the adsorption of electrolytes within
graphene nanopores.10 Here we focus on the more difficult
case of gold, which was chosen as a typical metallic substrate
that may influence the EDL structure and properties.

The presence of a gold substrate between the graphene layer
can have two distinct effects on the interactions between the
various atoms and molecules within the electrochemical
double-layer. First, it displays a strong attractive interaction.
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This effect was put in evidence in classical molecular dynamics
(MD) simulations, in which it was at the origin of the
“freezing” of an ionic liquid electrolyte in direct contact with
it.11,12 In the simulations, this attraction is due to the Lennard-
Jones parameters attributed to gold atoms, such as the ones
provided by Heinz et al.,13,14 that usually display a deep
potential well. The latter is approximately 100 times larger than
the one of carbon, which drastically modifies the interactions
between the electrode and the electrolyte. Being short-ranged,
this effect is expected to play a role only in the case of
subnanometer thin deposited materials. Second, due to the
contact between the two electronic conductors, an alignment
of the Fermi levels accompanied by a charge transfer15,16

should occur whose extent depends on a number of
parameters, such as the type of adsorption of graphene on
gold, the distance between layers, the applied potential,15 etc.
The presence of gold is therefore expected to alter not only the
dynamics of the electrolyte but also the electronic structure of
the material.

These two effects are therefore expected to play a
particularly important role in the case where the investigated
material is graphene. Indeed, it is possible to deposit
monolayers of graphene on gold, which would result in the
electrolyte being in the attractive region of the gold potential.
In addition, graphene has a complex electronic structure near
the Fermi level that can drastically be changed by the influence
of gold. To study the influence of these effects, two systems
were investigated and compared using MD simulations. The
first system, designated as “Gr@Au”, consists in nine gold
layers (111) covered with a graphene layer as electrodes, and
the neat ionic liquid 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide ([EMIM][TFSI]) as electro-
lyte. The second system, designated as “Gr”, is the same but
without the gold layers. A state-of-the-art approach, aiming at
approximating the density of electronic states of the material
depending on the applied potential,17 is applied to represent
the electrodes. We analyze the influence of gold on the
capacitive behavior and dynamics of the system, and on the
charge distribution on the electrodes. We also investigate the
influence of energetics related to the gold electrode on the
electrode/electrolyte interactions and on ion dynamics within
the electrical double layer.

■ METHODS
The MetalWalls software18,19 was used to perform molecular
dynamics (MD) simulations of neat [EMIM][TFSI] in contact with
two graphene (Gr), or graphene/gold (Gr@Au), electrodes, between
which a constant potential difference was maintained. The electrolyte
comprises 326 ion pairs. The simulation boxes have respective
dimensions of 34 × 37 × 120 and 34 × 37 × 167 Å3, with 2D periodic
boundary conditions applied in the x and y directions−no periodic
boundary conditions are applied in the z direction, perpendicular to
the electrodes.20 Typical snapshots of the two simulated systems are
shown in Figure 1.

In the constant potential method, each electrode atom i carries a
Gaussian charge distribution with a width i

1 and an amplitude Qi

given by

= | |Qr( ) ei i i
r r3 3/2 i i

2 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 ith electrode atom. The
electrode atom charges fluctuate in order to satisfy the constant
potential condition.20,21

In this work, the Gaussian width of the carbon atoms varies with
the applied potential as a way to represent the peculiar density of
states of graphene.17 The Gaussian widths are given in Table 1. The

width of the Gaussian for gold atoms has been set in MetalWalls as
= 1.0591ÅAu

1 . This value is much larger than the one for graphene
atoms whatever the potential; it reflects the highly metallic character
of gold and has been chosen so that the capacitance is in agreement
with the experimental data when modeling water in contact with gold
electrodes.22 In that case the Gaussian width is kept fixed with the
applied potential. Each case was performed once for each condition.

On the electrolyte side, the charges carried by the atoms are
considered to be point charges − note that no fluctuating charge
model has been developed for ionic liquid electrolytes so far. Thus,
the charge distribution of an atom i of charge Qi is given by

= Qr r r( ) ( )i i i (2)

To represent [EMIM][TFSI], the all-atom CL&P force field23,24

was employed. This force field includes intramolecular terms as well
as 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 dense liquids.25−28 The
force field used for gold is the one developed by Heinz et al., which
was widely used in previous studies,11,12,14,29−31 while the one for the
carbon atoms of the electrode is the one recently developed by
Goloviznina et al.17 A cutoff of 14.8 Å is used for van der Waals
interactions, while the Ewald summation method is used to calculate
long-range Coulombic interactions, with a real space cutoff of 17 Å.
The initial configuration of the system was generated using the
PACKMOL software.32 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 of the system.
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 for the studied ionic liquid.33

The simulations are conducted in the NVT ensemble using a time
step of 2 fs. The temperature is set to 298 K using a Nose−́Hoover
thermostat chain of length 5 with a relaxation time of 500 fs. A
constant applied potential is maintained between the two electro-
des.20 Initially, an equilibration phase is performed at 0 V with a
duration of 40 ns. Following this equilibration, a production run of 20
ns is carried out during which a constant nonzero potential is applied.

Figure 1. Supercapacitor composed of two graphene (Gr) electrodes
at the top, or two graphene@gold (Gr@Au) electrodes at the bottom,
in contact with a pure ionic liquid electrolyte [EMIM][TFSI]. Gray:
graphene atoms, gold: yellow atoms.

Table 1. Parameter η−1 Used to Simulate Graphene
Electrodes as a Function of Applied Potential ΔΨ

ΔΨ (V) 0.0 0.2 0.5 1.0 2.0 4.0

C
1 (Å) 0.04 0.1045 0.2395 0.4875 0.4 0.4
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■ RESULTS AND DISCUSSION

Effect of Gold Substrate on the Electrode Capacitance

After an initial equilibration at 0 V, a nonzero potential
difference, between 0.2 and 4 V, is applied to the two systems.
The time t = 0 ns corresponds to the moment at which the
potential is applied. Figure 2 represents the total charge carried
by the positive electrode over time at different potentials. As
expected, the larger the potential applied, the larger the charge
building up on the electrodes. At first sight, the two systems
behave in a similar fashion. However, the main differences are
expected to occur at small potentials, when the graphene
electrode has a smaller number of available electronic states.
To better characterize and compare the charging process for
the two systems and the various potentials applied, the curves
were therefore fitted with an equation of the form Qeq(1 −
e−t/τ) where Qeq is the charge carried by the electrode at
equilibrium and τ is the characteristic time. The capacitance of
the full capacitor was then calculated following Cint = Qeq/ΔΨ.

The obtained results for Cint and τ are plotted in Figure 3.
The error bars associated with the capacitance values were
calculated from the charge fluctuations around the mean value
of the equilibrium charge Qeq after the equilibrium is reached,
and the error bars associated with the values of τ are obtained
from the covariance matrix of the fit. Due to a large uncertainty
for the evaluation of τ for the lowest applied potential (0.2 V),
this point was omitted on the Figure. The capacitance in the
presence of gold is larger than the capacitance of graphene
alone which is consistent with previous work on graphite

electrodes,17 in which it was shown that accounting for the
density of states in the electrode model lead to a drastic
decrease of the capacitance at low potentials, an effect which is
generally accounted for within a so-called “quantum
capacitance” term.34 In the present work, this effect is
accounted by adjusting the electrode charges Gaussian width
as discussed in the Methods section. For higher applied
potential differences, a decrease in capacitance is observed
independently of the nature of the system. This is due to a
phenomenon of overscreening that intensifies as the potential
increases.35,36

Although it is not straightforward to compare the calculated
capacitances with experimental values since the latter are
generally reported for single electrode studies (while our
integral capacitance accounts for the two EDLs capacitances,
which are in series), we note that the order of magnitude is in
good agreement with recent measurements by Yang et al.37

They report values ranging between 1 and 5 μF cm−2 for the
positive electrode with a single layer of graphene deposited on
a SiO2 substrate, which is consistent with our results with the
standalone graphene electrode (typically Cint would have to be
multiplied by two if the two double-layer have similar
capacitances). This is coherent since SiO2 is not expected to
have a similar effect as Au on the electronic structure of
graphene, being an electronic insulator.

While the difference in capacitance could be due to
modifications of the electrolyte structure, the charge
distribution in the electrodes or a combination of both,
Supplementary Figure S1 shows that there is no major

Figure 2. Total charge on the positive electrode, Qtot, as a function of time for potential differences ΔΨ = 0.2, 0.5, 1, 2, 4 V, for the gold/graphene
electrodes (left panel) and the graphene electrodes (right panel).

Figure 3. Integral capacitance (left panel) and characteristic charging time (right panel) as a function of the applied potential difference for the
systems with and without gold.
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difference between the atomic densities between the systems
with and without gold substrate. It thus seems that the
difference is mostly due to the charge distribution in the
electrodes and on the charge response properties as controlled
by the underlying model.

Similar differences are also observed between the two
systems concerning the characteristic charging times. It can be
seen that the charging dynamics are, in the case of low
potentials, slower in the presence of gold electrodes. This
suggests that, indeed, the presence of gold has an influence on
the dynamics of the electrolyte at the interface with the
electrode which in the turn has an impact on the charging
dynamics. Such a result is not surprising since for such planar
interface the charging time is expected to scale as τ ≈ R Cint
where R is the resistivity, that should barely change between
the two systems. The variation in the characteristic time can
therefore be attributed to the changes in capacitance due to the
gold substrate.
Effect of Gold Substrate on the Charge Carried by
Graphene

To investigate the charge distribution in the electrodes, we first
analyze how the charge distributes between the graphene layer
and the gold material. The left panel of Figure 4 shows the
total charge carried by each electrode plane where

corresponds to the 9 gold planes index. The n
= 9 is the gold plane furthest away from the electrolyte, n = 1 is
the gold plane in contact with the graphene and n = 0 is the
graphene plane itself, in contact with the electrolyte. As
expected, the graphene layer in contact with the electrolyte
carries the largest excess charge, consistently with previous
works.38 Then, from one plane to the next, the excess charge
sign alternates, in agreement with charge compensation
processes. The excess charge, i.e. the amplitude of these
oscillations, increases with the applied potential and decreases
with the depth within the bulk of the electrode. This behavior
is consistent with previously published works.39

The right panel of Figure 4 shows the total charge carried by
the graphene layer with and without the presence of gold as a
function of the potential difference. This outer surface charge is
larger in the presence of gold, which is consistent with the
increase of capacitance reported above. This effect can be
attributed to the larger metallicity of the gold electrode as
represented within our model.

Figure 5 shows the distribution of atomic charges carried by
the graphene electrode with and without the presence of gold.
We can see that there are differences in the distributions (i)

between the negative and positive electrodes, and (ii) between
the systems with and without gold. The difference between the
negative and positive electrodes is expected since the ions
adsorbed are not the same depending on the polarity. On the
negative electrode side, EMIM cations are present in majority
while on the positive electrode TFSI anions dominate. The
adsorption of ions locally modifies the charge response of the
electrode, so the adsorption of TFSI or EMIM will not result in
the same electrical response at the surface of the material. Such
asymmetric behavior between negative and positive electrodes
have already been observed in the literature.39,40 Also, at low
voltage, the charge distribution exhibits a double peak, which
transitions to a single peak at higher voltage. The type of
adsorbed ion locally alters the electrode response, making the
composition of the first adsorption layer crucial to the
observed atomic charge distribution. At higher potentials,
this layer primarily consists of counterions, whereas at lower
potentials, it includes a mix of counterions and co-ions (see
Figure S2 in SI). This leads to a more diverse charge response
at low potentials, with the double-peak distribution vanishing
as the potential increases. We note that in a previous work on
graphene-aqueous electrolyte using a QM/MD approach,

Figure 4. Left panel: Total charge carried by each of the n planes of atoms which form the Gr@Au electrode (n = 0 corresponds to the graphene
plane and n ≥ 1 the gold planes). Right panel: Average value of the total charge carried by the graphene electrode once the system has reached
equilibrium, Qeq,Gr, as a function of the applied potential difference.

Figure 5. Distributions of atomic charges carried by the carbon atoms
of the graphene electrodes, on both the negative (top panel) and
positive (bottom panel) electrodes for the Gr@Au and Gr systems.
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Elliott et al. also observed a nontrivial distribution of the
electrostatic potential felt by the carbon atoms.41

Regarding the effect of gold, its presence modifies the
interactions between the electrode and the electrolyte and also
between the gold electrode and the graphene electrode. The
effect of the modified interactions between electrode and
electrolyte on the adsorbed electrolyte properties will be
investigated in more details in a later section. In the presence
of gold, the whole charge distributions are shifted toward larger
values, for both the negatively and positively polarized
graphene electrode compared to when gold is absent - note
that a similar behavior is also observed for smaller applied
potentials (shown for ΔΨ = 0.2 and 0.5 V in SI). It is worth
noting that the effect is more pronounced on the side of the
distributions corresponding to the larger atomic charges.
Effect of Gold Substrate on Charge−Charge Correlation
Functions
In order to study the difference in the spatial correlation of the
charges on the atoms of the graphene layer in the presence or
absence of the gold layer, we calculated radial charge−charge
correlation functions in the graphene layer following

=C
Q Q Q Q

Q Q

r r
(r)

( ( ) )( ( ) )
s

i ji jtot tot

tot
2

tot
2

(3)

where Qi(ri) is the charge carried by the ith atom of the
graphene electrode identified by the coordinates ri = (xi, yi) as
shown in Figure 6. The distance between atoms i and j is r = |ri

− rj|. The symbol ⟨·⟩ represents an average over the
configurations. This analysis is similar to the one conducted
by Scalfi and Rotenberg.42 Examples of charge−charge
correlation functions at applied potential differences equal to
1, 2 and 4 V are shown in Figure S4.

According to the definition of the charge−charge correlation
function, the closer it is to 1, the larger the correlation between
the charges of the two atoms. On the other hand, the weaker
the correlation between charges, the closer the correlation
function will be to 0. For r = 0, Cs(r) = 1, as this case
corresponds to a single atom, which is completely correlated
with itself. The larger the distance between the two atoms, the
weaker the correlation, which tends toward 0 at large enough

distances. In order to extract a characteristic correlation length
rs between two charges on the graphene electrode, the
correlation curves were fitted using the function

= +C ar r b(r) e cos( / )s
r r

s
fit / s (4)

where a, b and rs are the parameters of the fit.
The characteristic correlation distances rs obtained for the

two systems as a function of the potential difference are shown
in Figure 7. The correlation distance decreases as a function of

the potential difference. There is no major difference between
the two systems. As the width of the graphene Gaussian was
adapted as a function of the applied potential, this amounts to
modulate the charge density in the material. The higher the
potential difference, the more charge carriers are introduced
into the material, increasing the electrostatic screening and
leading to a reduction in the length of the charge−charge
correlation. An identical effect was observed in the work of
Scalfi et al.42 when the Thomas-Fermi length is modulated.

Graphene is arranged in a hexagonal lattice, where the
shortest distance between two atoms is 1.42 Å,43 and the
longest is 2.84 Å. At low potentials, close to 0 V, charge−
charge correlations extend beyond a single hexagon. However,
at a potential difference of 4 V, the charge correlations are
contained within a hexagon.
Effect of Gold on the Interaction Energy between
Electrolyte and Electrode
We have seen that the presence of gold mostly affects the
charge distribution in the electrode and charging dynamics. In
this section, we investigate how the interaction energies
between the adsorbed electrolyte atoms and the electrode
atoms are affected by the presence of gold. The atoms are
considered adsorbed if they are at at a distance below 6.6 Å
from the electrode, corresponding to the first minimum of the
atomic density (see Figure S1). At each time step, the
Coulomb and Lennard-Jones interaction energies of all the
atoms in the double layer and all the atoms in the electrode are
calculated. It should be noted that the cut-offs defined in
MetalWalls to calculate those energies were also applied here.
The results presented in this section are the mean value of
these energies once the system is charged for an applied
potential difference of ΔΨ = 1 V.

The left panel of Figure 8 shows the average electrostatic
interaction energy between the atoms of the ions in the first

Figure 6. Visualization of the instantaneous charges, for a randomly
chosen configuration, on the negatively polarized graphene electrode
in the (x, y) plane. The color represents the charge carried by a
carbon atom for an applied potential difference of ΔΨ = 2 V. The
definition of the distance between two electrode atoms, used in the
calculation of charge−charge correlation functions, is illustrated.

Figure 7. Characteristic charge−charge correlation distance rs
between charges of atoms present in the graphene electrode in the
presence or absence of gold, as a function of the applied potential
difference.
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adsorbed layer and the atoms of the electrode. The results
show that the counterions minimize the electrostatic
interaction energy while the co-ions maximize it. In absolute
terms, the amplitude of the interaction energy between the
TFSI anions and the electrode atoms is larger than for the
EMIM cations. Finally, there is no major difference between
the systems with and without gold electrodes. It thus seems
that the difference in charge distributions does not affect
significantly the electrostatic interactions.

The right panel of Figure 8 shows the average van der Waals
interaction energy between the ions in the first adsorbed layer
and the electrode atoms of the electrode. In this case, there is a
difference between the systems with and without gold. The
presence of gold increases the contribution of van der Waals
energy to the interaction between the atoms of the first
adsorbed layer and the electrode. Although this interaction is
short-range and the gold electrode is located behind the

graphene layer, the presence of gold increases the attraction of
the ions toward the electrode.

Figure 9 (left panel) shows the average total interaction
energy between adsorbed atoms and electrode atoms. The
interaction energy is larger on the positive electrode side than
on the negative electrode side. As seen on Figure 8, this is due
to a higher concentration of TFSI on the positive electrode
side, which have a higher interaction energy with the electrode
atoms. The evolution of the total interaction energy with
applied potential difference in shown in Figure 9 (right panel).
At low potentials, the Coulomb energy is small compared with
the van der Waals energy, which then dominates the
interactions between the electrolyte and the electrode. On
the other hand, as the applied potential increases, the Coulomb
energy dominates the interactions in the system.

Figure 8. Average electrostatic energy (left) and van der Waals energy (right) between adsorbed electrolyte atoms and electrode atoms for a
potential difference of 1 V.

Figure 9. Left: Average total interaction energy between the adsorbed electrolyte atoms and the electrode, on the negative and positive electrode
sides, for a potential difference of 1 V. Right: Average total energy of the co-ions as a function of applied potential difference such as

= +U U Utot
co ion

vdW
co ion

Coulomb
co ion . The average van der Waals energy of the co-ions being strictly negative, and the average Coulomb energy of

the co-ions being strictly positive, the sign of the total energy indicates which of the two energies is predominant.

Figure 10. Left: Average distance to the positive electrode of the co-ions, as a function of time for a potential difference of ΔΨ = 4 V. Right:
Average co-ion desorption velocity in the presence and absence of gold as a function of the applied potential.
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Effect of Gold on Ion Dynamics at the Interface

We now try to correlate the dynamics of ions in the first
adsorbed layer with energies. In particular, we are interested in
the ions desorbing during electrode charging. In order to
determine an average desorption velocity, we identify all the
co-ions desorbing and calculate their average distance to the
electrode over time. Figure 10 (left panel) shows the results for
EMIM cations desorbing during charging of the positive
electrode with and without gold. Using a linear regression, we
extracted the slope of this function which gives us the
desorption velocity. Once the slope has been extracted, the
velocity obtained for the EMIM and TFSI of each system is
averaged. We expect that stronger attractive interactions
between electrolyte atoms and the electrode will lead to
slower dynamics.

Desorption velocities obtained for all applied potential
differences are shown in Figure 10. At low potentials, we
observe a clear qualitative and quantitative difference in ion
dynamics between the system with and without gold. As was
seen in Figure 9, for these potentials, the van der Waals energy
dominates over the Coulomb energy. The presence of gold
increases the van der Waals interactions between the electrode
and the electrolyte, slowing down the dynamics of the ions. For
higher applied potentials, the dynamics of the electrolyte for
the system with and without gold become similar. As the
potential increases, the Coulomb energy, similar for the Gr@
Au and Gr systems, dominates the dynamics of the system.
The van der Waals energy difference between the two systems
becomes negligible and no significant differences remain.

■ CONCLUSIONS
In order to investigate the influence of a gold substrate located
below a single graphene layer on the electrical double layer
structure and dynamics, we have compared a system with
electrodes composed of nine Au(111) layers behind a layer of
graphene with a system with electrodes composed only of a
graphene layer. We focused on the pure ionic liquid
[EMIM][TFSI] as electrolyte. The variation of the electronic
density of state of graphene as a function of the applied
potential, is taken into account by modulating the Gaussian
width of the charge distribution of the carbon electrode atoms
following the work carried out by Goloviznina et al.17 In this
way, we were able to vary the metallicity of the graphene and
thus vary its electronic response to the adsorption of ions and
to the applied potential. A significant effect of metallicity
variation is observed in the capacitance profile.

The results of the molecular simulations show that the
presence of gold modifies the profile of the charge distribution
carried by the carbon atoms of the graphene layer. Despite its
deep potential well, the gold is too far from the electrolyte to
have a significant effect on the structure of the electrolyte at
the interface with the electrode. This is a favorable outcome for
experimentalists, as the presence of gold should not
significantly affect the results obtained in spectroscopy studies,
or when measuring the adsorbed mass using EQCM.

However, the presence of gold increases the strength of the
interaction between the electrode and the electrolyte. In fact,
the total interaction energy is higher in the presence of gold
due to the increase the in van der Waals interaction term.
Although we did not observe a major change in the structure of
the electrolyte, this leads to a significant effect on the dynamics
of the ions at low applied potentials. At low potentials, the

Coulomb energy is negligible compared to the van der Waals
energy, so there is a major energy difference, of the order of
1000 kJ mol−1, between the two systems. For higher potentials,
this difference becomes negligible due to the predominance of
the Coulomb energy term. The dynamics of ion adsorption in
the two systems therefore becomes similar as the potential
increases above 1 V.

In the future, it could be interesting to better model the
interaction between gold and graphene. Bringing gold and
graphene into contact should lead to a depletion of charge
from one material to the other, and this phenomenon depends
on a number of parameters such as the distance between the
two materials, the temperature, the facet of the gold substrate
in contact with the graphene. This charge transfer leads to the
creation of a dipole, generating a potential difference between
the two materials. It could be interesting to apply different
potentials to gold and graphene in order to observe the
influence of this phenomenon on the electrode−electrolyte
interfacial properties. In addition, graphene is flexible and can
also have defects such as holes, steps and oxygen functions,
which could have significant effects on the results obtained.
Finally, graphene has both unusual and astonishing electronic
properties that merit finer modeling on an electronic scale to
take account of its versatility and all its nuances. A solution
could be to resort to the use of data-driven approaches,44,45

that allow to account explicitly for the electronic structure of
the material at a reduced computational cost compared to the
density functional theory calculations on which they are fitted.
It would also be interesting to study several electrolytes. The
performance of a supercapacitor is governed by the
combination of electrode and electrolyte. Changing the
electrolyte should alter the capacitance of the supercapacitor
by affecting the size of the ions, which influences the
composition of the adsorption layer, the electronic structure
of the electrode and the distribution of atomic charges. In
addition, the size of the ions and their interactions have an
impact on their mobility and the charging dynamics of the
system, while ion-electrode interactions shape the behavior of
the ions at the interface.
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