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ABSTRACT
Carbon–carbon supercapacitors are high power electrochemical energy storage systems, which store energy through reversible ion adsorption
at the electrode–electrolyte interface. Due to the complex structure of the porous carbons used as electrodes, extracting structure–property
relationships in these systems remains a challenge. In this work, we conduct molecular simulations of two model supercapacitors based on
nanoporous electrodes with the same average pore size, a property often used when comparing porous materials, but different morphologies.
We show that the carbon with the more ordered structure, and a well defined pore size, has a much higher capacitance than the carbon with
the more disordered structure and a broader pore size distribution. We analyze the structure of the confined electrolyte and show that the
ions adsorbed in the ordered carbon are present in larger quantities and are also more confined than for the disordered carbon. Both aspects
favor a better charge separation and thus a larger capacitance. In addition, the disordered electrodes contain a significant amount of carbon
atoms, which are never in contact with the electrolyte, carry a close to zero charge, and are thus not involved in the charge storage. The total
quantities of adsorbed ions and degrees of confinement do not change much with the applied potential, and as such, this work opens the door
to computationally tractable screening strategies.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0065150

I. INTRODUCTION
Electrochemical double layer capacitors (EDLCs), also known

as supercapacitors, are energy storage systems attracting attention
for their very high power densities, their wide range of operating
temperatures, and the large number of cycles of charge/discharge
they can sustain.1–4 In these systems, unlike for batteries, the energy
is stored through reversible ion adsorption at the electrode surface,
without faradaic reactions. As a consequence, supercapacitors are
characterized by a relatively low energy density compared to bat-
teries. As the energy stored in a supercapacitor is proportional to the
capacitance and the square of the operating voltage, improvements
will come from optimizing the electrode/electrolyte combination,
by changing the electrode material or the electrolyte nature. The
electrolyte impacts both the electrochemical window, i.e., the range

of voltages for which the electrolyte does not decompose, and the
capacitance. However, constraints, such as safety concerns and ionic
conductivity, limit the number of suitable electrolytes.5–7 Carbon
based materials, commonly used as electrodes in EDLCs as a result
of their relatively low cost and correct electronic conductivity, can
be synthesized with a wide range of morphologies, which renders
it possible to explore the relationships between electrode material
properties and electrochemical performance.8–10

In idealized parallel plate capacitors consisting of metallic elec-
trodes enclosing a dielectric medium, the capacitance is proportional
to the surface area of the electrodes and inversely proportional to
the distance separating the two electrodes (which could be approx-
imated by the ion–carbon distance in supercapacitors). The use
of porous carbon electrodes was thus envisioned early on as such
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materials can have large accessible surfaces. It should be noted
though that while the presence of pores systematically increases the
specific surface, it does not necessarily increase the surface acces-
sible to the electrolyte. This has been shown, for example, by Lin
et al.11 who studied carbons with different pore sizes (micropores
and mesopores) produced via a sol–gel process. They have shown
that the micropores are not accessible to ions and do not contribute
to capacitance. Endo et al.12 arrived at the same conclusion using
a variety of activated carbons. Following these results and those of
similar works,13–15 microporous materials were neglected for a time.

In 2006, a number of studies challenged the hypothesis that
ions could not enter the micropores. Frackowiak et al.16 synthesized
a series of template carbons from mesoporous silica and showed
the existence of a linear correlation between the capacitance and
the volume of the micropores. In these materials, it seems that the
ultramicropores, with a size less than 0.7 nm, participate in the for-
mation of the electrochemical double layer, provided that they are
in the proximity of mesopores, with a size of 3 nm or more. Wang
et al.17 also observed the necessity for the interconnection of pores
of different sizes so that the electrolyte can enter the micropores.
At the same time, Chmiola et al.18 tested Carbide Derived Carbons
(CDCs) as electrode materials for supercapacitors with sulfuric acid
H2SO4 as the electrolyte. These porous carbons are good model
materials because of their narrow and controllable pore size dis-
tribution. The authors showed that the capacitance closely reflects
the increase in the microporous surface area. In addition, for these
carbons, the increase in the porous volume for pores smaller than
2 nm increases the specific capacitance, while the increase in the
porous volume for pores larger than 2 nm has a negative effect on
capacitance. This shows that micropores not only participate in the
construction of the electrical double layer, but they are also benefi-
cial. Another study by Chmiola et al.19 on TiC-CDC in the presence
of [NEt4][BF4] in acetonitrile showed that the pores with a size
less than 1 nm participate largely in the capacitance. In fact, CDC
allowed to reach previously unmatched capacitances of 140 F g−1.
A remarkable capacitance increase was also measured for more com-
mon activated carbons,20 which shows the generality of the perfor-
mance of nanopores for energy storage. This result has generated
a lot of research to understand the mechanisms of charge storage
within nanopores and to understand the structural and dynamic
properties of confined electrolytes.2,21–23

Following the experimental observations of a large capacitance
increase for pore sizes smaller than 1 nm,19,20,24 many theoretical
studies have been carried out to reproduce and understand this phe-
nomenon. Molecular simulations have been conducted on a number
of model supercapacitors with various electrode geometries going
from planar electrodes,25–30 slit pores,30–35 or carbon nanotubes36–40

to more complex carbons.41–45 Slit pores provide a good model
geometry to study systematically the pore size dependence of the
capacitance. Among the physical insights acquired through molec-
ular simulations, it was shown that for model slit pores, the capaci-
tance oscillates as a function of pore size.46–48 Such a phenomenon
is nonetheless unlikely to be observed in real porous carbons with a
diversity of pore sizes. Kondrat et al. have indeed shown through an
analytical theory that polydispersity tends to smoothen features and
monodisperse electrodes lead to the highest stored energy density.49

Very recent molecular simulation works on regular tridimensional
porous geometries have also shown that the pore size,44,50 while

being often used as a descriptor for the porous materials, is not nec-
essarily well correlated with the structural, dynamical, and capacitive
properties of the systems.

In this work, we conduct molecular dynamics simulations
of model supercapacitors with two nanoporous carbon electrodes
intentionally chosen so that they have the same average pore size but
very different pore size distributions and morphologies. One of the
carbon electrodes has a regular structure with a well defined pore
size, while the other is very disordered. We show that these char-
acteristics lead to large differences in the capacitive properties: The
ordered carbon has a much larger capacitance than the disordered
one. We correlate these observations with the interfacial properties:
(i) The charge separation between anions and cations seems to be
facilitated in the ordered carbons, related to higher confinements,
and (ii) in the disordered carbon, some carbon atoms are isolated
from the liquid and hence do not participate in the charge storage.
Overall, these results confirm the importance of local morphology
and suggest possible directions for screening porous carbons for
optimized performance.

II. METHODS
The model supercapacitors consist in two porous carbon

electrodes in contact with neat [BMIM][PF6] as the electrolyte.
[BMIM][PF6] is described by a coarse grained model with three
sites for the cation and one site for the anion.51 The cation geom-
etry is kept rigid during the simulations. The intermolecular inter-
actions are calculated as the sum of a Lennard-Jones potential and
Coulombic interactions,

uij(rij) = 4εij
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where rij is the distance between sites i and j, ε0 is the permit-
tivity of free space, and σij and εij are the Lennard-Jones param-
eters. The parameters for the ions are taken from the work of
Roy and Maroncelli,51 while those for the carbon atoms are taken
from the study of Cole and Klein.52 Cross parameters are calcu-
lated using Lorentz–Berthelot mixing rules. The ions are consid-
ered non-polarizable and carry a charge of ±0.78 e. The scaling of
the ion charge from ±1.0 to ±0.78 e is used to improve the agree-
ment between simulations and experiments for a variety of static
and dynamic properties. The use of reduced charges is a compu-
tationally less-expensive approach to compensate for the use of a
non-polarizable force field. While it is obviously less accurate than
the more computationally expensive polarizable force fields,53 it was
demonstrated to be a relevant approach for a large number of sys-
tems.54–56 The carbon structure is kept rigid as a single entity during
the simulations. In reality, the structure shows a limited flexibil-
ity,57–59 but this aspect is difficult to integrate in the simulations
conducted here, which require the use of fluctuating charges on the
electrodes. In a previous study on similar systems,50 we have shown
that a flexibility leading to relative height changes of 1% and 2% does
not affect dynamical and structural properties significantly.

In many works reporting molecular dynamics simulations of
model supercapacitors, the systems are built by placing a dense liq-
uid between two empty electrodes so that once the electrolyte has
filled the porous materials, the density of the liquid in the center
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TABLE I. Characteristics of the model supercapacitors simulated in this work with
[BMIM][PF6] as the electrolyte. NC and Npairs are the number of carbon atoms (elec-
trodes and graphene sheets at the extremity of the box) and the number of ion pairs,
respectively.

Carbon Lx (Å) Ly (Å) Lz (Å) NC Npairs

Ord 48.44 48.44 270.51 10 998 1 373
Disord 43.55 43.55 277.80 9138 1274

of the system is close to the experimental density. This method has
the advantage that all the equilibration can be done in NVT simula-
tions and no geometrical changes are needed, but it can potentially
lead to under-filled or over-filled pores if the amount of liquid or
the distance between the electrodes is not estimated properly. It is
indeed not straightforward to assess the quantity of liquid, which will
actually enter the pores, especially for ionic liquids where ionic inter-
actions are very strong and can limit the accessibility to the pores. In
this work, we have explored a new approach to generate the starting
configurations. In initial NPT simulations, the empty porous carbon
of interest is surrounded by the considered ionic liquid, which spon-
taneously wets the carbon. The density in and out of the pores can
reach a realistic equilibrium, thanks to the constant pressure applied
to the simulation box. The filled porous carbon along with part of the
surrounding liquid is then used to build the full model supercapaci-
tor for the main NVT simulations. The details of this new method-
ology are given in the supplementary material. The characteristics of
the resulting model supercapacitors are given in Table I.

The model supercapacitors are simulated using the MetalWalls
software.60 This MD code allows for the simulation of supercapac-
itors and is adapted to the application of 2D periodic boundary
conditions. The initial configurations were generated using the fftool
software,61 and the NPT simulations used for the porous carbon
filling were realized using LAMMPS.62 The rigidity of the cation is
maintained using the SHAKE algorithm.63 After assembling the full
model supercapacitor, simulations start with a constant charge equi-
libration step (q = 0 for all electrode atoms) in the NVT ensemble
for 2 ns. Then, each system goes through a constant potential equi-
libration during which the electrode charge is monitored: The end
of equilibration is defined when the charge reaches a plateau. The
two potential differences studied in this work are Δψ = 0 and 1 V. In
previously reported works, different strategies have been explored
to reach equilibrium,43,44,64–66 including the application of a con-
stant non-zero charge, but, while this is fast, it is hard to handle.

Here, in order to reach faster equilibrium at 1 V, we adopted a new
strategy in which an initial potential of 4 V is applied for a short
duration before switching to the desired potential of 1 V. The details
of the methodology and its validation are given in the supplementary
material.

III. MODEL SUPERCAPACITORS AND THEIR INTEGRAL
CAPACITANCES

Molecular dynamics simulations of model supercapacitors
consisting in two porous carbon electrodes in contact with neat
[BMIM][PF6] as the electrolyte were performed. The simulations
conducted here have some specificities in terms of building the ini-
tial configurations and equilibrating the systems at constant poten-
tial for which the details are provided in the supplementary material.
For each studied system, the two electrode structures are perfectly
identical. For one of the supercapacitors, the electrode structure is
regular and designated as “Ord” in the remainder of this paper. The
other supercapacitor is built with highly disordered electrodes and
is designated as “Disord.” Both electrode structures have the same
average pore size (12.2 Å) and the same density (1 g cm−3). Figure 1
illustrates the model supercapacitors studied in this work.

The two porous carbons studied were taken from published
works68,69 and have been generated through quench molecular
dynamics. The Disord structure is a relatively large porous carbon
with 3872 atoms generated using a classical force field. Following
comparisons between experimentally measured and simulated prop-
erties (e.g., coordination numbers, surface areas, and average pore
sizes),69 the Disord structure is believed to be similar to a carbide
derived carbon, as used in a number of electrochemistry experi-
ments.1,2 The Ord structure is originally a much smaller porous
carbon with 172 atoms generated using a machine-learning based
force field developed using the Gaussian approximated potentials
approach.70 The structure is not inherently regular but rendered so
by replicating the initial coordinates two times in the three dimen-
sions, leading to a much more ordered structure with 4644 atoms.
Most importantly, the pore size distribution of the Ord carbon is
very narrow and unimodal, while the pore size distribution for the
Disord carbon is much wider as shown in Fig. 2. The pore size dis-
tributions were determined with the Poreblazer software71 using a
process involving a Monte Carlo method: (i) A point is placed in a
random position inside the structure, (ii) if the point is not collid-
ing with any atom, a sphere containing it is gradually “inflated” until

FIG. 1. Model supercapacitors simulated
in this work: The anions are in green,
the cations are in red, and the carbon
atoms of the electrodes are in blue. The
atoms colored in brown are neutral car-
bon atoms used to prevent ions from
leaving the simulation box (in these sim-
ulations, there are no periodic bound-
ary conditions in the z direction to avoid
unrealistic interactions between the pos-
itive and negative electrodes). The snap-
shot was generated using VMD.67
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FIG. 2. (a) Pore size distributions of the
two porous carbon structures used in this
work. (b) The Ord carbon is character-
ized by a unimodal pore size distribution,
while (c) the Disord carbon has a much
wider pore size distribution. The pore
size distributions were obtained using
Poreblazer.71

the largest sphere not overlapping with the atoms from the struc-
ture is found, (iii) these steps are repeated many times and the pore
size distribution is obtained from the distribution of sphere sizes.
In terms of topology, the Ord carbon is characterized by tunnels
along the z axis, while there are no preferred directions for the Dis-
ord carbon. The latter contains large pores but also smaller pores.
The local structures of the porous materials studied are also simi-
lar, as visible from the carbon–carbon pair distribution functions,
which show the typical peaks of graphite like materials and rings’
statistics with a large proportion of six-membered rings (see the sup-
plementary material). It is worth noting though that the peaks in the
pair distributions functions of the Ord carbon are narrower than the
ones of the Disord carbon, which is consistent with a more ordered
structure.

After simulating the model supercapacitors at 1 V, the first
property we evaluate is the integral capacitance that corresponds to
the amount of charge stored on the electrodes for a given potential
difference. For a single electrode, the integral capacitance is defined
as

Cint =
⟨Qtot⟩Δψ

Δψelec
, (2)

where ⟨Qtot⟩ is the average total charge on the electrode under a
constant potential Δψ and Δψelec is the potential drop between the
electrode and the bulk electrolyte. The average electrode charge is
extracted at equilibrium from the curves shown in the supplemen-
tary material. While it is not straightforward to calculate precisely
the potential drop between each electrode and the electrolyte,72 it
is possible to estimate that it is half of the 1 V imposed potential.
Indeed, as the system is symmetrical and the ions have similar sizes,
the capacitances of the two electrodes are expected to be similar.

The total electrode charges of the Ord and Disord systems as
well as the corresponding capacitances are given in Table II. To com-
pare the two porous carbons, the capacitance values are normalized

TABLE II. Total electrode charge and capacitance of one electrode for Ord and Disord
systems under an applied potential difference of Δψ = 1 V.

System Electrode charge (e) Capacitance (F g−1)

[BMIM][PF6]/Ord ±38.6 (±0.5) 134
[BMIM][PF6]/Disord ±21.2 (±0.5) 88

by the electrode mass as is often done for electrochemical character-
ization experiments. The capacitances can also be normalized by the
accessible volumes or surfaces, but these quantities are usually less
well defined.73,74 According to these results, the ordered carbon has a
better performance with an electrode capacitance equal to 134 F g−1

against 88 F g−1 for the disordered carbon, i.e., +52%. The values
calculated for the Disord carbon are close to the values observed
experimentally, 90 and 75 F g −1 for the negative and positive elec-
trode, respectively, for the same ionic liquid in a CDC type carbon.72

The values for the Ord carbon are high compared to values reported
previously for ordered zeolite templated carbons44 all in the range
60–100 F g −1 (values are doubled compared to Fig. 3 in that study
due to the chosen way of calculating the capacitance). The observa-
tion of a larger capacitance for the monodisperse Ord carbon is in
agreement with the results of Kondrat et al.49 obtained in an analyt-
ical study showing that polydispersity is expected to lead to reduced
capacitances. It is worth noting that with the current simulation
methodology, it is not possible to evaluate systematically the effect
of pore size without changing at least partly the carbon morphol-
ogy and different capacitance values could be observed for a more
(or less) favorable electrode–electrolyte combination. Nevertheless,
the significant deviation between the two systems simulated here
provides an adequate setting to investigate the electrode–electrolyte
interface and its effect on the capacitance in detail.

FIG. 3. Quantities of adsorbed ions in the Ord and Disord porous carbons as a
function of the applied potential difference.
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IV. QUANTITIES OF ADSORBED IONS AND CHARGE
SEPARATION

To understand the origin of this large difference in capaci-
tance, we explore a number of properties starting with quantities
of adsorbed ions. It has been shown on several occasions that, in
accordance with a simple principle of electroneutrality, the charge
carried by an electrode is equal to the opposite of the charge cor-
responding to the adsorbed ions.22,75 Figure 3 gives the quantities
of adsorbed ions under 0 and 1 V applied potential differences.
The values reported here are consistent with previous experimen-
tal and molecular simulations studies,22 especially for the Disord
carbon. The quantity of adsorbed ions is ∼1.9 times larger for the
Ord system compared to the Disord one for all potentials. This is
consistent with our previous study showing that total numbers of
adsorbed ions were larger for a range of carbons with well defined
pore sizes compared to disordered carbons of a similar type to the
Disord structure studied here.50 The absolute ionic charge within
the pores, ∣Ncations −Nanions∣, is larger for the ordered structure, equal
to 39.8 e (±0.8), than for the disordered structure, equal to 20.7 e
(±0.8). The ionic charges are, as expected, very close to the electrode
charges and within the error range. It is worth noting that the rate
of change of the quantities of adsorbed ions with the applied poten-
tial, estimated from the slope of the roughly linear trends in Fig. 3,
is also larger for the Ord carbon (±0.9 mmol g−1 V−1) compared
to the Disord one (±0.6 mmol g−1 V−1). All these findings com-
bined with the faster charging dynamics observed for the Ord sys-
tem (see the supplementary material) seem to indicate a better pore
accessibility and charge separation for this system compared to the
Disord one.

The better accessibility can be due to a larger accessible volume
for the Ord carbon. Indeed, while the densities of the two carbons are
similar, their pore size distributions are very different, and the spa-
tial distribution of the carbon atoms can have a large impact on the
accessible volume. The geometrical accessible volumes calculated
using Poreblazer71 are 75 418 Å3 for the Ord carbon and 47 428 Å3

for the Disord carbon, i.e., 1.6 times larger for the Ord carbon. This
explains partly the 1.9 times larger quantity of adsorbed ions for the
Ord carbon but is not sufficient to explain it fully. Using approx-
imate volumes of 126 Å3 for the cation and 67 Å3 for the anion
(evaluated from the Lennard-Jones parameters and cation geome-
try), the ionic liquid is estimated to fill around 45% of the porous
volume for the Ord carbon against only 31% for the Disord carbon
(see the supplementary material for the values at various potentials).
So not only is the geometric pore volume larger for the Ord carbon,
the ionic liquid is also filling it more efficiently. It is also possi-
ble that some pores in the structure are not accessible due to poor
pore connectivity. It was previously shown that pore percolation can
indeed play an important role in ion permeation.76 While molecular
dynamics simulations inherently take into account the effect of con-
nectivity, as the ions can only reach pores if there is a diffusion path,
it is not straightforward to assess which parts are inaccessible due to
pore size or pore connectivity. It is worth noting that the percentages
of pore filling estimated here are in the same range as the 40% value
obtained for two neat ionic liquids ([Pyr13][TFSI] and [EMI][TFSI])
in the YP-50F activated carbon,77 showing once again that molecu-
lar simulations are adapted to such studies. Overall, these analyses
suggest that part of the porous volume and carbon atoms are not
involved in charge storage in the Disord carbon.

V. DEGREES OF CONFINEMENT OF THE ELECTROLYTE
IONS

The charge carried by electrode atoms and the charge sep-
aration between anions and cations depend on both the applied
potential and the electrode–electrolyte interfacial structure. To char-
acterize the behavior of the liquid near carbon atoms, we calculate
the degrees of confinement (DoCs) of the ions in the pores. This
property was first defined in an attempt to analyze the correlation
between confinement and charge storage efficiency45 and was later
shown to be relevant in several systems to understand the capaci-
tive properties of porous carbons.44,78 The degree of confinement is
defined by the percentage of the solid angle around the ion, that is,
in the first coordinating sphere, which is occupied by carbon atoms.
The solid angle is normalized by the maximum value it can take so
that values are always between 0% and 100%.45 Figure 4 illustrates
ions in different environments, more or less confined.

Figure 5 shows the distributions of DoCs of the confined ions
in the two porous structures for different electrode potentials. There
are two striking features in Fig. 5. First, the distributions of DoCs are
much broader for the Disord carbon compared to the Ord carbon,
which is expected as the variety of environments is reduced in the
ordered structure. Indeed, it is consistent with Fig. 4 showing that, in
the Ord structure, different DoCs basically correspond to larger dis-
tances to the carbon surface and not to different arrangements of the
carbon atoms. Second, the DoCs are larger in the Ord carbon com-
pared to the Disord carbon. This is qualitatively in agreement with a

FIG. 4. Snapshots of anions (in green) in two different environments in the
Ord structure. The carbon atoms are represented as solid lines along the
carbon–carbon bonds with bolder lines for the carbon atoms belonging to the first
coordination shell of the anions. Other anions and cations are not represented for
simplicity. Small DoCs correspond to ions in the center of the pores, while larger
DoCs correspond to ions in the corners of the structure, i.e., in close contact with
two surfaces.
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FIG. 5. Distributions of DoCs for the (a) anions and (b) cations adsorbed in the electrodes of the Ord and Disord structures under potential differences of 0 and 1 V. The
cutoffs used to define the first coordination shell are given in the supplementary material.

larger capacitance for the Ord carbon since the ions closer to the sur-
face will induce a larger charge on the carbon and will also increase
the screening of the ion–ion interaction by the surface, which will
facilitate the charge separation.

Taking the 0 V systems as a reference, it is found that, at the
positive Ord electrode, the DoC of the anions remains almost the
same except for the appearance of a bump toward a high degree
of confinement of 19%. This peak corresponds to the formation
of a population of more confined anions, but the little difference
between the neutral and positively charged electrodes shows that
most anions are already adsorbed on the carbon surface in the neu-
tral electrode. For the Disord structure, the change in confinement
is more remarkable with a large increase in the number of anions
with a DoC between 10% and 20%, which is almost zero at 0 V.
From 0 to −0.5 V in the Ord electrode, the DoC distributions of
the anions show a shift toward the less important degrees of con-
finement without modifying the shape of the curve. This suggests
that the remaining anions in the electrode do not necessarily change
the type of adsorption site but move away from the surface. For the
Disord carbon, the shape of the curve is modified with the anions
getting less confined. For cations, the variations in the distributions
of DoCs with the change in potential difference are present but less
marked than for anions. That is to say that although participating in
the mechanisms of adsorption/desorption and therefore in charge
storage, the local structure of the confined cations is less influenced
by the applied potential.

VI. ELECTRODE ATOMS’ CHARGES
AND ACCESSIBILITY

The quantities of adsorbed ions and the degrees of confine-
ment suggest that some parts of the disordered carbon structure are
inaccessible to the ions. We now turn to a more detailed analysis
of the electrode side of the interface to confirm this hypothesis and
assess the consequences of such a limited accessibility on the charge
storage efficiency. Figure 6 shows the probability densities of instan-
taneous charges on the electrode atoms for both porous carbons. It
is interesting to note that the probability densities of atomic charges
averaged over the entire trajectories, which are the ones considered,
for example, by Liu et al.,44 are very similar and are thus not reported
here. These quantities once again demonstrate the large difference

between both systems. For the Disord structure, many carbon atoms
have a zero or close to zero charge, meaning that they do not par-
ticipate efficiently in the charge storage. For the Ord structure, on
the contrary, there are many charges around ±0.01 e and only few
charges near zero. Large numbers of atoms with a zero charge have
also been observed in molecular simulations of zeolite templated car-
bons based supercapacitors,44 but the tail at large atomic charges,
also seen in previous studies,43 seems to be more specific of disor-
dered porous carbons. The reduced number of carbon atoms with a
low charge and the larger occurrence of carbon atoms with a large
charge both make the charge storage more efficient in the Ord car-
bon. These differences could be related to local topologies, which is
what is investigated thereafter.

As the charges carried by the electrode atoms depend on both
the applied potential and the liquid nearby, it is expected that the
charges with a value close to zero are located in regions of the car-
bon structure isolated from the liquid. In this work, a carbon atom
is considered isolated if there is no ion at a distance less than Rcut
of its position. If there is at least one ion at a distance less than Rcut ,
then the carbon is not considered isolated. Rcut is the distance corre-
sponding to the limit of the first coordination shell between carbon
atoms and anions or cations, i.e., the first minimum of the cor-
responding radial distribution function. An illustration of isolated
carbon atoms is provided in Fig. 7. Following this definition for iso-
lated atoms, a carbon atom can be isolated throughout the duration

FIG. 6. Histograms of instantaneous charges on the electrode atoms for the 1 V
potential difference. The histograms of atomic charges averaged over the entire
trajectory are similar to the instantaneous ones and are thus not reported here.
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FIG. 7. Illustration of carbon atoms isolated from the electrolyte in the Disord sys-
tem. The carbon atoms are represented in gray for isolated carbon atoms, located
in a region inaccessible to the anions (in green) and cations (in red), and in blue
for non-isolated carbon atoms.

TABLE III. Number of carbon atoms isolated from the ionic liquid during the whole
duration of the trajectory for the two simulated systems. The corresponding percent-
ages, relative to the total number of atoms in the electrode structure, are shown in
parentheses.

Electrode Ord Disord

Negative 2 (∼0%) 924 (24%)
Positive 0 (0%) 620 (16%)

of the trajectory, for a part of it or not at all. Table III gathers the
number of carbons that are isolated for the entire trajectory for the
two types of carbon. For the Ord carbon, all of the carbon atoms are
in contact, at least part of the time, with ions. For the Disord carbon,
on the contrary, a rather large proportion of the carbons (>16%) is
never in contact with the ionic liquid. This is intuitively in agree-
ment with a large number of carbons having a zero charge in the
Disord-based supercapacitor.

To check that isolated carbons indeed have a charge close to
zero, histograms of electrode atom charges are plotted separately for
carbon atoms isolated or not from the adsorbed electrolyte ions. The
resulting curves are shown in Fig. 8. The histograms for the car-
bon atoms with no ions nearby present a very sharp peak around
zero, confirming that isolated electrode atoms do not develop large
charges and as such reduce the charge storage efficiency. Simply
removing the isolated carbon atoms (neglecting any stability effect)

could lead in the present case to an increase in capacitance from
88 to 105–115 F g−1 (considering 620 or 924 isolated carbon atoms
and calculating the capacitance for an electrode with a weight
reduced by the corresponding mass of carbon atoms). The existence
of such isolated carbon atoms in addition to the lower occupancy
of the porous volume could be sufficient to explain the capacitance
values observed here for Disord and Ord carbons. It is worth noting
that while isolated atoms do not develop large charges, some atoms
that are not considered isolated have a close to zero charge. In fact,
around 50% of the carbon atoms that have a charge below 0.001 e
during the entire trajectory are not considered isolated all the time.

Using the molecular simulations results, it is also possible to
visualize the electrode atom charges and how isolated these atoms
are from the liquid directly on the atomistic carbon structures.
Figures 9 and S6 present a visualization of the average electrode
charges and the fraction of the trajectory during which the carbon
atoms are isolated. For the Ord carbon, the few zones where the
carbon atoms are isolated for most of the simulation correspond
to a “funnel” region marked with a red dashed circle. The carbons
present in these regions actually have charges relatively close to zero
(colored in green). It should, however, be noted that the charges are
far from being homogeneous in the rest of the structure, in agree-
ment with the histograms of charges given in Fig. 6. For the Disord
carbon, it is more difficult to analyze the results. The carbon atoms
surrounding the large pore present in the structure appear to be less
isolated and with varying loads. On the contrary, there are zones
where the carbons are isolated most of the time and these areas
appear to correspond to atomic charges close to zero, in agreement
with the charge histograms shown in Fig. 8. It is worth noting that,
as evidenced in previous works,79 the charge on a given electrode
atom does not depend only on the nearby electrolyte (and the actual
ion–carbon distance) but also on the charge of neighboring electrode
atoms so a direct link between the charge on a given carbon atom
and the fraction of the time it is isolated is not expected to exist.
Nevertheless, the analysis carried out here confirms that a porous
structure with many inaccessible carbon atoms will probably show
relatively poor performances in terms of capacitive properties. Since
the quantity of adsorbed ions and maximal degrees of confinement
do not change much with the applied potential difference, it might
be possible to assess the proportion of isolated carbons already from
simulations with neutral porous carbons, much less computationally
expensive. If indeed correlated with the capacitance, this could serve
as a screening process for assessing the electrochemical performance
of a variety of carbons. This could be explored in the future using a

FIG. 8. Histograms of instantaneous
charges for the negative (a) and positive
(b) electrodes distinguishing between
carbon atoms isolated or not from the
adsorbed ions.
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FIG. 9. Visualization of the average atomic charges and fraction of the trajectory
during which the atoms are isolated from the ionic liquid for the negative electrodes
in both systems at 1 V. Some areas are highlighted by dashed red circles and
discussed in the text. These images were generated using VMD.67

larger set of carbons, for example, those studied by Liu et al.,44 for
which capacitances have already been calculated.

VII. CONCLUSION
Molecular simulations of two model supercapacitors based on

carbon electrodes with the same density and average pore size but
different porous structures have been performed. The capacitance
for the carbon with the more ordered structure was shown to be
much larger (+52%) than the one for the more disordered struc-
ture. Several reasons are demonstrated to contribute to this higher
capacitance for the ordered porous carbon. First, the quantity of
adsorbed ions initially in the pores at 0 V is higher for the Ord car-
bon than for the Disord carbon. Second, the electrolyte ions have
higher degrees of confinement in the Ord carbon. These two facts
can ease the charge separation in the Ord carbon, leading to a larger
ionic charge. Finally, the Disord carbon contains a relatively high
proportion of carbon atoms, which are far from the liquid and cor-
respond to low induced charges. While all these factors can have an
impact, it is hard to assess what is their relative importance as these
are not independent from each other.

The results obtained here, in particular, the potentially large
impact of the initial quantity of adsorbed ions and of the propor-
tion of electrode atoms inaccessible to the liquid, suggest poten-
tial avenues for computationally less-expensive methods to screen
porous carbons for supercapacitor applications. If further studies
confirm that the quantity of adsorbed ions and the proportion of
inaccessible carbon atoms for a neutral porous carbon in contact
with an electrolyte (quantities that can be assessed without resort-
ing to computationally expensive constant potential simulations)
are correlated with the capacitance in a range of suitable poten-
tials, screening for materials leading to high stored energy densities
through molecular simulations could become a tractable task. In
addition, reducing the number of isolated electrode atoms might
be more easily achieved using relatively ordered structures, which
could be obtained experimentally through templating with regular
precursors. It is worth noting, however, that, as suggested in previ-
ous works,49,80 monodispersity is expected to lead to larger variations

of the capacitance with the applied potential such that studies involv-
ing simulations at a range of potentials would be beneficial in the
future. While the current study focuses on ionophilic pores, show-
ing spontaneous wetting as very often observed experimentally, the
case of ionophobic pores,31,81,82 for which a different behavior can
be observed, should be considered in future works. Such ionophobic
structures can, indeed, show large stored energies at high potentials
while having very limited pore filling at low potentials.

SUPPLEMENTARY MATERIAL

Pair distribution functions and ring statistics for the porous
structures, additional details on the generation of initial coordinates
for the model supercapacitors, a description of the equilibration
strategy, estimations of porosity filling at various potentials, cutoffs
for the calculations of DoCs, and a visualization of the isolated elec-
trode atoms and their charges for positive electrodes are provided in
the supplementary material.
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