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ABSTRACT: We use both molecular dynamics (MD) and
continuum models to analyze the electric double layer
structure and pressure acting on the wall of a symmetrically
valenced ionic liquid in a nanoconﬁnement. The nanoslit
width varies from 20 times ion size to an ion size, in which the
Bazant, Storey, and Kornyshev model may not be compatible.
However, the comparison with the MD model shows that the
continuum model can successfully predict the averaged charge
density and decay of the pressure. The continuum model also
shows the exact location of the ﬁrst and second layer of ions from the conﬁnement wall when considering both steric and
correlation eﬀects. However, the continuum model does not account for the oscillatory behaviors of the ion density and the
pressure due to the typical characteristics of ionic discreteness, and it slightly overestimates the counterion concentrations
compared with the MD analysis. In conclusion, the continuum model can be used to estimate the overall tendency of the
pressure acting on the wall when ionic liquid is conﬁned in nanometer thickness, though the oscillatory behavior of the pressure,
which originates from the discreteness of ions, cannot be predicted exactly. It can provide useful information in designing
nanoporous structures for various electrochemical applications.

1. INTRODUCTION
In the past two decades, there has been increasing interest in
room temperature ionic liquids (RTILs) due to their unique
characteristics such as tunable ion design, low vapor pressure,
and no necessity of a solvent to dissociate them into cations
and anions. Especially, with their high charge density, RTILs
oﬀer a remarkable advantage as an electrolyte in various
devices such as batteries and supercapacitors.1−6 When an
electrolyte is conﬁned to a nanostructure, however, several
physical phenomena far from the existing bulk can occur such
as electric double layer (EDL) overlapping or electrocapillary
phenomenon.7−11 A number of researchers have been
investigating the physical phenomena inside the EDL.12−16
Especially, the theoretical interpretation of a nanoconﬁned
electrolyte has received considerable attention in various ﬁelds,
which are extremely diﬃcult or time-consuming to analyze in
experiments. The atomistic simulations (e.g., molecular
dynamics (MD) or Monte Carlo simulations) are the
preferable tools to investigate an electrolyte in a nanoconﬁnement.17−26 Several researchers have investigated discontinuous
eﬀects on a small length scale, such as the topology eﬀect,26,27
edge eﬀect,28−30 and conﬁnement eﬀect,13,31−35 which are far
from the physical phenomena in the bulk. Since Chmiola et al.
reported the anomalous increase in carbon capacitance at pore
sizes less than 1 nm,36 the conﬁnement eﬀect, i.e., size eﬀect of
the conﬁnement, has come into the spotlight. Many studies
have shown that the conﬁnement eﬀect on capacitance leads to
© 2019 American Chemical Society

a decaying oscillatory behavior of the capacitance or internal
ion density with respect to the conﬁnement width in slit-like
pores. This tendency becomes prominent as the nanoslit width
approaches the ion size,12,31−40 and researchers have attributed
this oscillatory behavior to interference from the EDLs.31,33
However, molecular dynamics (MD) simulations are too
expensive in terms of the computation time, especially when a
porous electrode with networked conﬁnements has a multiscale domain (from nanometer to sub-micrometer). Additionally, the analysis of dynamic processes such as ion diﬀusion or
electrochemical interactions require a rather long simulation
time (from microsecond to millisecond), which is almost
infeasible in MD simulation, at least until now. The continuum
simulations can be a good alternative, which could greatly
reduce the computation time. Continuum models have been
constantly developed starting from the basic concept of the
EDL proposed by Helmholtz in the early twentieth
century.41−46 The existence of a diﬀuse double layer due to
the rapid thermal motion was considered in the Gouy−
Chapman model, which is also known as the Poisson−
Boltzmann equation.47,48 Recently, the electric double-layer
model of ionic liquids under a solvent-free condition was
further advanced by the Bazant, Storey, and Kornyshev (BSK
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Figure 1. (a) MD simulation snapshot without wall charges (red: anion, blue: cation). The simulation domain (gray) shrinked from the initial
domain (dashed), and yellow dotted line shows the centerline of each nanoslit. (b) Electric potential from the electrode under the nanoslit and bulk
condition. Black solid line shows the potential at the bulk condition, whereas the red line shows the nanoslit condition (H = 50 Å). Transparent
boxes show the electrode (blue), the nanoslit region (red), and the bulk region (green).

model),41,49 which accounts for overscreening and crowding
eﬀects.
Recently, our group has been focusing on the osmotic
pressure of an electrolyte in a nanoconﬁnement, which is
important in physicochemical processes such as capillarity in
pores.50,51 Additionally, it can be directly related to the total
stress acting on a wall, which could induce deformation of
porous electrodes.52 Several studies have reported that the
pressure also changes nonmonotonically as the conﬁnement
size changes.50,51,53,54 As the nanoslit width decreases from
bulk, the osmotic pressure in the slit centerline increases when
the slit size becomes comparable to the ion size and decreases
sharply to result in a negative (joining) pressure when the
nanoslit width is very small. In this domain scale, the
continuum hypothesis should be checked by comparing with
a molecular-level analysis.55−59 Because the osmotic pressure at
the nanoslit centerline is exactly the same as the total pressure
exerted on the electrode surface,50,51,60 the osmotic pressure
tendency can be directly compared with the MD result, which
can directly calculate the pressure exerted on the wall.
In this study, the continuum model and the MD model were
directly compared for the same problem domain. The pressure
acting on the wall and the ion distribution in a nanoslit were
mainly observed. A primitive ion model is the simplest one to
consider the ﬁnite ion size. By simplifying the RTIL under
solvent-free conditions, we can focus on the ionic behavior and
distribution, not on the solvent and ion shape eﬀect. The
model has been widely used to study the physical properties
such as capacitance or EDL structures.24,38−41,59 While varying
the nanoslit width, the tendency of the pressure acting on the
wall (MD results) and the osmotic pressure at the nanoslit
centerline (continuum results) were compared to check the
applicable range of the continuum hypothesis. Diﬀerent from
other MD studies, which ﬁxed the internal ion density, ion
reservoirs were included in this simulation, which can take into
account the ion density change inside a nanoslit.31−33,38
The results part consists of three themed sections. In the
ﬁrst section, the continuum and MD models are compared in
the bulk scale to verify both models. The BSK model well
predicted the internal ion and charge distribution up to the
second ionic layer with the steric factor and correlation length
calculated from the MD conditions.49 In the second section,
the interference from the EDLs is predicted to anticipate the
conﬁnement eﬀect using the bulk EDL structure. By
comparing the predicted EDL structure and simulation results,
we inferred that there might be other eﬀects besides the EDL
overlapping as the nanoslit width changed. In the third section,

the pressure acting on the wall and the ion distribution in a
nanoslit is analyzed by varying the nanoslit width. The
continuum and MD results are compared, and the diﬀerence is
explained in the scope of the EDL overlapping eﬀect and ionic
discreteness due to the packing structure. By clarifying the
validity of the MD and continuum model, several future
theoretical studies can use the continuum model instead of the
MD model, which can largely decrease the calculation cost.
Also, the prediction of the force exerted onto the conﬁnement
wall can suggest how strong the conﬁnement should be or the
durability of the system.

2. THEORETICAL METHODS
2.1. MD Simulation Methodology. The cations and
anions were both treated as singly charged (z = ±1) LennardJones (LJ) spheres to simulate monovalent ions with the same
size. The diameter of both ions (d) is taken to be 10 Å with a
short range repulsive LJ potential17,18
ÄÅ
ÉÑ
ÅÅÅij d yz12 ij d yz6ÑÑÑ
uLJ = kBT ÅÅÅjj zz − jj zz ÑÑÑ
ÅÅk r {
k r { ÑÑÑÖ
(1)
ÅÇ
(kB: Boltzmann constant; T: temperature) with a cutoﬀ length
of 21/6d. The polarizability of the ionic liquid is modeled by
scaling the electrostatic interactions with the dielectric
constant that equals 2.0. The method of considering the IL
polarizability by screening the electrostatic force has been
widely used in other studies.17−19,61,62 The wall atoms were
also modeled as LJ spheres with a diameter of 0.1d, which was
much smaller than the ion size, to consider the nanoslits as ﬂat
surfaces reducing the surface roughness.
The simulation domain consisted of two ion reservoirs and
two nanoslits shown in Figure 1a. Two thousand ion pairs were
randomly packed in each 200 × 350 × 50 Å3 cuboid reservoir.
Each electrode is spaced apart by a distance of H between the
two ion reservoirs, and the area of each electrode is 250 × 50
Å2. In a nanoslit, each electrode is spaced apart by a distance of
H through which ions could freely move. The upper nanoslit is
centered at 250 Å, whereas the other slit is centered at 100 Å,
which is enough spacing considering the cutoﬀ length. The
nanoslit spacing H is changed from 10 to 200 Å (1d to 20d),
and each atom of the electrode had an electron charge of
0.006e; thus, the charge density across each electrode (σw) is
±9.613 μC/cm2. To satisfy the overall electroneutrality of the
system, the upper slit is negatively charged, whereas the lower
slit is charged with a positive charge. The case for H > 10d is
calculated with a diﬀerent geometry, which is explained in the
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Supporting Information. For nondimensional analysis, the
length scale in the subsequent analysis is expressed in terms of
the ion diameter (d = 10 Å).
For conducting the MD simulations, we used the Packmol63
program to obtain the initial conﬁguration of the ionic liquids,
and the open-source software large-scale atomic/molecular
massively parallel simulator64 for the computation. After the
MD computation, the Visual Molecular Dynamics65 tool was
used for visualization. The long-range Coulombic interactions
were computed by the particle−particle particle−mesh
technique.66 A Nosé−Hoover thermostat and a barostat with
a relaxation time constant of 0.1 ps were used to control the
temperature and pressure, respectively.67,68
Every initial conﬁguration was equilibrated for 10 ns with
neutral electrodes under an NPT ensemble where the external
pressure equaled 1 atm. The dynamic simulations ran with
charged wall atoms for 9 ns, equilibration for 7 ns, and
statistical analysis for 2 ns with a NVT ensemble. A time step
of 1 fs was used, and the velocity was integrated using the
Verlet algorithm. While varying the nanoslit width, the total
ion number and electrode surface area were kept constant. The
charge and number density distribution of the ionic liquid were
calculated every 0.1 Å from the electrode wall with uniform
bins along the perpendicular direction to the electrode. A bin
thickness of 0.1 Å was the marginal value without losing
accuracy, and the details are explained in the Supporting
Information. The ion concentration was analyzed in the lower
nanoslit (between the positively charged electrodes) for every
step and averaged for 2 ns. The ion distribution between the
two negatively charged electrodes (upper region) showed a
symmetric result, and it is included in the Supporting
Information.
The pressure acting on the wall was calculated using the
virial stress, which was the symmetric per-atom stress tensor.
The virial stress acting on each wall atom in the middle region
(150 × 50 Å2) only was calculated to neglect the edge eﬀect.
By integrating the normal direction (y-direction) stresses and
dividing them by the wall area, the pressure could be obtained.
The details for calculating the virial stress are explained in the
Supporting Information.
2.2. Continuum Simulation Methodology. To compare
the result of the MD simulation, a study based on the
continuum approach should be done. In this paper, we
adopted the model proposed by Bazant, Storey, and Kornyshev
as a model equation for ionic liquids (BSK model)49 because
ionic liquids have not only a steric eﬀect but also a correlation
eﬀect due to their ﬁnite ion size. The meaning of the steric
eﬀect and the correlation eﬀect are discussed in the Supporting
Information.
ε(1 − lc2∇2 )∇2 ϕ = 2nbze

and the correlation eﬀect is neglected near the surface (lc = 0 at
x = 0). Therefore, the boundary condition (eq 3) is divided
into
σ
σ
n·̂ ∇ϕ = w → ϕ′(0) = w
(4)
ε
ε
n·̂ (∇2 )∇ϕ = 0 → ϕ‴(0) = 0

This governing equation was solved with two diﬀerent
boundary conditions (bulk region and nanoslit region)
shown in Figure 1b. In the case of the bulk boundary
condition, the semi-inﬁnite condition is used. Therefore, the
electric potential, 1st derivative, and 3rd derivative of the
electric potential should be zero at the bulk end
ϕ , ϕ′, ϕ‴ → 0 as X → ∞

(6)

For practicality, X = 500 Å, which is large enough to be
considered as bulk. In the case of the nanoslit, both electrodes
are symmetrically charged, and the electric ﬁeld at the center is
0. Additionally, the nanoslit boundary conditions can be
represented as
ϕ′(H /2) = 0, ϕ‴(0) = ϕ‴(H ) = 0

(7)

At ﬁrst, we solved the governing equations using the bulk
boundary conditions and then we got the electric potential
curve and ion concentration distribution result. After that, we
solved the same equations again but used the nanoslit
boundary conditions. In the case of the nanoslit boundary
conditions, the result depends on the nanoslit width H.
Other simulation parameters are listed in Table 1. After
equilibrating for 10 ns, the bulk concentration can be
Table 1. Simulation Parameters Used in Continuum Model
electric
permittivity
steric factor

ε = 10ε0

correlation length
charge valence

lc = 5 Å
z = ±1

γ = 0.65

bulk
concentration
bulk region
length
nanoslit width
charge density

nb = 0.65 mol/L
X = 500 Å
H = 10−200 Å
σw = ±9.613 μC/cm2

calculated from the MD result in the bulk case (H = 200 Å).
The steric factor (γ) is the ratio of the bulk ion density to the
maximum possible density, and it can be calculated with the
ion size and bulk concentration. We set γ = 2nb(π/6)(d/2)3/
Φmax, for random close packing of the spheres at a volume
fraction Φmax of 0.63.49 The correlation length is set to be the
same as the ion radius. The dielectric constant of the
background medium equals 10.0 to represent the solvent-free
ionic liquid condition, whereas the MD simulation considers
the dielectric constant as 2 to screen the electrostatic
interactions. This method was widely used for comparing the
MD and continuum simulations under the bulk ionic liquid
system and showed a well-matched result.49
The bulk surface pressure and the nanoslit surface pressure
should be calculated prior to the osmotic pressure at the
centerline by the following equations.51 From the BSK model,
the electric potential distribution is calculated and then we can
get the ﬁrst and second derivatives of the electric potential.
Additionally, the osmotic pressure gradient can be
represented as

sinh(zeϕ/kBT )
1 + γ[cosh(zeϕ/kBT ) − 1]
(2)

This governing equation was solved with two diﬀerent
boundary conditions (bulk region and nanoslit region)
shown in Figure 1b.
In our previous research,51 a ﬁxed electric potential was
applied. However, in this study, a ﬁxed charge density
condition is applied, which is the same value as the wall
charge density in the MD simulation. From the charge
conservation condition69,70
n·̂ D ≡ n·̂ ε(1 − lc2∇2 )∇ϕ = σw

(5)

(3)
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Figure 2. Comparison of the MD and continuum results in the bulk case (H = 20d). (a) Ion concentration distribution near the electrode. (b)
Concentrations of ions (bar graph) and charge (point graph) in each layer. (c) Eﬀective ion concentration (up) and electrostatic potential (down).

εl 2
1
ε
∇π = − ρf (ϕ)∇ϕ + (∇·E)E − c ∇[(∇2 ϕ)2 ]
2
2
4
≡ ∇π1

+∇π2

+∇π3

Now, the osmotic pressure at the nanoslit centerline can be
obtained by using the osmotic pressure value at point B. From
eq 11, we have
(8)

π (h) = π C = π B −

l2c ∇2)∇2ϕ

and we already know that ρf = −ε(1 −
from the
Gauss law. By substituting this into (eq 8), we can get
εl 2
dπ
= εϕ′ϕ″ − c [ϕ″ϕ‴ + ϕ′ϕ(4)]
dx
2

(9)

εl 2
ε
(ϕ′)2 − c (ϕ′ϕ‴), π (0)|bulk = π A
2
2

3. RESULTS AND DISCUSSION
3.1. Bulk Case Veriﬁcation. First, the ion and charge
distribution near the electrode surface were compared for the
bulk case. Here, the bulk case represents a system in which a
one-dimensional ﬂat electrode is placed in a semi-inﬁnite
medium. When the nanoslit width is wide enough (H = 20d),
the net charge density and the electric potential at the slit
centerline become 0; thus, this case can be considered as bulk.
When the steric factor and correlation length are ﬁtted from
the MD simulation conditions, Figure 2a shows that both cases
could similarly predict the location of the ﬁrst counterion layer
(the ﬁrst peak of the red lines from the wall) and the adjacent
co-ion layer (the ﬁrst peak of the blue lines). However, the ion
distribution near the wall appears to have diﬀerent shapes
when the ion distribution is analyzed by each data point (ρion).
The diﬀerence arises from the diﬀerence in the calculation
method. In the case of MD simulation, the ions are assumed to
have charges and masses concentrated at the center point,
whereas the ion size is deﬁned by the van der Waals
interaction. Therefore, the discrete ion concentration is
calculated through the center of mass (CoM) distribution of
ions. On the other hand, because the probability of ﬁnding an
ion in each lattice is used to calculate the ion concentration in
the continuum model, it shows the continuous ion distribution.
Because the method of obtaining the ion concentration is
diﬀerent between the two models, it is not appropriate to
compare the CoM distribution (MD) and probability of ion
distribution (continuum) in the discrete perspective as in
Figure 2a.
One of the methods to compare both models in the
continuous perspective is through the average of the ions
constituting each EDL,21,49 and similar EDL structures are
observed up to the second ionic layer in Figure 2b. The region
inside a nanoslit is divided into layers with a thickness of 0.7d

(10)

The bulk osmotic pressure π0 can be treated as the integration
constant, and it is calculated from50
ÄÅ
ÉÑ
ÑÑ
i1
y
2n0kBT ÅÅÅ
γ
1
j
z
Ñ
j
z
Å
π0 =
ÅÅ−ln + jj − 1zz ln(ξ + η) − ln ηÑÑÑ
ÑÑÖ
γ ÅÅÇ
2
ξ
kξ
{
(11)

Without considering the steric factor, this result is the same as
that calculated by van’t Hoﬀ equation; but if the steric factor is
considered, then the bulk osmotic pressure increases50,71
slightly.50,71 Moreover, we can represent the nanoslit surface
osmotic pressure πB by adapting the same method and take the
reference point as the centerline point (x = h).
π (x)|nanoslit = π (h) +
= πB

(14)

As discussed above, the osmotic pressure at the nanoslit
centerline is the same as the normal stress exerted on the wall
surface.50,51,60 After solving the governing equation, we
compared the result of the MD simulation and continuum
approach by changing the nanoslit width H. By comparing the
normal stress exerted on the wall, we can ﬁnd the length scale
where the continuum model is still valid.

The osmotic pressure at the bulk region can be expressed by
integrating the osmotic pressure gradient. The bulk surface
osmotic pressure πA is given as
π (x)|bulk = π0 +

εl 2
ε
(ϕ′)2 + c (ϕ′ϕ‴)
2
2

εl 2
ε
(ϕ′)2 − c (ϕ′ϕ‴), π (0)|nanoslit
2
2
(12)

To calculate the osmotic pressure at the nanoslit region,
however, the electric correlation eﬀect should be considered.
In eq 8, π1 and π2 are functions of the electric potential; thus,
they will be constant, πA1 = πB1 and πA2 = πB2 , along the same
electrode surface. The only diﬀerence between the bulk surface
and the nanoslit surface πB − πA is πB3 − πA3 due to the EDL
overlapping. Therefore, the osmotic pressure at the nanoslit
surface can be represented by
ÄÅ
ÉÑ
ÑÑ
Å
2Å
2 y2
2 y2
Å
ÑÑ
i
i
εl Åj ∂ ϕ z
j∂ ϕz
ÑÑ
π B = π A − c ÅÅÅÅjjj 2 zzz
− jjj 2 zzz
ÑÑ
j ∂n z
4 ÅÅÅjk ∂n z{
k
{ bulk ÑÑÑÑ
(13)
ÅÇ
nanoslit
Ö
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Figure 3. Interference of the EDL structure predicted by bulk EDL structure. (a−c) EDL layer near the left and right walls. (d−f) Superposition of
left and right EDLs and the MD simulation result at (a, d) H = 2.0d, (b, e) H = 2.5d, and (c, f) H = 3.0d.

internal ion density increases (constructive interference),
whereas it decreases (destructive interference) when the ion
layer coincides with the oppositely charged ion layers.
The interference from the EDLs in a nanoslit are predicted
using the EDL structure in the bulk case. The EDL layers near
the left and right walls are obtained using the ion distribution
in the bulk case, respectively (“left” and “right” in Figure 3). By
shifting the positions of the peaks, the EDL overlapping
phenomenon is predicted in Figure 3. When H = 2.0d and
2.5d, both EDLs seem to constructively interfere with each
other. The maximum constructive superposition is observed in
Figure 3b (H = 2.5d), whereas the destructive superposition is
shown in Figure 3c (H = 3.0d). However, in the MD results,
the increase in the co-ion density due to constructive
superposition does not appear to vary signiﬁcantly between
H = 2.0d and 2.5d. Instead, the cation and anion densities were
found to be maximum at H = 2.0d in the MD results. The
diﬀerences are clearly shown in later analysis with a detailed
explanation. It suggests that the conﬁnement eﬀect cannot be
predicted only from the EDL overlapping.
The ion density change due to the EDL overlapping may
also signiﬁcantly aﬀect the pressure, or normal stress acting on
the wall. The idea came from the numerical analysis done by
Aguilar-Pineda et al., who decomposed the normal stress on
the wall into a contact and an electrical component.53 The
normal stress was calculated from the sum of both
components. The contact component is the force generated
by the collision between the ions and the wall, which acts in
the outward direction on the wall surface. On the other hand,
the electrical component is the force due to the electrostatic
interaction between the ions and the charged wall atoms,
which is similar to the Maxwell stress aﬀected by the electric
ﬁeld from the wall. Because the counterions mainly exist near

to separate the EDL layer by layer. By integrating the pointwise
concentration (ρion) in each layer, the ion concentration (ρint)
and the diﬀerence between the cation and anion concentrations, that is, the relative charge density (σint) in each layer,
are obtained. It is meaningful that the continuum model can
predict the ﬁrst and second ion layers similar to the MD model
because the scale of the total interaction between the wall and
the internal ion is largely determined by the interaction with
the ﬁrst and second layers, as explained in the Supporting
Information. As a result, the pressure acting on the wall (Pbulk)
and the bulk ion density (ρbulk) are also similarly predicted in
both models.
The other method is to compare the eﬀective ion
concentration (ρeff), which is calculated from the CoM
distribution. Assuming that the mass and the charge of an
ion are uniformly distributed in a spherical shape, the eﬀective
ion concentration can be calculated by taking into account the
partial volume of the spherical ion inside a unit slab at each
calculation point. Additionally, the electrostatic potential can
be derived by solving the Poisson’s equation, and both results
are well matched. The detailed analysis methodologies for
Figure 2b,c are explained in the Supporting Information. In
summary, it is appropriate to compare the continuum and MD
model through the steric factor and correlation length directly
obtained by the MD simulation condition.
3.2. Prediction of the EDL Overlapping in Nanoslit
Cases. As the nanoslit width decreases, EDLs from each
electrode side may interfere with each other. The conﬁnement
eﬀect in the nanoscale has a large eﬀect on the capacitance
oscillation, and it is directly related to the EDL overlapping.31,33 Similar to the superposition of a wave, the ion
density may increase or decrease due to the overlapping. When
the ion layer coincides with the same charged ion layers, the
2520
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Figure 4. (a) Pressure exerted on the wall with varying nanoslit width. The inset ﬁgures are for the enlarged pictures when 0.5d ≤ H < 5.5d. (b)
Average ion density in a nanoslit. Inset graph shows the average charge density in a nanoslit.

Figure 5. Ion distribution in the when H = 2.0d−5.0d. (Upper) Ion distribution snapshots at the last time step. (Lower) Ion distribution graphs.

the wall surface, the electrical component mainly acts to pull
the wall inward. Because both components acting on the
opposite directions tend to increase as the internal ion
concentration increases, predicting which force will increase

more requires complicated calculations. Therefore, in the
following section, the relationship between the pressure acting
on the wall and the internal ion density change is analyzed
using the MD and continuum simulation.
2521
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Figure 6. Ion distributions inside the nanoslit region when H = 1.0d, 1.5d, and 2.0d. Ion distribution snapshots in the xy-plane (upper) and in the
xz-plane (middle) and ion distribution graphs (lower). Inset ﬁgures are for the enlarged ion distribution graphs.

3.3. Conﬁnement Eﬀect on the Pressure Acting on
the Wall/Internal Ion Density. The change of pressure
acting on the wall with respect to the nanoslit width is shown
in Figure 4a. Both MD and continuum results show that the
pressure acting on the wall converges to the bulk pressure as H
increases as expected. Interestingly, the plot shows that a
thickness of 5−6d layer, which is too thin to be valid for the
continuum postulate, is enough to obtain the bulk pressure. It
implies the possibility that the continuum model can be used
where the continuum postulate may be violated.
The pressure has the maximum value when H = 2.0d; but
when the nanoslit width becomes narrower, the pressure
decreases rapidly, resulting in a negative (joining) pressure.
The pressure increase at H = 2.0d and the negative pressure at
the narrower conﬁnement are also predicted by the continuum
model. It may seem unrealistic for the negative pressure to
appear, but it has been shown in several studies; it was veriﬁed
thermodynamically that liquids can exist in absolute negative
pressure regimes.72,73 However, only the MD model predicts
the oscillatory behavior of the pressure acting on the wall at
2.0d ≤ H < 5.0d (transparent red region). The oscillation
shows a gradual decay and eventually converges to the bulk
pressure, similar to the capacitance or pressure tendency
observed in other studies.31,33,53
Figure 4b shows the average ion density and average charge
density with respect to the nanoslit width. The average
densities are obtained by integrating the pointwise ion density
in a nanoslit region. The average charge density in the
nanoconﬁnement can be fairly accurately predicted by the
continuum model, but the ion density shows a slight diﬀerence.
In the previous section, the ion density was expected to be
maximum at H = 2.5d because the EDLs from the opposite
electrodes are supposed to be overlapped constructively.
However, a higher density was observed at H = 2.0d than
that at H = 2.5d, which means there may be other eﬀects
besides EDL overlapping. Additionally, the continuum model

seems to slightly overpredict the counterion density. These
diﬀerences come from the discreteness due to the packing
structure of the ion layers.
Let us imagine that in a tightly packed slit with n layers of
ions and the width slightly increases, but not enough to ﬁll (n +
1) layers. Then, the ion layers become more loosely packed,
which means the ion density and the pressure may be
decreased. Moreover, if the slit width increases a little bit more
to ﬁll the (n + 1) layers tightly, the charge density and the
pressure will increase again due to the tight packing. This will
repeat as the slit width increases. It leads to the oscillatory
behaviors of ion density and the pressure according to the
nanoslit width, and the amplitude of the oscillation decays as
the number of ion layers increases. It is also notable that the
decay is so fast that the thickness of 20d is large enough to be
neutral at the given condition. The oscillatory decay of the
pressure is a typical characteristic of the discreteness of ions,
which cannot be explained by the continuum model. It is
because the lattice size is assumed not to change with respect
to the slit width in the continuum model. However, the
eﬀective lattice size that the ion can occupy may change with
respect to the slit width in the discrete (MD) model. Actually,
this diﬀerence causes the diﬀerence in the prediction of the
average ion density in the nanoslit, and we may say the
continuum model makes an upper bound of the ion density.
When 2.0d ≤ H ≤ 5.0d, the discrete eﬀect greatly inﬂuences
the ion distribution and the pressure acting on the wall because
only a few ion layers are formed in a nanoslit. For a detailed
analysis, an ion distribution snapshot at the last time step in the
MD results and the ion distribution graphs in a nanoslit are
plotted in Figure 5. It directly shows the loosely packed ionic
layers (H = 3.0d and 4.0d) and tightly packed ionic layers (H =
2.0d and 3.5d). For tightly packed structures, the counterion
peak next to the wall is higher than that of the loosely packed
cases. Because the ions are closely packed to each other, there
is not enough space where the ions can freely move, and it
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results in a higher ion density. From this result, we can conﬁrm
that the size of the available occupancy sites for ions changes as
the packing structure changes in the MD simulations.
Because both electrodes have the same charge, the total
number of ion layers between the electrodes is observed to be
odd. The case of H = 3.0d is expected to have four ion layers,
and the slit width is not large enough to have ﬁve ion layers.
Therefore, it results in three layers with a loosely packed
structure with a large free space in which the ions can move
freely. In the case of H = 2.0d and 3.5d, however, the nanoslit
widths are suitable (well-ﬁtted) for three layers and ﬁve layers,
respectively. The pressure and ion concentration increase
when the number of ion layers increases so that the layers are
tightly packed again. This discrete eﬀect gradually becomes
negligible as the number of ion layers increases, and thus, the
pressure acting on the wall seems to converge to the bulk value
after H = 5.0d.
In the cases of H < 2.0d, however, the co-ion density
abruptly decreases in a nanoslit. As discussed above, the
normal stress can be decomposed into the electrical and
contact components. As co-ions are pushed out of the
conﬁnement, the inward electrical component becomes more
prominent. When the inward electrical component becomes
larger than the outward contact component, the sum of the
two components results in an inward force (negative pressure)
applied on the wall. The negative pressure applied to the wall,
which is a result of a competition between the electrical and
contact components, is similarly predicted in both MD and
continuum results.
Figure 6 shows the ion distribution snapshot at the last time
step in the MD simulation and the ion distribution graphs for
H = 1.0d, 1.5d, and 2.0d cases. For the snapshots, the solid red
spheres depict anions above the centerline, whereas the
transparent red ones depict the ions below the centerline.
When H = 1.5d, ions from one side hinder the ion layer
formation on the other side due to the ion size. Thus, the
average counterion density is low, and a weak pressure is
applied on the wall. At this point, the MD simulation shows
that no co-ion exists in a nanoslit, whereas the continuum
model does. In the MD simulation, the co-ion density in the
conﬁnement rapidly converges to zero as the conﬁnement size
decreases, whereas it gradually decreases in the continuum
simulation. When H = 1.0d, the co-ion is completely pushed
out of the conﬁnement in the continuum simulation. Despite
both models showing a diﬀerence in predicting the decreasing
tendency of the co-ion concentration, they similarly predict the
scale of the negative pressure acting on the wall.

using the steric factor and correlation factor obtained by the
MD simulation condition.
When the size of the nanoslit becomes comparable to the
ion size, it is hard to predict the oscillatory behavior with the
continuum model due to the ionic discreteness (whether the
ion layer structure is packed tightly or loosely), and the
continuum model slightly overpredicts the counterion density.
However, to some extent, it can predict the overall tendency of
the internal charge or ion density with respect to the slit width.
In conclusion, the continuum model can still be useful to
estimate the order of the pressure of an ionic liquid in a
nanoconﬁnement even where the continuum postulate is not
valid.
In the cases of H < 2.0d, however, the co-ion exclusion
phenomenon greatly inﬂuences the pressure and EDL
structure. The continuum model can predict the same scale
of negative (joining) pressure as the MD model. However, it
shows a slower decrease of the co-ion density as the
conﬁnement becomes narrower compared to the MD
simulation. In other words, the continuum model can work
better on this scale to predict the pressure acting on the wall if
the co-ion density is neglected in a small conﬁnement (using
the counterion only assumption).
This study can be a guideline for using the continuum model
to analyze a nanoconﬁned liquid system, which is directly
related to the calculation cost. Additionally, this study will give
inspiration to researchers in various ﬁelds who are interested in
the pressure acting on the wall for designing stable nanoporous
electrode systems. However, we found no signatures for the
emergence of long decay ranges of force as seen in the surface
force experiments.74 Further studies on the edge eﬀect or
solvent eﬀect will help understand more precisely the validity
of the model. In particular, the solvent eﬀect has been found to
aﬀect the dynamics or capacitance of ionic liquids.75−78
However, the scale of solvent eﬀect may be controversial and
further research is needed.

4. CONCLUSIONS
We investigated the conﬁnement eﬀect of a solvent-free RTIL
inside a nanoslit using the MD and continuum (BSK) models.
The predicted internal ion density, charge density, and
pressure acting on the wall were analyzed to ﬁnd the tendency
with respect to the conﬁnement size and the validity of the
continuum model in such a small scale.
When the conﬁnement size is suﬃciently large (H > 5.0d),
the pressure, average ion, and charge density in a nanoslit are
well matched in the MD and continuum simulations. Both
simulations predicted the same pressure acting on the wall and
average ion and charge density inside a nanoslit. Additionally,
the EDL structures are well matched up to the second ionic
layer in both discrete and continuous perspectives. Thus, it was
conﬁrmed to be a great choice to use the continuum model
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