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ABSTRACT: Molecular simulations of the diﬀusion of EMIM+ and TFSI− ions in slitshaped micropores under conditions similar to those during charging show that in pores
that accommodate only a single layer of ions, ions diﬀuse increasingly faster as the pore
becomes charged (with diﬀusion coeﬃcients even reaching ∼5 × 10−9 m2/s), unless the
pore becomes very highly charged. In pores wide enough to ﬁt more than one layer of
ions, ion diﬀusion is slower than in the bulk and changes modestly as the pore becomes
charged. Analysis of these results revealed that the fast (or slow) diﬀusion of ions inside
a micropore during charging is correlated most strongly with the dense (or loose) ion
packing inside the pore. The molecular details of the ions and the precise width of the
pores modify these trends weakly, except when the pore is so narrow that the ion
conformation relaxation is strongly constrained by the pore walls.

S

together with porous electrodes with mesopores (diameter >2
nm) or micropores (diameter <2 nm) that are the most
promising for achieving high energy density. It should be noted
that following conventions in the literature, electrodes featuring
mesopores or micropores are referred to as nanoporous
electrodes because these pores all have diameters on the
order of 10−9 m. A comprehensive understanding of the origins
of the limited power density of current supercapacitors based
on RTILs and nanoporous electrodes is lacking. Conceivably,
the slow transport of bulky RTIL ions in narrow pores and in
bulk electrolytes could lead to sluggish charging/discharging
and thus limited power density; however, other factors, for
example, ineﬀective device fabrication and packing, may also be
implicated. Because of the limited understanding on this
important issue, supercapacitor manufacturers often limit the
size of electrode powder to preserve power density, which, in
turn, sacriﬁces the volumetric capacitance and electrical
conductance of the electrode. A possible way to improve the
rate capability (and thus power density) is to use hierarchical
porous electrodes with both micro- and mesopores.19,20 To
facilitate the development of these materials, it is critical to
obtain a fundamental understanding of RTILs transport in
micro- and mesopores.

upercapacitors, also called electrochemical double-layer
capacitors (EDLCs), have received signiﬁcant attention in
recent years due to their potential applications in diverse
problems such as regenerative braking and grid stabilization.1−3
By storing electrical energy physically and avoiding timeconsuming redox reactions, supercapacitors oﬀer excellent
power density and cyclability;3,4 however, because of their
limited energy density, supercapacitors have not been widely
deployed until now. Improving the energy density of
supercapacitors has been the focus of numerous recent works,
and many breakthroughs have been reported.2,3,5,6 For example,
by replacing conventional electrolytes (aqueous electrolytes or
organic electrolytes) with room-temperature ionic liquids
(RTILs), which have a much wider electrochemical window
compared with conventional electrolytes, the energy density of
supercapacitors has been improved greatly.6 Likewise, using
porous electrodes with narrow pores helps improve the speciﬁc
surface area available for energy storage and thus the energy
density of supercapacitors.7 Thanks to the intensive research in
recent years, the mechanisms of charge storage in these
materials are now reasonably understood.3,5,8−17 There is,
however, a signiﬁcant concern that the enhanced energy density
of supercapacitors achieved using these new materials may
come at the cost of reduced power density. In fact, the power
density of RTIL-based supercapacitors is often lower compared
with those based on aqueous or organic electrolytes (see ref 18
for a review), and this is especially true when RTILs are used
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Much of the prior studies of ion transport in nanoporous
electrodes focused on the self-diﬀusion of RTIL ions inside
mesopores.21−25 While the transport of ions in these pores is
mostly slower than that in bulk RTILs, the opposite trend has
also been observed.26,27 In comparison, there are fewer studies
of ion transport in micropores, and the general expectation is
that the diﬀusion may be slow due to the ultraconﬁnement;
however, in a recent study it was discovered that the highly
viscous RTIL 1-ethyl-3-methylimidazolium chloride ([EMIM][Cl]) rapidly ﬁlls electrically neutral carbon nanotubes as
narrow as 1.36 nm, and the ion diﬀusion inside the idealized
nanotube is even faster than that in bulk.28 Recent studies of
the impulsive and cyclic charging of subnanometer pores
(diameter <1 nm) with RTILs showed that fast charging (hence
high power density) can be achieved in materials with
subnanometer pores.29−31 It was further demonstrated that
the fast charging is contributed by the onset of a collective ion
transport mode mediated by polarizable pore walls and fast ion
diﬀusion during charging.29,31 In particular, the self-diﬀusion
coeﬃcient of ions conﬁned in subnanometer pores exhibits a
bell-shaped curve as charging proceeds: At the potential of zero
charge, ions inside neutral subnanometer pores diﬀuse very
slowly; as charging proceeds, the self-diﬀusion of ions greatly
accelerates, even becoming a few times faster than that in bulk
RTILs; their diﬀusion ﬁnally slows down when the pore
becomes strongly charged.29 These results highlight the need to
study ion transport under conditions similar to that found
during charging of pores. The fact that fast ion dynamics was
observed during charging oﬀers hope that one can enhance the
energy density of supercapacitors using RTILs and nanoporous
electrodes featuring micropores while maintaining satisfactory
power density; however, the fast ion dynamics revealed in these
studies was obtained using coarse-grained, nearly spherical
models of RTILs, in which most atomic details of the ions are
neglected. The diﬀusion of real RTIL ions in micropores,
however, is aﬀected by a host of factors including the shape of
ions, occupancy of ions inside a pore, binding between speciﬁc
sites on cations and anions, and steric ion−wall interactions, to
name just a few. Obtaining fundamental understanding of the
interplay between these factors and electrode potential is a key
step toward accelerating the rational design of RTILs for
supercapacitors featuring micropores.
In this work, we study the diﬀusion of 1-ethyl-3methylimidazolium and bis(triﬂuoro-methylsulfonyl)-imide
ions (EMIM+ and TFSI−) inside slit-shaped micropores using
molecular dynamics (MD) simulations with chemically realistic
representation of ions using all-atom models (see Figure 1a).
The diﬀusion coeﬃcient of ions inside a pore depends on the
internal state of the pore, which can be characterized using the
density of cations and anions inside the pore (ρ+ and ρ−), or
equivalently, the net charge and the total ion density inside the
pore (q = ρ+ − ρ− and ρ∑ = ρ+ + ρ−). All densities are
presented as area density hereafter because ions form a single
layer in most of the pores studied here. When charging a pore,
q and ρ∑ are not uniform along the pore length and vary with
time, which makes the quantitative study of ion diﬀusion under
conditions relevant to pore charging complicated; however,
prior studies on the impulsive charging of subnanometer pores
have shown that the overall charging behavior is closely
correlated with the diﬀusion coeﬃcients of ions inside the pore
under quasi-static (inﬁnitely slow) charging conditions.29
Therefore, once the net charge q inside the pore is known
during quasi-static charging, the total ion density inside the

Figure 1. Ion diﬀusion inside a 0.75 nm slit pore under quasi-static
charging conditions. (a) Snapshot of the simulation system and the
molecular models of the EMIM+ and TFSI− ions. (b,c) Scaled ion
diﬀusion coeﬃcient (panel b) and density (panel c) as a function of
ionic density q inside the pore during quasi-static charging (q = ρ+ −
ρ−). (d) Potential diﬀerence between two nanopores as a function of
ionic charge density q. The potential diﬀerence is taken as the voltage
diﬀerence imposed between a pair of pores with the same width and
separated by RTIL reservoirs.17 Panels c and d are adapted from ref 17.
The black line in panel c denotes the total ion density. Ion densities in
panel c are presented as area density as the ions conﬁned in the pore
form a single layer.

pore (ρ∑) can be uniquely determined from the thermodynamics of charge storage inside pores, thus making it possible
to set up MD simulations to study the ion diﬀusion. In what
follows, we map out the evolution of the self-diﬀusion
coeﬃcients of EMIM+ and TFSI− ions during the quasi-static
charging of several pores. We consider slit pores with center-tocenter widths of 0.72, 0.75, and 1.1 nm, in part because the
quasi-static charge storage behavior (i.e., ρ∑−q relation) in
these pores has been previously determined by some of us.17
The ion compositions in these pores under charging conditions
correspond to diﬀerent potentials on the pore walls and are
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taken from a previous study17 (also summarized in Tables S1−
S3 in the Supporting Information) to set up the diﬀusion
simulations. It is worth noting that, for most charging
conditions examined here, there are both cations and anions
inside the pores.
First we examined the diﬀusion of RTIL in a 0.75 nm pore.
Figure 1b shows the evolution of the diﬀusion coeﬃcients of
the EMIM+ and TFSI− ions inside the pore when it is charged
under quasi-static conditions. (The applied potential diﬀerence
corresponding to diﬀerent charge inside pore is shown in
Figure 1d.) The diﬀusion coeﬃcients of the EMIM+ and TFSI−
ions are close to each other. In addition, they generally increase
as charging of the pore proceeds, except when the ionic charge
density, q, inside the pore is more negative than −2 e/nm2. For
the TFSI− ions, the diﬀusion coeﬃcient approaches their bulk
value when q is −2 e/nm2. On the contrary, the diﬀusion of
EMIM+ ions is faster than in bulk RTIL at q > 0.7 e/nm2 and
even becomes faster than Na+ ions in bulk water for q ≳ 0.9 e/
nm2.32 The latter observation is signiﬁcant because aqueous
electrolytes featuring small metal ions are often thought to
aﬀord the best power density for supercapacitors due to their
high bulk ionic conductivity (or equivalently, the large diﬀusion
coeﬃcient of ions in such electrolytes). Comparison of the ion
diﬀusion coeﬃcients and ion densities inside the pore as a
function of pore charge (see Figure 1b, c) indicates that the ion
diﬀusion coeﬃcient inside the pore tends to increase (decrease)
as the total ion density ρ∑ and hence ion packing decreases
(increases). These observations are qualitatively similar to that
observed from simulations using coarse-grained ions conﬁned
in subnanometer pores;29 however, when the pore becomes
more charged while the total ion density inside the pore
remains constant, the dependence of the EMIM+ and TFSI−
ion’s diﬀusion coeﬃcients on pore charges is more complicated
than that observed with coarse-grained ions. Speciﬁcally, for
RTILs featuring nearly spherical, coarse-grained ions, the ion
diﬀusion speeds up greatly as the pore becomes charged, even if
the total ion density is ﬁxed. This speed-up originates from the
fact that as charging proceeds the interlocked cation−anion
lattice inside the pore is gradually broken, which facilitates ion
diﬀusion.29 When the molecular details are included, such a
speed-up is indeed observed for the EMIM+ ions when q
increases from 0 to ∼0.5 e/nm2 but not for the TFSI− ions
when q decreases from 0 to approximately −1.0 e/nm2. This
asymmetric behavior is likely caused by the fact that TFSI− ions
are slightly more bulky than the EMIM+ ions and they have
more tortuous structure with a larger aspect ratio than the disklike EMIM+ ions, leading to the diﬀerence in the eﬃciency of
ion packing inside the pores. Speciﬁcally, when charging of the
pore proceeds by swapping EMIM+ ions inside the pore with
TFSI− ions in the RTIL reservoir (thus q inside the pore
becomes more negative but the total ion density inside pore
remains constant),17,33,34 ions inside the pore become more
tightly packed, and the movement of ions becomes more
hindered by the irregularly shaped TFSI− ions.
The critical role of the total ion density (hence ion packing)
and the more subtle role of ion shape in determining ion
diﬀusion inside the pore can be rationalized as follows. In the
absence of solvents, the movement of a RTIL ion conﬁned in
narrow pores is hindered greatly by its neighbors. These
neighbors can be thought to form a cage surrounding each ion,
and the random diﬀusion of the ion “locked” in the cage
requires the cage to be broken. In a densely populated pore, the
breakage of such a cage often must involve coordinated

movement of many ions, and hence the ion diﬀusion is slow.
The interlocking of ions with complex shape also compounds
the situation, making the diﬀusion even slower. On the
contrary, higher free volume in the less populated cases for q >
0.7 e/nm2 facilitates cage relaxation, making it less susceptible
to ion shape, resulting in enhanced ion dynamics for both ions.
To corroborate these ideas, we analyzed the breakage of ion
cages35 by computing the time correlation function of ion
cages36
ACFc(t ) = ⟨C(0)C(t )⟩

(1)

where the bracket ⟨···⟩ denotes ensemble average and C(t) is an
indicator of the cage around an ion. C(t) is deﬁned as 1.0 if the
cage surrounding an ion at t = 0 still exists at time t later and
zero if the composition of the cage of an ion i at time t is
diﬀerent from that at time t = 0 (i.e., the cage is broken). At any
given time, to identify which ions form the cage of an ion i, we
computed the distance of the ion i to each ion j in the system,
ri‑j. If ri‑j is smaller than rmin, the position of the ﬁrst valley of the
radial distribution function of ion pair i-j in bulk RTILs, then
ion j is counted as a member of the cage for ion i. A fast decay
of ACFc(t) toward zero means that the cage surrounding an ion
breaks rapidly after forming. Figure 2 shows the ACFc(t) of

Figure 2. Cage dynamics for EMIM+ ions conﬁned inside a 0.75 nm
pore. The dynamics of the “cage” surrounding the EMIM+ ions is
characterized using the cage time correlation function (eq 1) in pores
with diﬀerent charge q and total ion density ρ∑.

EMIM+ ions conﬁned in the 0.75 nm pore at diﬀerent levels of
charging. (The ACFc(t) of the TFSI− ions shows a very similar
trend and thus is not shown.) It can be seen that as the total ion
density inside the pore ρ∑ decreases from 2.03 to 1.52 #/nm2
while the ionic charge inside pore, q, increases from 0.37 to
0.99 e/nm2, the cage surrounding EMIM+ ions breaks much
faster, consistent with the speed-up of EMIM+ ion diﬀusion
shown in Figure 1b. When the pore charge varies from 0 to
0.37 e/nm2 and from 0 to −0.43 e/nm2, ρ∑ is constant. In the
former case (q: 0 → 0.37 e/nm2), the ion cage breaks slightly
faster, which is consistent with the moderately faster EMIM+
ion diﬀusion. The faster cage breakage is due to the presence of
more disk-like-shaped EMIM+ ions in the pore, which have less
impedance to the breakage of ion cage. On the other hand, in
the second case (q: 0 → −0.43 e/nm2), the dynamics of the
cage surrounding EMIM+ ions shows little change, again
38
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pore increases. However, the diﬀusion of TFSI− ions is quite
diﬀerent from that in the 0.75 nm pore. As can be seen from
Figure 3, the diﬀusion of TFSI− ions changes little when the
pore becomes either positively or negatively charged. The
diﬀerent response of the EMIM+ and TFSI− ions’ diﬀusion to
the charging of the pores originates mostly from the more
ellipsoidal shape of the TFSI− ions compared with the rather
planar, disk-like EMIM+ ions. The eﬀect of the diﬀerence in
shape is especially pronounced when the ions are conﬁned in
the narrower 0.72 nm pore. Speciﬁcally, because of its
ellipsoidal shape, regardless of how a TFSI− ion is situated
within the 0.72 nm pore, its multiple constituent atoms will be
in close contact with the pore wall (see Figure 4a). Accordingly,
the conformation of the TFSI− ions is strongly constrained by
the pore wall, and the transition between the two diﬀerent
conformers (i.e., C1 and C2 conformers (Figure 4b)) is
severely impeded (Figure 4c).
Consequently, the steric interactions between the TFSI− ions
and the pore wall dominate the movement of the TFSI− ions,
leading to their inertness in the 0.72 nm pores regardless of the
pore charge density. These steric interactions are extremely
sensitive to the pore width. In fact, in the 0.75 nm pore, these
interactions already become much weaker, as hinted by the
more facile transition between their C1 and C2 conformations
(see Figure 4c). As a result, the diﬀusion of TFSI− ions in the
0.75 nm pore is much faster. For the disk-like EMIM+ ions,
which tend to position themselves along the middle plane of
the 0.72 nm pore, few of their atoms are in close contact with
the wall atoms. Hence, the diﬀusion of EMIM+ ions is not
restricted by the wall but instead governed more strongly by
caging from other ions. To ascertain that it is the ion−wall
interactions rather than other factors such as ion−ion
interactions that dominate the slow diﬀusion of TFSI− ions
in the 0.72 nm pore, we repeated the simulation with q = 0.67
e/nm2 and ρ∑ = 0.87 #/nm2 by increasing the pore width from
0.72 to 0.75 nm without changing the number of ions inside the
pore. The diﬀusion coeﬃcient of TFSI− ions was found to
increase by ∼100 times, thus conﬁrming the decisive role of
steric ion-wall interactions in controlling the diﬀusion of TFSI−
ions in the 0.72 nm pore.
Finally, we compare the ion packing and dynamics within a
1.1 nm pore with the results for 0.72 and 0.75 nm pores. The
1.1 nm pore was chosen because it is wide enough to
accommodate two layers of ions. Figure 5 shows the evolution
of ion diﬀusion coeﬃcients and densities inside the pore during
charging under the quasi-static condition. Unlike the
observations for the narrower pores shown in Figures 1 and
3, the diﬀusion coeﬃcients of both EMIM+ and TFSI− vary
rather modestly with the pore charge. This is similar to the
situation in the mesopores studied by other research
groups21−25 and also in line with the fact that the total ion
density inside the pore varies only marginally as the pore
becomes charged. Moreover, in the investigated charge range,
both EMIM+ and TFSI− ions only show much slower dynamics
than in bulk.
In summary, a complicated and unexpected picture of ion
transport in charged micropores has emerged from MD
simulations, where complex-shaped ions were represented
using all-atom models. In pores that accommodated only one
layer of ions, the diﬀusion coeﬃcient of an ion increases greatly
during charging and exceeds the bulk diﬀusion values or even
diﬀusion coeﬃcients of small monovalent cations in bulk water.
In the wider pores that accommodated more than one layer of

consistent with the fact that the diﬀusion of EMIM+ ion
changes little. This is because more bulky and tortuous TFSI−
ions populate in the pore as the charge decreases from 0, which
tends to hinder the breakage of ion cages. The fact that ACFc(t)
decreases notably at short time (t < 30 ps) but decreases very
slowly at long time when the pore charge is 0 or −0.43 e/nm2
indicates that the EMIM+ ions mostly vibrate inside the cage,
but the overall motion of all ions is largely arrested. To some
extent, EMIM+ ions also diﬀuse with their “ionic solvation”
shell nearly intact, although visualization of ion trajectories
suggests that this mode of diﬀusion does not dominate the ion
transport. Overall, the fast (slow) cage dynamics of the EMIM+
ions at short (long) time appears to be consistent with the fact
that their mean-square-displacement increases relatively rapidly
at short time but very slowly at long time (see Figure S1 in the
Supporting Information).
Next, we investigated the diﬀusion of RTIL in a 0.72 nm
pore. The diﬀusion of the EMIM+ ions in the pore (see Figure
3) shows some features similar to those in the 0.75 nm pores:
Their diﬀusion speeds up as the pore charge increases from 0 to
0.67 e/nm2, which is accompanied by a decrease in the total ion
density inside the pore; their diﬀusion slows down as the pore
charge reduces below zero, when the total ion density inside

Figure 3. Scaled ion diﬀusion coeﬃcient (panel a) and density (panel
b) as a function of the ionic density q inside a 0.72 nm pore under
quasi-static charging conditions. (c) Potential diﬀerence between two
nanopores as function of ionic charge density q. The potential
diﬀerence is taken as the voltage diﬀerence imposed between a pair of
pores with the same width and separated by RTIL reservoirs. Panels b
and c are adapted from ref 17. The black line in panel b denotes the
total ion density.
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Figure 4. Structures of EMIM+ and TFSI− ions conﬁned inside micropores. (a) Atom number density proﬁles of EMIM+ and TFSI− ions across a
0.72 nm pore (q = 0.67 e/nm2 and ρ∑ = 0.87 #/nm2). Each atom of an ion contributes equally to its atom number density proﬁle. (b) Geometry of
the C1 and C2 conformers of a TFSI− ion. These conformers are distinguished based on the angle of the pseudo-dihedral formed by the C−S−S−C
atoms.37 The yellow, cyan, pink, and red balls denote the S, C, F and O atoms, respectively. (c) Comparison of the rate of transition between the C1
and C2 conformers of TFSI− ions conﬁned inside the 0.72 nm pore (q = 0.67 e/nm2, ρ∑ = 0.87 #/nm2) and inside the 0.75 nm pore (q = 0.54 e/
nm2, ρ∑ = 0.88 #/nm2) during a 10 ns simulation. The transition between the C1 and C2 conformers occurs if the angle of the pseudo-dihedral
formed by the C−S−S−C atoms changes by more than 120°.

of understanding the charge dependence of ion diﬀusion in
addition to the pore size dependence. These results also
highlight the importance of precisely controlling pore size to
realize fast ion diﬀusion in charged pores. In many practical
materials, the large variation of pore size often leads to
formation of diﬀusion bottlenecks as the pore expands and
narrows along its length, thus limiting the power density of
supercapacitors. Such limitation can potentially be resolved
using precisely templated carbons.38 In the absence of precise
pore size control, hierarchical carbons with combined microand mesopores may oﬀer the best compromise between energy
and power density as large pores will provide the supply of ions
to narrow pores with size comparable to the ion sizes.

■

METHODS
The simulation system consisted of a slab of EMIM+ and TFSI−
ions enclosed between two graphene layers. Three pores with
width of 0.72, 0.75, and 1.1 nm were studied. The pore walls
measure approximately 6 × 6 nm2 laterally in all simulations,
and periodic boundary conditions were applied in the lateral
directions. Inside each pore, for a given net ionic charge, the
number of EMIM+ and TFSI− ions is taken to be the same as
that computed in ref 17, which studied the charge storage with
the ions considered here in the pores of the same width. The
explicit atom (EA)/united atom (UA) models of EMIM+ and
TFSI− ions developed by Vatamanu et al.39 were adopted for
these ions. The carbon atoms in the graphene wall were
modeled using the same force ﬁelds as in ref 17. The
nonelectrostatic, nonbonded interactions in these force ﬁelds
are a combination of Lennard-Jones (LJ) and Buckingham
potential, and the modiﬁed Waldman−Hagler combination
rules40 were used to compute the LJ and Buckingham potential
parameters for the interaction between two diﬀerent types of
atoms.
Molecular dynamics simulations were performed using the
LAMMPS code in the NVT ensemble.41 The temperature of
the ions was maintained at 393 K using a Nosé−Hoover
thermostat. The nonelectrostatic interactions were computed
via direct summation with a cutoﬀ length of 1.0 nm. The
electrical potential on all wall atoms is enforced to be the same,
using the LAMMPS subroutine developed in ref 42. Such a

Figure 5. Scaled ion diﬀusion coeﬃcient (panel a) and density (panel
b) as a function of the ionic density q inside a 1.1 nm pore under
quasi-static charging conditions. (c) Potential diﬀerence between two
nanopores as a function of ionic charge density q. The potential
diﬀerence is taken as the voltage diﬀerence imposed between a pair of
pores with the same width and separated by RTIL reservoirs. Panels b
and c are adapted from ref 17. The black line in panel b denotes the
total ion density.

ions, ion diﬀusion is slower than in bulk RTILs and largely
independent of the state of charge. Overall, although many
factors aﬀect the ion diﬀusion, the ion packing typically plays
the most important role. These results highlight the importance
40
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■

subroutine computes the electrical charge on the wall atoms at
each time step, and thereafter the electrostatic interactions
within the system were computed using the P3M (particleparticle particle-mesh) method.43 The wall atoms were ﬁxed
during the simulation. We also performed trial simulations in
the 0.75 nm pore in which the wall atoms were allowed to
move and their temperature was maintained at 393 K. In those
simulations, the intermolecular interactions between the
graphene wall’s carbon atoms were modeled using the force
ﬁelds developed by Wei et al.44 The electrostatic ion−ion
interactions were computed based on the electrostatic potential
given by11
ϕ(z , R ; z1) =

4
ϵ0εrW

∞

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpclett.5b02378.
Equilibrium number densities of EMIM+ and TFSI− ions
inside pores with diﬀerent widths and potentials (data
ﬁrst reported in ref 17 are adapted and provided for
readers’ convenience); comparison of the EMIM+ ion’s
diﬀusion coeﬃcients computed when pore wall atoms are
ﬁxed and are allowed to vibrate; mean square displacement (MSD) of EMIM+ and TFSI− ions inside 0.75 nm
pores; and comparison of the diﬀusion coeﬃcients
computed from MSD with time window of 500 ps and
10 ns. (PDF)
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⎟ sin⎜
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where ϵ0 is the vacuum permittivity, εr is the dielectric constant
(taken as 1.0) in the slit pore, R is the lateral distance between
charges, W is the pore width, and K0(x) is the modiﬁed Bessel
function of the second kind of order zero. With such an
electrostatic potential, the screening of the electrostatic ion−
ion interactions by the polarizable pore walls is explicitly
considered. While these simulations are signiﬁcantly more
expensive than those previously described, we found that the
ion diﬀusion coeﬃcients obtained in these simulations were
very similar to those obtained when the graphene atoms were
ﬁxed (see Figure S2 in the Supporting Information). Hence, all
results reported in this work were based on the ﬁxed graphene
wall simulations.
To generate the initial conﬁguration of the simulation
system, we ﬁrst packed the desired number of ions between the
pore walls using the PACKMOL code.45 After energy
minimization, the system was then equilibrated for 10 ns,
followed by a production run of 40 ns. A 1 fs time step was
used and the trajectories of the ions were saved every 1 ps. The
diﬀusion coeﬃcients of ions were then computed using the
Einstein−Helfand method.46 Speciﬁcally, we ﬁrst compute the
mean-square displacement (MSD) of each ion in the xy-plane
as a function of time. The MSD is computed for a time T up to
150 ps (when ion diﬀusion is fast) or 500 ps (when ion
diﬀusion is slow). Such a time is long enough that the MSD
increases linearly with time (see Figure S3 in the Supporting
Information). Next, we ﬁt the MSD to a linear curve in the time
window of 0.6 to 1.0T, and the lateral ion diﬀusion coeﬃcient is
computed as 1/4 of the slope of the ﬁtted linear curve. The
latter is consistent with the formula
D = lim t →∞(r(t ) − r(0))2 /4t
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