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ABSTRACT: The transport and structure of room-temperature
ionic liquids (RTILs) in conical nanopores under external electric
fields were studied using molecular dynamics simulations. Electri-
cally neutral, nonuniformly charged, and uniformly charged
nanopores were considered. The current—voltage relationship was
calculated as the macroscopic transport property. When the
magnitude of the applied voltage increases, the magnitude of the
current was found to increase nonlinearly with an increasing slope.
The nonlinearity was traced back to that the RTILs’ electrical conductivity increases as the magnitude of the electric field increases
and as the ion concentration decreases (ion depletion) because of the solvent-free nature of the RTILs. The degree of ion depletion
is highest near the pore tip, and it decreases as the location moves from the tip to the base, because the electric field is strongest near
the tip while RTILs are more bulk-like near the base and their conductivities’ dependence on the electric field is weaker than that
near the tip. At the same applied voltage, the current through the nonuniformly charged pore was weaker than that through the
neutral pore, while the current through the uniformly charged pore was stronger. This is because the hindered transport due to the
higher total ion concentration and the lower degree of ion depletion dominates in the nonuniform case, while the enhanced
transport due to the formation of electrical double layers (EDLs) dominates in the uniform case. Cation and anion currents were
calculated separately, and the results show that negatively charged nanopores are cation-selective. EDLs were observed near pore
walls due to the external electric field and surface charges, and the results suggest that the ion density in EDLs is tunable by varying
the applied voltage across the system. The physical insights provided in this study demonstrate the importance of solvent-free nature
and strong ion—ion correlations in RTILs on their nonequilibrium transport and structures in nanopores, and the results imply that
the charging dynamics of RTILs in nanoporous electrodes in supercapacitor and energy applications could be greatly enhanced
under larger applied voltages.
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Bl INTRODUCTION tion,"’~** anomalous transport effects,”> ¢ selective ion
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transport, and memory effects, just to name a few.
Studies on ionic transport through conical nanopores have
drawn much attention in the past decade. Unique properties

Ionic transport through nanopores is a fundamental process
underpinning a wide variety of applications. In electrical double
layer (EDL) capacitors, accumulated charges on nanoporous

electrodes attract counterions from the electrolyte to electrodes’ such as the symmetry-breaking geometry play important roles in
surface, forming EDLs that store energy. Ionic transport through ionic transport through conical nanopores and the associated
nanopores in electrodes determines the performance of EDL transport phenomena such as the current rectification. System-
capacitors such as power density and the time for charging and atic studies have been performed using theories and experiments
discharging.1_4 In salinity gradient power generators, the ionic to probe the effect of surface charge and geometry on the current
concentration gradient drives ionic transport in ion-selective rectification in conical nanopores.34_38 In theoretical works,>*>°
membranes, and the associated osmotic energy can be harvested the author divided the pore into a region near the tip, a region
directly in the form of electrical energy. Optimizing geometries near the base, and a transition region, and the different

and surface charge densities in the ion-selective membranes can
enhance the power density of the generators.”’ In biology,
ionic transport through lipid bilayers, specialized ion pumps, and
protein channels in cell membranes are crucial to sustain cellular
function.® Through decades of research on ionic transport in
diverse systems and applications at nanoscales,” a wide variety of
intriguing transport phenomena have been discovered and
extensively studied. Examples include concentration polar-
ization,"™** ion enrichment-depletion,14_16 current rectifica-

transference numbers in different regions lead to the
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rectification in this model. For numerical studies, the one-
dimensional (1D) Poisson—Nernst—Planck (PNP) equation
was derived for narrow and long pores with high aspect ratios,
and the model quantitatively captured the experimental
trends.”® Another 1D PNP equation was developed using the
perturbation theory that considers charge density renormaliza-
tion and entropic effects, and it agreed well with expenmental
results under small-to-moderate ionic currents.’”” In recent
works, a 1D PNP equation was derived to model nanopores
connected with bulk reservoirs, and the maximum surface charge
density it can treat is —2.0 ¢/nm” (e is the elementary charge),
and a general trend was found that increasing the pore length
increases the rectification ratios.*’ To model bulk reservoirs and
access-resistance explicitly, 2D axisymmetric PNP equations
have been used, and the results agree well with the experimental
results. Previous research has also studied the effects of a
nonuniformly charged pore wall and found that the position and
thickness of the transition zone affect rectifications greatly.*"**
In an experimental work,”” the authors fabricated conical pores
with various tip diameters (10—380 nm), studied their
performance, and found general trends that decreasing ionic
strength, decreasing tip diameter, and increasing surface charge
density enhance rectifications. Rectification of LiClO,, which is
important to lithium jon battery technologies, in conical
nanopores was studied using experiments and the PNP
model.*’ It was found that the adsorption of lithium ions to
pore walls and the dipole moment caused by the adsorbed
molecules lead to the ion current rectification. Ion enrichment
and ion depletion in nanopores are important to the
conductance of the pore and the ion current rectification. In a
recent experimental work,"> by using time-dependent electro-
kinetic measurements, the extent of ion enrichment-depletion in
conical nanopores over different time scales was quantitated
from the area enclosed in the hysteresis current loops, and the
dynamic ion concentration polarization was described with a
simple capacitive charging model. An earlier experimental
work™ observed memcapacitive and memristive phenomena in
single conical pores, and these phenomena were caused by finite
ion mobility as ions redistribute in negatively charged pores in
applied voltages.

Most prior research focused on the transport of dilute
electrolytes in conical nanopores, while the transport of
concentrated electrolytes was less studied. Room-temperature
ionic liquids (RTILs) are a promising class of concentrated
electrolytes. They are liquids at room temperature consisting
entirely of ions. They have important properties such as
excellent thermal stability, negligible vapor pressure, and a wide
electrochemical window.**** The interface between electrified
surfaces and RTILs is crucial to electrochemical technologies;
for example, EDLs at these interfaces can determine super-
capacitors’ capacitance.’®*” For EDLs in RTILs, theoretical and
experimental studies have shown interesting equilibrium
properties such as overscreening and ions’ alternative layering
at the interfaces.**™>” In terms of transport properties, most
prior research studied the equlhbrlum 7propertles of RTILs such
as self-diffusion in nanopores, while nonequilibrium
properties of RTTLs***” were not widely studied. Recent work
showed that EDLs can affect nonequilibrium transport of RT1Ls,
and the associated Gphenomena are very different from those of
dilute electrolytes.””~®* For the transport of RTILs in conical
nanopores, experiments were performed using negatlvely
charged pores, and ion current rectifications were observed.®
Large rectification ratios can be achieved by using a
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nonuniformly charged pore wall. These phenomena have been
understood by using analysis similar to that for dilute
electrolytes. Recently, a numerical work used a Landau—
Ginzburg-type continuum model to study the current
rectlﬁcatlon for transport of RTILs through conical nano-
pores.”* The continuum model was developed by Bazant,
Storey, and Kornyshev (BSK) that takes the steric effect and
strong ion—ion correlations into account.”” It was found that the
current rectification phenomena described by the BSK model
agree qualitatively with the experimental results,”’ and the
authors performed a quantitative analysis to explain the
underlying physics for the observed phenomena.”*

For the transport of RTILs in conical nanopores, there are still
issues to be explored. First, the lengths of nanopores are from
tens of nanometers to several micrometers in the numerical and
experimental studies.””** For nanopores with even smaller
lengths, it is unknown whether the current rectification or ion
enrichment-depletion will still happen. Although it is very
difficult to fabricate a single conical nanopore with a length of a
few nanometers, asymmetric and short nanopores exist in
nanoporous electrodes of supercapacitors.' Confined electro-
lytes in these nanopores are connected with bulk-like electro-
Iytes in larger pores, a scenario commonly found in nanoporous
electrodes.” It is therefore important to study transport of
RTILs in asymmetric and short pores under positive/negative
biases, which is fundamental to charging/discharging nano-
porous electrodes. The conical nanopore is used here as a
prototype structure with broken symmetry. Second, recent
molecular dynamics (MD) simulations showed nonlinear
current—voltage (I—V) relationships and dewetting phenom-
enon in cylindrical nanopores with an access diameter of 2.17
nm.’" It is unknown whether these phenomena will happen in
conical nanopores as well. Third, although recent numerical
work using the BSK model shows qualitative agreement with
experimental results on current rectlﬁcatlon for transport of
RTILs through conical nanopores,”* there are still approx-
imations used in the continuum model. For example, the
diffusion coefficients in the system were assumed constants.
Prior MD simulations revealed that diffusion coeflicients of
RTILs in cylindrical pores with diameters <4 nm can be smaller
than those in bulk;>® the diffusion coefficients of RTILs were
also showed to be concentration dependent.’’ It is then
worthwhile to study the transport of RTILs in nanopores
using MD simulations, because it makes no assumptions on
parameters (e.g., diffusion coefficients) used in the continuum
model. To address the above issues, MD simulations are used in
this work to study the transport and structure of RTILs in a
conical nanopore with a length of 10 nm connected with RTIL
reservoirs. Ionic transports through electrically neutral, non-
uniformly charged, and uniformly charged nanopores are
studied and compared. Distributions of cation/anion number
density, space charge density, and electrical potential in the
systems are analyzed to explain the observations.

B METHODS

MD simulations are used to study the ionic transport of the 1-
butyl-3-methylimidazolium hexafluorophosphate ([BMIM]-
[PF4]) through conical nanopores driven by external electric
fields. In the simulations, the equation of motion for N atoms is
solved to move the atoms:

2
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where t is time, and r; and m; are the coordinate and mass of atom
i, respectively. The forces F; on atom i are the sum of the negative
derivative of total potential energy U(ry, r,, ..., ry) and the force
due to external electric field E,:

E
r; @)
where g; is the charge on atom i. The pairwise potential energy is

contributed by the Lennard-Jones (LJ) and the Coulomb
interactions:
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where r; is the distance between atoms, &, is the vacuum

permittivity, and L] parameters for the interaction between atom
i and atom j are calculated as o;; = (0, + 6}-)/2 and ¢; = (ei.s‘j)l/z
(Lorentz—Berthelot combination rule). Figure 1 shows a

Figure 1. A snapshot of the MD simulation system. Red and blue
spheres represent cations and anions, respectively; yellow and cyan
spheres represent vibrating and fixed wall atoms, respectively. The
lengths of the simulation box in the «, y, and z directions are 20.0, 12.6,
and 12.6 nm, respectively. Periodic boundary condition is applied in all

three directions. Visual Molecular Dynamics (VMD)®*®” is used to

generate the snapshot, where the system is clipped by the plane of
symmetry in the z direction to better show the system’s geometry and
atoms inside the conical nanopore.

snapshot of the simulation system, and simulations are
performed in the NVT ensemble using the Gromacs package.’®
Two vertical walls are boundaries of the reservoir to allow the
RTIL to transport from one reservoir to the other through the
pore only. The atoms of vertical walls are arranged in a square
lattice with an atom spacing of 0.3 nm, and they are fixed during
simulations. For the conical nanopore, two layers of the conical
shell are modeled. The atoms in the inner layer are restrained to
their fixed reference positions using position restraints provided
by Gromacs, and they are the yellow atoms in Figure 1. The
atoms in the outer layer are fixed, and they are the cyan atoms in
Figure 1. In the case of a charged wall, only the atoms in the inner
layer carry charges. The [BMIM][PF] is represented by a
coarse-grained model,®” and the model consists of a three-site
cation and a single-site anion. For the cation sites (C1, C2, and
C3) and the anion site (A), L] parameter ¢ values are 0.438,
0.341, 0.504, and 0.506 nm, respectively, while L] parameter &
values are 2.56, 0.36, 1.83, and 4.71 kJ/mol, respectively. Details
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of the model parameters are discussed in ref 69. The nanopore
and vertical wall atoms are modeled as carbon atoms, and their
LJ parameters are 6 = 0.34 nm and & = 0.36 kJ/mol.”’ The
lengths of the nanopore and the RTIL reservoir along the
nanopore axial direction (x direction) are both 10 nm. The
diameters of the nanopore tip and base are 1.5 and 6.9 nm,
respectively. Because the diameter of the wall atoms is 0.34 nm,
the access diameter of the tip is 1.16 nm. The number of ions
inside the system was adjusted so that the system is electrically
neutral and the ion number density at the center of RTIL
reservoir matches that of a bulk [BMIM][PF,] at 400 K and 1
atm (2.68 nm™>). Newton’s equation of motion is integrated
using the leapfrog algorithm. Temperatures of the RTILs and
the atoms in the inner layer of the nanopore (yellow atoms in
Figure 1) are maintained at 400 K using the velocity rescaling
method with a time constant of 1 ps for ions and 0.25 ps for
vibrating nanopore atoms. The smaller time constant for the
nanopore atom is necessary to ensure that the heat generated
during ionic transport is effectively dissipated. The Particle-
Mesh-Ewald (PME) method is used to calculate electrostatic
interactions with a real space cutoff of 1.6 nm and an FFT
spacing of 0.12 nm. Nonelectrostatic interactions are computed
using the cutoff method (cutoff radius: 1.6 nm). The neighbor
list is updated each time step (2 fs). Bond lengths for RTIL ions
are constrained using the LINCS algorithm’' during the
simulations. The PME method for electrostatic calculations
requires that the system must be periodic in all three directions,
except for the slab geometry, which is not the case in this study.
Therefore, periodic boundary conditions (PBCs) are applied in
all three directions. Applying PBCs in all three directions has
been used to model ionic transport through nanopores by MD
simulations.”*~"*

A voltage drop ¢ is imposed across the system to drive the
ionic transport by applying a uniform electric field in the pore
axial direction following E, = ¢/L, (L, is the length of the
simulation system in the x direction). This method has been
validated for ionic transport in various nanopores.’”’ ">
Although the external electric field is uniform, the electrical
potential in the system conforms to the electrostatic law because
of the reaction electric fields.”>”* The total electrical potential is
the sum of the potential due to the reaction electric fields and
that associated with the uniform external field. At a given applied
voltage, most of the potential drops near the pore tip;
consequently, the total electric forces on ions near the pore tip
are much larger than those elsewhere. ¢ is varied from —10 to 10
V in the simulations. In each simulation, a trial run of S ns is
performed to reach a steady state, and then a production run of
40 ns is performed. Error bars are calculated from five
independent cases. The method in ref 72 is used to calculate
the ionic current. The displacement of the system’s effective
charge center is computed as

N
1

DC(t) = _z qi[xi(t) — x(0)]
L

% i=1 (4)

where N is the total number of RTIL atoms, x,(t or 0) and g; are

the x position and charge of atom i, and (---) is the ensemble

average. The current is then calculated by a linear regression of

C.(t). The position of each atom was recorded every 0.2 ps in

simulations to compute the drift of the effective charge center

C.(t).
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B RESULTS AND DISCUSSION

Neutral Nanopore. Figure 2a shows the total ionic current
along the x direction of the simulation system as a function of ¢

(a) Total current
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Figure 2. Ionic current as a function of applied voltage for the transport
of RTILs in conical pores with various surface charge patterns. The total
current, cation current, and anion current are shown in (a), (b), and (c),
respectively. In the neutral case, the entire pore wall is electrically
neutral. In the nonuniform case, the half of the pore wall near the tip is
charged with a surface charge density of —0.2 C/ m?, while the other half
near the base is electrically neutral. In the uniform case, the entire pore
wall is charged with a surface charge density of —0.2 C/ m?.

for neutral and charged conical nanopores. In the positive bias
(¢ > 0), cations (anions) move from the nanopore tip (base) to
the base (tip) and vice versa in the negative bias (¢ < 0). For the
neutral nanopore, as l¢| increases, the ionic current increases
nonlinearly with an increasing slope, indicating the system’s
ionic conductance increases as || increases. This observation
agrees with 6;1)revious results for transport of RTILs in cylindrical
nanopores.

To understand the nonlinearity of the I-V relationship for
transport of RTILs in conical nanopores, distributions of ion
number density in the pores are analyzed. To calculate the ion
number density, the nanopore is divided into five regions, and
the length in the x direction of each region is 2 nm. The total
numbers of cations and anions are averaged during simulations
for each region, and they are then divided by each region’s
volume to obtain the average cation/anion number density.
Figure 3 shows the average number density for cations and
anions as a function of location in the x direction. The x
coordinate of each data point is chosen to be the center of each
region along the x direction. Under both positive and negative
biases, the overall trend is that the cation/anion number density
decreases in most regions as the magnitude of applied voltage
increases. This is the ion depletion (dewetting in ref 61)
phenomenon. When the concentrations of both cation and
anion decrease given that the nanopore volume is constant, the
volume of void (vacuum) increases in the nanopore. It physically
means a process of dewetting and the nucleation of vapor
bubbles (cavitation) inside the nanopore. This phenomenon has
been reported for other liquids in prior experiments, continuum
simulations, and MD simulations,”®”” while their mechanisms
are different from those in this study. The energy cost to dewet
or create a vacuum in the highly viscous RTILs could be very
high, and the dewetting phenomenon predicted here awaits
experimental verification. The ion depletion and nonlinear I-V'
relationship are consistent with those reported in ref 61, even
though the types of pore wall atoms and the pore shapes are
different. These phenomena can be understood as follows.
Immediately after the voltage is applied, most of the voltage drop
occurs near the nanopore tip in the pore. Consequently, the
magnitude of the electric field near the tip is much larger than
those in the bulk and near the base. Because the ionic
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Figure 3. Distributions of cation and anion number density in the electrically neutral conical nanopore under different applied voltages.
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Figure 4. Electrical potential along the axial direction of the conical nanopore as a function of position in the x direction. Results are shown for different
applied voltages in positive biases ((a), (c), and (e)) and negative biases ((b), (d), and (f)). Results for the neutral, nonuniformly charged, and
uniformly charged pores are shown in the left, middle, and right panels, respectively. The electrical potential is scaled by the magnitude of applied
voltage in each case.
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Figure 5. 2D axial-symmetric distributions of space charge density (¢/nm?) in the MD simulation system under different applied voltages. The
nanopore is electrically neutral.

conductivity of RTILs increases as the magnitude of the electric Changes in the ionic conductance of the nanopore can be
field increases,’ the ionic conductivity of RTILs near the tip can observed directly by plotting the distribution of electrical
be larger than those of bulk RTILs and RTILs near the base. As a potential along the nanopore axial direction (Figure 4). The
result, the ionic flux near the tip is larger than that elsewhere, electrical potential is calculated by using the VMD PMEPot
leading to ion depletion near the tip. Ion depletion greatly plugin’” and is scaled by the applied voltage in each case. One
enhances the ionic conductivity of RTILs and ionic flux near the notable feature of Figure 4 is that, under both positive and
tip, which is positive feedback. Accompanying the ion depletion negative biases, the gradient of electrical potential near the
is the building up of an ionic cloud near the entrance of the nanopore tip decreases as the magnitude of applied voltage
nanopore tip, which is evidenced by the increment in negative increases, indicating the increase in ionic conductance near the
(positive) space charge density near the tip in the positive tip. It is also observed that for the small voltage (2 V), the electric
(negative) bias (see Figure 3). The ionic cloud lowers the potential increases around x = 4 nm; for other voltages, it
voltage drop, electric field, and ionic flux near the tip, which is decreases. For the small voltage (2 V), the magnitude of the
negative feedback. When the two feedbacks balance each other, electric field around x = 4 nm due to the applied voltage is
the system reaches a steady state, and a stabilized ion depletion smaller than that due to space charges. Thus, the nonzero space
phenomenon establishes in the pore. As the applied voltage charge density around x = 4 nm (see Figure Sa) dominates in
increases, the magnitude of the electric field increases and the that region and causes the electric potential to increase. For
degree of ion depletion increases. The above factors lead to the other voltages, the magnitude of the electric field due to the
nonlinear increment in ionic conductivity of RTILs and applied voltage becomes considerably larger than that due to
ultimately the increasing ionic conductance of the system. space charges. As a result, the applied voltage dominates in that
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region, causing the electric potential to decrease around x = 4
nm.

One feature of the ion depletion is that it is inhomogeneous:
the degree of ion depletion decreases as the location moves from
the tip to the base. Figure 3 shows that the degree of ion
depletion is highest near the tip; near the base, cation/anion
number density remains nearly unchanged as the applied voltage
increases. The inhomogeneous ion depletion can be understood
as follows. As the location moves from the tip to the base, the
nanopore radius becomes larger and RTILs are more bulk-like.
Figure 4 indicates that the magnitude of the electric field
decreases from the tip to the base. Near the base, the electric
field is almost the same as that in the reservoir, and variations in
the magnitude of electric field and ionic conductivity are
relatively small. Thus, immediately after the voltage is applied,
the ionic flux in the x direction is more uniform near the base,
and it is more difficult to trigger the ion depletion process.
Moreover, even if the ion depletion is triggered, the sharp
increase of ionic conductivity as the ion concentration reduces is
difficult to achieve because RTILs are more bulk-like near the
base. It was reported that when the density of bulk RTILs is
reduced by 20%, their ionic conductivity only increases
slightly.”" Although the higher ionic conductivity triggers ion
depletion, the electric field in the nanopore decreases quickly
due to the screening of the electric field by ionic clouds. Because
ionic conductivity only increases slightly as the ion concen-
tration decreases, the decrease of electric field in the nanopore
halts the growth of ionic clouds and ion depletion near the base.
As aresult, ion depletion becomes weaker as the location moves
from the tip to the base, and Figure 3 shows that it is extremely
weak near the base. Note that the 2 and 4 V cases show more
cations near the tip than near the base. Similar behaviors are
observed for anions from 2 to 8 V, cations from —2 to —6 V, and
anions at —2 and —4 V. These are because ions near the tip are
basically in EDLs (see Figure 5), while ions near the base are
nearly in bulk. In the aforementioned cases, the effect of EDL
formation near the tip is more significant than that of ion
depletion, so ion concentration is higher than that near the base.
One consequence of the inhomogeneous ion depletion is that
the nonequilibrium diffusion coeflicients of RTILs are
inhomogeneous in the pore: they are largest near the tip and
become close to their bulk values near the base, because
diffusion coeflicients increase as ion concentrations decrease in
RTILs.®®* This is in contrast to those in the equilibrium
condition, where diffusion coefficients of RTILs are smaller near
the tip because they decrease as the nanopore becomes
narrower.>>

In Figure 3, it is also observed that, when the applied voltage
increases from 2 to 10 V, the degree of ion depletion for the
cation is higher than that for the anion near the tip: the cation
number density decreases from 2.94 to 2.02 nm™ with a
reduction of 31.3%, while the anion number density decreases
from 3.11 to 2.50 nm™> with a reduction of 19.6%. In negative
biases, the trend is the opposite: the cation number density
decreases from 3.07 to 2.45 nm™> with a reduction of 20.2%,
while the anion number density decreases from 3.00 to 1.97
nm > with a reduction of 34.3%. The above observations can be
rationalized by examining how ionic clouds form near the tip
under different biases. Under positive biases, cations (anions)
move from the tip (base) to the base (tip); thus anions
accumulate near the tip while cations are depleted from this
region, forming a negatively charged ionic cloud near the tip. In
negative biases, cations (anions) move from the base (tip) to the
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tip (base); thus cations accumulate near the tip while anions are
depleted from this region, forming a positively charged ionic
cloud. Consequently, when the applied voltage increases, the
cation (anion) number density reduces more than that of the
anion (cation) in positive (negative) biases. The competition
between ionic cloud formation and ion depletion can lead to
nonmonotonic changes in ion concentration near the tip as the
applied voltage increases. Figure 3b shows that, when the
applied voltage increases from 2 to 4 V, the anion number
density very close to the tip increases. This is because the effect
of anion cloud formation near the tip is more important than
that of ion depletion. In negative biases, similar behavior is
observed for cations when the applied voltage changes from —2
to —4 V, because the effect of cation cloud formation is more
important.

The 2D axial-symmetric distribution of space charge density
in the simulation system is also analyzed. Figure 5 shows the
results. Even though the pore is electrically neutral, EDLs form
near the pore wall. This is because the external electric field has a
component perpendicular to the pore wall. In positive
(negative) biases, anions (cations) dominate in the first layer
near the pore wall, because the external electric field drives
anions (cations) more toward the wall. As the applied voltage
varies, the EDL structure changes. When l¢pl =2 V (see Figure Sa
and d), a mixture of cations and anions is observed in each layer
of EDLs, because the magnitude of external electric field is not
very large and is comparable to that of the field from ion—ion
correlations in RTILs. Nonetheless, cations and anions still
dominate in the first and second layers, respectively. Because the
spacing between adjacent wall atoms is large and the nanopore
surface is rough, spot-like accumulations of cations and anions
are observed in EDLs. When the ¢l values are 6 and 10 V (see
Figure Sb, ¢, e, and f), the external electric field is stronger to
separate cations and anions; thus the EDL structures become
more distinguishable, and the interface between neighboring
layers becomes smoother. Another feature of EDLs in the
neutral pore is that the magnitude of space charge density near
the tip is generally larger than that near the base, because most of
the voltage drop occurs near the tip and the electric field is
stronger.

For the current rectification phenomenon, the rectification
ratio at +¢ is calculated by II, ;/I_jl. The ratio is 1.06 at +10V,
indicating extremely weak rectification. Prior experimental and
numerical studies suggested that increasing the nanopore length
increases the rectification ratios.”>*’ The very weak rectification
observed above is likely due to the fact that the length of the
conical nanopore in this study is 10 nm and is orders of
magnitude shorter than 12 uym-long nanopores in experiments
w}égre the rectification ratio for the neutral pore is 1.48 at +5
\A

Charged Nanopores. Nonuniformly Charged Nanopore.
Ionic transport of RTILs through charged conical nanopores is
also studied. In this case, the pore wall is nonuniformly charged:
the half of the pore wall near the tip is charged with a surface
charge density of —0.2 C/m? the other half near the base is
electrically neutral. The purpose for using this surface charge
pattern is to test whether the rectification ratio can be enhanced
or not for the system in this study, because earlier experimental
and numerical studies showed that this nonuniform surface
charge pattern can be used to enhance the rectification ratio.”>**
Another reason to use the nonuniform surface charge
distribution on the pore wall is because it better matches
experimental conditions where surface chemistry (deprotona-
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Figure 6. Distributions of cation and anion number density in the nonuniformly charged conical nanopore under different applied voltages. The half of
the pore wall near the tip is electrically charged, and the other half near the base is electrically neutral.

tion of functional groups) occurs under external electric fields.”®
The relatively high surface charge density of —0.2 C/m” is
chosen to induce higher ion concentrations near the tip and to
study its effect on ionic transport through the pore. Note that the
nanopore in this study is made of carbon, and the magnitude of
surface charge density considered here is smaller than that
reported in ref 79 (—0.23 C/m?) for studying EDLs in RTILs
near carbon electrodes. The red dashed lines in Figure 2 are the
I-V relationships for the nonuniformly charged conical
nanopore. It shows that the rectification is still very weak,
indicating that the effect of the nanopore length may play a
dominant role here. It is desirable to study the effect of the
length on the rectification using MD simulations. To perform
systematic investigations and obtain a thorough understanding
of the length effect, the nanopore length can be varied from a few
nanometers to several micrometers. The longest nanopore
should be several micrometers long, such that significant current
rectification can be achieved.®> However, in an MD simulation
system containing a 1 gm-long conical nanopore filled with
coarse-grained RTIL molecules, the total number of atoms is
estimated to be on the order of billions. The huge computational
cost of MD simulations for such systems prevents a systematic
study on the length effect.

Figure 2a shows that, for the nonuniformly charged conical
nanopore, the magnitude of ionic current increases nonlinearly
with an increasing slope as the magnitude of applied voltage
increases. This is consistent with that for the neutral pore in this
study and those in ref 61. Cation and anion currents are
calculated separately, and the results are shown in Figure 2b and
c. It is observed that the cation current is increased while the
anion current is decreased notably in the negatively charged
pore as compared to those in the neutral pore at a certain applied
voltage. This indicates that the negatively charged pore is
selective: it promotes transport of cations while it hinders
transport of anions through the pore. The nonlinear I-V
relationship can be understood by using a similar analysis for the
neutral conical pore: in both positive and negative biases,
cation/anion number density decreases near the tip as the
applied voltage increases (see Figure 6); the ion depletion
enhances the ionic conductivity of RTILs near the tip, and
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ultimately the system’s ionic conductance is increased as the
applied voltage becomes stronger. It is also observed that the
cation number density in the negatively charged nanopore is
increased as compared to that in the neutral nanopore, which
reflects the defined surface charges because the number density
is calculated when the simulation system reaches a steady state
under a fixed applied voltage. This is different from results in
time-dependent studies on hysteresis charges."” It would be
desirable to apply time-dependent voltages and study current—
voltage loops and possibly the hysteresis phenomena for systems
considered in this work. Given that the focus of this work is on
transport phenomena at steady states, time-dependent inves-
tigations following those in ref 15 would be performed in future
studies.

In Figure 24, it is observed that the magnitude of total current
through the nonuniformly charged pore is smaller than that
through the neutral pore at the same applied voltage. To
understand this phenomenon, ion concentrations in the two
cases are compared. The ion depletion occurs in both neutral
and charged pores; however, the length in the x-direction of the
ion depletion region and the degree of ion depletion are
different. In the neutral pore, Figure 3 shows that obvious ion
depletion occurs when x < 14; while in the nonuniformly
charged pore, Figure 6 shows that obvious ion depletion occurs
when x < 12. Thus, the ion depletion region’s length in the
neutral pore is longer. For the degree of ion depletion, when the
applied voltage increases from 2 to 10 V in the charged pore, the
total ion number density near the tip decreases from 6.41 to 5.76
nm™> with a reduction of 10.1%; in negative biases, it decreases
from 6.26 to 4.51 nm > with a reduction of 27.9%. In the neutral
pore, when the applied voltage increases from 2 to 10 V, the total
ion number density near the tip decreases from 6.0S to 4.52
nm ™ with a reduction of 25.3%; in negative biases, it decreases
from 6.07 to 4.42 nm ™ with a reduction of 27.2%. These results
show that the degree of ion depletion in the nonuniformly
charged pore is lower than that in the neutral pore. Because of
the relatively high surface charge density and strong ion—ion
correlations in RTILs, ions in the charged pore are more difficult
to be depleted, and the total ion concentration in the charged
pore is higher than that in the neutral pore. The above factors
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Figure 7. 2D axial-symmetric distributions of space charge density (¢/nm?®) in the MD simulation system under different applied voltages. The half of
the pore wall is negatively charged near the tip with a surface charge density of —0.2 C/m? while the other half near the base is electrically neutral.

lead to the smaller ionic conductivity in the nonuniformly
charged pore and consequently the smaller current.

The above observation is opposite to that in ref 61 where the
magnitude of ionic current through the charged cylindrical
nanopore is greatly enhanced as compared to that through the
neutral cylindrical nanopore. For the charged cylindrical pore,
significant ion depletion occurs nearly in the entire pore ;¢! while
for the charged conical pore, significant ion depletion occurs
only near the tip. Furthermore, in the charged cylindrical pore,
directions of the external electric field and associated ionic
transport are parallel to the pore wall and the interface between
neighboring layers in EDLs. The alternative layering of EDLs
can greatly enhance ionic transport through the pore.®”®" Thus,
ionic conductivity of the charge cylindrical pore is much larger
than that of the neutral cylindrical pore, which leads to the
enhanced current through the charged cylindrical pore.

Figure 4c and d shows the distribution of electrical potential
along the axial direction of the pore in the system. It is observed
that most of the potential drop occurs near the tip, due to the fact
that the tip diameter is the smallest in the pore and is smaller
than the lateral dimension of the RTIL reservoir. In both positive
and negative biases, the amount of voltage drop across the pore
decreases as the applied voltage increases, indicating that the
ionic conductance of the pore increases. These observations are
consistent with those in the neutral pore system. Oscillations of
electrical potential are observed, and they are caused by the
EDLs formed in the pore. Because of the higher peak values of
the space charge density (compare Figures S and 7) induced by
surface charges on the pore wall, the oscillations are more
pronounced in the charged pore system.

The distributions of space charge density in the nonuniformly
charged conical nanopore system under different applied
voltages are shown in Figure 7. Because of the negative surface
charges near the tip, distinct EDL formation is observed in this
region. Although the half of the pore wall near the base is
electrically neutral, EDL formation is also observed because of
the effect from the external electric field. Near the tip, the peak
value of the space charge density in EDLs is larger than those
near the base. These are because electric forces acting on ions
that originate from surface charges are larger than those from the
external electric fleld. Near the base and in positive biases,
although cations move away from the wall under the external
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electric field, there are still cations in the first layer of EDLs near
the wall because of the attraction from negative surface charges
near the tip; as the external electric field becomes stronger, the
amount of cations in the first layer near the base decreases. In
negative biases, cations are always in the first layer of EDLs near
the base because of the cooperative effects from negative surface
charges and the external electric field. In Figure 7, “void” space
between ion layers is observed. As the space charge density is
computed by subtracting negative space charge density from
positive density, although this charge density can be zero at
certain positions in this “void” space, it does not necessarily
mean that the ion concentration is zero. There are still ions in the
“void” space between ion layers shown in Figure 7, while the ion
concentration there is smaller than that in the density peaks of
the ion layers.”” The electrical potential energy has local
maxima/minima at positions of density peaks, and it changes
from maxima (minima) to minima (maxima) in the “void” space
between ion layers; the electrical forces thus reach local maxima
in those “void” spaces.*’

Uniformly Charged Nanopore. Transport of RTILs through
the uniformly charged nanopore is also studied, and the surface
charge density is the same as that for the nonuniformly charged
nanopore. Figure 2a shows the nonlinear I-V relationship and
weak rectifications that are consistent with results for neutral and
nonuniformly charged nanopores. However, the magnitude of
ionic current at a certain applied voltage is larger than that for the
neutral pore; this is opposite to the result for the nonuniformly
charged pore. There are mainly two factors affecting the ionic
transport of RTILs through the nanopore. On the one hand,
when the pore is uniformly charged, EDLs form in the entire
pore (see Figure 9) that enhance ionic transport parallel to the
pore wall and facilitate the ion depletion; on the other hand, the
larger total ion concentration and lower degree of ion depletion
due to surface charges reduce the ionic conductivity of the pore,
which hinders ionic transport through the pore. In the uniformly
charged pore, the enhanced transport due to EDL formation
plays a dominant role so that the current is larger than those in
the neutral and nonuniformly charged pores at a certain applied
voltage. Note that the enhancement of ionic current through the
uniformly charged conical nanopore is less significant than that
through the uniformly charged cylindrical nanopore reported in
ref 61. In the cylindrical nanopore, the external electric field is

https://dx.doi.org/10.1021/acs.jpcc.9b10201
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Figure 9. 2D axial-symmetric distributions of space charge density (¢/nm?) in the MD simulation system under different applied voltages. The pore

wall is uniformly charged.

parallel to the pore wall and the interface between neighboring
layers in EDLs, which greatly facilitates ionic transport of RTILs
and induces significant ion depletion in the entire pore; while in
the conical nanopore, although EDLs form in the entire pore and
ionic transport parallel to the pore wall is enhanced, significant
ion depletion occurs only near the tip, and thus the increment of
ionic conductivity of the conical pore is less than that of the
cylindrical pore. From Figure 2b and ¢, it is also observed that
the cation current is increased and the anion current is decreased
as compared to those for both neutral and nonuniformly charged
pores. The selective transport of cations through the pore is
enhanced because of the uniform negative surface charges on the
pore wall.

Distributions of cation and anion number density in the
uniformly charged nanopore under different applied voltages are
shown in Figure 8. The ion number density decreases in most
regions of the pore as the applied voltage increases, and the ion
depletion is most significant near the tip. These results are
similar to those in the nonuniformly charged pore. At a certain
applied voltage, the ion number density in the uniformly charged
pore is slightly smaller than that in the nonuniformly charged
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pore. Because the formation of EDLs in the entire pore greatly
enhances ionic transport of RTILs through the pore,
immediately after the voltage is applied, the ionic flux through
the uniformly charged pore is larger, which facilitates the ion
depletion in the pore. As a result, when the systems reach steady
states, the degree of ion depletion in the uniformly charged pore
is higher than that in the nonuniformly charged pore.
Distributions of electrical potential along the axial direction of
the uniformly charged pore are shown in Figure 4e and f. As the
applied voltage increases, the gradient of electrical potential
decreases near the tip because the ionic conductivity increases in
this region. This result is consistent with those for neutral and
nonuniformly charged pores. When the applied voltage is
relatively small (for example, at +2 V), the electrical potentials
near the base are notably smaller than those in neutral and
nonuniformly charged pores. This is because surface charges on
the entire pore wall have a greater influence on electrical
potentials in the pore than does the external electric field at
smaller applied voltages. However, as the applied voltage
increases, the external electric field becomes stronger, so
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differences in the electrical potential between different surface
charge patterns become smaller.

Figure 9 shows the distributions of space charge density in the
simulation system under different applied voltages for the
uniformly charged pore. Because the pore wall is uniformly
charged, EDLs form in the entire pore. The changes in the EDL
structure inside the uniformly charged nanopore are marginal
between most of the applied voltages considered in this study.
However, when the applied voltage is —10 V, the magnitude of
negative space charge density in the second layer of EDLs
decreases notably near the tip. Because most of the ions in the
second layer are anions, the motion/force on the anion is
analyzed as follows. On the one hand, anions in this case move
from the tip to the base under the influence of the external
electric field; on the other hand, anions are attracted by cations
in the first layer of EDLs near the pore wall. When the applied
voltage is —10 V, the external electric field near the tip is so
strong that forces on anions due to the external electric field are
larger than attractive forces on anions due to the first layer of
EDLs. As aresult, anion concentration decreases, and the second
layer of EDLs is driven apart from the first layer near the tip.

B CONCLUSIONS

Nonequilibrium transport and structure of RTILs in conical
nanopores under external electric fields were studied using MD
simulations. Electrically neutral, nonuniformly charged, and
uniformly charged nanopores were considered. The I-V
relationship was calculated as the macroscopic transport
property. Under positive and negative biases, as the magnitude
of applied voltage increases, the magnitude of current through
the system increases nonlinearly with an increasing slope, and
the ion concentration decreases in the pore. Because the ionic
conductivity of RTILs increases as the magnitude of electric field
increases and as the ion concentration decreases due to the
solvent-free nature of RTILs,°' the system’s conductance
increases as the applied voltage increases, and the I-V curves
are nonlinear. The degree of ion depletion in the pore is highest
near the tip and decreases as the location moves from the tip to
the base. The inhomogeneous ion depletion results from the
symmetry-breaking geometry of the conical pore and the
nonuniform electric field and RTILs” conductivity in the pore.
EDLs were observed near pore walls, and the results suggest that
the ion density in EDLs is tunable by varying the applied voltage.

The current through the nonuniformly charged pore was
found to be weaker than that through the neutral pore at the
same applied voltage. In this case, the total ion concentration is
higher and the degree of ion depletion is lower than those in the
neutral pore due to the surface charge effect and strong ion—ion
correlations in RTILs. These cause the ionic conductivity of
RTILs in the charged pore to decrease. On the other hand, the
enhanced ionic transport parallel to the charged surface due to
EDL formations plays a minor role here, because significant
EDL formations only occur near the tip. For the uniformly
charged pore, the current is stronger than that through the
neutral pore at the same applied voltage. As EDLs form in the
entire pore, the enhanced ionic transport parallel to the charged
surface becomes dominant. The cation and anion currents were
calculated separately. In the nonuniformly charged pore, the
cation (anion) current is larger (smaller) than that in the neutral
pore; in the uniformly charged pore, the cation (anion) current
is further increased (decreased) as compared to that in the
nonuniformly charged pore. These results show that negatively
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charged pores are cation-selective, and increasing the amount of
surface charges enhances selective transport.

It was also found that ionic current rectifications are extremely
weak in all cases, likely due to the fact that the nanopore length is
orders of magnitude smaller than those in experiments, because
prior studies showed that increasing the nanopore length can
enhance the rectification ratios. Nonetheless, the relatively short
conical nanopores studied in this work could be found in
nanoporous electrodes, and studying the transport of RTILs
through these nanopores can help understand transport
phenomena that underpin electrical energy storage applications.
Although the pore does not rectify in the presence of RTILs, it
implies that total currents are similar under charging and
discharging conditions in nanoporous electrodes. On the other
hand, MD simulations of such a system can also provide physical
insights at the molecular level for further improving continuum
models that describe transport of strongly correlated electro-
lytes. For example, concentration-dependent diffusion coef-
ficients and electric field-dependent mobility can be incorpo-
rated into the BSK model to better describe the nonlinear
transport phenomena of RTILs in nanopores with geometries
similar to that in this study. It is also desirable to perform
comparisons between MD simulations and the BSK model on
the transport of RTILs through nanopores. The BSK model is
parametrized using properties of the model RTILs in which the
cation and anion are spheres with the same size.”' The [BMIM*]
and [PFg] used in this study have different sizes and molecular
details, which prevents a good comparison between MD
simulations and the BSK model. Future work may use the
model RTILs in MD simulations to compare to the BSK model.

Mechanisms revealed in this work for the inhomogeneous ion
depletion and differences in the current between neutral and
charged pores provide insights on the transport of RTILs in
conical nanopores. These physical insights demonstrate the
importance of solvent-free nature and strong ion—ion
correlations in RTILs on their nonequilibrium transport and
structures in nanopores, and the results imply that the charging
dynamics of RTILs in nanoporous electrodes in supercapacitor
and energy applications could be greatly enhanced under larger
applied voltages. A fundamental understanding of these
phenomena not only lays the ground for fully exploiting the
potential of RTILs in applications such as energy storage and
nanopore sensing techniques, but also helps to illuminate other
complex phenomena in the nonequilibrium transport of
concentrated electrolytes in nanopores.
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