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ABSTRACT: We studied the transport of room-temperature ionic
liquids (RTILs) through charged conical nanopores using a
Landau−Ginzburg-type continuum model (Bazant et al. Phys. Rev.
Lett 2011, 106, 046102) that takes steric eﬀect and strong ion−ion
correlations into account. When the surface charge is uniform on
the pore wall, weak current rectiﬁcation is observed. When the
charge density near the pore base is removed, the ionic current is
greatly suppressed under negative bias voltage while nearly
unchanged under positive bias voltage, thereby leading to enhanced
current rectiﬁcation. These predictions agree qualitatively with prior
experimental observations, and we elucidated them by analyzing the
diﬀerent components of the ionic current and the structural changes
of electrical double layers (EDLs) at the pore tip under diﬀerent bias voltages and surface charge patterns. These analyses reveal
that the diﬀerent modiﬁcations of the EDL structure near the pore tip by the positive and negative bias voltages cause the current
rectiﬁcation and the observed dependence on the distribution of surface charge on the pore wall. The fact that the current
rectiﬁcation phenomena are captured qualitatively by the simple model originally developed for describing EDLs at equilibrium
conditions suggests that this model may be promising for understanding the ionic transport under nonequilibrium conditions
when the EDL structure is strongly perturbed by external ﬁelds.

1. INTRODUCTION
Ionic transport in nanopores has numerous applications in
biology1 and electrochemistry.2 Biological cells communicate
with their environment by transporting ions through nanopores
in their membrane, which is crucial to metabolism.3 Electrochemical cells, such as electrochemical capacitors4 and
batteries,5 rely on the ionic transport between cathode and
anode to form a closed circuit to provide power to external
circuits.6 Ions in electrochemical cells are electric current
carriers and their transport properties are crucial to cells’
performance such as time for charging and discharging.7,8 Due
to its importance in technologies such as nanopore analytics,
molecular sensing9,10 and nanoﬂuidic circuits,11,12 numerous
studies have been conducted to exploit new ionic transport
phenomena and physics, and many interesting phenomena have
been discovered such as overlimiting current,13 concentration
polarization,14,15 ion selectivity,16 ionic enrichment-depletion,17
anomalous mobility in nanopores,18,19 ionic current rectiﬁcation,20−22 and memory eﬀects for ionic transport through
conical nanopores.23 Recently, ionic current rectiﬁcation
through conical nanopores has been found to regulate charging
a capacitor from external ﬂuctuating potential.24
Ionic current rectiﬁcation through nanopores, i.e., the current
is diﬀerent for voltage bias of the same magnitude but diﬀerent
polarity, can be achieved by breaking the symmetry of the
nanopores. For cylindrical nanopores, a nonuniform surface
charge pattern on the pore wall can lead to rectiﬁcation;25 for
© 2016 American Chemical Society

conical nanopores, uniform and nonuniform surface charge
patterns can both lead to rectiﬁcation.26 Systematic studies have
been done using experiments27,28 and theories29−31 to probe
the eﬀects of geometry and surface charge on the current
rectiﬁcation. In an earlier experiment,27 nanopores with tip
diameters ranging from 10 to 380 nm were fabricated and their
performance was compared. It was found that decreasing
nanopore tip diameter, decreasing ionic strength, and increasing
surface charge density generally increase the rectiﬁcation ratio.
In a recent experimental work, nanopores with bullet-like tips
and lengths of 12 and 23 μm were fabricated, and it was found
that increasing pore length increases the rectiﬁcation ratio.28 In
theoretical studies, a ratchet model was developed: when the
nanopore wall is negatively charged, an electrical potential trap
will form by applying positive voltages that prevent cation
moving toward nanopore tip, in contrast, there is no cation trap
by applying negative voltages.20 An alternative model was
developed in which the pore is divided into a region near the
tip, a transition region, and a bulk region at the base.29,30 In this
model, the rectiﬁcation is due to diﬀerent transference numbers
(the fraction of total ionic current carried by a particular ion) in
diﬀerent regions: when cations move from tip to base, they
move from a region with higher transference number to a
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are in sharp contrast with those in dilute electrolytes.52 From
the perspective of ionic current rectiﬁcations, Siwy and coworkers53 performed experimental studies on the transport of
RTILs through negatively charged conical nanopores and
observed rectiﬁcation phenomenon. By using a nonuniform
surface charge pattern on the pore wall, they achieved large
rectiﬁcation ratios. These observations have been explained
qualitatively using arguments similar to that for dilute
electrolytes. However, a more thorough understanding of
these phenomena, taking into accounting the unique properties
of RTILs (e.g., solvent-free), is still missing.
In this paper, we use the BSK model to study the ionic
current rectiﬁcation of RTILs in a negatively charged conical
nanopore connected to two reservoirs. Uniform and nonuniform surface charge patterns are studied and compared.
Detailed microscopic EDL structures and distributions of ion
concentrations, space charge density, and electric ﬁeld along
radial-direction at nanopore tip are analyzed to show how their
changes between diﬀerent bias modes lead to the rectiﬁcation
phenomena and the enhanced rectiﬁcation when pore wall
features nonuniform surface charge patterns.

region with lower transference number, which leads to
increasing ion concentration in the pore and a higher
conductance; when cations move from base to tip, they move
from a region with lower transference number to a region with
higher transference number, which leads to decreasing ion
concentration in the pore and a lower conductance. Apart from
experiments and analytical studies, numerical simulations by
solving the Poisson−Nernst−Planck (PNP) equations have
been used extensively to study rectiﬁcation phenomenon. In a
pioneering work,31 a one-dimensional (1D) PNP model was
derived in spherical coordinates for long and narrow nanopores
with high aspect ratios. This model was shown to quantitatively
capture the experimental trends. The 1D PNP model was
further extended to describe nanopores tips with conical, bulletlike, trumpet-like, and hybrid shapes, and it was found that the
tip shape greatly aﬀects nanopore performances.32 Using
perturbation theory, another 1D PNP model that incorporates
entropic eﬀects and charge density renormalization was derived
and showed good agreement with experimental data in the
regime of small-to-moderate electric currents.33 More recently,
a 1D PNP model that can also consider nanopore with bulk
solution reservoirs and allow surface charge density up to −2 e/
nm2 (e is the elementary charge) was developed and it was
observed that increasing the length of nanopore increases the
rectiﬁcation ratio.34 Apart from 1D models, in order to
explicitly treat reservoirs with bulk solutions and consider
access-resistance35,36 for shorter pores, 2D axisymmetric PNP
models26,37−39 have been utilized to study rectiﬁcation and they
have showed good agreement with experimental data. Ionic
enrichment-depletion in nanopores, which is crucial to changes
of nanopore conductance and the rectiﬁcation, has been
observed in the 2D axisymmetric models, and it was found that
increasing nanopore length lead to higher rectiﬁcation ratios.
Eﬀects of nonuniform surface charge on nanopore wall on
rectiﬁcation have also been studied and it is found that the
thickness and position of transition zone greatly aﬀect the
rectiﬁcation ratios.26,38
Most prior studies on the ionic current rectiﬁcation
phenomena focus on dilute electrolytes, while few studies
have focused on concentrated electrolytes. As a limiting case of
concentrated electrolytes, room-temperature ionic liquids
(RTILs) have drawn much attention in recent years. They
consist entirely of ions but remain in a liquid state at room
temperature and are a promising class of electrolytes due to
their remarkable properties such as wide electrochemical
window, low vapor pressure, and excellent thermal stability.40
The interface between RTILs and electriﬁed surfaces plays an
important role in the performance of electrochemical devices,
for example EDLs at the RTILs−electrode interface greatly
aﬀect the capacitance of supercapacitors.41 Numerous experimental and theoretical studies have revealed intriguing
equilibrium properties for EDLs in RTILs, such as alternative
layering of ions near electrodes and overscreening.42−45
Recently, Bazant, Storey and Kornyshev (BSK) developed a
Landau−Ginzburg-type continuum model that can capture
essential equilibrium properties of RTILs and have yielded
good agreement with molecular dynamics (MD) simulations on
diﬀerential capacitance calculations.46 For transport properties
of RTILs, most prior studies focus on equilibrium transport
properties such as self-diﬀusion of RTILs in nanopores,47−51
while few studies focus on nonequilibrium transport of RTILs.
It has recently been found that EDLs in RTILs can greatly
aﬀect transport phenomena in RTILs, and these phenomena

2. SIMULATION SYSTEM AND MODEL
The simulation system consists of a conical pore connected to
two bulk RTIL reservoirs (see Figure 1). The system is

Figure 1. Schematic of the 2D axisymmetric system featuring a conical
nanopore and two reservoirs. The pore is connected with bulk
reservoirs at the tip and base. Blue lines represent reservoir boundaries
where electrical potential is imposed. The reservoir boundary near the
pore base is grounded in all simulations. Black and red solid lines
represent walls that prevent RTILs penetration. The red line
represents the pore wall that carries surface charge density.

modeled in 2D axisymmetric space. The radius of the two
openings of the conical pore is 1.5 and 17.6 nm, respectively.
The length of the conical pore is 60 nm in the axial direction.
The length and radius of both reservoirs are 200 nm. Doubling
the length/radius of the reservoir changes the total ionic
current by less than 0.1%.
Based on the BSK model developed in ref 46, ionic transport
of RTILs through the above system can be described by the
following equations:
⎛
γC±
F
= D±∇·⎜∇C± ±
C±∇ϕ +
∇
1 − γ(C+ + C −)
∂t
RT
⎝

∂C±

⎞
(C+ + C −)⎟
⎠

(1)

ϵ0ϵbulk (lc 2∇2 − 1)∇2 ϕ = F(C+ − C −)

(2)

where C± is the cation/anion concentration, D± is the ion
diﬀusion coeﬃcient, F is the Faraday constant, R is the ideal gas
constant, T is absolute temperature, ϕ is the electrical potential,
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γ is the minimum volume available in space for ions, ϵ0 is the
vacuum permittivity, ϵbulk is the relative permittivity of bulk
RTILs, and lc is the electrostatic correlation length. The ionfree Stern layer is neglected in our system because surface
charge density (rather than electrical potential) is imposed
directly on the pore walls. The BSK model is parametrized
using the properties of the model RTILs.45 Part of such a
parametrization has been performed in ref 46, and the results
are as follows: T = 450 K, γ = 0.83 nm3, lc = 1.33 nm, and ϵbulk
= 5. With the choice of these parameters, the BSK model can
capture overscreening and crowding of EDLs in RTILs, and
agrees well with MD simulations of diﬀerential capacitance
calculations. With these parameters, the diameter of the RTIL
ions is ∼1.0 nm, the maximal total ion number density that can
be achieved in the RTIL is 1.2 nm−3, and the eﬀective thickness
of the EDL is 2.0 nm near weakly charged surfaces. In our
study, the tip radius of the conical pore is 1.5 nm, so EDL has a
weak overlap near the tip of the conical pore. We assume
constant diﬀusion coeﬃcients in the system D+ = D− = 1.0 ×
10−11 m2/s, and this value is on the same order of magnitude as
those obtained from experimental work on RTILs.54
The system of equations, eqs 1 and 2, is closed by the
following boundary conditions. On the walls (black and red
lines in Figure 1), the ionic ﬂux is zero, and the third derivative
of the electrical potential is zero46 to turn oﬀ ion−ion
correlation eﬀect. The surface charge density is zero on the
reservoir walls (black lines in Figure 1). The dot-dashed line
along the z-direction is the symmetry axis of the system. On the
reservoir boundaries (blue lines in Figure 1), the ion
concentrations are C+ = C− = 0.5 M = 0.3 nm−3, electrical
potentials are applied as Dirichlet boundary condition, and

the wall was compared with those reported in ref 46, and
excellent agreement was found.

3. RESULTS AND DISCUSSION
3.1. I−V Curves and Current Rectiﬁcations. Figure 2
shows the I−V curves for diﬀerent surface charge patterns.

Figure 2. I−V curves for transport of RTILs through conical nanpores
with diﬀerent surface charge patterns.

When the pore wall is uniformly charged, the magnitudes of
ionic currents in the positive mode are slightly larger than those
in the negative mode, and a maximal rectiﬁcation ratio of 1.09 is
observed at |V| = 5 V. The rectiﬁcation observed here is weaker
than those reported in prior experiments,53 likely due to the
fact that the length of the nanopores is orders of magnitude
shorter than that in experiments. Nevertheless, the result
conﬁrms that the rectiﬁcation phenomenon can be reproduced
using the BSK model. Given that the BSK model involves only
a few parameters, this is quite remarkable. When the pore wall
is nonuniformly charged in the positive bias mode, the ionic
currents are very close to those for uniform surface charges at
the same voltages. In negative mode, the ionic currents are
smaller than those for uniform surface charge, and thus the
rectiﬁcation eﬀect is stronger than that obtained for uniform
surface charge. A maximal rectiﬁcation ratio of 1.73 is observed
at |V| = 5 V. The enhancement of the current rectiﬁcation in
pores with nonuniform surface charge density is consistent with
the experimental observations in ref 53.
In order to understand the rectiﬁcation phenomenon and the
enhanced rectiﬁcation in conical pores with nonuniform surface
charge, we decompose the total ionic current into three
components and compare their contributions in diﬀerent bias
modes and surface charge patterns. From eq 1, the ionic current
density through the system is

∂ 2ϕ
∂z 2

= 0 because the electrical potential varies linearly along the
z direction in reservoir at position far away from the nanopore.
Both positive and negative bias modes are studied: in the
positive (negative) bias mode, a positive (negative) electrical
potential is applied on the reservoir boundary near the
nanopore’s tip (i.e., its narrower opening); the reservoir
boundary near the nanopore’s base (i.e., its wider opening) is
always grounded. The absolute value of total potential drop
across the system is varied from 0 to 5 V for both bias modes.
Two diﬀerent patterns of surface charge on the pore wall are
studied. In the ﬁrst one, the pore wall is uniformly charged. In
the second one, the left half of the pore wall carries surface
charge while the right half of the pore wall is neutral. In both
cases, the charged wall has a surface charge density of −0.04 C/
m2. At t = 0, C+ = C− = 0.5 M and ϕ = 0 throughout the
domain. The above equations were solved using a commercial
ﬁnite element code Comsol.55 The system was meshed using
triangular elements, with the mesh within and near the conical
pore heavily reﬁned. The resulting equations were solved using
Comsol’s time-dependent solver. To ensure convergence, we
linearly ramped up the surface charge density to the target value
on the pore wall from 0 to 1.68 ms, and then linearly ramped
up voltage on the reservoir boundary from zero to target values
from 8.4 to 10.08 ms. After that, the system was evolved until a
steady state was reached (typically 25.2 ms is enough). The
system’s mesh was reﬁned several times to ensure that the
results are mesh-independent. To validate the calculation
results, we computed the distribution of the space charge
density normal to the charged pore wall at zero applied voltage.
For charged walls in the middle portion of the pore (e.g., z =
230 nm), the distribution of the space charge density normal to

⎛ ∂ρ
Dγρ ∂C ⎞
FD ∂ϕ
+
+
jtot = −⎜D
C
⎟
RT ∂z
1 − γC ∂z ⎠
⎝ ∂z

(3)

where C = C+ + C− is the total ion density, D = D+ = D− is the
ion diﬀusion coeﬃcient, and ρ = C+ − C− is the ionic space
charge density. The ﬁrst term on the right-hand side of eq 3 is
the current contributed by the diﬀusion of cations and anions.
The second term is the current contributed by electrical
migration of ions. The third term is the current contributed by
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current and its three components under four diﬀerent cases
characterized by diﬀerent applied voltages and surface charge
distributions. For brevity, these cases are numbered 1 through 4
as indicated on the x axis of Figure 3. In case 1, Imig dominates
the total ionic current: Idif and Isteric are 2−3 orders of
magnitude smaller than I mig and they are practically
unnoticeable in Figure 3. In case 2, the three ionic current
components are comparable, with Idif being the smallest; Imig is
reduced by more than half compared to its value in case 1 and
is slightly smaller than Isteric. In case 3, Imig still dominates the
total current with its magnitude slightly larger than that in case
1, so changing the surface charge pattern from uniform to
nonuniform in the positive bias mode does not aﬀect total ionic
currents much. In case 4, Imig is signiﬁcantly reduced compared
to case 2, while Idif and Isteric only change slightly. From these
results, we conclude that it is the signiﬁcant decrease of Imig that
leads to the enhanced current rectiﬁcation when the surface
charge on the pore wall changes from uniform to nonuniform.
In the following sections, we perform detailed analyses to show
how EDL structural changes lead to rectiﬁcation in uniform
surface charge case and the enhanced rectiﬁcation in nonuniform surface charge case.
3.2. Current Rectiﬁcation in Conical Pores with
Uniform Surface Charge. To understand what cause the
changes in Idif, Imig, and Isteric in uniformly charged conical pores
when the bias voltage is reversed, we studied the structure of
the EDLs and the electric ﬁeld across the nanopore’s tip at ±5
V bias voltages. Figure 4a shows the distribution of the space
charge density across the tip of the conical pore. In general,
there is a positive space charge layer near the pore wall, and a
negative space charge layer is formed next to the positive charge
layer. This observation is consistent with the oscillatory space
charge distribution of the EDLs in RTILs56 and lends support
to the validity of the BSK model. However, we note that, at a
bias voltage of +5 V, there is only a small amount of space
charge near the pore wall despite the fact that the wall carries

the collective motion of cations and anions driven by the
gradient of total ion density, which in turn originates from
steric eﬀects. Hereafter, the currents corresponding to these
three terms will be denoted by Idif, Imig, and Isteric, respectively.
While EDL overlapping is not strictly necessary for current
rectiﬁcation, prior experiments27 did suggest that decreasing tip
diameter enhances rectiﬁcation ratios, so it is worthwhile to
analyze the ionic current components and the structure of the
EDLs near the tip of the conical nanopore in order to
understand the current rectiﬁcation phenomenon. Here, we
chose to perform analysis at the nanopore’s tip (z = 200 nm in
Figure 1). Figure 3 shows the magnitude of the total ionic

Figure 3. Comparison of total ionic current and its components
through the conical pore’s tip in four cases characterized by diﬀerent
voltages and surface charge patterns (these cases are denoted by 1, 2,
3, and 4 as indicated on the x-axis).

Figure 4. Distribution of various observables across the conical pore’s tip (z = 200 nm in Figure 1) at +5 and −5 V bias voltages. The pore wall is
charged uniformly. (a) ionic space charge density; (b) diﬀusion current density jdif; (c) total ion density; (d) gradient of total ion density in axial
direction; (e) S = γρ ; (f) electric ﬁeld in the axial direction; (g) migration current density jmig; (h) steric current density jsteric.
1 − γC

4632

DOI: 10.1021/acs.jpcc.5b11522
J. Phys. Chem. C 2016, 120, 4629−4637

Article

The Journal of Physical Chemistry C
signiﬁcant negative charges, and the space charge density in the
center of the pore is also low. These phenomena are caused by
the partial depletion of ions near the pore tip when a positive
bias voltage is applied. At + 5 V, cations are pushed toward the
nanopore base by the applied electric ﬁeld; meanwhile, the
negative charges on the pore wall repel anions from the wall. As
shown in Figure 5a,b, these two eﬀects together create a

shows that its magnitude at a positive bias of +5 V is much
larger compared to that at a negative bias of −5 V. The stronger
ﬁeld under the positive bias is caused mostly by the ion
depletion near the pore tip: because of ion depletion, the
negative surface charge on the wall of pore’s tip is poorly
screened, which strengthens the ﬁeld due to the imposed
positive voltage. This enhancement is especially pronounced
near the pore wall. Under a negative bias of −5 V, the
incomplete screening of the surface charge on pore walls near
the pore tip also leads to a positive electric ﬁeld. While this
electric ﬁeld is weaker because of the better screening of wall
charge compared to that under +5 V bias voltage, it is still
strong enough that the net electric ﬁeld near the pore wall is
positive (i.e., opposite to the electric ﬁeld arising from the
externally imposed negative voltage bias). Figure 4g shows the
distribution of the migration current density jmig across the
conical pore’s tip. Overall, jmig is stronger under the bias of +5 V
than under the −5 V bias because the axial electric ﬁeld is
stronger under the positive bias. The migration current across
the entire pore is in the positive direction under the +5 V bias.
Under the −5 V bias, while the migration current in the pore
center is in the negative direction (i.e., in the direction of the
imposed electric ﬁeld), the migration current near the pore wall
is positive. Because the total migration current is the integral of
jmig across the tip (Imig = ∫ jmigr dr), and the current near the
pore wall contributes more signiﬁcantly to the total current
because of the cylindrical coordinates used in our study, the
total migration current under +5 V bias is stronger compared to
that under the −5 V bias.
Dγρ ∂C
We ﬁnally examine the steric current jsteric = − 1 − γC ∂z by

Figure 5. Distribution of ionic space charge density (panels a and c, in
unit of e/nm3) and total ion density (panels b and d, in unit of nm−3)
near the tip of the conical pore with diﬀerent bias voltages. Panels a
and b are for +5 V voltage bias, and panels c and d are for −5 V voltage
bias.

analyzing the gradient of the total ion density

∂C
∂z

and S =

γρ
1 − γC

(Figure 4e) across the conical pore’s tip. While Figure 4d shows
that ∂C is similar under +5 and −5 V bias voltages, Figure 4e
∂z
shows that S is much smaller (especially near the wall) at +5 V
bias voltage than that at −5 V voltage bias. This is because 1 −
γC, which measures the availability of “voids” in RTILs, is much
larger under the positive voltage. As shown in Figure 4c, near
the pore tip, ions are locally depleted under +5 V bias but
approach close packing at −5 V. Therefore, there are more
“voids” in RTILs under the positive bias than under the
negative bias; consequently 1 − γC is larger. Because ∂C is
∂z
similar under diﬀerent voltage biases, the steric current is much
stronger under negative voltage bias.
Overall, as expected, the electrical migration of ions plays an
essential role in determining the ionic current through conical
pores. However, under positive voltage bias, the ionic current is
dominated solely by the migration current. Under negative
voltage bias, the migration current is smaller, and thus the total
ionic current is weaker compared to its value under positive
bias. However, the migration current under negative bias is
compensated by relatively strong diﬀusion and steric currents.
Hence, the net ionic current is only slightly weaker under
negative bias than under positive bias, leading to a weak current
rectiﬁcation.
3.3. Enhanced Current Rectiﬁcation in Conical Pores
with Nonuniform Surface Charges. Here we analyze the
enhanced current rectiﬁcation in conical pores with nonuniform
surface charges by studying how the patterns of surface charge
(uniform vs nonuniform) aﬀect the ionic current under positive
and negative biases. Figures 6a−h show that across the tip of

depletion zone near the pore tip, in which both the space
charge density and the total ion density are low. In addition, the
region with the strongest space charge density (both positive
and negative) is located away from the pore tip to the region
between z = 201 and 203 nm. Because of these eﬀects, the
gradient of the space charge (and hence the diﬀusion current
Idif) is rather small across the pore’s tip. At a bias voltage of −5
V, cations are pushed from the pore base to the pore tip by the
external electric ﬁeld. Hence, there is no depletion zone near
the pore tip (see Figure 5c,d) and the region with the strongest
space charge density is located at the pore tip. Consequently,
the gradient of space charge in the axial direction is large at the
pore tip (especially a position near the wall), and the resulting
diﬀusion current is much stronger compared to that at +5 V
bias (see Figure 4b). Based on the above discussion, we
conclude that the much stronger Idif at the pore tip at the
negative bias than that at the positive bias is caused by the
diﬀerent response of the EDL structure near pore tip to the
externally applied electric ﬁeld.
We next examine how the migration current Imig varies when
the bias voltage is reversed. Since Imig is proportional to the
product of total ion density and electric ﬁeld, these observables
will be analyzed ﬁrst. Figure 4c shows that across the pore’s tip,
the total ion density is lower at a bias voltage of +5 compared
to −5 V, and this is caused by the ion depletion eﬀect described
above. As for the electric ﬁeld in the axial direction Ez, Figure 4f
4633
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Figure 6. Distributions of various observables across the conical pore’s tip at a bias voltage of +5 V when the pore wall is uniformly or nonuniformly
charged. (a) ionic space charge density; (b) diﬀusion current density jdif; (c) total ion density; (d) gradient of total ion density in the axial direction;
(e) S = γρ ; (f) electric ﬁeld in the axial direction; (g) migration current density jmig; (h) steric current density jsteric.
1 − γC

Figure 7. Distributions of various observables across the conical pore’s tip at a bias voltage of −5 V when the pore wall is uniformly or nonuniformly
charged. (a) ionic space charge density; (b) diﬀusion current density jdif; (c) total ion density; (d) gradient of total ion density in the axial direction;
(e) S = γρ ; (f) electric ﬁeld in the axial direction; (g) migration current density jmig; (h) steric current density jsteric.
1 − γC

(and thus by the surface charge) near the pore base. Because
cations are the dominating charge carriers near the negatively
charged pore tip, it follows that other observables (e.g., anion
density) also show little dependence on the surface charge near
the base side of the pore.
Figure 7a−h show that, at a bias voltage of −5 V, many
factors aﬀecting the ionic transport through pore (e.g., the
space charge density) are also only marginally aﬀected by the
patterns of the negative surface charge on the pore wall, and the
diﬀusion and steric currents change little. However, the total

the conical pore, factors aﬀecting the ionic current such as
space charge density, total ion density, the axial gradient of total
ion density, and the axial electric ﬁeld exhibit only minute
changes when the surface charge pattern changes. The
insensitivity of these observables, and thus of the net ionic
current, to whether the pore walls near the base of the pore
carries negative surface charge or not, is expected. Under
positive voltage bias, cations enter the pore tip from the
reservoir on its left-hand side, and thus the cation density near
the pore tip is only marginally aﬀected by the ion distributions
4634
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ion density and the axial electric ﬁeld are reduced notably when
the negative surface charge on the wall near the pore base is
removed (see Figure 7c,f). To understand these observations,
we note that under negative bias voltage, cations inside the tip
side of the conical pore come from the base side of the pore.
When the negative surface charge on that side of the pore is
removed, the amount of cations inside the base side of the pore
is reduced, and hence the cation density near the tip of the pore
is also reduced. The tendency to maintain electroneutrality
then forces the anion density to be reduced as well.
Consequently, under negative bias voltage, the total ion density
is reduced when the negative surface charge on the wall on the
base side of the pore is removed. Because of the lower local
total ion density, the surface charge on the pore wall is screened
less eﬀectively by the RTILs. The axial component of the
electric ﬁeld generated by the surface charge (note that at the
pore’s tip, this ﬁeld is in the positive direction) is thus screened
less strongly and penetrates more deeply toward the pore
center. Consequently, the net axial electric ﬁeld at the pore tip
becomes less negative across the tip. Such a weakened electric
ﬁeld, along with the smaller total ion density, then reduces the
migration current greatly, as seen in Figure 3. Because the
diﬀusion and steric current change little (see Figure 7b,h), the
total ionic current through the pore is reduced when the
negative surface charge on base side of the pore is removed.
This, along with the fact that the ionic current at positive bias
voltage is aﬀected little by the removal of surface charge near
the pore base, leads to a stronger current rectiﬁcation in conical
pore whose wall at its base side is not charged.

near the pore base barely aﬀects the ionic transport under
positive bias voltage, it notably weakens the ionic transport
under negative bias because ion depletion in nanopore is
enhanced when the negative surface charge near the pore base
is removed. Overall, the current rectiﬁcation hinges on the
diﬀerent modiﬁcation of the EDLs near the pore’s tip by the
applied voltage biases.
The current rectiﬁcation in conical pores featuring RTILs
and traditional electrolytes share some similarities (e.g., in
terms of the observed rectiﬁcation ratios and dependence on
system conﬁguration20,53). However, there do exist key
diﬀerences in their underlying mechanisms. For example, the
ionic current due to steric eﬀects, which is important in RTILs
but absent in traditional electrolytes, can greatly aﬀect the
current rectiﬁcation. In addition, the solvent-free nature of the
RTILs leads to weaker screening of the surface charges on pore
wall when ions are depleted near the pore’s tip. Such an eﬀect,
while much weaker in traditional electrolytes, can greatly aﬀect
the electric ﬁeld and migration current near the pore’s tip and
hence the current rectiﬁcation.
The fact that the BSK model can qualitatively capture the
current rectiﬁcation phenomena reported experimentally
suggests that the BSK model can be used to study the
transport of RTILs under far-from-equilibrium conditions,
when the structure of the EDL is strongly modiﬁed by external
driving forces. Given that the BSK model was developed for
predicting the equilibrium properties of EDLs in RTILs, the
current ﬁndings are encouraging. Our results suggest that the
BSK model could be further used to study other geometrical
and electrical eﬀects on rectiﬁcation phenomena. For geometrical eﬀects, the length of the nanopore and the widths of
nanopore tip and base can be varied, and cylindrical pores with
broken symmetry of surface charge could be studied as current
rectiﬁcation can happen in them as well; for electrostatic eﬀects,
magnitude of surface charge densities can be varied. Moreover,
the modiﬁed Poisson equation in the BSK model has an
electrostatic length that can be varied to change the
electrostatic strength. There are also approximations used
here that can be improved upon. For example, here we assumed
that the diﬀusion coeﬃcients are constants in the whole system.
Previous MD simulations showed that the diﬀusion dynamics
of RTILs in cylindrical nanopores with diameters <4 nm can be
slower than those in the bulk (see, e.g., ref 51); the diﬀusion
coeﬃcients of RTILs were also showed to be concentration
dependent.57 Hence, rigorously speaking, it is desirable to
incorporate such eﬀects into the numerical model, and
conceivably the rectiﬁcation ratio will be modiﬁed after these
eﬀects are included. However, these eﬀects should not
qualitatively aﬀect the rectiﬁcation phenomenon because the
essential mechanisms (e.g., ion depletion and incomplete
screening of surface charges near pore’s tip) are not aﬀected
directly by the variations in ion diﬀusion coeﬃcient. Future
work may explore location/concentration dependent diﬀusion
coeﬃcients in the model to examine their eﬀect on the current
rectiﬁcation.

4. CONCLUSIONS
In this paper, we used the BSK model to simulate the transport
of RTILs in conical pores connected with two reservoirs under
bias voltage from −5 to +5 V. Two types of surface charge
density patterns have been examined: in the uniform surface
charge pattern, the pore wall carries a uniform surface charge
density; in the nonuniform surface charge pattern, the left half
of the pore wall (adjacent to the narrow pore tip) carries the
same surface charge density while the right half of the pore wall
is neutral. With the uniform surface charge pattern, the BSK
model predicts a weak rectiﬁcation, with stronger current
occurring under positive bias voltage. With the nonuniform
surface charge pattern, the current under positive bias voltage
changes little while that under negative voltage reduces notably,
leading to enhanced current rectiﬁcation. These observations
are in qualitative agreement with previous experimental
reports.53
The current rectiﬁcation for the transport of RTILs through
conical pores was understood by decomposing the total ionic
current through the pore into Idif, Imig, and Isteric, and then
analyzing the distributions of various factors aﬀect these
currents across the conical pore’s tip. Under positive bias
voltage, there is notable ion depletion near the pore tip. The
poorly screened surface charges enhance the electric ﬁeld
driving ionic transport through pore tip, and the net current is
dominated by ion migration. Under negative bias voltage, the
ion depletion near pore tip is much weaker, but the ﬁeld arising
from the surface charge suppresses the ion migration, leading to
a weaker migration current. Because the weaker migration
current is partially compensated by the increased diﬀusion and
steric currents (the latter is unique to solvent free electrolytes
such as RTILs), only a weak rectiﬁcation occurs. While
removing the negative surface charge on the half of pore wall
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