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ABSTRACT: The electrical double layer (EDL) structure
formed by ions at a charged surface, which is the key to
determining the performance of supercapacitors, has been
extensively studied for many monocationic ionic liquids (MILs).
However, it is not known what effect replacing MILs with
dicationic ionic liquids (DILs) will have on the EDL structure.
In this work, the interfacial structure and electrochemical
performance of DILs [Cn(mim)2](BF4)2 (n = 3, 6, 9) and
[C6(mim)2](Tf2N)2 were investigated using classical molecular
dynamics (MD) simulation for comparison with their
monocationic counterparts. Different EDL structures formed
by DILs and MILs near an onion-like carbon (OLC) electrode
were observed. The interfacial orientation of the imidazolium plane in dications was verified to be similar to that of monocations.
Moreover, the dissimilar sizes of the cation/anion and the specific ion adsorption on OLC were found to contribute to the
distinctive shape of the differential capacitance−electric potential (C−V) curves, which were also dependent on the type of
anions. Increased capacitance in BF4-containing DILs was not observed in comparison with their counterpart MILs, whereas
dicationic [C6(mim)2](Tf2N)2 yielded higher differential capacitance in contrast to monocationic [C6mim][Tf2N], which was
substantiated by cyclic voltammetry measurements as well. This work provides molecular insights into the EDL structure and C−
V curves of imidazolium-based DILs in OLC-based supercapacitors.

1. INTRODUCTION

Dicationic ionic liquids (DILs), consisting of two geminal
cationic rings linked by alkyl chains at different lengths, can be
used as catalysts,1,2 solvents,3 lubricants,4 and electrolytes,5,6

similar to applications for monocationic ionic liquids (MILs).
An increasing number of studies on DILs have been recently
reported. For instance, Anderson et al. have reported a series of
DILs exhibiting high stability.7 So far, the structural and
dynamic properties of bulk DIL have been reported using
molecular dynamics (MD) simulations.8−11 However, the
interfacial structure and the performance of DIL electrolytes
in supercapacitors have yet to be investigated in detail. Since
the structure and the molecular orientations of ions in electrical
double layers (EDLs) at the surface of an electrode material
play an important role in determining the energy stored in
electric double layer capacitors (EDLCs),12,13 it is of great
interest to explore the role of DILs on their EDL structure and
capacitive performance in contrast to that of MILs. Due to the
more concentrated charge density of DILs as multivalent
electrolytes compared with their monocationic counterparts,

the performance of DILs is assumed to be quite different from
MILs. In this work, the influences of alkyl chain length, ion size,
and specific adsorption of DILs are investigated and compared
with MILs.
The effects of the alkyl chain length of MILs on the

capacitance of supercapacitors have been widely investigated
using experimental14−20 and computational techniques.21,22

Fedorov et al. reported the transition of the differential
capacitance−electric potential (C−V) curve from the bell to
camel shape with the increase of the alkyl chain in MILs at the
graphite electrode with a common anion using Monte Carlo
simulation.21 On the other hand, Vatamanu et al.’s MD
simulation study22 showed that the camel-shaped C−V curve
obtained from planar graphite-based supercapacitors becomes
less evident as the alkyl chain length increases, which is quasi-
bell shaped. Although the C−V curve from experimental
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measurements varies depending on the electrode materials,20

ion types,20,23 temperature,16,18,20 and ion size,16,18,20 the
overall differential capacitance is observed to decrease with
the increase of the chain length due to the thicker EDL formed
by cations with longer tails.16,20 The transition in the shape of
the C−V curve had not been reported experimentally until the
recent study by Su et al., in which the transition of the bell- to
camel-shaped C−V curves for Au(100)/imidazolium-based
MILs was observed.14 However, the effects of chain length
on the C−V curve of carbon/DILs are still elusive. Thus, in this
work, the imidazolium-based DILs with varying alkyl chain
lengths are taken into consideration.
The relative size of the cation/anion also influences the

shape of the C−V curves,24,25 because the cation and anion
dominate the EDL structure near negatively and positively
charged electrodes, respectively.12 The asymmetry of the C−V
curve due to the dissimilar ion sizes was reported using mean
field theory; i.e., smaller anions enhanced the capacitance at
positive potential, and the increased capacitance at negative
potential was observed for smaller cations.25 Considering the
asymmetric ion size of dications versus anions, the C−V curve
for DILs is expected to be asymmetric as well. In addition, the
C−V curve is also affected by the specific adsorption of ions on
the electrode surface. It was reported that the adsorption of
anions raises the capacitance at negative potential, whereas the
capacitance is improved at positive potential by cation
adsorption.25 Therefore, the shape of the C−V curve is
probably determined by the coeffect of ion size and specific
adsorption.
In this work, molecular dynamics (MD) simulation was used

to investigate the EDL structure of 1-alkyl-3-dimethylimidaz-
olium tetrafluoroborate ([Cn(mim)2](BF4)2, n = 3, 6, 9) and
their C−V curves. Carbon nanomaterials are presently the most
common electrode materials for EDLCs because of their high
specific surface area and conductivity, low density, tunable
surface chemistry, and electrochemical stability.26−28 Onion-like
carbon (OLC) was used as the electrode material in this study
because of its high specific surface area and accessible surface
stemming from its small particle size and exohedral structure,29

which will help avoid mass transport effects found in
nanoporous materials, especially at low temperature due to
the high viscosity of electrolytes. To probe the influence of
anion type on the C−V curve, the interfacial behavior and
capacitive performance of [C6(mim)2](Tf2N)2 at an OLC
surface were studied. The monocationic counterparts near the
OLC surface were also explored for comparison with DILs.

2. METHODOLOGY
2.1. Simulation Setup. The simulation system consists of

an OLC electrode immersed in a box of ionic liquids. The force
field used for dications [Cn(mim)2] (n = 3, 6, 9) was adapted
from the all-atom force field developed by Yeganegi et al.,10

which has been validated to reproduce the experimental density
with high accuracy. The force fields for monocations and anions
were taken from the study of Lopes’ group.30 The van der
Waals interaction parameters for carbon of the OLC electrode
were taken from Cornell et al.’s study.31 All the C−H bonds
were constrained using the LINCS algorithm32 during the
simulation, and a 1.1-nm cutoff was used for van der Waals
interactions. Long-range electrostatic interactions were pro-
cessed using the particle mesh Ewald (PME) method.33

Periodic boundary conditions (PBCs) were applied in three
dimensions. All simulations were performed in a modified

version of MD package Gromacs.34 The OLC electrode with a
radius of 1.22 nm was fixed in the center of a cubic box filled
with ∼1000 ion pairs initially at low density. The equilibration
was performed in the isobaric−isothermal ensemble at 1 bar
and 800 K for 2 ns, followed by annealing the simulation to 450
K for [Cn(mim)2](BF4)2 and 300 K for [C6(mim)2](Tf2N)2.
The production runs were then conducted at 450 K in the NPT
ensemble to ensure that [Cn(mim)2](BF4)2 and [C6mim][BF4]
were in the liquid phase and the simulation was implemented at
300 K for [C6(mim)2](Tf2N)2 and [C6mim][Tf2N] because of
their low melting points. The time step of 1 fs was applied, and
the trajectory was saved every 100 fs for computing the number
and charge density profiles. The final box size is within 9−10
nm so that the ionic liquids far from the electrode surface
exhibit bulk-like behavior. A 4-ns production run generated was
used for further analysis. Different electric potentials were
created by uniformly charging the electrode surface with
varying charge densities, and the counterions were removed to
ensure the neutrality of the simulation system (e.g., six dications
were removed for an electrode surface charge density of +0.102
C/m2). Although a different way to generate electric potential is
applying a constant potential, it has been reported to result in
almost the same electric double layer structure with the
constant charge method, especially, within the potential range
studied herein.35 Since the results obtained in this work are
based on the structure of EDLs, the constant charge method is
still applicable here. The potential drop was calculated using
Poisson’s equation as in our previous studies.36,37 A C−V curve
is obtained by fitting the surface charge density as a function of
electric potential using sixth order polynomials.

2.2. Materials and Experimental. OLC was synthesized
by annealing of a nanodiamond precursor (UD90 grade, sp3
Technologies, USA) as described in our previous work.38

Annealing was performed in a custom-made vacuum furnace
(Solar Atmospheres, USA) at a temperature and pressure of
1800 °C and 10−6 Torr, respectively. The resultant structure is
highly graphitic, and OLC can be considered as multilayered
fullerenes with an ∼5−7 nm diameter.
The experimental tests were completed using rolled OLC

films as electrodes and DIL [C6(mim)2](Tf2N)2 and MIL
[C6mim][Tf2N] as electrolytes in a typical supercapacitor
device. The electrodes were made by mixing 95% OLC powder
and 5% PTFE (60% in water, Aldrich, USA) binder, and the
film was rolled to a thickness of 140 μm. The electrodes were
punched to be 12 mm in diameter and then wetted with IL
electrolytes before being placed into the Swagelok (USA) cell
for testing. Two layers of PTFE separator (Gore, USA) were
placed between the electrodes, and carbon coated aluminum
disks were placed between the stainless steel Swagelok current
collectors and the carbon electrode in order to minimize the
interfacial resistance. When constructed, the Swagelok cells
were kept under light pressure during testing to ensure good
electrical contact between the components.
Cyclic voltammetry (CV) measured the current response of

the device using a BioLogic VMP3 potentiostat/galvanostat
(USA). The resulting current was normalized by the charge−
discharge rate (0.5 mV/s), electrode mass, and surface area of
the electrode (450 m2/g) to display values in F/m2.

3. RESULTS AND DISCUSSION
3.1. Interfacial Structure of DILs at OLC Surfaces. The

number density profiles based on the center of mass of cations
and anions, respectively, in DILs as a function of the distance
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from the charged/uncharged OLC surfaces are presented in
Figure 1. Layering of cations and anions near the OLC surface
is present for both dicationic [Cn(mim)2](BF4)2 (n = 3, 6, 9)
and monocationic [C6mim][BF4] regardless of the electrode’s
charge. In contrast to monocationic [C6mim][BF4] (Figure 1d,
h), the cation number density of [Cn(mim)2](BF4)2 in the layer
closest to OLC is evidently lower. Due to the large size and
more concentrated charge density of dications, fewer are
accumulated on the OLC surface, which is sufficient to
counterbalance the opposite charges on the electrode surface.

Moreover, a cation layer with twin peaks is formed near the
neutral OLC surface for [C3(mim)2](BF4)2, whereas predom-
inantly one dense layer of cations is observed for [C6(mim)2]-
(BF4)2, [C9(mim)2](BF4)2, and monocationic [C6mim][BF4].
With the increase of the chain length, fewer cations are
observed in EDLs, which is due to the decreased packing
efficiency of the bigger dications. Because of the more
concentrated charge density in dications, more anions in
DILs are accumulated in the layer near OLC surfaces. A similar
phenomenon is observed for [C6(mim)2](Tf2N)2 versus

Figure 1. Number density profile for dicationic [Cn(mim)2](BF4)2 (n = 3, 6, 9) and monocationic [C6mim][BF4] ionic liquids at OLC surface,
calculated from MD simulations. The top panels (a−d) are for cations and bottom panels (e−f) are for anions.

Figure 2. Orientational order parameter as a function of distance from OLC surface for the alkyl chain (a−c) and the imidazolium rings (d−f) in
[Cn(mim)2](BF4)2 (n = 3, 6, 9). The left panels (a−c) are for angles formed between the linkage alkyl chain in DILs and the normal to the OLC
surface; the right panels (d−f) are for angles between the plane of the imidazolium ring and the normal to the OLC surface.
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[C6mim][Tf2N] shown in Figure S1 of the Supporting
Information (SI). Such a trend is consistent with that reported
in MILs.39,40 For charged electrodes, the number of counter-
ions in EDLs increases as the chain length decreases.
To disclose more details of the interfacial structure of

dications near the OLC surface, the orientational order
parameter of dications near charged/uncharged OLC surfaces
was calculated using ⟨P2⟩ = (3 cos2(θ) − 1)/2 as shown in
Figure 2. The orientational order parameter describes the
distribution of angles formed by the cation chain or cation ring
versus OLC surface (see cartoons in Figure 2). To describe the
orientation of the cation chain, the angle was defined as angles
formed by the linkage alkyl chain in DILs and the normal of the
OLC surface. As shown in Figure 2a−c, the results suggested
that the alkyl chains of cations in the first layer adsorbed on the
OLC electrode tend to be parallel with the electrode surface
regardless of the chain length or surface charge density, whereas
those in the second layer tend to be perpendicular to the
electrode surface. The latter is enhanced with the increase in
negative charge density of the electrode except for
[C9(mim)2]

2+. The longer alkyl chain in [C9(mim)2]
2+ with

high flexibility may result in the more random arrangements
relative to the electrode surface. For the cations beyond the
second layer, there is no obvious orientational preference
observed for the alkyl chains, consistent with observation of
MILs.40 To show how the cation ring is oriented, the angle
defined is between the plane of the cation ring and the normal
to the OLC surface. As shown in Figure 2d−f, at the OLC
surface, the imidazolium plane tends to be parallel with the
OLC surface, which facilitates the efficient packing of dications
for better screening of the charged electrode. Meanwhile, the
tendency of the vertical imidazolium plane in the second layer
of EDLs is inspected. These observations imply that the
imidazolium rings of DILs adopt the similar orientation near
the carbon surface as reported for those in MILs.39,41

3.2. Capacitive Performance of [Cn(mim)2](BF4)2. The
C−V curves near OLC electrodes for DILs [Cn(mim)2](BF4)2
(n = 3, 6, 9) with varying linkage chain lengths are shown in
Figure 3a, and their corresponding surface charge densities
versus electric potential are shown in Figure S2. The near-flat
C−V curve featured OLC/RTIL supercapacitor has been
reported in our previous studies.36,37 However, in this work,
differently shaped C−V curves were observed (Figure 3), where
the differential capacitance at the negatively charged electrodes
is higher than that at the positively charged electrodes. The

shape of C−V curves is determined by multiple factors such as
electrode materials, ion sizes, temperature, and different RTILs
adopted.36,37 In previous work, we chose RTILs (i.e.,
[C2mim][Tf2N],36 [C3mpy][Tf2N],37 [C4mpip][Tf2N]

37)
with cations and anions of similar sizes, which partially
accounts for the near-flat C−V curve observed. In this study,
the cation size is approximately 2−4 times that of the BF4

−

anion and the charge the cation carries is twice of that for the
anion. This feature causes the favorable adsorbing and
desorbing of more anions than cations in the EDL at the
same potentials, since smaller anions can fit in a given
volume.42 Lauw et al. used mean field theory to demonstrate
that, for RTILs with dissimilar cation/anion sizes, the shape of
the C−V curve is dominated by the size of the counterions; i.e.,
the smaller counterion size leads to the enhanced differential
capacitance.25

In addition, negative potential of zero charge (PZC)
indicates the affinity of anions toward an electrode while
positive PZC suggests preferential specific adsorption of
cations.25 The values of PZC for [Cn(mim)2](BF4)2 are
+0.10 V (n = 3), +0.18 V (n = 6), and +0.20 V (n = 9), and
the PZC of [C6mim][BF4] is +0.30 V. Based on these values,
cations are preferred to be adsorbed on the OLC surface and
the adsorption strength of dications increases with increasing
chain length. Compared with dications, the adsorption of
monocationic [C6mim]+ is favorable for OLC, and this
adsorption of cations suggests the enhanced capacitance at
positive potentials.25 The combined effects of specific
adsorption and ion size can well explain the shape of the C−
V curves with higher capacitance at the positively charged
electrode shown in Figure 3. Similarly, BF4-containing MILs
have been reported to exhibit asymmetric C−V curves as well,
due to the dissimilar cation/anion sizes.19,43−45

The comparison of the C−V curves of dicationic
[C6(mim)2](BF4)2 and monocationic [C6mim][BF4] shown
in Figure 3b highlights the slightly higher capacitance of
[C6(mim)2](BF4)2 compared to [C6mim][BF4] at negative
potential and the reverse trend at positive potentials. However,
Tf2N-containing DILs display higher capacitance than MILs
throughout the potential applied, which will be discussed later.
The trends of C−V curves for BF4-containing DILs and MILs
suggest the better screening of anions in DILs than MILs at
negative potentials and the more efficient screening of
monocations than dications at positive potentials. In general,
there is no significant enhancement of capacitance for DILs

Figure 3. Differential capacitance−electrical potential (C−V) curves for [Cn(mim)2](BF4)2 (n = 3, 6, 9) (a) and dicationic [C6(mim)2](BF4)2 versus
monocationic [C6mim][BF4] (b) from MD simulation.
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compared with MILs, probably due to their similar screening
efficiency, which is shown in Figure 4.

To evaluate the screening effects, a charge-screening factor is
quantitatively defined by the equation below as36

Figure 4. Charge screening factors for dicationic [Cn(mim)2](BF4)2 (n = 3, 6, 9) and monocationic [C6mim][BF4] at varying charge densities of
electrode surface. The left panel is for the negatively charged electrode corresponding to an electric potential between −0.5 and −2.0 V, and the right
panel is for the positively charged electrode at an electric potential between 0.5 and 2.0 V.

Figure 5. Cumulative density of ion’s center-of-mass in the electric double layer as a function of electric potential applied from MD simulation for
[Cn(mim)2](BF4)2 (a) and C6(mim)2](BF4)2 versus monocationic [C6mim][BF4] (b). The solid symbols denote cations, and hollow symbols are
for anions.
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∫ ρ σ= − ΔC r
s
R

s s( ) ( ) d /f
R

r

e

2

2

where s is the distance from the electrode, Δρe(s) is the change
of charge density profile between the charged and neutral
electrode, R is the radius of OLC, and σ is the electrode surface
charge density. The charge screening factor for RTIL
[C2mim][Tf2N] is relatively constant with increasing surface
charge density, and this factor was used to interpret the near-
flat C−V curve for OLC-based supercapacitors in our previous
work.36 Herein, the calculated charge screening factors (Cf) for
[Cn(mim)2](BF4)2 at both positive and negative potentials are
shown in Figure 4. The peak intensities in Cf decrease (longer
chain, larger decrease) as the charge density/electric potential
of the negative electrode increases, whereas a relatively
insignificant variation in peak intensity is observed at the
positive electrode. These trends agree with the decrease of
differential capacitance (Figure 3) with increasing electric
potential drop at negatively charged surfaces and the subtle
variation in differential capacitance at positively charged
surfaces. Such phenomena are related to the packing of
counterions in EDLs near the OLC electrode. At a high
potential on the negatively charged surface, the differential
capacitance decreases with increasing chain length or cation
size. This trend corresponds to the decreasing screening factors
with the elongation of chain length (Figure 4). Moreover, the
number of anions in EDLs near the positively charged electrode
increases linearly with the surface charge density; therefore a
near-constant screening factor was observed for the positively
charged electrode. Conversely, for the negatively charged
electrode, the number of cations does not increase linearly with
the surface charge density, due to the complicated geometry,
large size, and orientation of dications in EDLs. This
observation is confirmed by examining the cumulative number
density of ions, shown in Figure 5.
The cumulative number density of ions, i.e., the number of

ions per unit area of electrode within the first layer (0−0.7 nm)
of EDLs, was calculated as shown in Figure 5. The results
indicate that more anions of [Cn(mim)2](BF4)2 than cations
were found to accumulate in EDLs near the positively charged
electrodes, which contributes to the more efficient screening of
smaller-sized anions. This is also reflected in the number
density profile of Figure 1, which demonstrates that the anions
are packed denser than the cations at either neutral or charged

OLC surfaces. Moreover, the number of anions accumulated in
EDLs exhibits a linear-like relationship with increasing electric
potential at the positive electrodes, but not for cations at the
negative electrodes, which is consistent with the variation in
screening factors. On the other hand, the effect of the linkage
chain length on the differential capacitance (i.e., in Figure 3a,
the C−V curve for [C3(mim)2](BF4)2, [C6(mim)2](BF4)2, and
[C9(mim)2](BF4)2) can be deduced from the cumulative
number density. First, the bell-to-camel shape transition of
the C−V curve is not observed with an increase in the linkage
chain length. Compared with the MD simulation study by
Vatamanu et al.,22 however, the obtained C−V curves in Figure
3 cannot be classified into bell-, camel-, or U-shaped. The
replacement of BF4 anions used in this study with larger-sized
anions may change the C−V curve shapes, and this was verified
in the C−V curve of [C6(mim)2](Tf2N)2 (Figure 6a)
When the C−V curve of monocationic [C6mim][BF4] was

compared with that of dicationic [C6(mim)2](BF4)2, the higher
anion density of EDLs in DILs compared to that of MILs,
shown in Figure 5b, causes a more efficient screening by the
positively charged electrode. The cumulative number densities
of [C6(mim)2](BF4)2 and [C6mim][BF4] at varying potentials
indicate that more anions of [C6(mim)2](BF4)2 are adsorbed in
EDLs compared to those in monocationic [C6mim][BF4],
which is also the case for [C6(mim)2](Tf2N)2 and [C6mim]-
[Tf2N] as shown in Figure S5. For the cumulative number
density of cations, although a smaller amount of dication
[C6(mim)2]

2+ is accumulated in EDLs, there is a higher
concentration of positive charges in EDLs of [C6(mim)2]-
(BF4)2 than in monocationic [C6mim][BF4]. From Figure 5, it
is concluded that anions accumulate more rapidly than cations
with increasing electric potential, which results in a higher
differential capacitance at the positively charged electrode than
at the negatively charged one.

3.3. C−V curves of [C6(mim)2](Tf2N)2 versus [C6mim]-
[Tf2N]. To investigate the role of anions in EDLs, we replaced
the anion of BF4

− with Tf2N
− and observed a different

collection of C−V curves, as shown in Figure 6. Compared with
MIL [C6mim][BF4], a relative flatter C−V curve is observed in
[C6mim][Tf2N], which is also similar to previous studies36,37

and explained by the relatively constant screening factors at
both positively and negatively charged electrodes (Figure S6).
Moreover, like [Cn(mim)2](BF4)2, differential capacitance
decays at high negative potential for [C6(mim)2](Tf2N)2.

Figure 6. Differential capacitance as a function of electric potential obtained from MD simulation (a) and normalized cyclic voltammogram showing
specific capacitance as a function of electric potential at a scan rate of 0.5 mV/s (b), for dicationic [C6(mim)2](Tf2N)2 and monocationic
[C6mim][Tf2N].
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Lauw et al.’s mean field theory has demonstrated that not only
ion size but also specific adsorption contributes to the
asymmetry of the C−V curve; smaller anions raise the
capacitance at positive potential and the specific adsorption
of anions increases the capacitance at −1.2 to −0.3 V for ILs
with cations and anions of equal size.20,25

As discussed above, the affinity of the ions toward the
electrode also plays a role.25 The values of PZC for
[C6(mim)2](Tf2N)2 and [C6mim][Tf2N] are −0.2 and −0.1
V, respectively. This indicates that Tf2N

− is preferentially
adsorbed on the OLC surface and the adsorption strength of
cations on the OLC surface is in the order: C6mim

+ >
C6(mim)2

+. Combining the ion size effect and specific
adsorption in the case of [Cn(mim)2](BF4)2, both the smaller
size of anions and the stronger specific adsorption of cations
enhance the capacitance at positive potentials. In Tf2N-
containing ILs, the Tf2N

− anion, which is larger than BF4
−,

reduces the capacitance at positive potentials, and the strong
adsorption of Tf2N

− raises the capacitance at negative
potentials, thus yielding the near-flat C−V. Additionally, the
size ratios of C6(mim)2

+:Tf2N
− and C6mim+:Tf2N

− are 7:4 and
5:4, respectively, while the PZCs are −0.2 V and −0.1 V
respectively. As a result, both the ion size and specific
adsorption effects are more evident in dicationic [C6(mim)2]-
(Tf2N)2 than monocationic [C6mim][Tf2N]. It is noteworthy
that multiple factors may influence the shape of C−V curves
aside from ion size and specific adsorption; therefore the C−V
curve may be IL-specific depending on the ion chemistry, ion
shape, orientation, and affinity toward the electrode.20,23,46

On average, dicationic [C6(mim)2](Tf2N)2 exhibits higher
differential capacitance than monocationic [C6mim][Tf2N]
(−2.0 V to 2.0 V), which is not the fact for BF4-containing
DILs and MILs. The screening factors in Figure S6 displayed
higher screening factors of [C6(mim)2](Tf2N)2 at both positive
and negative potentials than those of [C6mim][Tf2N], which
could probably explain the observed different trends of
capacitance between DILs and MILs with Tf2N

− and BF4
− as

anions.
The enhanced capacitance in [C6(mim)2](Tf2N)2 is also

verified experimentally by cyclic voltammetry shown in Figure
6b. However, this trend is only observed experimentally for
cyclic voltammogram curves under a scan rate of 0.5 mV/s
(synonymous with charge−discharge rate), since MD simu-
lations were performed at the equilibrium state, which is close
to the measurement at a very low scan rate. At a high scan rate
(e.g., 50 mV/s), monocationic [C6mim][Tf2N] displays a
higher capacitance than [C6(mim)2](Tf2N)2 as shown in Figure
S7. The accumulation of counterions in EDLs is a kinetic
process: the faster motion of small ions counterbalances the
electrode surface charges (the charging/discharging) within
shorter times, whereas, for larger ions, the slower kinetics do
not quickly balance the electrode surface charge, resulting in a
lower capacitance.47 At low scan rates, there is sufficient time
for both large and small ions to accumulate in EDLs; i.e., both
the electrode surfaces are well balanced by counter-charges,
leading to DILs with higher packing density and screening
efficiency exhibiting a higher capacitance.

4. CONCLUSION
In this study, the interfacial structure and the capacitive
performance of DILs [Cn(mim)2](BF4)2 with varying chain
lengths and [C6(mim)2](Tf2N)2 near the OLC electrodes are
investigated for the first time using MD simulations. The

distinct interfacial structure of DILs was observed in
comparison with their monocationic counterparts. Higher
concentrations of DIL anions are found near the OLC surface
regardless of the electrode’s charge since each dication needs
charge balance by two anions. The orientation of the dication
near an OLC surface is similar to that of MILs. Moreover,
regarding the capacitive performance of [Cn(mim)2](BF4)2, the
average capacitance at positively charged potential is higher
than that at the negatively charged electrode, which is mostly
attributed to the larger size of the dications compared to the
BF4− anions. At negatively charged electrodes, the differential
capacitance decreases with increasing chain length. It is also
found that fewer counterions accumulate in EDLs for long-
chain DILs based on the cumulative number density profiles.
The C−V curve is substantiated to correspond to the variation
of charge screening factors as a function of surface charge
densities.
A near-flat C−V curve was observed for [C6mim][Tf2N] as

reported in previous studies36,37 and attributed to the nearly
constant charge screening factors with the variation of charge
screening density. Both ion size and specific adsorption may
influence the shape of C−V curves. The increased capacitance
in [C6(mim)2](Tf2N)2 compared with [C6mim][Tf2N] was
observed via both MD and cyclic voltammetry and is due to the
more efficient screening of electrode surface charges. Such
enhancement was only found at low scan rates because of the
different dynamics for small-sized monocations and large-sized
dications; the slower motion of dications requires a longer time
to balance the charges on the electrode surfaces. Since the use
of DIL electrolytes in supercapacitors is impeded by their slow
kinetic characteristics, in order to facilitate the use of DIL
electrolytes in supercapacitors without compromising the
power density, organic solvents such as propylene carbonate
and acetonitrile were adopted to enhance the conductivity and
charge/discharge rate.6 However, the mechanism of the
enhanced performance of DIL-based supercapacitors due to
organic solvents is yet to be investigated, which will be
addressed in our future work.
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