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1.  Introduction

Electrical energy generated from renewable energy sources, 
such as solar and wind, renders a great potential for meet-
ing future energy demands with respect to the sharp increase 
in world energy use over the past decades [1, 2]. However, 
the use of electricity from intermittent sources requires effi-
cient electrical energy storage (EES). Thanks to their advanta-
geous properties such as high power density, high capacitance 
and excellent performance stability, electrical double-layer 
capacitors (EDLCs), also named supercapacitors or ultraca-
pacitors, storing electrical energy physically in double layers, 
have emerged as a promising type of EES device in recent 
years [3–5]. Due to their high power-handling ability superior 

to that of batteries, supercapacitors are particularly in demand 
for applications requiring energy delivered in a short time; e.g. 
electric vehicles, buses, cranes, forklifts, wind turbines and in 
opening emergency doors of airplanes [1, 7, 8]. However, the 
primary limitation of supercapacitors is their moderate energy 
density compared to batteries [5, 8]. The energy density, E, is 
related to the capacitance, C, and the device operating voltage, 
V; i.e. E = C·V2/2 [4]. Thus, the approach of enhancing super-
capacitors’ energy density is to increase the maximum operat-
ing voltage and/or to optimize their charge storage capacity by 
enlarging the electrode surface area.

Achieving a fairly high operating voltage (4–6 V; e.g. ~4.0 V 
for protic ionic liquids (ILs) [9], ~4.5 V for imidazolium ILs 
[10] and ~5.5 V for pyrrolidinium and tetraalkylammonium 
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ILs [11, 12]) in contrast to aqueous and organic electrolytes, 
ILs have become a very advanced class of electrolytes for 
supercapacitors, also benefiting from other advanced proper-
ties including excellent thermal stability, non-volatility and 
a relatively inert nature [13, 14]. The structures of electri-
cal double layers (EDLs) at interfaces of ILs and electrified 
surfaces have been widely studied by experimental, theoreti-
cal and modeling methods. In a high-energy x-ray reflectiv-
ity study on the temperature-dependent structures of ILs at a 
charged sapphire substrate, Mezger et al [15] suggested that 
the layering of cations and anions is a generic feature of inter-
facial ILs, which was in agreement with the oscillation in the 
ion density predicted by molecular dynamics (MD) simula-
tions [16–18] of ILs modeled by a united atom model and con-
fined between two flat parallel walls. Using MD simulations 
with ILs in an all-atom model [19–21], it was further con-
firmed that due to the strong cation–anion correlations, the ion 
layering in ILs near the electrode surface is about 1.5–3.0 nm 
in thickness. Specific imidazolium-based cations, despite dif-
ferent chain lengths, were found to adsorb significantly on 
neutral and negatively charged electrodes, and the imidazo-
lium ring becomes more parallel to the electrode surface as 
the electrode charge density, σ, becomes more negative, and 
tends to be more vertical to the electrode surface as σ becomes 
more positive [18, 19, 22–24]. Using surface force apparatus, 
Perkin et al [25–28] investigated the IL structure between two 
atomically smooth negatively charged surfaces and classified 
the different ion layerings into two categories: short-chain 
cation ILs form alternating cation–anion monolayers while 
ILs with long-chain cations result in the formation of bilayers.

In addition to the interfacial structure, the most exten-
sively studied macroscopic property of EDLs in ILs is the 
curve between the differential capacitance and electrode 
potential (i.e. the C–V curve [29, 30]). Different varieties 
of C–V curves have been observed experimentally and pre-
dicted computationally, including the U-shaped, bell-shaped 
and camel-shaped types for supercapacitors with planar 
electrodes, indicating that the differential capacitance is inti-
mately associated with the electrode potential [29–33]. The 
chain length of cations was found to play an important role in 
the C–V curve, and suggested by both experiment [30, 34–39] 
and modeling [40, 41]. The overall differential capacitance is 
observed to decrease with the increase of the chain length due 
to the thicker EDL formed by large cations [30, 36], although 
experimental measurements showed that the C–V curve relies 
on the electrode materials [30], ion types [30, 42], temperature 
[30, 36, 38] and ion size [30, 36, 38]. Interestingly, a Monte 
Carlo simulation reported that the C–V curve transitioned 
from the bell to the camel shape with the increase of the alkyl 
chain in the cation at the graphite electrode [40], while an 
MD simulation study [41] showed that the camel-shaped C–V 
curve near planar graphite-based electrodes tends to be less 
evident. Unlike any aforementioned C–V curves, our recent 
MD work on ILs on nano-scale curved surfaces (onion-like 
carbon and carbon nanotube electrodes) showed that the dif-
ferential capacitance depends weakly on the electrode volt-
age; i.e. the C–V curve is nearly flat in contrast to that at the 
planar electrode surface [43].

However, these above observations/results are focused on 
monocationic ILs (MILs), i.e. with monovalent cations. To 
expand the diversity of the cation family, a series of imidazo-
lium- and pyrrolidinium-based geminal dicationic ILs (DILs) 
were developed with two identical imidazolium or pyrrolidin-
ium rings bridged by alkyl chains, which could achieve higher 
stability than MILs [44–46]. To date, the work on interfaces of 
DILs and solid surfaces is quite elusive, and efforts are needed 
to answer the question of whether the aforementioned conclu-
sions are still tenable when replacing MILs with DILs, and, 
most importantly, how the EDL structure and C–V curve are 
changed.

Motivated by these considerations, in this work, we per-
formed MD simulations to model DILs, 1-alkyl-3-dimethyl-
imidazolium tetrafluoroborate [Cn(mim)2](BF4)2 (n = 3, 6, 9), 
with respect to a baseline of an MIL of [C3mim][BF4] in 
contact with planar carbon electrodes composed of graphene 
sheets under a series of applied potentials. Our simulations 
show that the layering of cations/anions is still a key feature 
for EDLs in DILs near planar carbon electrodes; however, a 
different structure of the adsorbed ion layer was observed for 
short-chain DILs. With increasing chain length, the camel-
shaped C–V curve was found to be less defined (and tended to 
be bell-shaped). The rest of the paper is organized as follows: 
section 2 presents the simulation method and models; section 
3 shows the structure of ILs near neutral/charged planar car-
bon electrodes; the potential of zero charge (PZC) of different 
ILs and the EDL capacitance are shown and discussed in sec-
tion 4; finally, conclusions are drawn in section 5.

2.  Simulation method and models

Figure 1(a) shows the molecular structure of ions in DILs 
[Cn(mim)2](BF4)2 (n = 3, 6, 9) and MIL [C3mim][BF4] stud-
ied in this work. The simulation system, as a channel shown 
in figure 1(b), consisted of a slab of electrolytes enclosed 
between two electrodes, and each electrode was modeled as 
three-layered graphene sheets with a gap of 0.34 nm between 
each two neighboring sheets. The separation between the two 
electrodes was set to 8.0 nm (the distance between the inner-
most layers of opposing channel walls) to reproduce a bulk-
state behavior of ILs in the channel center. To generate the 
different applied potentials, the partial charge was uniformly 
distributed among the carbon atoms on the innermost layers 
of the electrodes, and the two innermost layers carry the same 
surface charge with opposite signs to keep the neutrality of the 
simulation system. It is worthwhile noting that the constant 
potential method could be enhanced for treating the particular 
case of carbon materials (e.g. porous carbons [47, 48]), since 
the image charge effects [49–52] induced by the electrode 
were considered. However, when the electrode surface is flat 
(e.g. planar graphene) and ILs are used as the electrolyte [53], 
under a potential within about −3 to 3 V, ion density profiles 
are almost the same for simulations using the constant poten-
tial assembly and the constant charge surface [53]. Thus, tak-
ing into account the potential range of −2.6 to 3.1 V and the 
all-atom model used in this work, it is applicable to use the 
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constant surface charge assembly to model the interfaces of 
ILs and planar graphene.

Due to the high melting point (>390 K [45]) of the stud-
ied DILs that can be used in high-temperature supercapaci-
tors [54], to ensure that all ILs were in liquid phase, all the 
simulations were performed at 450 K, the same temperature 
as used in a previous MD study by another group [55]. MD 
simulations were performed in the NVT ensemble using a 
user-modified version of the MD package GROMACS [56]. 
The force field used for DILs [Cn(mim)2](BF4)2 (n = 3, 6, 9) 
was taken from the MD work by Yeganegi et al [55], which 
has been validated and used to predict the densities of DILs 
with high accuracy compared with experimental data [45]. 
The force field for MIL [C3mim][BF4] was taken from the 
study by Lopes’ group [57]. The van der Waals interaction 
parameters for carbon of the graphite electrode were taken 
from the work of Cornell et al [58].

In the simulation system, the electrolyte temperature was 
maintained at a setting value using the Berendsen thermostat. 
The slab-PME method [59] was used to compute the electro-
static interactions in the two-dimensionally periodic geom-
etry adopted here. Specifically, the dimension vertical to the 
electrode of the simulation box was set to be five times the 
electrode separation [60], which is sufficient to ensure that the 
accuracy of the electrostatic force calculation is comparable to 
that of the two-dimensional Ewald method [59]. An FFT grid 
spacing of 0.10 nm and cubic interpolation for charge distri-
bution were used to compute the electrostatic interactions in 
reciprocal space. A cutoff distance of 1.1 nm was used in the 

calculation of electrostatic interactions in real space. All the 
C–H bonds were constrained using the LINCS algorithm [61] 
during the simulation and a 1.1 nm cutoff was used for van der 
Waals interactions. Each simulation was started at 1000 K and 
subsequently annealed gradually to 450 K in 9 ns. Following 
annealing, the system was simulated at that temperature for 
another 9 ns to reach equilibrium. Finally, a 20 ns production 
run was performed for analysis. To ensure the accuracy of the 
simulation results, each system was repeated three times with 
different initial configurations.

We computed the ion/charge distributions in the direc-
tion perpendicular to the electrode surface, using the bin-
ning method [62] to analyze the data from MD trajectories 
and obtain details of the EDL structure. Taking the direction 
perpendicular to the electrode surface as the z-direction, the 
potential distribution across an EDL was computed by solving 
the Poisson equation with two boundary conditions: ϕ =(0) 0 
at the electrode surface and ϕ =zd / d 0 in the middle portion 
between electrodes; that is,

∫ϕ
ε

ρ σ
ε

= − − −z z u u u z( )
1

( ) ( ) d .
z

0 0
e

0

� (1)

Knowing ρe, the charge density across EDL, one can obtain 
the potential drop, ϕEDL, between the electrode surface and the 
channel center, and then calculate the differential capacitance 
by σ ϕ=C d / d . In this work, the potential at the central part 
of the channel was obtained by averaging the potential distri-
bution profile within the region of 3–5 nm from the electrode 
surface, since ILs in such regions show bulk-state behavior, 

Figure 1.  (a) Molecular structure of monocations, dications and anions in ILs used in this study. (b) Snapshot of MD simulation system, in 
which the yellow spheres represent the graphite electrodes and ILs were enclosed between the two electrodes.
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and the charge density as well as the potential distribution pro-
files have little fluctuation.

3.  Structure of interfacial ILs

Structure of DILs near neutral electrodes. Figure 2 shows 
the ion distribution described by ion number density pro-
files, ρn, in DILs [C3(mim)2](BF4)2, [C6(mim)2](BF4)2 and 
[C9(mim)2](BF4)2, as well as MIL [C3mim][BF4] near the 
neutral carbon electrode. Throughout this work, the number 
density of ions in the channel simulation system was com-
puted based on the center of mass of the ions. An adsorbed 
layer was observed for both cation and anion. However, the 
short-chain DIL [C3(mim)2](BF4)2 exhibits a cation layer with 
double peaks located at 0.38 nm and 0.55 nm, respectively, 
whereas the other three ILs have a similar cation layer with 
one peak at about 0.38 nm; there is a single anion peak for 
all studied ILs and the ion peak height ratio of cation : anion 
is close to 1 : 1 for the MIL and 1 : 2 for the DILs, with the 
exception of [C3(mim)2](BF4)2 due to the double peaks of 
[C3(mim)2]2+ decreasing the first ion peak. The feature of 
adsorbed layers agrees with previous observations of imidaz-
olium-based monocations accumulating on the electrode [18, 
19, 22, 23, 63] due to the strong interaction between the cat-
ion and electrode. We also computed the interaction potential 
energy between ions and the neutral planar carbon electrode 
by first taking the sum of the interaction potential between 
each atom of an ion and carbon atoms of the electrode and 
then averaging the potential energy of the same type of ions 
that have different conformations but are at the same dis-
tance from the electrode surface. As shown in figure  3, the 

interaction between dication and electrode increases with 
the cation chain length and the maximum interaction poten-
tial (absolute value) for dication [C6(mim)2]2+ is nearly two 
times that for monocation [C3mim]+, but those for all cations 
are much larger than that of the anion [BF4]–. Determined 
from Molinspiration software3, the volume of [C3(mim)2]2+, 
[C6(mim)2]2+, [C9(mim)2]2+, [C3mim]+ and [BF4]– ions was 

3  Molinspiration Interactive Property Calculator, www.molinspiration.
com (accessed November 2011). The calculation of molecule volume in 
Molinspiration software is based on group contributions, by fitting sum 
of fragment contributions to ‘real’ 3D volume for a training set of about 
12 000, with help of the semiempirical AM1 method (i.e. a generalization of 
the modified neglect of differential diatomic overlap approximation).

Figure 2.  Cation (a) and anion (b) number density profiles in DILs [C3(mim)2](BF4)2, [C6(mim)2](BF4)2, [C9(mim)2](BF4)2 and MIL 
[C3mim][BF4] near neutral planar carbon electrodes. The positions of the cation and the anion are represented by their center of mass. 

The number density profile for monocation [C3mim]+ in (a) was scaled by  
1

2.

Figure 3.  Interaction potential energy between ions and the neutral 
planar carbon electrode as a function of distance from the electrode.
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found to be 0.2079 nm3, 0.2583 nm3, 0.3087 nm3, 0.1352 nm3 
and 0.0732 nm3, respectively. The trend in ion volume follows 
that of the ion–electrode interaction potential, which could 
indicate that the first cation peak at the neutral electrode is 
under a competitive influence whereby the strong adsorption 
facilitates the ion packing while the large ion volume restricts 
the packed ion number on graphene surfaces [25, 27].

However, it is not clear why there is a layer with double peaks 
for dication [C3(mim)2]2+. To answer this question, we dis-
sected the cation–anion correlation function shown in figure 4 
by computing the anion number density in the radial direc-
tion of the cation. It can be seen that the short-chain dications 
([C3(mim)2]2+) have stronger association with the [BF4]– ion 
than the longer chain cations ([C6(mim)2]2+ and [C9(mim)2]2+), 
characterized by a much higher intensity of the first peak for 
cation–anion correlation. Furthermore, dication [C3(mim)2]2+ 
renders a stronger ion coupling with [BF4]– than monocation 
[C3mim]+ due to the greater charge carried in the former, veri-
fied by the higher and wider first peak (figure 4). Therefore, 
when adsorbed on a neutral surface, the dication [C3(mim)2]2+ 
could cause more anions to accumulate on the surface regard-
less of the weak adsorption of anions toward the electrode sur-
face, which results in the higher anion peaks located at 0.38 
and 0.76 nm. Previous MD simulations have revealed that the 
anions most likely cluster around the rings of a dication [64]. 
Thus, some [C3(mim)2]2+ dications could be tilted to leave a 
space for anions tightly associating with the positively charged 
ring, which leads to the presence of the second peak of the 
adsorbed dication layer on the electrode surface; while monoca-
tion [C3mim]+ can relatively easily tilt its tail for anion packing. 
This can be evidenced by cation orientation discussed below.

Figure 5 shows the orientation of cations near the neutral 
electrode by computing the order parameter of the ions; i.e. 
P2(cos θ) = 〈(3 cos2θ−1)/2〉. In figure 5(a), θ is defined as the 
angle formed by the normal vector of the electrode and the nor-
mal vector of the imidazolium ring of the cation (one ring was 
used for orientation calculation due to the symmetry of dica-
tion), and θ in figure 5(b) is defined as the angle formed by the 
normal vector of the electrode and the vector through the alkyl 

chain of the cation. Note that within ~0.48–0.8 nm from the 
electrode surface (figure 2), with the exception of [C3(mim)2]2+, 
there are very few cations. We observe that (1) the ring of the 
cation in the first adsorbed peak tends to be parallel to the sur-
face and is more tilted as it moves further away from the sur-
face; (2) the alkyl chain of the cation is most parallel to the 
surface, with the exception of monocation [C3mim]+ which 
shows a clear tilted tail; (3) the dication [C3(mim)2]2+ in the 
second peak of the adsorbed layer is more tilted than that in the 
first peak; (4) the orientational ordering parameter approaches 
zero beyond a position of about 1.5 nm from the electrode, simi-
lar to the layering depicted by ion number density profiles in 
figure 2, which is in line with previous modeling work on MILs 
[20–22, 63, 65]. These observations, together with the structure 
described in figure 2, suggest that the double-peaked adsorbed 
layer for dication [C3(mim)2]2+ and the one-peaked layer for the 
other cations are essentially determined by the ion size, ion–
electrode interaction and cation–anion association.

Structure of DILs near charged carbon electrodes. Figure 6 
exhibits the number density profiles of ions in DILs [C3(mim)2]
(BF4)2, [C6(mim)2](BF4)2 and [C9(mim)2](BF4)2 as well as 
MIL [C3mim][BF4] near negatively charged electrodes with a 
surface charge density σ = −0.10 C m–2 and positive electrodes 
with σ = +0.10 C m–2. It is observed that there is a distinct peak 
of counter-ions accumulating at the charged surface: the peak 
location is about 0.37 nm for cations and 0.355 nm for anion 
[BF4]–; meanwhile, the co-ions become further away from the 
surface due to the repulsive electrostatic force from charged 
electrodes. These observations are consistent with simula-
tion work on different imidazolium-based MILs in literature 
[20–22, 63, 65, 66]. The peak of the first anion layer in all DILs 
and MILs is very similar (in location, height and width) near the 
positively charged electrodes. However, there are some distinc-
tions of cations near the negatively charged electrodes: (i) the 
peak location is 0.355 nm, 0.365 nm, 0.375 nm and 0.375 nm 
for [C3(mim)2]2+, [C6(mim)2]2+, [C9(mim)2]2+ and [C3mim]+, 
respectively; (ii) as the electrode surface charge increases from 
0 to −0.10 C m–2, the second peak of dication [C3(mim)2]2+, 
located at about 0.56 nm, is dramatically decreased, whereas 
those of [C6(mim)2]2+ and [C9(mim)2]2+ become non-trivial; 
(iii) there is a near depletion for monocation [C3mim]+ within 
~0.48–0.8 nm. The orientation of cations near the negatively 
charged electrode, shown in Figure S1 of the online support-
ing information (stacks.iop.org/J.Phys/26/284106/mmedia), 
indicates that the cation rings in the adsorbed layer become 
more parallel to the electrode surface. The chain of dication 
also tends to be more parallel to the surface due to the ori-
entation change of its two rings, while the chain of monoca-
tion [C3mim]+ seems to exhibit little variation. This may be 
ascribed to the fact that the linked chain in dications has more 
constraints than the free tail in the monocation.

Although the different structure of the adsorbed layer of 
DILs with different chain lengths as well as the MILs observed 
in this work is mainly found for short-chain DILs, more dis-
crepancies may be revealed for the long-chain DILs versus 
MILs, which will be included in our future work, especially 
for the interfaces of ILs and other solid substrates (e.g. mica 
with intrinsic partial charges among surface atoms).

Figure 4.  Cation–anion center-of-mass correlation functions as 
obtained from MD simulations at 450 K.
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5.  EDL capacitance

Potential of zero charge. Before presenting EDL capacitance, 
the PZC is discussed, since PZC was found to be a hallmark of 
the C–V curve [20, 29, 67–69]. For instance, Kornyshev [29] 
illuminated in a theoretical study that the capacitance reaches 

a maximum at PZC in a bell-shaped C–V curve and a camel-
shaped C–V curve has a minimum at PZC with two maxima 
at each side of the PZC. Based on equation (1), we computed 
the potential distribution from the neutral electrode surface 
toward the IL [C3mim][BF4] bulk, as shown in figure 7(a). The 
PZC is obtained as the potential drop between the electrode 

Figure 5.  Orientational order parameter P2(cos θ) of cation ring (a) and cation chain (b) in DILs [C3(mim)2](BF4)2, [C6(mim)2](BF4)2, 
[C9(mim)2](BF4)2 and MIL [C3mim][BF4] near neutral planar carbon electrodes.

Figure 6.  Cation (a), (b) and anion (c), (d) number density profiles in DILs [C3(mim)2](BF4)2, [C6(mim)2](BF4)2, [C9(mim)2](BF4)2 and 
MIL [C3mim][BF4] near negatively (a), (c) and positively (b), (d) charged planar carbon electrodes. The number density profile for mono-

cation [C3mim]+ in (a), (b) was scaled by 1

2.
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surface and bulk ILs, which was found to be 108 mV, 135 mV, 
220 mV and 182 mV for [C3(mim)2](BF4)2, [C6(mim)2](BF4)2, 
[C9(mim)2](BF4)2 and [C3mim][BF4], respectively. The posi-
tive value of PZC is attributed to the affinity of the cation on 
the neutral carbon electrode [20, 67], which is evidenced by 
the fact that the ion–electrode interaction, shown in figure 3, 
is stronger for the cation [C3mim]+ than the anion [BF4]–. It 
is noteworthy that the affinity of the cation (anion) does not 
guarantee a positive (negative) PZC. Molecular information, 
delineated by charge densities from the cation, anion and both 
cation and anion, can bridge the ion affinity and the PZC value. 
As shown in figure 7(b), the charge closest to the electrode 
surface is a peak (i.e. positive charge), which originates from 
the first charge peak contributed by cations. Although there 
is a negative charge following sequentially, contributed by 
anions, with a larger magnitude (depth of first valley), the PZC 
is positive since the positive (negative) charge facilitates posi-
tive (negative) PZC and the location of the charge peak (i.e. 
closer to the surface) has a larger influence on the potential in 
response to equation (1).

The charge densities from the cation, anion and both 
cation and anion are shown in figure S2 (stacks.iop.org/ 
J.Phys/26/284106/mmedia) for DILs [C3(mim)2](BF4)2 and 
[C9(mim)2](BF4)2 near the neutral electrodes. It can be seen 
that with a very similar first peak of positive charge, the first 
valley of negative charge becomes deeper for [C3(mim)2]
(BF4)2 and shallower for [C9(mim)2](BF4)2 in contrast to 
that for [C3mim][BF4], which gives rise to a smaller PZC 
for [C3(mim)2](BF4)2 and a larger one for [C9(mim)2](BF4)2. 
Recalling the DIL/MIL structures described in figures 2 and 5,  
the difference in the first charge valley results from the dis-
crepancy in ion accumulation and orientation, ion–wall inter-
action and the cation–anion association. That is, the weakest 
cation–wall interaction (based on interaction potential per 

unit charge; see figure 3), strongest cation–anion association  
(figure 4) and the tilted cation (figure 5) in [C3(mim)2](BF4)2 
lead to more anions close to the surface as well as more nega-
tive charges, while the larger size of the cation and weaker 
cation–anion association in [C9(mim)2](BF4)2 cause a rela-
tively small amount of negative charges. We also implement 
this analysis on an IL [C2mim][Tf2N], in which the volume 
of the cation and anion was determined from Molinspiration 
software (see footnote 3) as 0.1184 nm3 and 0.1476 nm3, 
respectively. As shown in figure S3 (stacks.iop.org/ 
J.Phys/26/284106/mmedia), the anion [Tf2N]– has a stronger 
ion–electrode interaction than the cation [C2mim]+. Although 
[Tf2N]– has a larger size than [C2mim]+ and stays further away 
from the electrode, as shown in figure S4 (stacks.iop.org/ 
J.Phys/26/284106/mmedia), the PZC is found to be −208 mV, 
because the stronger anion–electrode interaction brings fluo-
rine atoms with highly negative partial charges close to the 
electrode surface. In short, the PZC is eventually determined 
by the ion–electrode interaction, ion size/volume and charge 
delocalization as well as the electrode material and surface 
topography [20, 29, 67–69].

Differential capacitance. Since the PZC is not zero for all 
simulation systems explored herein, VEDL = ϕEDL–PZC was 
considered as the potential applied on each EDL for conveni-
ence. Figure 8 shows the differential capacitance as a function of 
applied potential, computed as C = dσ/dVEDL for EDLs in DILs 
[C3(mim)2](BF4)2, [C6(mim)2](BF4)2, [C9(mim)2](BF4)2 and 
MIL [C3mim][BF4] near planar carbon electrodes. It is observed 
that for DIL [C3(mim)2](BF4)2, the C–V curve is camel-shaped 
with a minimum at PZC, whereas quasi-bell-shaped C–V curves 
are presented for the other three ILs with a maximum around the 
PZC. The near-bell-shaped C–V curve for MIL [C3mim][BF4] 
is in agreement with that of previous studies [63, 70, 71]. The 
asymmetry of the C–V curve with the capacitance under positive 

Figure 7.  Potential distribution (a) and charge density (b) profiles in IL [C3mim][BF4] near the neutral planar carbon electrode.
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potential larger than under negative potential can be attributed to 
the smaller size of anion [BF4]– than the studied cations, which 
facilitates the formation of a thinner EDL under positive poten-
tials [39, 67, 72–74]. The capacitance for [C3(mim)2](BF4)2 
starting to decrease under the potentials of ~−1 and ~1.7 V could 
be explained by the concept of lattice saturation [75, 76] at large 
voltages (where the square root of the applied potential, |VEDL|, 
is proportional to the absolute value of surface charge density 
|σ|). The relation between |σ| and |VEDL|0.5 was computed for 
EDLs near positively and negatively charged electrodes and is 
shown in figure S5 (stacks.iop.org/J.Phys/26/284106/mmedia). 
It is observed that lattice saturation occurs at a moderate poten-
tial (where |σ|∝|VEDL|0.5 holds); i.e. the saturation voltage is about 
−1.0 V on the negative electrode and around 1.7 V on the posi-
tive electrode.

However, the transition of the C–V curve from camel shape 
to bell shape as the dication chain length increases and the 
similarity of the C–V curve for MIL [C3mim][BF4] and DILs 
[C6(mim)2](BF4)2 and [C9(mim)2](BF4)2 are still not under-
stood. Using a coarse-grained model for ILs, Trulsson et al 
[33] revealed the role of dispersion forces in the C–V curve of 
IL and expatiated that both the increase in ion adsorption on 
the electrode and the decrease in attractive interaction between 
ions would drive the C–V curve to clearly change from camel 
shape to bell shape. In figure 3, the strength of cation–elec-
trode interaction is observed to follow the order: [C3(mim)2]2+ 
< [C6(mim)2]2+ ≈ 2× [C3mim]+ < [C9(mim)2]2+ (the poten-
tial is −122.2 kJ mol–1, −146.3 kJ mol–1, −171.5 kJ mol–1 
and −75.8 kJ mol–1 for cations [C3(mim)2]2+, [C6(mim)2]2+, 
[C9(mim)2]2+ and [C3mim]+, respectively), implying that the 
increasing ion adsorption on the electrode probably results in 
the transition of the C–V curve from camel to bell shape. The 
size and the ion–electrode interaction potential of monocation 
[C3mim]+ is nearly half that of dication [C6(mim)2]2+, which 
leads to the similarity of their C–V curves. To examine the 
strength trend of the attractive interaction between ions, the 
ion correlation functions were calculated and are shown in 

figure 9. It can be seen that the ion–ion correlation functions 
(also those in figure 4) exhibit a higher first peak in [C3(mim)2]
(BF4)2 than in the other three ILs. In particular, the anion–
anion correlation functions in figure 9(b) indicate that the 
attraction between ions decreases in the order: [C3(mim)2]2+ 
> [C6(mim)2]2+ > [C3mim]+ > [C9(mim)2]2+, together with 
the order of cation–wall adsorption, which accounts for the 
camel-shaped C–V curve transitioning to a bell-shaped curve 
as the chain length increases [33].

5.  Conclusions

In summary, we performed MD simulation of ILs with gra-
phene sheets to investigate the interfacial structure and capac-
itance of EDLs in DILs [C3(mim)2](BF4)2, [C6(mim)2](BF4)2 
and [C9(mim)2](BF4)2 as well as MIL [C3mim][BF4] near 
planar carbon electrodes. With a neutral carbon surface, there 
is a strong adsorbed layer of cations associated with anions 
near the electrode, which is consistent with previous obser-
vations of imidazolium-based monocations adsorbed on the 
electrode [19, 22, 23]. Interestingly, the adsorbed layer with 
double peaks is exclusively found for [C3(mim)2](BF4)2 and 
the cation in the second peak is tilted, unlike that in the first 
peak parallel to the electrode surface, which can be explained 
by the weaker cation–wall interaction (based on the inter-
action potential per unit charge) and stronger cation–anion 
association in [C3(mim)2](BF4)2 compared with the other 
three ILs. When electric potential was applied, a distinct 
peak of counter-ions accumulated on the charged surface, 
similar to observations in other simulation work using differ-
ent imidazolium-based MILs [20–22, 63, 65, 66]. However, 
as electrodes change from neutral to negatively charged, the 
second peak of dication [C3(mim)2]2+ is greatly reduced, 
while those of [C6(mim)2]2+ and [C9(mim)2]2+ become 
non-trivial (figure  S6 (stacks.iop.org/J.Phys/26/284106/ 
mmedia)), which suggests different thickness of EDLs in 
DILs with varying chain lengths and which may be the rea-
son for the transition of the C–V curve. Meanwhile, the chain 
of dication becomes more parallel to the surface, while the 
chain of monocation [C3mim]+ changes subtly, due to the 
two-end-linked chain in dications having more constraints 
than the one-end-free tail in monocation. The value of PZC 
is associated with the ion affinity, which is eventually deter-
mined by the ion–electrode interaction, ion size/volume and 
charge delocalization as well as the electrode material and 
surface topography. The differential capacitance of EDLs as 
a function of applied potential was observed to show a tran-
sition from camel shape to bell shape as the dication chain 
length increases, which is attributed to the enlargement of ion 
adsorption (per unit charge) on electrode and the decrease of 
attractive interaction between ions [33]. These C–V curves 
for interfaces of DILs and carbon electrodes invite further 
experimental verification.

It is worthwhile to note that the DIL has a much smaller 
self-diffusion coefficient than an MIL with a mass comparable 
cation [64], which would slow down the ion transport dur-
ing the charge/discharge process. Organic solvents such as 

Figure 8.  Differential capacitance–electrical potential (C–V) curves 
for EDLs in DILs [C3(mim)2](BF4)2, [C6(mim)2](BF4)2, [C9(mim)2]
(BF4)2 and MIL [C3mim][BF4] computed from MD simulation.
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acetonitrile and propylene carbonate can be added to improve 
the conductivity and charge/discharge rate [77]. How the pres-
ence of an organic solvent as well as the solvation/desolvation 
of ions influences the EDL structure and capacitance will be 
investigated in another work.
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