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1.  Introduction

Room temperature ionic liquids (RTILs) are being employed 
as safe and green electrolytes in electric double-layer capaci-
tors (EDLCs) or supercapacitors with ultrahigh energy density 
[1–3]. At present, the majority of RTILs under investigation 
are monocationic ionic liquids (MILs) carrying a single unit 
charge in each cation. The emergence of germinal dicationic 

ionic liquids (DILs) is attracting increasing interest in research 
due to their high electrochemical stability [4]. In general, the 
glass transition temperature of DILs is higher compared with 
that of their monocationic counterparts [5]. Thus, DILs are 
more viscous, which greatly restricts their successful appli-
cation as electrolytes for high power density supercapaci-
tors. To overcome the relative high viscosity, organic solvents 
such as acetonitrile (ACN), propylene carbonate (PC) and 
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Abstract
The use of dicationic ionic liquid (DIL) electrolytes in supercapacitors is impeded by the slow 
dynamics of DILs, whereas the addition of organic solvents into DIL electrolytes improves ion 
transport and then enhances the power density of supercapacitors. In this work, the influences 
of organic solvents on the conductivity of DILs and the electrical double layer (EDL) of 
DIL-based supercapacitors are investigated using classical molecular dynamics simulation. 
Two types of organic solvents, acetonitrile (ACN) and propylene carbonate (PC), were used 
to explore the effects of different organic solvents on the EDL structure and capacitance of 
DIL/organic solvent-based supercapacitors. Firstly, it was found that the conductivity of DIL 
electrolytes was greatly enhanced in the presence of the organic solvent ACN. Secondly, a 
stronger adsorption of PC on graphite results in different EDL structures formed by  
DIL/ACN and DIL/PC electrolytes. The expulsion of co-ions from EDLs was observed 
in DIL/organic solvent electrolytes rather than neat DILs and this feature is more evident in 
DIL/PC. Furthermore, the bell-shaped differential capacitance–electric potential curve was 
not essentially changed by the presence of organic solvents. Comparing DIL/organic solvent 
electrolytes with neat DILs, the capacitance is slightly increased by organic solvents, which is 
in agreement with experimental observation.
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acetone are commonly used as additives of RTILs to improve 
their conductivity [6, 7] as electrolytes for supercapacitors  
[8–10], batteries [11, 12] and solar cells [13]. PC was reported 
to exhibit a higher density, viscosity and dielectric constant than 
ACN [20]. It also displays a slightly stronger polarity in con-
trast to ACN. However, ACN was found to be the most suit-
able solvent of RTILs for carbon-based supercapacitors since  
ACN/RTIL electrolytes exhibit less electric resistance and nearly 
constant energy density with the increase of power density [8]. 
For instance, Chaban et al reported that the ionic conductivity 
of RTILs was increased more than 50 times by the addition of 
ACN with high diffusion coefficients and low viscosity using 
molecular dynamics (MD) simulation [14]. Experimentally, the 
excellent capacitive performance of DILs in contrast to MILs 
was solely observed in cyclic voltammetry at an extremely slow 
scan rate [15], whereas the addition of ACN or PC into DILs 
favors the higher capacitance of DILs over the counterpart MILs 
even at a high scan rate (400 mV s−1) [10].

Although the influence of organic solvents on the electric 
double layer (EDL) of MILs near the carbon electrode has 
been reported [16–19], the molecular insight into the EDLs 
formed by DIL/organic solvents near the carbon electrode is 
still elusive. Merlet et al reported that the organic solvent ACN 
reduced the layering of MILs in EDLs, facilitated the disso-
ciation of cation–anion pairs and attenuated the dissymmetry 
between positive and negative potentials [17]. The capaci-
tance of ACN/RTIL-based electrolytes in supercapacitors was 
slightly increased compared with neat RTIL-based superca-
pacitors in MD simulations [18], whereas the density function 
theory revealed an enhanced capacitance in carbon nanoslits 
once the organic solvents were involved [19]. However, despite 
the benefits of using ACN as a solvent for RTILs, the influence 
of the ACN solvent on the capacitance of DIL-based super-
capacitors, especially on the shape of the differential capac-
itance–electric potential (C–V) curves, is poorly understood.

In this work, classical MD simulation was employed to 
investigate the conductivities of a DIL (1-hexyl-3-dimethyl-
imidazolium bis(trifluoromethyl)imide) [C6(mim)2](Tf2N)2 in 
ACN at varying concentrations as well as the EDL structures 
and C–V curves for neat [C6(mim)2](Tf2N)2 and [C6(mim)2]
(Tf2N)2/organic solvent mixture at a planar graphite electrode. 
Considering the different physiochemical properties and 
chemical compositions of PC and ACN, there is great inter-
est in studying their interfacial behavior at the graphite elec-
trode. Therefore, both ACN and PC were adopted as solvents 
in this study in order to probe the effects of different organic 
solvents on the EDLs formed by DILs at graphite electrodes. 
Experimental measurement of the conductivity of [C6(mim)2]
(Tf2N)2 in ACN solution is performed as well. Different 
shapes of C–V curves were expected for neat DIL and DIL/
organic solvent-based supercapacitors.

2.  Methodology

2.1.  DIL synthesis and conductivity measurement

DIL [C6(mim)2](Tf2N)2 was prepared through intermediate 
[C6(mim)2](Br)2 according to the protocol described in [4]. 

Initially, 15.0 ml (0.098 mol) of 1,6-dibromohexane was 
added into 15.6 ml (0.196 mol) of 1-methylimidazole with 
20 ml CH3CN solvent drop by drop under argon flowing at 
room temperature. The reaction was then heated to 60 oC for 
8 h and the organic solvent was subsequently removed under 
reduced pressure, affording crude [C6(mim)2](Br)2. The bro-
mide salt was dissolved in 100 ml water and then extracted 
with three 25 ml aliquots of ethyl acetate. The remaining 
water was removed by heating under a vacuum and then ion 
exchange was performed using [C6(mim)2](Br)2 and LiTf2N 
in water to yield [C6(mim)2](Tf2N)2. [C6(mim)2](Tf2N)2 was 
separated and then freeze-dried for three days.

All the chemicals were of AR grade. They were commer-
cially purchased from Sigma Aldrich and used without further 
treatment.

The IL solutions were prepared under an argon atmosphere 
and using ACN (Sigma Aldrich) as a solvent. All measure-
ments were taken at 25.0 ºC using a two-electrode cell and a 
Gamry potentiostat. The conductivity values were then refer-
enced to a standard 0.100 mol kg−1 KCl (aqueous solution) 
with conductivity at 25.0 ºC of 0.0128 S cm−1 (the resistivity 
of the standard 0.100 mol kg−1 KCl at 25.0 ºC was 96.00 Ω).

2.2.  Simulation setup

The parameters for [C6(mim)2]2+ were adapted from the all-
atom force field developed by Yeganegi et al [21]. The force 
field of [Tf2N−] was taken from the study of Lopes et al [22]. 
The new six-site model was used for the simulation of ACN 
[23], which has been successfully used to model the mixture 
of ILs and ACN [14]. All the parameters for PC in the MD 
simulation were taken from the generalized Amber force field 
(GAFF) [24] with optimized partial charges obtained from 
the work of Yang et al [25]. The van der Waals interaction 
parameters for carbon of the graphite electrode were taken 
from the study of Cornell et al [26]. All the C–H bonds were 
constrained during the simulation using the LINCS algorithm 
[27] and a 1.1 nm cutoff was used for van der Waals interac-
tions. Long-range electrostatic interactions were treated using 
the particle mesh Ewald method [28] with correction for slab 
geometry [29, 30]. The periodic boundary condition was 
applied in three dimensions. A distance of 7 nm between the 
positively and negatively charged graphite was applied with 
a vacuum space of 28 nm in length between the simulation 
cells. All simulations were performed in a modified version 
of the MD package Gromacs [31]. The three-layer graphite 
electrode with a size of 4.18 nm × 4.25 nm was fixed during 
the simulation. The density of electrolytes in the central por-
tion of a planar graphite cell was tuned to the bulk density. 
The equilibration was performed in the canonical ensemble at 
300 K for 10 ns after annealing from 1000 to 300 K. All the 
production runs were then conducted at 300 K. The ensemble 
temperature was controlled by the Nosé–Hoover thermostat, 
which is frequently used for precise temperature control in 
MD simulation. The time step of 2 fs was applied and the 
trajectory was saved every 100 fs for computing the number 
and charge density profiles. A 6 ns production run gener-
ated at 300 K was used for further analysis. Different electric 
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potentials were created by partial charge uniformly distributed 
on the graphite layer in contact with electrolytes at varying 
charge densities. The potential drop was calculated using the 
Poisson equation as in the previous study [18]. The differ-
ential capacitance–electric potential (C–V) curve is obtained 
by fitting the surface charge density versus electric potential 
using the fifth-order polynomials. The conductivity of the IL 
mixture [C6(mim)2](Tf2N)2/ACN is derived from the slope of 
mean square displacement of the translational dipole moment 
as stated in the work of Schröder et al [31]. The energy density 
of supercapacitors is calculated using the following equation:

=E C V
1

2
,tint

2

where Cint is the integral capacitance and Vt is the total poten-
tial drop between positively and negatively charged electrodes.

3.  Results and discussion

The conductivity enhancement of ILs by the organic solvent 
ACN was firstly investigated by both MD simulation and 
experimental measurement, as shown in figure 1. It is obvious 
that the conductivity of the [C6(mim)2](Tf2N)2/ACN solution 
exhibits a DIL-concentration dependence. With the decrease 
of the DIL concentration, the conductivity is dramatically 
increased until it reaches a limiting concentration, below which 
conductivity reduction is observed due to the smaller number 
of ions present in the solution, which was evidenced in both the  
MD (figure 1(a)) and experimental measurement (figure 1(b)).  
The highest conductivity of [C6(mim)2](Tf2N)2/ACN is 
observed at the concentration of 0.5 mol l−1, which is approxi-
mately 50 times higher than that of neat [C6(mim)2](Tf2N)2. 
Conductivity enhancement for MIL/ACN has been reported 
in another MD simulation [14], in which a similar trend was 
observed. In addition, the diffusions of both cations and anions 
were also dramatically increased by ACN (figure S1) (stacks.
iop.org/J.Phys/26/284105/mmedia). Our previous study has 
demonstrated that the outperformance of the DIL in contrast 

to the MIL electrolyte in supercapacitors can only be observed 
at low scan rates [32], which suggests the determining role of 
dynamic properties of electrolytes. Consequently, the increased 
diffusion of DILs in ACN indicates the better capacitive per-
formance of DIL electrolytes at high scan rates, thus leading to 
enhanced power density.

To investigate the capacitive performance of neat DIL, 
DIL/ACN and DIL/PC electrolytes (5% DILs in molar 
ratio), respectively, the three electrolytes were employed in 
graphite-based supercapacitors. The simulation model for 
supercapacitors is shown in figure 2. The distance between 
the two electrodes was 7 nm, which is sufficiently distant for 
electrolytes in the middle to exhibit bulk-like behavior. Once 
the innermost layers were uniformly charged with opposite 
charges, an electric potential was applied along the normal 
direction of graphite, resulting in a densely packed adsorbed 
layer consisting mostly of counter-ions and a small number 

Figure 1.  Conductivity of [C6(mim)2](Tf2N)2 as a function of molar concentration in ACN solvent obtained from MD simulations  
(a) and experimental measurement (b).

Figure 2.  Simulation setup for a supercapacitor cell consisting of 
two opposite triple layers of graphite with uniformly distributed  
positive and negative charges on the innermost layers. The red,  
green and cyan spheres represent cations, anions and organic solvent  
molecules between two electrodes, respectively.
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of co-ions. This adsorbed layer is called an EDL, and is the 
key to determining the energy storage density in supercapaci-
tors. The effects of organic solvents on the structures of EDLs 
formed by three electrolytes near neutral and charged elec-
trode surfaces were analyzed and are shown in figure 3.

Comparing the ion density of neat [C6(mim)2](Tf2N)2 with 
that of [C6(mim)2](Tf2N)2/ACN and [C6(mim)2](Tf2N)2/PC at 
uncharged/charged electrodes, the layering of ions in neat DIL 
is more pronounced and more ions of neat DILs are accumu-
lated near electrodes than those of DIL/ACN or DIL/PC. At 
the charged electrode, fewer counter-ions are present in the 
EDLs of DIL/ACN and DIL/PC in contrast to those of neat 
DILs, indicating decreased charge compensation. It was found 
that the presence of ACN or PC caused the strong expulsion 
of co-ions from EDLs. A similar phenomenon was reported 
in an MD study of MIL/ACN electrolyte-based supercapaci-
tors [17]. The expulsion of co-ions is probably because of the 
weakened cation–anion coupling and/or reduced electrode–ion 
interaction in IL/ACN due to the presence of polar solvents 
compared with that in neat IL, leading to the lower energy 
barrier for co-ions to move away from the electrode surface. 
The decreased free energy between the electrode and ions in  
IL/ACN was verified in the study of Merlet et al [17]. The 
calculated coordination number at the interface, i.e. the coor-
dination number of anions surrounding cations located within 
the first adsorbed layer (r = 0.0–0.6 nm), was 4.75 for neat DILs  
and 2.19 for DIL/ACN, suggesting that ACN molecules facili-
tate the dissociation of ion pairs, similar to a previous investiga-
tion [17]. Therefore, ACN not only weakens the electrode–ion 
interaction but also enhances the dissociation of cation–anion 
pairs in the adsorbed layer near the electrode surface.

On the other hand, when comparing the influences of ACN 
and PC on the EDL structures, it is found that there is a large 
number of PC molecules adsorbed on the graphite in contrast 
to ACN. The expulsion of co-ions from EDLs becomes more 
evident in PC-containing electrolytes. The calculated coor-
dination number of anions surrounding cations in the EDL 
formed by [C6(mim)2](Tf2N)2/PC is close to 1.20, in con-
trast to 2.17 for [C6(mim)2](Tf2N)2/ACN. This large discrep-
ancy is attributed to the dissimilar interaction potentials of  
ACN/graphite and PC/graphite. The interaction potential 
energy, shown in figure 4, suggests that there is a stronger 
attraction between PC molecules and graphite compared with 
ACN/graphite, which leads to a significant accumulation of 
PC on the graphite. It is also observed that for DIL/PC electro-
lytes, cations are more preferably adsorbed on graphite rather 
than anions; for DIL/ACN electrolytes, the difference between 
the interactions of cation–graphite and anion–graphite is less 
evident, which coincides with their number density profiles 
shown in figures 3(d) and (g).

Moreover, to disclose more details of the interfacial struc-
ture of EDLs, the orientational order parameter of ACN and 
PC near charged/uncharged graphite surfaces was calculated 
using θ= −P ( ( ) )3 cos 12

1

2
2 , as shown in figure 5. The orien-

tational order parameter describes the distribution of angles 
formed by the surface normal of graphite and the vector point-
ing from the C atom of the methyl group to the N atom in ACN, 
as well as those formed by the surface normal of graphite with 
the plane determined by two O atoms and one C atom between 
the five-member ring in PC. The results show that ACN in the 
first adsorbed layer is preferable to parallelize with the graph-
ite surface, which is not obviously influenced by the presence 

Figure 3.  Number density profiles for cations, anions, ACN and PC molecules at uncharged and charged graphite electrodes. The left pan-
els (a), (b), (c) are the number density profiles for neat DIL [C6(mim)2](Tf2N)2. The middle panels (d), (e), (f) and right panels (g), (h), (i) 
are the number density profiles for [C6(mim)2](Tf2N)2/ACN and [C6(mim)2](Tf2N)2/PC at a molar ratio of 5%.
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of surface charges. However, the orientation of PC molecules 
on the graphite surface is more sensitive to the surface charge. 
They tend to tilt at an angle of 50o and 35o with the graphite 
surface at the neutral and negatively charged graphite, respec-
tively, and as the electrode is positively charged, PC becomes 
vertically oriented to the graphite surface. This indicates an 
evident reordering of PC molecules on graphite with the vari-
ation of surface charges due to the complicated structure and 
large size of PC compared with the linear smaller-sized ACN.

The orientations of dications in DIL/ACN, DIL/PC and 
neat DILs were also compared (figure S2) (stacks.iop.
org/J.Phys/26/284105/mmedia). The imidazolium ring of 
dications in neat DIL in the first adsorbed layer tended to par-
allelize to the neutral electrode surface, whereas the dications 
in its neighboring region were found to be perpendicular to the 
electrode surfaces. The well-ordered organization of dications 
in the adsorbed layers was not influenced by the presence of 
ACN or PC, which can probably be attributed to the stronger 
interaction between electrodes and dications in comparison 
with anions and ACN or PC (figure 4). At the negatively 

Figure 4.  Comparison of averaged interaction potential energy per molecule as a function of distance from the electrode for (a) [C6(mim)2]
(Tf2N)2/ACN and (b) [C6(mim)2](Tf2N)2/PC between ions/organic solvents and the neutral graphite electrode. Light and dark gray spheres 
represent hydrogen and carbon, respectively. Blue spheres represent nitrogen and red spheres represent oxygen atoms.

Figure 5.  Orientational order parameter of angles formed by the surface normal of graphite with the vector shown in ACN (a) and the 
plane of PC (b) as a function of distance to the graphite surfaces.

Figure 6.  (a) Differential capacitance as a function of electric potential 
applied for neat dicationic [C6(mim)2](Tf2N)2, [C6(mim)2](Tf2N)2/
ACN and [C6(mim)2](Tf2N)2/PC electrolytes at the IL ratio of 5%.
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charged electrode, the dominant Coulomb interaction between 
electrodes and counter-ions re-orientates the dications in 
order to efficiently overcompensate the surface charges on 
the electrode, which is almost not affected by the presence of  
ACN or PC.

Then, how will organic solvents influence the C–V curve? 
Merlet et al’s coarse-grained MD simulation has revealed that 
the organic solvent ACN attenuated the dissymmetry of C–V 
curves obtained from neat MIL-based supercapacitors [17]. In 
this study, such a trend is not observed, probably due to the 
different ions and ion models (all-atom model versus coarse-
grained model) used, since the BF4-containing IL used in 
their study is usually accompanied with an asymmetric C–V 
curve. For dicationic [C6(mim)2](Tf2N)2 adopted herein, a 
typical bell-shaped C–V curve is exhibited (figure 6), similar 
to reported results for MILs [33]. Although the bell-shaped 
C–V curve is not altered by the presence of the organic solvent 
ACN, the bell curve is flattened, which means that the decrease 
in the differential capacitance with the increase of electric 
potential is slowed down. In addition, the overall differential 
capacitance throughout the potential range is increased by 
15% in contrast to neat [C6(mim)2](Tf2N)2 (0.039 F m−2 for 
neat DIL and 0.045 F m−2 for DIL/ACN), in agreement with a 
previous report for MIL/ACN [17].

Although PC exhibits stronger adsorption on graphite 
and a more obvious expulsion of co-ions from the EDL,  
DIL/PC displays almost the same shape of C–V curve as  
DIL/ACN with the exception of a slight rise at negative poten-
tials and a subtle decrease at positive potentials. The overall 
differential capacitance throughout the potential range is very 
similar to that of DIL/ACN (0.044 F m−2 for DIL/PC versus 
0.045 F m−2 for DIL/ACN). Further explanation is provided 
later in this paper.

The cumulative number density per unit surface area of 
electrode (figure 7(a)) also provides molecular insight into the 
enhanced capacitance by the presence of ACN. More concen-
trated ions in the EDLs of neat DIL than in those of DIL/

ACN are observed at both positive and negative potentials. 
The expulsion of co-ions from EDLs of DIL/ACN is clearly 
demonstrated in figure 7(a), in which the number of co-ions in 
EDL decreases more rapidly than those of neat DIL with the 
increase in potential. The depletion of co-ions with increas-
ing potential is inspected for both neat DIL and DIL/ACN; 
however, the depletion for DIL/ACN is achieved at a lower 
potential than that for neat DIL, indicating the favorable co-
ion expulsion in the presence of ACN. Figure 7(b) shows 
the cumulative number density normalized by the density 
at potential of zero charge (PZC) or the neutral electrode, 

σn n/ PZC, as a function of potential reveals the different change 
rates of cumulative number densities for counter-ions and co-
ions with the variation of electric potential.

At positive potentials, the σn n/ PZC of counter-ions (anions) 
increases with increasing potential in order to compensate the 
surface charges of the electrode; the σn n/ PZC of co-ions (cati-
ons) in DIL/ACN is decreased from 1 at PZC to 0 at ~1.8 V, 
whereas that in neat DIL starts to decrease from 1 at approxi-
mately 0.5 V to 0 at 2.4 V. At negative potentials, counter-ions 
(cations) exhibit a higher increase rate for DIL/ACN in con-
trast to neat DIL; the number of co-ions (anions) in DIL/ACN 
is reduced more quickly from −0.8 V than that in neat DIL 
and the depletion of co-ions is only observed in DIL/ACN at 
−3.0 V. At both positive and negative potentials, the quantity 
of co-ions in EDL is smaller than that in neat DIL. In addi-
tion, the number of co-ions decreases faster with increasing 
potential in DIL/ACN due to the facilitated dissociation of 
ion pairs in the presence of ACN, indicating that the slightly 
increased capacitance in DIL/ACN-based supercapacitors can 
be most probably ascribed to the strong expulsion of co-ions 
from EDLs.

Another interesting observation is that cations as co-ions 
are depleted at lower absolute values of potential than anions 
for both neat DIL (+2.4 V for cations versus < −3 V for ani-
ons) and DIL/ACN (+1.8 V for cations versus −3.0 V for ani-
ons). This is probably attributable to the concentrated charge 

Figure 7.  (a) Cumulative number density of cations and anions in the EDL as a function of electric potential applied for neat dicationic 
[C6(mim)2](Tf2N)2 and [C6(mim)2](Tf2N)2/ACN solution at the IL ratio of 5%; (b) the ratio of the ion number in EDLs near charged 
electrodes to that at PZC or the neutral electrode.
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density and bulky size of dications, which associate with 
two anions. With the increasing electric potential, the repul-
sion between the positively charged electrode and dications 
becomes stronger than that between the negatively charged 
electrode and anions, because the charges in dications are 
twice those in anions. Moreover, dications with a size nearly 
twice that of anions (258 Å3 in volume size for dicationic 
[C6(mim)2]2+ and 148 Å3 for Tf2N−) occupy more space in 
EDLs. In order to effectively screen the positive charges on 
electrodes, more and more anions were accumulated in EDLs, 
leading to overscreening or overcompensation of counter-
charges on electrodes. Eventually, the number of anions in 
the EDLs of positively charged electrodes is more than twice 
that of dications in the EDLs of negatively charged electrodes 
at the same absolute values of potential (e.g. the number of 
anions in EDLs is 1.75 at +2.4 V and the number of cations 
is 0.65 at −2.4 V), which means that more space for anions is 
required at the positively charged electrode. Therefore, dica-
tions as co-ions are favorable to be expelled from EDLs at 
positive potentials compared with anions at negative poten-
tials, which may be a feature of DILs.

Comparison of the cumulative number densities of cati-
ons and anions in EDLs formed by [C6(mim)2](Tf2N)2/ACN 
and [C6(mim)2](Tf2N)2/PC is shown in figure 8. An inter-
esting observation is that co-ion depletion occurs at a very 
low potential for [C6(mim)2](Tf2N)2/PC, indicating the out-
standing co-ion expulsion capability of PC. It is probably 
due to the fact that the strong adsorption of PC molecules 
on graphite, which occupy a large fraction of space in EDLs, 
weakens the association of cation–anion pairs and facilitates 
the exclusion of co-ions from EDLs. Although stronger co-
ion expulsion is observed in [C6(mim)2](Tf2N)2/PC electro-
lytes, the differential capacitance is not obviously increased 
compared with [C6(mim)2](Tf2N)2/ACN electrolytes. This 
is possibly attributable to the fewer counter-ions accumu-
lated in EDLs formed by [C6(mim)2](Tf2N)2/PC, there-
fore the net charges in EDLs of [C6(mim)2](Tf2N)2/ACN  

and [C6(mim)2](Tf2N)2/PC are similar to each other with 
respect to response of potential change, leading to compara-
ble differential capacitance.

Although the conductivity of [C6(mim)2](Tf2N)2/ACN 
electrolytes is greatly enhanced, suggesting improved power 
density, the concern as to whether the presence of ACN will 
compromise the energy density of supercapacitors is still trou-
bling. We calculated the energy densities (figure 9) as a func-
tion of absolute potential drop between the cathode and anode 
for supercapacitors with neat [C6(mim)2](Tf2N)2, [C6(mim)2]
(Tf2N)2/ACN and [C6(mim)2](Tf2N)2/PC as the electrolyte, 
respectively. The result demonstrates that the presence of the 
organic solvent ACN or PC in electrolytes does not reduce 
the stored energy density of supercapacitors compared with 
the neat IL electrolytes without organic solvents. Thus, adding 
organic solvents into DIL electrolytes of supercapacitors pro-
vides enhanced conductivity and charge/discharge rate with-
out losing the energy density stored.

In summary, this work investigates the influence of the 
organic solvents ACN and PC on the conductivity of DIL 
electrolyte [C6(mim)2](Tf2N)2, their EDL structure and the 
C–V curve of [C6(mim)2](Tf2N)2-based supercapacitors using 
MD simulations. Greatly enhanced conductivity by the addi-
tion of ACN is observed in both MD and experimental meas-
urements. There are more cations and anions in the EDLs of 
neat [C6(mim)2](Tf2N)2 than in those of [C6(mim)2](Tf2N)2/
organic solvents. The presence of organic solvents is also found 
to facilitate the dissociation of cation–anion pairs in EDLs, 
leading to the expulsion of co-ions from EDLs at charged 
electrodes. PC exhibits outstanding co-ion expulsion capabil-
ity due to its stronger adsorption on graphite in contrast to 
ACN. Furthermore, the bell-shaped C–V curve observed in the 
neat DIL-based supercapacitor becomes flattened in the DIL/
ACN-based one and the capacitance is slightly increased due 
to the presence of ACN. A similar C–V curve was observed 
for DIL/PC. The cumulative number density in EDLs is 
used to explain the discrepancy of C–V curves of DIL- and  

Figure 8.  Comparison of the cumulative number density of cations 
and anions in the EDL as a function of electric potential applied for 
[C6(mim)2](Tf2N)2/ACN and [C6(mim)2](Tf2N)2/PC solutions at the 
IL ratio of 5%.

Figure 9.  The energy density of capacitors as a function of 
potential difference between two electrodes for neat [C6(mim)2]
(Tf2N)2, [C6(mim)2](Tf2N)2/ACN and [C6(mim)2](Tf2N)2/PC 
electrolytes.
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DIL/ACN-based supercapacitors. The energy density stored 
in the supercapacitor changes little with the presence of ACN 
or PC in the DIL electrolyte.

Besides all of the aforementioned advantages of using 
organic solvents as additives to DILs, the former can poten-
tially reduce the cost of the DIL-based supercapacitors, 
which is crucial for commercial applications. For instance, 
ILs are relatively inexpensive to prepare on the small labo-
ratory scale. However, the costs associated with their large-
scale preparation, and at high purity, could make these costs 
unacceptable for commercialization. By using organic sol-
vents such as ACN, which is already used in commercial 
supercapacitors, the increase in power and energy density 
granted by the DIL/ACN electrolytes can be achieved at a 
reasonable cost.
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