
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 115.156.213.57

This content was downloaded on 09/11/2016 at 09:26

Please note that terms and conditions apply.

You may also be interested in:

Enhanced performance of dicationic ionic liquid electrolytes by organic solvents

Song Li, Pengfei Zhang, F Fulvio Pasquale et al.

Interfaces of dicationic ionic liquids and graphene: a molecular dynamics simulation study

Song Li, Guang Feng and Peter T Cummings

A comparative study of room temperature ionic liquids and their organic solvent mixtures near

charged electrodes

Jenel Vatamanu, Mihaela Vatamanu, Oleg Borodin et al.

Tailoring graphene-based electrodes from semiconducting to metallic for increasing the energy

density in supercapacitors

Jenel Vatamanu, Xiaojuan Ni, Feng Liu et al.

Dynamics of electrical double layer formation in room-temperature ionic liquids under

constant-current charging conditions

Xikai Jiang, Jingsong Huang, Hui Zhao et al.

Effect of cation symmetry on the organization of ionic liquids near a charged mica surface

Rajdeep Singh Payal and Sundaram Balasubramanian

The effects of dication symmetry on ionic liquid electrolytes in supercapacitors

View the table of contents for this issue, or go to the journal homepage for more

2016 J. Phys.: Condens. Matter 28 464005

(http://iopscience.iop.org/0953-8984/28/46/464005)

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/article/10.1088/0953-8984/26/28/284105
http://iopscience.iop.org/article/10.1088/0953-8984/26/28/284106
http://iopscience.iop.org/article/10.1088/0953-8984/28/46/464002
http://iopscience.iop.org/article/10.1088/0953-8984/28/46/464002
http://iopscience.iop.org/article/10.1088/0957-4484/26/46/464001
http://iopscience.iop.org/article/10.1088/0957-4484/26/46/464001
http://iopscience.iop.org/article/10.1088/0953-8984/26/28/284109
http://iopscience.iop.org/article/10.1088/0953-8984/26/28/284109
http://iopscience.iop.org/article/10.1088/0953-8984/26/28/284101
http://iopscience.iop.org/0953-8984/28/46
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


1 © 2016 IOP Publishing Ltd  Printed in the UK

Introduction

Room temperature ionic liquids (RTILs) are widely used as 
promising green solvents [1], catalysts [2], lubricants [3], and 
electrolytes [4] due to their outstanding properties such as 
low melting point, low volatility, high stability, high misci-
bility, and wide electrochemical window [5]. In recent years, 
supercapacitors with RTILs as electrolytes have attracted 
increasing research interest [6]. One of the research goals is to 
identify the potential RTIL electrolyte candidates for signifi-
cantly improving the energy density of supercapacitors. It is 
known that supercapacitors physically store electric energy in 

the electric double layer (EDL) formed at charged electrode 
surfaces. Theoretical studies have reported that the EDL struc-
ture in RTIL-based supercapacitors consists of alternative 
cation and anion layers, and both the ion size/geometry and 
its charge density may affect EDL formation [7]. Thus, the 
improved performance of supercapacitors may be achieved by 
tuning the ion size/geometry or its charge density. In addi-
tion, it has been reported that large counter-ions result in 
lower capacitance [8], which is because larger counter-ions 
occupying more space decrease the countercharge density in 
EDLs and thus reduce charge screening efficiency. The rela-
tive cation/anion size may also influence the performance of 
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Abstract
The effects of dication symmetry on the structure and capacitance of the electrical 
double layers (EDLs) of dicationic ionic liquids (DILs) near graphene electrodes were 
investigated by molecular dynamics (MD) simulation in this work. Symmetrical 1-hexyl-3-
dimethylimidazolium di[bis(trifluoromethyl)imide]([C6(mim)2](Tf2N)2) and asymmetrical 
1-(1-trimethylammonium-yl-hexyl)-3-methylimidazolium di[bis(trifluoro-methanesulfonyl)-
imide] ([C6(tma)(mim)](Tf2N)2) were both employed. Radial distribution function (RDF) 
analysis of the two DILs revealed a shorter distance between the cation–anion pairs in 
symmetrical [C6(mim)2](Tf2N)2), which was attributed to the closely packed imidazolium 
ring-anion pairs. In contrast, the trimethylammonium head groups and anions exhibit a 
relatively longer distance, but a stronger correlation in asymmetrical [C6(tma)(mim)](Tf2N)2. 
In addition, it was illustrated that more symmetrical DIL ions in EDLs are distributed near 
graphite electrodes and exhibit closer distances to the electrode, which is most probably due 
to the parallel orientation of imidazolium rings, reducing the distance between the cation 
and the graphene. In contrast, asymmetrical DILs, with one trimethylammonium head group 
and one imidazolium ring in the dications, are loosely packed due to their tilting orientation 
near graphene surfaces. However, the capacitance–potential (C–V ) curves of the two DILs 
are almost the same, regardless of the opposite sign of potential of zero charge (PZC), 
indicating the insignificant influence of dication symmetry on the capacitance of DIL-based 
supercapacitors.
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supercapacitors [9]. When the sizes of cations and anions are 
approximate, the capacitance–potential (C–V ) curve tends to 
be symmetrical. Otherwise an asymmetrical C–V curve with 
higher capacitance in either positive or negative potentials can 
be observed.

Currently, the majority of studies are focused on mono-
cationic ionic liquids (MILs) with the cation carrying one 
unit charge and associated with one anion. In contrast, dica-
tionic ionic liquids (DILs) are composed of the dication 
carrying two unit charges and each dication is associated 
with two anions [10]. Due to their high thermal stability and 
low volatility, DILs are excellent electrolyte candidates for 
supercapacitors working at high temperature [11]. Our pre-
vious studies by molecular dynamics (MD) simulation have 
revealed that in comparison with MILs, DILs exhibit less 
spatial heterogeneity in bulk [12] and a longer life-time of 
cation–anion pairs [13]. We have also explored the EDLs 
of DILs in onion-like carbon electrodes. It is demonstrated 
that the BF4-containing DIL-based supercapacitor exhibits 
similar capacitance to the MIL-based one, whereas the Tf2N-
containing DIL-based supercapacitor shows higher capaci-
tance than the MIL-based one, which is consistent with the 
experimental measurements [14].

All the DILs mentioned above have symmetrical dica-
tions, i.e. each dication consists of two identically charged 
head groups. However, whether the symmetry of the dications 
will influence the micro-organization of DILs, especially their 
EDL structure and capacitance, is still unknown. Although 
there are experimental reports on the physiochemical proper-
ties of symmetrical and asymmetrical DILs [15], microscopic 
investigation into their structural organization and electro-
chemical performance is still elusive. In this work, MD simu-
lations of the symmetrical (1-hexyl-3-dimethylimidazolium 
di[bis(trifluoromethyl)imide]) [C6(mim)2](Tf2N)2 and asym-
metrical (1-(1-trimethylammonium-yl-hexyl)-3-methylimida-
zolium di[bis(trifluoromethyl)imide]) [C6(tma)(mim)](Tf2N)2 
were performed to explore the structural properties of sym-
metrical and asymmetrical DILs in bulk, and their interfacial 
behavior in EDLs at graphite electrodes.

Methodology

The force field parameters of symmetrical [C6(mim)2]2+ 
and asymmetrical [C6(tma)(mim)]2+ were adapted from the 
work by Yeganegi [16] and Lopes groups [17], respectively. 
The force field parameter of the anion [Tf2N]− was also 
obtained from the Lopes group [17]. The force field accuracy 
was verified by comparing the simulated density of the DILs 
with experimental data [15]. The van der Waals interaction 
parameters for carbon in graphite electrodes were taken from 
Cornell et al’s study [18]. All C–H bonds were constrained 
during the simulation using the LINCS algorithm [19] in order 
to save CPU time, and a 1.1 nm cutoff was used for the van der 
Waals interactions. For simulation with electrolyte–electrode 
systems, long-range electrostatic interactions were treated 
using the particle mesh Ewald (PME) method [20] with a cor-
rection for slab-geometry [21]. The simulation cell is set up as 
shown in scheme 1. A distance of 7 nm between the positively 

and negatively charged graphite electrodes was used with a 
vacuum space of 30 nm (in length) in between. All simulations 
were performed in a modified version of the MD package 
Gromacs [22]. A three-layer graphite electrode with a size of 
4.18 nm  ×  4.25 nm was fixed during the simulation. The den-
sity of electrolytes in the center of a planar channel cell is 
tuned to the bulk density. The equilibration was performed in 
a canonical ensemble at 300 K for 6 ns after annealing from 
1000 K to 300 K. All the production runs were then conducted 
at 300 K. The ensemble temperature was controlled by a 
Nosé–Hoover thermostat, the most frequently used temper
ature control scheme in MD simulation. A timestep of 1 fs 
was applied and the trajectory was saved every 100 fs for com-
puting the number and charge density profiles. A 20 ns pro-
duction run generated at 300 K was used for further analysis. 
The averaged number density profiles were calculated along 
the direction perpendicular to the electrode surface by the bin-
ning method.

Different electrical potentials were created by uniformly 
assigning different partial charges to the carbon atoms of the 
graphene layer in contact with the electrolytes. The potential 
drop was calculated using the Poisson equation as in a previous 
study [23]. The differential capacitance–electrical potential 
(C–V ) curve is obtained by fitting the surface charge density 
versus electric potential using the fifth order polynomials.

Results and discussion

The replacement of one imidazolium (mim) of symmetrical 
[C6(mim)2](Tf2N)2 with a trimethylammonium (tma) head 
group may change the structural organization of the DIL. Thus, 
we first calculated the radial distribution functions (RDFs) 
of the cation–cation, the cation–anion and the anion–anion 
pairs of symmetrical [C6(mim)2](Tf2N)2 and asymmetrical 
[C6(tma)(mim)](Tf2N)2 in bulk simulation systems (figure 1). 
Similar to other RTILs, the cations and anions interact more 
strongly in comparison to the cation–cation and anion–anion 
pairs. Although the cation–anion pairs of [C6(mim)2](Tf2N)2 
are slightly closer to each other than those of [C6(tma)(mim)]
(Tf2N)2, the peak intensity at approximately 0.5 nm of the 
cation–anion RDF of [C6(mim)2](Tf2N)2 is lower than that 
of [C6(tma)(mim)](Tf2N)2, suggesting the more condensed 

Scheme 1.  The schematic representation of a simulation cell for 
DIL-based supercapacitors in molecular dynamics simulation. The 
DIL electrolytes were confined by two planar graphene electrodes.
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packing of cation–anion pairs in asymmetrical [C6(tma)(mim)]
(Tf2N)2 at 0.5 nm. The dissection of cation–anion RDF into 
imidazolium-anion and tma-anion RDFs shown in figure 1(b) 
proves that the imidazolium ring-anion distance is shorter than 
the tma-anion distance, but there is a significantly sharp peak at 
0.5 nm in the tma-anion RDF in contrast to the lower peak inten-
sity of the imidazolium-anion RDF, which is consistent with the 
observation in the cation–anion RDFs of figure 1(a). Similar 
to cation–anion pairs, the cation–cation pairs of [C6(mim)2]

(Tf2N)2 are also closer than those of [C6(tma)(mim)](Tf2N)2. 
However, the packing of cation–cation pairs at 0.9 nm is lower. 
In contrast, the anion–anion interaction of [C6(mim)2](Tf2N)2 
is generally comparable with that of [C6(tma)(mim)](Tf2N)2, 
except for a slightly lower peak intensity of [C6(tma)(mim)]
(Tf2N)2 at 0.75 nm. Such observations suggest the more con-
densed packing of cation–cation and cation–anion pairs as well 
as the relatively loose packing of anion–anion pairs in the first 
shell of [C6(tma)(mim)](Tf2N)2.

Figure 1.  (a) RDFs of cation–cation, cation–anion and anion–anion pairs of symmetrical (sym) [C6(mim)2](Tf2N)2 (in solid line) and 
asymmetrical (asym) [C6(tma)(mim)](Tf2N)2 (in dashed line) at 300 K; (b) RDFs of cation head anion for symmetrical [C6(mim)2](Tf2N)2 
(in solid line) and asymmetrical [C6(tma)(mim)](Tf2N)2 (in dashed line) at 300 K.

Figure 2.  Number density profiles of symmetrical [C6(mim)2](Tf2N)2 ((a)–(c)) and asymmetrical [C6(tma)(mim)](Tf2N)2 ((d)–(f)) at the 
neutral ((a), (d)), positively ((b), (e)) and negatively ((c), (f)) charged graphene electrodes.

J. Phys.: Condens. Matter 28 (2016) 464005
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How can such differences observed in the RDFs of bulk 
DILs affect their interfacial structure at the graphene elec-
trode? To answer this question, the cation and anion density 
profiles of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)](Tf2N)2 
at neutral and charged graphite electrode surfaces have been 
calculated and shown in figure  2. At the neutral electrode, 
[C6(mim)2]2+ (0.38 nm) is slightly closer to the electrode 
surface than [C6(mim)(tma)]2+ (0.39 nm), which is also true 
for the anions (0.43 nm versus 0.44 nm). But the number of 
[C6(mim)2]2+ (8.2) in the layer (0  <  r  ⩽  0.6 nm) at the elec-
trode surface is lower than that of [C6(mim)(tma)]2+ (10.1), 
similar to the anions in the layer of [C6(mim)2](Tf2N)2 (20.2) 
versus those of [C6(tma)(mim)](Tf2N)2 (23.0). At positively 
charged electrodes (figures 2(b) and (e)), similar amounts of 
anions of [C6(mim)2](Tf2N)2 (28.3) and those of [C6(tma)
(mim)](Tf2N)2 (28.6) are packed at the electrode surface with 
an identical distance to the electrode surface (~0.41 nm). It is 
also noticed that cations and anions in the EDLs of [C6(mim)2]
(Tf2N)2 are more efficiently separated than those of [C6(tma)
(mim)](Tf2N)2, which is probably due to the stronger correla-
tion between the cation–anion pairs of [C6(tma)(mim)](Tf2N)2, 
as observed in the RDFs of figure 1. At the negatively charged 
electrode (figures 2(c) and (f)), the cations in [C6(mim)2]
(Tf2N)2 (0.36 nm) are obviously closer to the electrode sur-
face than in [C6(tma)(mim)](Tf2N)2 (0.39 nm) and there are 
more cations of [C6(tma)(mim)](Tf2N)2(~13.4) than those of 
[C6(tma)(mim)](Tf2N)2 (~12.4) in the EDL. Considering the 
number density profile calculated according to the center of 
mass of dications, the detailed correlation between cations 
and anions cannot be fully illustrated by figure 2. Thus, the 

number density based on the center of mass of each cation 
head group of dications and the anion as a function of the dis-
tance from the neutral and charged electrode surface is shown 
in figure 3.

Comparing symmetrical [C6(mim)2](Tf2N)2 and asymmet-
rical [C6(tma)(mim)](Tf2N)2, the obvious discrepancies are 
the overlapped density peaks of the two imidazolium heads 
of [C6(mim)2]2+ and the separated density peaks of the imi-
dazolium and tma head groups of [C6(mim)(tma)]2+ observed 
in figure 3. At the neutral electrode, two imidazolium peaks 
of [C6(mim)2](Tf2N)2 located 0.34 nm from the electrode 
surface were observed (figure 3(a)). However, for [C6(tma)
(mim)](Tf2N)2, the imidazolium density peak at 0.35 nm is 
much closer to the electrode than the tma peak at 0.46 nm 
in figure 3(d). Such a phenomenon is more significant in the 
negatively charged electrode due to the strong π–π interaction 
between imidazolium and graphene [24]. It was also noticed 
that the intensities of both the imidazolium and tma peaks 
were enhanced and the location of both peaks toward the 
negative electrode surface was closer. For [C6(mim)2](Tf2N)2, 
the imidazolium peaks at 0.33 nm shifted toward the electrode 
surfaces compared to those at the neutral electrode (figure 
3(c)); for [C6(tma)(mim)](Tf2N)2, the imidazolium peak at 
0.33 nm and the tma peak at 0.38 nm both shifted towards the 
negatively charged electrode (figure 3(f)).

The 2D ion number density distributions of symmetrical 
and asymmetrical DILs in the first ion layer (figure 3) were 
also compared. Different from our previous study on MILs 
where a highly ordered cation–anion pattern was observed in 
the first ion layer near the graphene [25], the XY-density map 

Figure 3.  The number density profiles of cation head groups and anions for symmetrical [C6(mim)2](Tf2N)2 ((a)–(c)) and asymmetrical 
[C6(tma)(mim)](Tf2N)2 ((d)–(f)) at neutral ((a), (d)), positively ((b), (e)) and negatively ((c), (f)) charged graphene electrodes at 300 K.  
In the legend, mim1 and mim2 represent the two head rings of the cation [C6(mim)2]2+.
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Figure 4.  The XY-number density map of the cation head (mim+ in red and tma+ in magenta) and anion (in blue) in the EDL of [C6(mim)2]
(Tf2N)2 ((a) and (c)) and [C6(tma)(mim)](Tf2N)2 ((b) and (d)) near the neutral and negatively charged graphene electrode. Only the number 
density of ions above 20% of the maximum density in the map was displayed. The length of X and Y is in Å.
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Å
)
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X
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Å
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Figure 5.  2D-number density map of the cation head (mim+ and tma+ head groups) of [C6(mim)2](Tf2N)2 ((a) and (c)) and [C6(tma)(mim)]
(Tf2N)2 ((b) and (d)) across the neutral and charged graphene-based supercapacitors. The length of X and Z is in Å.
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of the cation head and anions in the EDLs of the two DILs 
shown in figure 4 reveals a highly ordered distribution of the 
cation head and anions of a asymmetrical DIL in contrast to 
the relatively random distribution of symmetrical [C6(mim)2]
(Tf2N)2. Once negatively charged, both DILs exhibit enhanced 
ordering of ion distribution. However, asymmetrical [C6(tma)
(mim)](Tf2N)2 still presents a highly ordered pattern com-
pared with the symmetrical one. This may be attributed to the 
more evident correlation between tma+ and anions, as shown 
in figures  1(b) and 3(d) and (f), resulting in a well-ordered 
interfacial microstructure.

The cross-section number density maps based on the cation 
head groups of two DILs (figure 5) demonstrate the similar 
interfacial distribution of dications near electrode surfaces, 
as shown in figure  3. Symmetrical dications [C6(mim)2]2+ 
are closer to the electrode than the asymmetrical [C6(mim)
(tma)]2+ regardless of the charge status of the electrode 
surfaces. The overall effect is that symmetrical dication 
[C6(mim)2]2+ can be more densely packed onto electrode sur-
faces in contrast with asymmetrical [C6(mim)(tma)]2+. The 
above-mentioned observations also suggest that symmetrical 
[C6(mim)2]2+ tends to be more parallel to electrode surfaces, 
while there is a tilting angle between asymmetrical [C6(mim)
(tma)]2+ and the electrode surface, as further verified by the 
angle distribution shown in figure 6.

The angle formed by the alkyl linkage chain of [C6(mim)2]
(Tf2N)2 and [C6(tma)(mim)](Tf2N)2 in the interfacial layer 
(0–0.6 nm) of dications on the electrode surface proved that 
the majority of symmetrical [C6(mim)2]2+ cations (at 0° or 
180°) are parallel to the neutral electrode surface (figure 
6(a)), similar to the reports on imidazolium-based MILs near 
carbon [26, 27] or mica surfaces [28]. There is also a con-
siderable fraction of [C6(mim)2]2+ dications located at 21°, 
53° and 170°. However, most of the asymmetrical [C6(mim)
(tma)]2+ on the neutral electrode surface exhibits a small 
angle of approximately 5°, and a small fraction of it is located 
at 32°. At negatively charged electrodes (figure 6(b)), the frac-
tion of dications located at 0° or 180° in [C6(mim)2]](Tf2N)2 
increases from 6% to 9%, indicating that there are more 

dications parallel to the electrode surface due to the enhanced 
screening efficiency at negatively charged electrodes. But 
the peaks originally located at 21° and 53° shifted towards 
90°, suggesting an increased tendency of perpendicularity for 
[C6(mim)2]2+ at graphene surfaces. Overall, the symmetrical 
dications, which are parallel or perpendicular to the neutral 
graphene surface, become more parallel or vertical once the 
electrode is negatively charged. For [C6(mim)(tma)]2+, the 
peak at 5° was slightly shifted toward 6°, whereas the peak at 
32° at the neutral electrodes becomes a twin peak at 44° and 
67° near the negatively charged electrodes, implicating more 
vertical dications.

Based on the above results, symmetrical [C6(mim)2]
(Tf2N)2 and asymmetrical [C6(tma)(mim)](Tf2N)2 exhibit 
dissimilar microscopic organization, the interfacial distribu-
tion of ions and ion orientation on graphene electrodes. But 
it is still unknown whether the capacitance of two such DIL-
based supercapacitors will be affected by the symmetry of 
dications. Therefore, the differential capacitance–electrical 
potential (C–V ) curves of symmetrical [C6(mim)2](Tf2N)2 
and asymmetrical [C6(tma)(mim)](Tf2N)2 electrolyte-based 
EDLs have been calculated and shown in figure 7(a). Unlike a 
previous report by Si et al stating that MILs with symmetrical 
and asymmetrical monocations exhibit obviously differently 
shaped C–V curves [29], the C–V curves of symmetrical dica-
tionic [C6(mim)2](Tf2N)2 and asymmetrical [C6(tma)(mim)]
(Tf2N)2 are similar. At the electrical potential of 0–2 V, the 
differential capacitance of [C6(mim)2](Tf2N)2 is slightly 
higher than that of [C6(tma)(mim)](Tf2N)2; while beyond 2 V, 
[C6(mim)2](Tf2N)2 exhibits lower capacitance than [C6(tma)
(mim)](Tf2N)2. However, [C6(tma)(mim)](Tf2N)2 displays 
higher capacitance than [C6(mim)2](Tf2N)2 throughout the 
negative potentials. Previous studies [30] have proved that 
the structure of EDLs is dominated by counterions, i.e. at 
positively charged electrodes, it is mostly anions that con-
tribute to the EDL structure; at negatively charged electrodes, 
the EDL is determined by cations. Thus, the numbers of cat-
ions and anions of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)]
(Tf2N)2 in EDLs under varying potentials are summarized in 

Figure 6.  The distribution of the angle formed by the alkyl chain of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)](Tf2N)2 of the interfacial layer 
(0–0.6 nm) with a neutral (a) and a charged graphene surface (b) at 300 K.
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figure 7(b). At positive potentials, the variation in the number 
of anions from 0 V to 2 V is steeper for [C6(mim)2](Tf2N)2 
than for [C6(tma)(mim)](Tf2N)2, and beyond 2 V, co-anions 
are depleted and the number of anions of [C6(tma)(mim)]
(Tf2N)2 rises more sharply than that of [C6(mim)2](Tf2N)2. 
Such a tendency in the change of cumulative ion number 
density agrees with the C–V curve at positive potentials. 
At negative potentials, the number of cations in the EDL of 
[C6(tma)(mim)](Tf2N)2 increases more steeply with the elec-
trical potential, leading to a slightly higher capacitance of 
[C6(tma)(mim)](Tf2N)2 at the negative potential than that of 
[C6(mim)2](Tf2N)2.

Moreover, it is noticed that the potential of zero charge 
(PZC) of [C6(mim)2](Tf2N)2 is  +0.129 V and the PZC of 
[C6(tma)(mim)](Tf2N)2 is  −0.329 V. Lauw et al reported that 
a positive PZC suggests the specific adsorption of cations on a 
neutral electrode surface and a negative PZC implies the spe-
cific adsorption of anions [9]. Our result suggests that neutral 
graphene tends to adsorb [C6(mim)2]2+ on the surface in the 
presence of a [C6(mim)2](Tf2N)2 electrolyte [14]. For asym-
metrical [C6(tma)(mim)](Tf2N)2, the negative PZC indicates 
the preferential adsorption of the anion [Tf2N]− on neutral 
graphene surfaces. Comparing the charge density profiles 
of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)](Tf2N)2 shown in 

Figure 7.  (a) The differential capacitance–electrical potential curves of symmetrical [C6(mim)2](Tf2N)2 and asymmetrical [C6(tma)(mim)]
(Tf2N)2 at 300 K; (b) the cumulative number of cations and anions in the EDLs of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)](Tf2N)2 as a 
function of the electrical potential. Red symbols represent [C6(mim)2](Tf2N)2 and blue symbols represent [C6(tma)(mim)](Tf2N)2; the solid 
lines denote cations and the dashed lines denote anions.

Figure 8.  The charge density profiles of the center of mass of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)](Tf2N)2 at a neutral (a), positively 
(b) and negatively (c) charged graphene electrode; the corresponding electrical potential drop of [C6(mim)2](Tf2N)2 and [C6(tma)(mim)]
(Tf2N)2 across the EDL near the neutral (d), positively (e) and negatively (f) charged graphene electrode.
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figure 8(a), overall, [C6(mim)2](Tf2N)2 was found to exhibit 
more negative charge density at 0.32 nm within the EDL than 
[C6(tma)(mim)](Tf2N)2, resulting in a positive PZC in contrast 
to the negative PZC of [C6(tma)(mim)](Tf2N)2 (figure 8(d)).  
Such an observation reveals that the difference in the number 
of cations and anions compacted into the EDL of [C6(mim)2]
(Tf2N)2 is more distinct than that of [C6(tma)(mim)](Tf2N)2, 
which is in agreement with the cumulative ion number den-
sity in figure  7(b). At the positively charged electrode in 
figure 8(b), [C6(mim)2](Tf2N)2 exhibits more negative charge 
density in the first valley of the EDL than [C6(tma)(mim)]
(Tf2N)2, leading to higher electrical potential; at the nega-
tively charged electrode in figure  8(c), [C6(mim)2](Tf2N)2 
exhibits more positive charge density than [C6(tma)(mim)]
(Tf2N)2, leading to lower electrical potential and capacitance, 
consistent with the C–V curves of figure 7(a).

Conclusion

DILs have been attracting growing research interest due to 
their outstanding physiochemical properties such as their high 
stability and an ion density which is more concentrated in the 
EDLs of supercapacitors than their monocationic counterparts 
[14]. Previously, the majority of all reported DILs possessed 
symmetrical dications; in this study, DIL electrolytes with 
asymmetrical dications were investigated and compared with 
symmetrical dication-based DILs via MD simulations. The 
discrepancy in the microstructure organization of symmet-
rical and asymmetrical DILs is attributed to the different cor-
relations in imidazolium-anions and tma-anions. It was also 
found that graphene electrodes prefer to adsorb the imidazo-
lium ring in comparison with the tma head, thus symmetrical 
[C6(mim)2](Tf2N)2 is more densely and closely packed on 
electrode surfaces than asymmetrical [C6(tma)(mim)](Tf2N)2. 
In addition, the symmetrical [C6(mim)2]2+ is more parallel to 
the graphite surface compared with asymmetrical [C6(tma)
(mim)]2+. Payal et al reported that for alkyl tails with a length 
shorter than four carbons, the ring plane can either be parallel 
or perpendicular to the surface. However, for longer tails, the 
cation ring plane is predominantly parallel to the mica surface 
[28]. Similarly, the effect of the alkyl chain length on dica-
tion orientation is worthy of being investigated in future work. 
Interestingly, although there are noticeable differences in the 
microstructural organization and interfacial behavior of sym-
metrical and asymmetrical DILs, the shapes of the C–V curves 
for the two DILs are quite similar, and this can be explained 
by the cumulative ion number densities in EDLs. However, 
at present, it is not sensible to conclude that the symmetry of 
cations exerts negligible effects on the EDL structure, since Si 
et al’s study has revealed the differently shaped C–V curves 
in symmetrical and asymmetrical MILs with [PF6]− as an 
anion [29]. Moreover, our conclusion has only been drawn 
from the two DILs, [C6(mim)2](Tf2N)2 and [C6(tma)(mim)]
(Tf2N)2, and may not hold true for many other types. Either 
the variations in the alkyl chain length of the dications or the 
change in the anion type may give rise to different conclu-
sions, requiring further investigation in the follow-up work.
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