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ABSTRACT: An equimolar mixture of 1-methyl-1-propylpyrrolidinium bis-
(trifluoromethylsulfonyl)imide ([C3mpy][Tf2N]), 1-methyl-1-butylpiperidinium bis-
(trifluoromethylsulfonyl)imide ([C4mpip][Tf2N]) was investigated by classic molecular
dynamics (MD) simulation. Differential scanning calorimetry (DSC) measurements
verified that the binary mixture exhibited lower glass transition temperature than either
of the pure room-temperature ionic liquids (RTILs). Moreover, the binary mixture gave
rise to higher conductivity than the neat RTILs at lower temperature range. In order to
study its capacitive performance in supercapacitors, simulations were performed of the
mixture, and the neat RTILs used as electrolytes near an onion-like carbon (OLC)
electrode at varying temperatures. The differential capacitance exhibited independence of
the electrical potential applied for three electrolytes, which is in agreement with previous
work on OLC electrodes in a different RTILs. Positive temperature dependence of the
differential capacitance was observed, and it was dominated by the electrical double layer (EDL) thickness, which is for the first
time substantiated in MD simulation.
SECTION: Energy Conversion and Storage; Energy and Charge Transport

Room-temperature ionic liquids (RTILs) are promising
electrolytes in energy storage devices. The application of

RTILs in electrical double layer capacitors (EDLCs, also named
supercapacitors) that store electric energy in the form of
electrical double layer (EDL), has attracted increasing research
interest due to its longer cycle life, higher power density and
faster charging/discharging rates than organic or aqueous
electrolytes.1−4 The current utility of RTILs is restricted by the
limited operating temperature range, which is mostly within
293−353 K. In order for supercapacitors to be used under
severe cold weather conditions (specifically, temperatures as
low as −50 °C, corresponding to the lower limit for automotive
applications), ionic liquids with lower melting points are
essential while retaining the capacitance. In this direction,
binary mixtures of RTILs exhibited reduced melting temper-
ature than either of the neat RTILs and widened liquidus
range,5 thus favoring the low-temperature application of RTILs.
These mixed RTILs with decreased melting points are also
referred to as eutectic ionic liquids, since the concentrations
chosen correspond to eutectic points on the phase diagram.
To achieve better electrochemical performance, electrolytes

consisting of mixed RTILs have been used in lithium batteries6

and dye-sensitized solar cells.7 A recent study found that an
equimolar mixture of piperidinium- and pyrrolidinium-based

RTILs with the same anion bis(fluorosulfonyl)imide (FSI) as
electrolytes near an exohedral onion-like carbon (OLC)
electrode exhibited a broadened operation temperature range
and increased conductivity at low temperature.8 Because of the
implications of such eutectic mixtures for energy storage and
conversion devices, understanding the molecular behavior near
electrode surfaces with well-defined surface curvatures is of
great importance for further progresses in this field. Hence, it is
scientifically interesting to understand the influence of
temperature on the capacitive behavior of binary mixtures
near the OLC electrode surface. Such electrodes have a simpler
surface geometry than most porous carbons normally used as
electrodes in supercapacitors. The nonporous OLC electrodes
can be described as nearly spherical particles having a
concentric fullerene shell structure and exhibiting a narrow
particle size distribution. Thus, the simpler exohedral model
describing the surfaces of OLCs offers a suitable reference for
investigating the positive temperature issues associated with the
eutectic mixtures of RTILs on carbon electrodes issue using
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molecular dynamics (MD) simulation. In addition, the OLC
electrode has been reported as an excellent electrode material
owing to high charging rate and power density.9−11 Such
electrodes possess a unique parallel differential capacitance−
potential (C−V) curve rather than the common bell-, camel- or
concave-shaped curves.12 This property greatly favors the stable
performance of supercapacitors.
To date, the influence of temperature on the differential

capacitance using RTIL electrolyte has been investigated both
experimentally13−16 and by computational17−21 methods. Most
of the experimental work13−16 shows that the capacitance
increases as temperature increases (positive temperature
dependence), a trend also observed in high-temperature molten
salts.22,23 However, the opposite trend (negative temperature
dependence) was found for RTILs at a mercury electrode24 and
molten salts at liquid magnesium electrodes.25 By contrast,
theoretical studies have predicted negative temperature
dependence for graphite electrodes in MD simulation17 and
RTILs near metal electrodes in Monte Carlo (MC) simulation
of the restricted primitive model,26 while MC simulations,18

density function theory (DFT),20 and modified mean spherical
approximation (MSA) theory27 predict bell-shaped temperature
dependence. So far, a widely acceptable explanation for these
phenomena has not been proposed.
Hence, in this work, atomistic MD simulation, as previously

reported for supercapacitors using RTIL electrolytes on flat
graphite, and metallic electrode surfaces,17,28,29 was applied
here to model pure and mixed RTILs as electrolytes near an
OLC electrode as a function of temperature. The ionic liquid
electrolytes used in this study are [C3mpy][Tf2N], [C4mpip]-
[Tf2N], and the equimolar mixture of these two ionic liquids.
The detailed simulation setup is provided in the Supporting
Information (SI). The aim of this work is to interpret how the
binary electrolytes at varying temperatures influence the EDL
microstructure and the differential capacitance of OLC-based
supercapacitors. The results also demonstrate that binary RTIL
electrolytes exhibit higher conductivity than either of the neat
RTILs; the C−V curve of the binary mixture near the OLC
manifested a shape similar to those of neat RTILs and the
differential capacitance values increase as temperature increases;
the temperature dependence of capacitance is related to the
EDL microstructure, mainly dominated by the EDL thickness.
The typical property of a eutectic mixture is the lowering of

the melting (Tm) and glass transition temperature (Tg) in
contrast to those of its individual components. The eutectic
property of the 1:1 (by molar ratio) mixture of [C3mpy][Tf2N]
and [C4mpip][Tf2N] was first examined by differential
scanning calorimetry (DSC) (Figure S1 in the SI). The glass
transition temperatures for [C3mpy][Tf2N] and [C4mpip]-
[Tf2N] were approximately 276 and 197 K, respectively. By
contrast, the mixture exhibited a Tg of 190 K, slightly lower
than the Tg of [C4mpip][Tf2N]. This result suggests that the
binary mixture may solidify at a lower temperature than either
pure RTIL, thus suggesting that the mixture will exhibit higher
diffusion and ionic conductivity in the same low-temperature
region as the pure fluids. The conductivity for the pure and
mixed RTILs obtained from both experiment and MD
simulation is shown in Figure 1.
Due to experimental limitations for conductivity measure-

ments, the temperature range for conductivity measurements
was between 300 and 360 K. In MD simulation, the
conductivity was estimated using the Nernst−Einstein approx-
imation (see SI). The highest temperature applied was 373 K,

and the lowest temperature taken herein for each type of RTIL
was above their Tg. For both experiment and MD, it is seen that
the conductivity decreases as temperature decreases. At a high
temperature range, [C3mpy][Tf2N] exhibited higher conduc-
tivity than [C4mpip][Tf2N] and the equimolar mixture. As
temperature decreases, the conductivity of [C3mpy][Tf2N] is
dramatically reduced by 2−3 orders of magnitude (Figure 1).
However, a less pronounced decrease in conductivity for
[C4mpip][Tf2N] and the binary mixture in the high temper-
ature range was observed from both experiment and MD
results. Due to the lower Tg, [C4mpip][Tf2N] and the binary
mixture remain in the liquid state at lower temperatures, thus
exhibiting much higher conductivity than [C3mpy][Tf2N]. As
the temperature decreased to 273 K in the MD simulation, a
more significant discrepancy between the conductivities of the
binary mixture and that of [C4mpip][Tf2N] was observed, with
the highest conductivities found for the former. Both MD and
experiment point to the use of the binary mixture as a low-
temperature electrolyte. According to Simon et al.,8 the binary
mixture of RTILs exhibited approximately 5−7 orders of
magnitude higher conductivity compared to neat RTILs at low
temperature ranges. In this study, at the lowest temperature of
223 K, the conductivity of the binary mixture is approximately
1.5 times of that of [C4mpip][Tf2N]. Additionally, while
previous experimental conductivity measurements30,31 showed
a decrease of several orders for [C4mpip][Tf2N] as the
temperature declined from 373 to 250 K, our MD results
exhibited only several times of magnitude reduction. These
differences indicated that at high temperature, the simulation
correctly predicts the conductivity, both qualitatively and
quantitatively; at lower temperature, the simulation does not
accurately estimate the quantitative changes, which likely reflect
limitations of the force field at low temperatures.
The differential capacitances (Cdff) for [C3mpy][Tf2N],

[C4mpip][Tf2N], and their equimolar mixture were calculated,
respectively. Their surface charge densities as a function of
potential drop at 373 K are shown in Figure 2a. These exhibit a
linear-like relationship with the potential drop for neat and
mixed RTILs, indicating that their differential capacitances were
equal throughout the potential according to the definition Cdff =
(dσ)/(dϕEDL) (σ is the surface charge density of the electrode;

Figure 1. Conductivity obtained from experiment and MD simulation
as a function of temperature for [C3mpy][Tf2N], [C4mpip][Tf2N],
and their binary 1:1 mixture.
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ϕEDL is the potential drop across the EDL). Moreover,
regardless of the potential applied, the differential capacitances
were ∼0.054 F/m2. The differential capacitance for all
investigated samples, shown in Figure 2b, further suggests
that the differential capacitance was identical for both neat and
mixed RTILs and is independent of the potential applied. A
potential-independent differential capacitance was also ob-
s e r v e d f o r 1 - e t h y l - 3 -m e t h y l im i d a z o l i um b i s -
(trifluoromethylsulfonyl)imide ([emim][Tf2N]) near the
OLC electrode.12 Our results demonstrate that this is also
applicable to piperidinium-based RTILs, pyrrolidinium-based
RTILs, as well as their binary mixture. This phenomenon has
been explained by the dominant role of the charging
overscreening at curved electrode surface as the applied
potential varies.12 Recently, Yan et al. proposed that specific
adsorption led to the discrepancy of differential capacitance at
positively and negatively charged electrodes, which indicates
that the lack of specific adsorption may be another cause of
potential independent differential capacitance.32 In the present
study, [C3mpy][Tf2N] and [C4mpip][Tf2N] exhibited equiv-
alent differential capacitance, revealing similar EDL structure
near OLC. Furthermore, Figure S2 shows the number density
profile for three types of electrolytes at 373 K near neutral and
charged OLC. [C3mpy+] is approximately 10% smaller than
[C4mpip+] in size, therefore, the number density in EDL of
[C3mpy][Tf2N] is slightly higher than that of [C4mpip][Tf2N].
However, owing to the small differences in molecular weight
and size between [C3mpy][Tf2N] and [C4mpip][Tf2N], their
EDLs are very similar, resulting in similar EDL structure for
their equimolar mixture.
To achieve extension of the operating temperature range for

supercapacitors, the influence of temperature on the perform-
ance of supercapacitors requires in-depth investigation. In
Figure 3a, a linear dependence of the surface charge density for
the binary mixture as a function of the potential applied is
presented at the temperatures of 248, 298, and 373 K,
respectively. The differential capacitance, obtained from the
slope of the linear fitting, increases with increasing temperature
(i.e., 0.044 F/m2 at 248 K, 0.051 F/m2 at 298 K and 0.054 F/

m2 at 373 K). The differential capacitance for the binary
mixtures at 248, 298, and 373 K are shown in Figure 3b, which
reveals the same trend in temperature dependence.
The classical Gouy−Chapman theory predicts that the

electrical capacitance decreases as temperature increases
(referred to as negative temperature dependence).27 However,
a series of experiments using RTILs as electrolytes obtain the
reverse trend.13−16 High temperature molten salts were found
to possess the positive temperature dependence of differential
capacitance as well.22,23 Kornyshev has pointed out that the
Gouy−Chapman model is not appropriate for highly
condensed ionic liquids.33 Computational studies using MD
simulation of RTILs electrolytes near planar graphite surfaces
exhibit negative temperature dependence.17 By contrast, MSA-
MC theory discloses that at a low temperature range, the
differential capacitance increases with temperature (positive
temperature dependence), going through a point of maximum,
beyond which the differential capacitance decreases with further
temperature increase.18,27 Even though positive temperature
dependence was observed in several experiments using RTILs
electrolytes, our results show the first observation of positive
temperature dependence in MD simulations. To date, an
acceptable explanation for this trend has not been proposed.
Studies by Boda et al.21,34 confirm that the positive temper-
ature-dependent differential capacitance is more than a simple
density effect, being related to the ionic pairs association,
whereas such ion association increases as temperature
decreases. A possible interpretation for this phenomenon is
that fast dissociation of ions at high temperature results in a
thinner EDL thickness, hence increasing the differential
capacitance.35

To illustrate the influence of temperature on the EDL
thickness, Figure 4 shows the number density profile for
counterions near a positively (Figure 4a) and a negatively
(Figure 4b) charged OLC electrode. Previous investigations
demonstrated that at charged surfaces, the EDL structure is
dominated by the counterions rather than co-ions due to strong
electrostatic attraction.28 Due to the overscreening of counter-
ions near charged electrodes, alternating layers of counterions
and co-ions form near the electrode to balance its net charge.

Figure 2. (a) Surface charge density as a function of electrical potential
drop for [C3mpy][Tf2N], [C4mpip][Tf2N], and their equimolar
binary mixture at 373 K. (b) The differential capacitance as a function
of electrical potential for [C3mpy][Tf2N], [C4mpip][Tf2N], and their
equimolar binary mixture at 373 K.

Figure 3. (a) Surface charge density as a function of electrical potential
drop for the binary mixture at 248, 298, and 373 K. (b) The
differential capacitance as a function of electrical potential for the
binary mixture at 248, 298, and 373 K.
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Far from the electrode, there is no such layering formation
owing to the weak electrostatic interaction between the
electrode and ions.36 From Figure 4, the second layer of
EDL becomes more evident as temperature decreases from 373
to 248 K, suggesting that the EDL thickness increases as
temperature decreases.
To quantify the EDL thickness, the effective thickness deff is

introduced, which is calculated using the formula derived from
ref 36:

∫
∫
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ρ
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s is the distance between electrode surface and center of mass of
ions, and ρcounter‑ions

n (s) is the number density profile of
counterions.
deff for binary mixture at 248, 273, 298, 323, and 373 K was

calculated and shown in Figure 5a. Due to the near-flat
differential capacitance as a function of applied potential,
herein, deff is only shown at the potential of ∼1.5 V.

In OLC-based supercapacitors, the capacitance can be
simplified as37

ε= +
⎛
⎝⎜

⎞
⎠⎟C

R d
1 1

EDL
eff

where ε is the dielectric constant of the EDL, R is the radius of
the OLC (C720 herein), and deff is the thickness of the EDL
structure. This formula reveals that at fixed temperature, the
capacitance will increase as the size/radius of OLC decreases,
which has been demonstrated in ref 12. The effective thickness
deff was found to increase with decreasing temperature, as
shown in Figure 5a, demonstrating the positive temperature
dependence. Currently, it is still difficult to experimentally
measure the interfacial dielectric constant, although its
temperature-dependence and effects on the EDL cannot be
completely excluded. However, as shown in Figure 5b, the
positive temperature-dependent normalized capacitance for the
binary mixture as a function of temperature, which is in good
agreement with experimental results,8 despite different RTILs
being studied. Furthermore, when the temperature was lowered
from 373 to 248 K, less than 20% of the differential capacitance
was lost, showing that OLC-RTILs supercapacitors are suitable
for low temperature use.
Although previous experimental work related the positive

temperature dependence to the EDL thickness, the exper-
imental or theoretical verification was pending. The present
computational study demonstrates that the origin of the
positive temperature dependence is correlated to the thinning
of the EDL with increasing temperatures. Thus, these results
may allow for the future design and improvement of low-
temperature operated supercapacitors and electrolytes without
diminishing their capacitive performance.
In summary, this study demonstrated that the binary mixture

of RTILs outperformed neat RTILs as supercapacitor electro-
lytes with widened operation temperature, higher conductivity,
and a near-flat differential capacitance as a function of electric
potential. The positive temperature dependence of the
differential capacitance dominated by the EDL thickness
provides a theoretical model for interpreting the experimentally
observed positive temperature dependence.
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