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ABSTRACT: The performance of supercapacitors is determined by the electrical
double layers (EDLs) formed at electrolyte/electrode interfaces. To understand the
energy storage mechanism underlying supercapacitors, molecular dynamics (MD)
simulations were used to study the capacitive behavior of carbon-based supercapacitors
with room-temperature ionic liquid (RTIL) electrolytes. The performance of porous
supercapacitors was found to be correlated with the ion/pore size and applied voltage.
Supercapacitors composed of RTILs on the outer, positively curved surfaces of onion-
like carbons (OLCs) or carbon nanotubes (CNTs) exhibited significant effects on
capacitance and the distinctive feature that differential capacitance varies only weakly
with voltage. Investigations of temperature influence revealed a positive temperature
dependence of capacitance for OLC-based supercapacitors and a weak dependence of
capacitance on temperature for CNT-based supercapacitors, in line with experimental
observations. Molecular insights into RTIL-based supercapacitors, reviewed in this
Perspective, could facilitate the design and development of a new generation of energy storage devices.

The use of electricity generated from renewable but
intermittent energy sources (e.g., solar and wind) requires

concepts for efficient energy storage.1,2 Electrical energy storage
(EES) devices are a rising star on the horizon of energy storage
technologies, and among them, electrical double-layer
capacitors (EDLCs), also called ultracapacitors or super-
capacitors, have received a great deal of attention in recent
years due to their advantageous properties, such as high power
density, high capacitance, and excellent performance stabil-
ity.3−5 Supercapacitors store electrical energy via ion electro-
sorption directly in the EDLs at the electrolyte/electrode
interface, and the EDL plays a dominant role in the underlying
energy storage mechanism and the resulting device perform-
ance. Pseudocapacitors, that is, EES systems that combine
capacitive and redox charge storage, are under intense active
investigation but are not part of this Perspective.6,7 With a
moderate energy density compared to batteries, the essence of
current supercapacitor development is to optimize their charge
storage capacity by enlarging the electrode surface area and/or
increasing the maximum cell voltage. Both parameters, the
capacitance and the cell voltage, limit the amount of energy that
can be stored and have stimulated tremendous research
activities both in the material science of the electrodes and
organic chemistry of the electrolytes. Thus, choosing an
appropriate combination of electrolytes and electrode materials
is essential. Because of their exceptionally wide electrochemical
window, excellent thermal stability, nonvolatility, and relatively
inert nature, room-temperature ionic liquids (RTILs) have
become emerging candidates for electrolytes used in super-

capacitors.8−11 With the high specific surface area (SSA), good
electrical conductivity, chemical stability in a variety of
electrolytes, and relatively low cost, presently carbons are the
most widely used electrode materials in supercapacitors.4,12−14

To improve the energy density and the transport properties of
the charge carriers in supercapacitors, carbons have been
developed in diverse forms such as activated carbons,15 carbide-
derived carbons (CDCs),16 carbon nanotubes (CNTs),17,18

onion-like carbons (OLCs),19,20 graphene,21,22 and so on. On
the basis of the pore geometry of carbon electrodes and the way
that electrolyte ions interact with the electrode surface, in this
Perspective, from the view of modeling, supercapacitors are
classified into three categories:23−25 (i) the term “endohedral
supercapacitor” is used to denote supercapacitors with porous
carbon electrodes showing a zero or negative surface-curved
pore where ions can enter inside (i.e., the charge stored in the
pore, e.g., ions inside open-ended CNTs), (ii) the term
“exohedral supercapacitor” is for supercapactiors in which ions
reside on the outer surface of carbon particles (i.e., the charge
stored on the positively curved surfaces, e.g., ions on outside
surfaces of OLCs and end-capped CNTs), and (iii) the term
“planar supercapacitor” is for supercapacitors with zero/
negligible curvature of the electrode (e.g., flat graphene sheets).
Note that, “endohedral”, “exohedral”, and “planar” are adopted
here for the description of different electrode surfaces that
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electrolyte ions adsorb on rather than the shape of super-
capacitors; although a real supercapacitor may contain
endohedral, exohedral, and planar electrode surfaces, one type
of the electrode surface is usually modeled in a simulation to
study a specific or dominate phenomenon in a supercapacitor.

Common endohedral supercapacitor electrode materials are
porous carbons such as activated carbons, templated carbons,
and CDCs, which can show a high or very high SSA and a high
energy density.4,13,26−28 By reducing the pore size of micro-
porous carbon, experiments on CDCs27 and activated carbon28

in an organic electrolyte of tetraethylammonium tetrafluor-
oborate ([TEA][BF4]) in the aprotic solvent acetonitrile
(ACN) revealed an increase of the capacitance (normalized
by either the surface area or pore volume) at pore sizes less
than 1 nm. Similar trends have been reported experimentally
for carbon supercapacitors with aqueous electrolytes (e.g.,
KOH solution).28,29 Using the RTIL 1-ethyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide ([emim][Tf2N]) as the
electrolyte, Largeot et al.30 observed a dramatic increase of
capacitance within the pore sizes of 0.65−1.1 nm, and the
capacitance was maximized at a pore size of 0.7 nm comparable
to the ion size. To rationalize the capacitance increase in
micropores, phenomenological models were proposed, includ-
ing the electric wire-in-cylinder capacitor model24 for
cylindrical pores and the sandwich model31 for slit-shaped
pores, which provided a good fit to experimental data. On the
basis of mean-field theory and Monte Carlo (MC) simulations,
Kondrat et al.32,33 attributed the increase of capacitance to the
“superionic state” of ions inside pores. Taking into account the
van der Waals interactions and complex ionic structure,
molecular dynamics (MD) simulations have reproduced the
capacitance−voltage trend measured in experiments with both
solvent electrolytes and RTILs.34,35

The capacitance increase at small pore sizes, observed in
aqueous, organic, and IL electrolytes experimentally and
reproduced in simulation, is a universal phenomenon for
supercapacitors based on microporous carbons. However, a
recent experimental study by Centeno et al. reported a regular
(i.e., pore-size-independent) normalized capacitance of carbon
pores with a size of 0.7−15 nm, using the same electrolyte of
[TEA][BF4]/ACN.

36 This challenging experimental observa-
tion raised issues concerning the existence of the enhancement
of micropore capacitance and how the capacitance changes over
a wide range of pore size, including the “anomalous increase”
regime. To address these issues, we performed MD simulations
of EDLs inside micropores with RTIL [emim][Tf2N] and
employed theoretical studies on the ions inside carbon pores,
serving as in-depth information on the atomistic scale inherent
in the experiment.37

As shown in Figure 1, over a broad range of pore sizes (i.e.,
the slit width, d) from 0.67 to 1.8 nm, the capacitance of slit-
shaped micropores under the applied potential of ∼1.4 V was
found to oscillate with pore size, decreasing toward C∞ (=0.068
F/m2), the capacitance of EDL near-planar carbon electrodes
with the open surface.37 Specifically, in the first peak of the C−d
(capacitance versus pore size) curve, the capacitance increase

does exist as the pore size reduces from 1.0 to 0.7 nm, fully
consistent with experimental observations by Gogotsi and co-
workers;27,30,38 the capacitance reaches a maximum at the pore
size of 0.7 nm, which is similar to the ion size, and then goes
down as the pore size continues decreasing, consistent with
experimental findings of porous carbon supercapacitors with
the same electrolyte.12,22 Another feature is the second peak of
the C−d curve occurring within 1.0−1.8 nm, and the maximum
is located at 1.4 nm; this feature, only observed when modeling
a very narrow (i.e., monodisperse) pore size distribution, has
not yet been reported experimentally. The U-shaped scaling
behavior between two maxima was observed concurrently in
other MD work,39 in which electrode surface polarizability was
taken into account and a united atom coarse-grain model was
used for an imidazolium-based RTIL. Concurrently, a density
functional theory (DFT) study,40 in which the electrolyte ions
were represented by charged hard spheres and the van der
Waals interactions and complex ionic structure were neglected,
not only reproduced the capacitance increase under nanopores
but also predicted more than two peaks in the C−d curve,
suggesting that the oscillatory behavior of capacitance could be
a generic feature of porous supercapacitors with RTIL
electrolytes. It is worthwhile to note that this oscillatory
behavior of capacitance over a broad pore size does not hold for
electrolytes in organic solvent.41

The oscillatory C−d curve predicted in simulation, including
the capacitance increase for micropores, seems to conflict with
capacitance independent of the pore size reported exper-
imentally by Centeno et al.36 However, it is noted that the pore
size in simulation is a single value (i.e., perfectly monodisperse),
while the pore size in experiment is an averaged value over a
range of pore sizes. For the inset in Figure 1, the pore size
distribution is assumed to follow a Gaussian function, f(x) =
(1/(α(2π)1/2)) exp[−(x/α)2/2], where α is its standard

Accurate control of the pore size
distribution of porous electrodes
is crucial for the design of high-
performance supercapacitors.

Figure 1. Specific capacitance of the micropore as a function of pore
size. The blue line connecting the circular symbols represents MD
simulation results. C∞ (=0.068 F/m2) is the capacitance of EDL near-
planar carbon electrodes with the open surface. The lower inset shows
the snapshot of the slit-shaped pore (yellow-colored walls) filled with
RTILs (red-colored cations and blue-colored anions), where d is the
slit-shaped pore size; the upper inset exhibits the curves of capacitance
versus pore size at varying pore size distributions, under an assumption
that the pore size distribution follows different Gaussian functions,
where α is its standard deviation that describes the broadness of the
pore size distribution.
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deviation that describes the broadness of the pore size
distribution. Using the simulation results, under the assumption
that different sized pores are independent, the C−d curves for
different pore size distributions were recomputed as a function
of averaged pore size. This calculation shows that the
capacitance oscillation becomes less well-defined with broad-
ening pore size distribution. For instance, as α = 0.1 nm, the
capacitance in the micropore varies from −10.5 to 15.8%, which
is quite close to that of ±11.7% in the experiment by Centeno
et al. reporting the absence of the increased capacitance.36 This
suggests that the increase as well as the oscillation of
capacitance could be washed out in experiments based on a
carbon material exhibiting a broad pore size distribution.
Therefore, accurate control of the pore size distribution of
porous electrodes is crucial for the design of high-performance
supercapacitors. However, the regular pattern of capacitance
versus pore size could alternatively be attributed to the 20 wt %
binder plus 5 wt % of carbon black additive in the electrode (as
described in Experimental Section of ref 36). This could also
result in smearing the dependence of the capacitance on the
pore size.

To understand the physical origin of the oscillatory behavior
of the C−d curve in Figure 1, we introduced a concept of EDL
interference, as illustrated in Figure 2. Similar to the wave

interference, the EDL in a slit pore can be considered as a result
of interference between two EDLs stemming from two
opposite-facing slit walls. These two EDLs shown in Figure
2a are described by their number density profiles of ρn(z) and
ρn(d − z) near the open surface of the planar electrode,
respectively.37 By superposing the number density profile from
each slit wall, the resultant EDL structure inside a slit pore
through the EDL interference is obtained as ρn

S(z) = ρn(z) +
ρn(d − z). As shown in Figure 2b, the superposition-predicted
EDL structure by the EDL interference in a 1.4 nm wide slit is
similar to that directly computed in MD simulation. The
interference effect on EDLs inside a slit pore is quantified by
the effective EDL interference factor, defined as37
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where ρn
O(z) = min[ρn(z), ρn(d − z)] represents the

overlapping part of two EDLs by their interference (Figure
2b) and WEDL is the thickness of the EDL observed in MD
simulation. The effective interference factor ( f EI) was calculated
and shown as a function of pore size in Figure 3 using an EDL

at the open surface under the applied potential of ∼1.4 V. We
can observe that within 0.67−1.8 nm, the effective interference
factor has the same trend as the overall C−d curve. On the basis
of eq 1, the larger f EI indicates that more ions could pack into
the slit due to the constructive interference, evidenced by the
intensity of ion peaks in Figure 2a, which results in an
enhancement of the capacitance of micropores; destructive
interference can reduce the capacitance by lessening the ion
packing inside micropores. Beyond the two-peaked C−d curve
obtained by MD simulation, the effective interference factor
still exhibits an oscillatory behavior but becomes weaker with
decaying amplitude, approaching to unit at ∼4.5 nm, which is
similar to that predicted in a DFT study.40 The distance
between two peaks is about 0.7 nm, compatible with the RTIL
ion size. Theoretically, using the quantitative model described
by eq 1 and knowing the structure and capacitance of the EDL
at the planar electrode with open surface, one can predict how
the capacitance varies with pore size. The effective interference
factor for supercapacitors with the RTIL 1-butyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide [bmim][Tf2N]
was also computed in Figure 3, which implies that the
capacitance of carbon pores filled with [bmim][Tf2N] also

Theoretically, using the quantita-
tive model described by eq 1 and
knowing the structure and ca-

pacitance of the EDL at the planar
electrode with open surface, one
can predict how the capacitance

varies with pore size.

Figure 2. Interference of EDL structure: (a) ion number density
profiles from two opposite-facing (left and right) slit walls; (b)
superposition and overlapping of ion number densities in a slit with a
size of 1.4 nm. The vertical black dashed line in each panel represents
the central position at which the EDLs are symmetrized. Adapted from
ref 37. Copyright 2011, American Chemical Society.

Figure 3. Effective interference factor as a function of pore size. The
solid blue line (left axis) represents the effective interference factor for
RTIL [emim][Tf2N]; the black dashed line (left axis) is for RTIL
[bmim][Tf2N]; the dotted line with red circular symbols (right axis) is
the C−d curve shown in Figure 1.
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exhibits oscillatory behavior but with a larger gap between
peaks. Note that this predictive model based on the EDL
interference was developed initially for a slit-shaped pore and
may require further confirmation/modification for different-
shaped pores (e.g., cylindrical pores have negative curvature).
The influence of the electrode potential on capacitance has

been investigated to understand the charging mechanism of
porous carbon supercapacitors. Using MC simulations, Kondrat
et al.33,43 revealed that for different-sized slit pores, the
differential capacitance changes slightly at low voltage, mostly
increases to a maximum, and then decays to zero due to the
saturation of the total charge accumulated in a pore at
moderate/large voltages. In particular, the voltage where the
maximum of differential capacitance occurs depends on the
pore size, which suggests that the oscillatory C−d curve may
also differ under different applied voltages. Later, by modeling a
0.78 nm wide slit-shaped pore filled with RTIL [dmim][BF4] in
MD simulation, Wu et al.42 reported a similar voltage-
dependent capacitance, as shown in Figure 4; note, however,

that unlike the simulations results of Kondrat et al.,33,43 the MD
calculations do not exhibit ion saturation under large potentials
(∼3 V). The charge storage in subnanometer pores exhibits
rich behaviors as the voltage increases; the capacitance (both
integral and differential) changes weakly at voltages less than 1
V, which is explained by co-ions inside the pore swapping with
counterions outside the pore so that the net charge of the pore
interior varies nearly linearly with potential; as the potential
keeps increasing, the capacitance increases as well and reaches a
maximum at a particular voltage. This behavior is mainly
attributed to the removal of co-ions from the pore; beyond the
maximum point, the capacitance increase is primarily
dominated by the counterion insertion into the pore.42

Assuming similar capacitance change under both negative
and positive voltages in Figure 4, the overall capacitance−
voltage relation would exhibit a camel-like shape, which was
observed by Xing et al.44 using a combined explicit and united
atom model for RTILs. Furthermore, the bell- and U-shaped
capacitance−voltage relations were observed for different-sized
pores in the same work.44 A DFT study also showed a bell-
shaped curve due to the co-ion removal of and counterion
addition.45 The absence of capacitance increase observed in
DFT calculations is probably due to the simplified RTIL ions in
the restricted primitive model and the selected pore size.

Hence, the voltage-dependent capacitance may depend on the
specific nature of both the RTILs and the pores.
Recently, exohedral supercapacitors with electrodes consist-

ing of OLCs or CNTs have been developed to enhance the
device power handling due to the readily accessible electrode
surface; in contrast, endohedral supercapacitors with narrow
micropores may slow down the charge/discharge rate because
of limited ion mobility.46 For example, the discharge rates of
OLC-based supercapacitors (namely, 200 V/s) were measured
to be 3 orders of magnitude higher than those of conventional
supercapacitors;19 densely packed and aligned single-walled
carbon nanotubes (SWCNTs) have been shown to be excellent
electrodes, allowing supercapacitors to achieve higher power
density (>40 kW/kg),47,48 especially when SWCNTs were
aligned parallel to the direction of electrolyte ion transport.49

To rationalize the relation of capacitance and the size of the
OLC or CNT, Huang et al.25 proposed two phenomenological
models, the exohedral electric double-sphere capacitor
(xEDSC) model for spherical electrodes and the exohedral
electric double-cylinder capacitor (xEDCC) model for
cylindrical electrodes. Although both theoretical models show
that the EDL capacitance increases as the size of spherical/
cylindrical electrodes decreases, the origin of such curvature
effects has not yet been fully understood. The most extensively
studied macroscopic property of the EDLs in RTILs is the
differential capacitance versus the applied potential (i.e., the C−
V curve).50,51 Many efforts have been made to demonstrate that
there are different C−V curves observed and predicted for
planar supercapacitors (e.g., the U-shaped, bell-shaped, and
camel-shaped ones).50−55 However, few studies have focused
on how the differential capacitance changes with applied
potentials for exohedral supercapacitors with OLC/CNT-based
electrodes and RTIL electrolytes.

We performed MD simulations of OLCs and end-capped
CNTs immersed in the RTIL [emim][Tf2N] to investigate the
effects of electrode size and potential on the capacitance of
exohedral supercapacitors. Note that in the work reported
herein, for OLCs/CNTs-based supercapacitors, the image
charge effect stemming from the electrode is neglected, and
the partial charges are placed on the carbon atoms of the
electrode rather than on an image plane, which differs from our
previous work in ref 56. The differential capacitance as a
function of voltage is shown in Figure 5 for exohedral
supercapacitors based on OLCs and CNTs and for planar
supercapacitors with flat graphene sheets as electrodes. It can
be seen that there is a bell-shaped C−V curve for EDLs in
RTILs near the planar electrode, in line with previous studies;57

for the exohedral supercapacitors based on OLCs/CNTs, the
differential capacitance depends weakly on the electrode
voltage, which differs from the U-, bell-, or camel-shaped C−
V curves observed on planar electrodes.50−55 This feature
becomes more pronounced with reducing size of the OLC or
CNT. The capacitance of EDL near the OLC-based electrode is

Figure 4. The integral capacitance (Cint) and differential capacitance
(Cdiff) of a 0.78 nm wide slit-shaped pore as a function of electrode
voltage. The state points 1 and 2 represent the capacitances at the
electrode voltages of 1.07 and 1.97 V, respectively. Adapted from ref
42. Copyright 2012, American Chemical Society.

The weak potential dependence
of the capacitance of the EDL
near nanosized OLC and CNT

electrodes provides an attractive
design tool for supercapacitors
with improved performance.

The Journal of Physical Chemistry Letters Perspective

dx.doi.org/10.1021/jz4014163 | J. Phys. Chem. Lett. 2013, 4, 3367−33763370



larger than that of identical-sized CNTs, and the capacitances
for both OLC- and CNT-based electrodes are higher than that
near planar graphene. The weak potential dependence of the
capacitance of the EDL near nanosized OLC and CNT
electrodes invites further experimental exploration to take
advantage of this phenomenon and could benefit the future
design and improvement of supercapacitors with stable
performance by fabricating electrodes with spherical and/or
cylindrical nanoscale-curved surfaces.
The voltage-dependent differential capacitance of EDLs near

the planar electrode can be explained by charge overscreening
at small/moderate voltages and the lattice saturation evolved at
large voltages.57,58 In this context, the charge overscreening
describes the phenomenon that the counter-charge from the
first ion layer adsorbed on the electrode exceeds that on the
electrode surface, and lattice saturation indicates that near
highly charged surfaces, more than one consecutive layer of
counterions can accumulate on the electrode.50,57−59 Many
studies have revealed that because of the high ionic density and
strong ion coupling in RTILs, charge overscreening is a
universal feature of EDLs at the interfaces of RTILs and
electrodes.50,57−61 To quantify the charge screening along the
EDL, a charge-screening factor was introduced as follows62

∫σ ρ= − Δ⎜ ⎟⎛
⎝

⎞
⎠C u s

R
s s( ) 1 ( ) d

u

u N

f e
0 (2)

where u0 represents the location of the electrode surface: u0 = 0
is for the planar electrode, and u0 = R is the size of OLC/CNT;
N = 0, 1, and 2 are for planar, cylindrical, and spherical
electrodes, respectively; Δρe is the variation of space charge
density across EDLs as the surface charge density increases
from 0 to σ. For Cf greater than unity, charge overscreening
occurs, and the height of the first peak in Cf is used to quantify
the degree of charge overscreening of the EDL. Figure 6 shows
the charge screening factors across EDLs in the RTIL
[emim][Tf2N] near spherical, cylindrical, and planar carbon
electrodes. It can be seen that as the electrode becomes more
charged, the planar electrode is less overcharged; whereas the
charge overscreening varies little for both OLC and CNT

electrodes. This leads to the observed trend of C−V curves near
different electrodes. That is, within the working voltage range
studied here, the bell shaped C−V curve arises because planar
electrodes in RTILs experience a potential-dependent decay in
the charge overscreening; the near-flat C−V curves originate
from the fact that nanocurved spherical and cylindrical
electrodes achieve nearly constant charge overscreening that
is weakly dependent on the applied potential.56,62 Note that
charge overscreening only qualitatively probes the capacitance−
potential relationship. Further explorations are needed to
establish a quantitative model between charge overscreening
and the capacitance, including the electrode curvature and ion
size.
The curvature of the OLC/CNT-based electrode not only

has a significant impact on the trend of C−V curves (Figure 5)
but also plays an important role in the capacitance magnitude.
Figure 7a shows the relation between spherical and cylindrical
curvatures originating from OLCs and CNTs and the integral
capacitance under an applied potential of ∼1.4 V for a one-

Figure 5. Influence of electrode curvature on the differential
capacitance. RS is the radius of the spherical OLC electrode, RC is
the radius of the cylindrical CNT electrode, and R is infinity for the
planar graphene electrode.

Figure 6. The charge screening factor (Cf) across EDLs in the RTIL
[emim][Tf2N] near (a) spherical electrodes (radius of 0.71 nm), (b)
cylindrical electrodes (radius of 0.68 nm), and (c) planar electrodes
with different surface charge densities.

Figure 7. (a) Relation between the integral EDL capacitance and
OLC/CNT radius. (b) Accumulative ability of counterions near
OLCs/CNTs under a potential of ∼1.4 V.
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electrode setup. It is observed that the capacitance of EDLs
near spherical/cylindrical surfaces increases with electrode
curvature or as the radius of spherical/cylindrical surfaced
electrodes decreases; the capacitance for a spherical surface is
larger and increases faster than that of a cylindrical surface. The
capacitance−radius relation for the exohedral supercapacitor
was studied by Huang et al.25 with the xEDSC model for
spherical electrodes in a scaling equation of the form

ε ε= +
⎛
⎝⎜

⎞
⎠⎟C

R d
1 1

r 0
EDL (3)

and the xEDCC model for cylindrical electrodes as
ε ε= +C

R d Rln(1 / )
r 0

EDL (4)

where ε0 is the vacuum permittivity, εr is the dielectric constant
of the EDL, and dEDL is the effective thickness of an EDL.
Fitting simulation results (Figure 7a) to the above two
phenomenological models gives εr = 1.12 and dEDL = 0.22
nm for EDLs near the spherical-surfaced electrode and εr = 1.47
and dEDL = 0.29 nm for cylindrical-surfaced electrode. Although
the fitting parameters of εr and dEDL are reasonable physically
(e.g., the dielectric constant is larger than the vacuum value of 1
and smaller than that of bulk [emim][Tf2N], and the effective
EDL thickness is compatible with the ion size), we have to
point out that εr and dEDL are fitting values obtained implicitly
by the phenomenological models expressed in the form of eqs 3
and 4 rather than the physical measurements obtained explicitly
from simulation or experiment. The increased ion accumulation
on the electrode was found to be responsible for the EDL
capacitance enhancement due to the electrode curvature.56,62

That is, under an applied potential, as the electrode curvature
increases, more ions per surface area can be packed. The
accumulative ability of ion packing was quantified by the ion
number density normalized by the electrode surface area. As
shown in Figure 7b, per unit surface area, more ions can be
accumulated on the more curved electrode, and a spherical-
surfaced electrode exhibits stronger ion accumulative ability
than the cylindrical one because the spherical surface is zero-
dimensional and the cylindrical surface is one-dimensional and
the spherical surface can provide more space for ion adsorption.
Therefore, the stronger ion accumulation on the OLC/CNT-
based electrode, originating from the larger curvature, leads to a
larger capacitance normalized to the electrode surface
area.56,60,62 This behavior of the capacitance increasing with
curvature could help enhance the supercapacitor capacitance by
featuring the electrode with nanoscaled spherical and/or
cylindrical curvatures. For instance, on the basis of MD
simulations, Vatamanu et al.63,64 showed that the capacitance of
EDLs is increased, using electrodes with rough surfaces that
exhibit similar behaviors as the nanoscaled curved electrode.
Benefitting from the excellent thermal stability of RTILs,

RTIL-based supercapacitors can work under a quite wide
temperature range, which broadens the application of super-
capacitors under severe conditions.65−67 A number of groups
have explored the temperature influence on the capacitive
behavior of supercapacitors with RTIL electrolytes. Theoretical
and experimental work revealed a positive temperature
dependence of capacitance (i.e., the capacitance increases
with temperature),68,69 a negative temperature dependence,52,70

and even a complex (e.g., bell-shaped) capacitance−temper-
ature relationship.71 Recently, Lin et al.65 reported that OLC-

based supercapacitors with RTIL electrolytes exhibited a
positive temperature-dependent capacitance, while the capaci-
tance was almost independent of the temperature for
supercapacitors with vertically aligned CNT electrodes. To
gain molecular insights into the temperature dependence of
capacitance, an in-depth investigation is needed by means of
simulations that provide details on the atomistic level.
MD simulations were performed to model RTIL-based

supercapacitors with OLC/CNT electrodes as a function of
temperature.62,67 Figure 8a shows how the capacitance changes

with temperature. It is observed that the capacitance of the
OLC supercapacitor increases with temperature, whereas CNT-
based supercapacitors show weak dependence of capacitance on
temperature, both of which are in good agreement with the
experimental observations.65 Meanwhile, at each temperature,
the differential capacitance was found to change slightly with
the variation of voltage.62,67 To understand the temperature
influence on the capacitance, a MC study expatiated that a
change in ion packing, in particular, the location of the
counterions on the charged surface, plays a big role in the
temperature dependency of the double-layer capacitance near a
charged pore wall.72 In the present work, the effective location
of the counterions with respect to the electrode surface, L, was
computed by the following formula
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where u0 and N are the same as those defined in eq 2 and ρn is
the number density of an EDL. One can see that in Figure 8b,
the effective location of counterions adsorbed on the OLC
electrode decreases as the temperature increases, while that of
CNT electrode is highly insensitive to temperature. This
observation can be further understood by examining the
microstructure of EDLs near OLC/CNT electrodes; that is, as
the temperature increases, more counterions moved toward the
charged surface of the OLC electrode, whereas the number

Figure 8. The temperature influence on (a) the capacitance of EDLs
and (b) the effective location of counterions exohedrally near the
electrode composed of OLCs with a radius of 1.22 nm or CNT with a
radius of 0.41 nm. In panel a, the capacitance was normalized by that
at 298 K for OLCs and by that at 300 K for CNTs; the hollow
diamond and cross markers represent the experimental data from ref
65.
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density of counterions changed weakly for CNT super-
capacitors, which eventually resulted in a positive temper-
ature-dependent capacitance for OLC supercapacitor and the
weak temperature influence on the capacitance of the CNT
supercapacitor.62,67

In summary, MD simulations constitute a unique tool to
provide detailed molecular insights into the capacitive behavior
of RTIL-based supercapacitors with different types of carbon
electrodes. The capacitance of porous supercapacitors was
found to correlate closely with the specific nature of RTILs
(e.g., structure of the ion, cation/anion size asymmetry), the
generic features of pores (e.g., ion/pore interactions, short-
ranged electrostatic interactions), and the applied potential.
MD studies on exohedral supercapacitors show that the size or
curvature of the spherical/cylindrical electrodes affects not only
the magnitude of capacitance and the shape of C−V curves but
also the temperature dependency of the capacitance.

In the future, more efforts are required to fully understand
the intricacies of charge storage mechanism of carbon
supercapacitors based on RTILs. Note that in the literature,
results obtained from simulations of porous electrodes have
been restricted in comparison to experiment by the identical
pore size at the cathode and anode and by the difference of the
pore size distribution in simulation (monodisperse) and actual
materials (polydisperse). The asymmetry for the pore size of
the cathode and anode could lead to the different capacitive
behavior as well as ion transport of porous supercapacitors.
Compared with the idealized slit-shaped or cylindrical pores
modeled in most studies, more realistic models for ions or/and
electrodes are required, such as polarizable models for
electrolyte/solvent molecules and the realistic 3-D structure
of the electrode. Merlet et al.73 performed MD simulations of
the porous electrode using a 3-D complex structure with pore
size distributions and SSAs similar to those in experiment, and
the increased capacitance (in units of F/g) was found to be
quantitatively consistent with experimental results; however,
the oscillatory behavior of porous supercapacitors needs precise
verification. Considering that real OLCs or CNTs have defects
on the surface and could form pseudopores,25,74 it is still
unknown how the capacitance of the exohedral EDL as well as
the overall supercapacitor capacitance will be affected by the
ions in the interior of OLCs/CNTs and the pseudopore. From
the point of view of simulation, it is hard to estimate the extent
to which it is suitable to investigate supercapacitors with both
endohedral and exohedral EDLs by superposing the results
from the individual endohedral and exohedral supercapacitor.
Recently, in order for supercapacitors to be used under

severe cold weather conditions (e.g., the lower limit for
automotive applications is −50 °C), a RTIL mixture was
adopted by mixing different neat RTILs to achieve a lower
melting point than the neat RTIL.65−67 For instance, Lin et al.65

reported that the melting point of an equimolar eutectic
mixture, composed of N-methyl-N-propylpiperidinium bis-
(fluorosulfonyl)imide (PIP13FSI) and N-butyl-N-methylpyrro-

lidinium bis(fluorosulfonyl)imide (PYR14FSI), was decreased to
−80 °C, much lower than that of either component (6 or −18
°C). More explorations are required to examine the influence of
the mixture on the capacitive behavior of the supercapacitor
with different geometric electrodes. In addition, most
investigations focus on the supercapacitor developed with
RTILs consisting of monovalent ions. As a novel class of
RTILs, the dicationic ionic liquids (DILs), such as a series of
imidazolium- and pyrrolidinium-based geminal DILs with
cations consisting of two identical imidazolium or pyrrolidi-
nium rings linked together with alkyl chain, are attracting more
and more attention in the EES community, owing to their
versatility75 and attractive properties.76 However, very little
work has been done on the interfacial structure and the
electrochemical performance of DIL electrolytes in super-
capacitors, even with simple geometric electrodes.
In addition to the development of supercapacitors with

enhanced energy density, the improvement of power handling
of supercapacitors (i.e., the charging/discharging process) is
another important aspect for supercapacitors,77 which is
influenced largely by the electrolyte transport associated with
ion diffusion. For example, through MD simulations of the
RTIL 1-butyl-3-methylimidazolium hexafluorophosphate
[bmim][PF6] confined in a slit-shaped neutral/charged nano-
pore, Hung et al.78,79 showed that the ion dynamics is highly
heterogeneous and depends strongly on the distance of the ion
from the pore wall; charged pore walls induce important
reductions in the dynamics of the counterion. Compared with
numerous studies on the properties of supercapacitors in
equilibrated status, far fewer efforts using modeling have been
made to investigate the dynamic process of charging/
discharging of a supercapacitor cell, which will be another key
research topic of this field in the future.
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