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T
he electric double layer capacitors
(EDLCs), or supercapacitors, made
of porous carbon-based electrodes

and room temperature ionic liquid (RTIL)
electrolytes, have attracted considerable
attention as promising energy storage
devices. The combination of advantages
provided by RTIL electrolytes (e.g., low
volatility1,2 and flammability,3 good ionic
conductivity,4,5 good chemical and elec-
trochemical stability6�11 and high thermal
stability12�14) and high specific surface area
(SSA) of nanoporous electrodes15�18 makes
these devices suitable for portable energy
storage. The energy storage in EDLCs is
achieved via a non-Faradaic mechanism,
i.e., due to the electrostatic interactions
between the charged electrode surface
and a couple nanometers thick layer of
restructured electrolyte near the electrode
surface.19 Because this mechanism does not
involve electrochemical redox reactions, the
EDLCs have several key advantages com-
pared to batteries, such as faster charging/
discharging rate, higher delivered power,
longer lifetime, and no susceptibility to

overcharging. To date, the supercapacitors
are commonly utilized in applications re-
quiring short-time high power burst of en-
ergy, such as flash photography,20 electric
cars,21 etc.
A key disadvantage of the current super-

capacitors is their relatively low energy
storage density. For example, the energy
density stored by commercial EDLCs is
about one order of magnitude less than in
Li-ion batteries. Therefore, many recent
experimental and theoretical research ef-
forts in this field have focused on finding
conceptually new approaches to design
materials to increase the energy density in
supercapacitors. As the non-Faradaic en-
ergy storage in EDLCs is achieved at the
electrode�electrolyte interface,22�25 de-
signing electronically conductive porous
materials with high SSA is considered as
one of the main pathways to increase the
energy density. Recent research demon-
strated that it is possible to increase the
SSA inporousmaterials fromseveral hundred
m2/g, as observed for activated carbon26

or powders,27,28 to 2000�3000 m2/g as
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ABSTRACT The enhancement of non-Faradaic charge and energy density stored by ionic

electrolytes in nanostructured electrodes is an intriguing issue of great practical importance for energy

storage in electric double layer capacitors. On the basis of extensive molecular dynamics simulations of

various carbon-based nanoporous electrodes and room temperature ionic liquid (RTIL) electrolytes, we

identify atomistic mechanisms and correlations between electrode/electrolyte structures that lead to

capacitance enhancement. In the symmetric electrode setup with nanopores having atomically smooth

walls, most RTILs showed up to 50% capacitance increase compared to infinitely wide pore. Extensive

simulations using asymmetric electrodes and pores with atomically rough surfaces demonstrated that

tuning of electrode nanostructure could lead to further substantial capacitance enhancement.

Therefore, the capacitance in nanoporous electrodes can be increased due to a combination of two effects: (i) the screening of ionic interactions by

nanopore walls upon electrolyte nanoconfinement, and (ii) the optimization of nanopore structure (volume, surface roughness) to take into account the

asymmetry between cation and anion chemical structures.

KEYWORDS: energy storage . supercapacitors . room temperature ionic liquids . nanoporous electrodes . capacitance .
electric double layer . nanoconfinement
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reported for various C-fibers,29�31 carbide-derived
carbon,32�35 aerogels,36�38 and nanotubes.39�44 Chen
et al.45 reported 4000 m2/g SSA for rice-hull based
carbon, Zhang and co-workers46 synthesized C-based
porous materials with good electronic conductivity
and SSA as high as 3500�3900 m2/g, while Farha
et al.47 showed that metallo-organic based frame-
works can reach 7000 m2/g SSA. Furthermore, the
theoretically estimated upper limit for SSA is
14 000�26 000m2/g.47,48 Therefore, the design of high
SSA porous materials for supercapacitors remains one
of the key routes for increasing the energy density in
these devices.
Concomitant with the increase of SSA, a decrease in

the pore widths to subnanometer size was also
achieved. Intriguing new phenomena, such as an
increase in capacitance, were discovered for tightly
confined electrolytes in subnanometer pores.49�55 For
example, an experimental study by Largeot et al.56 of
capacitors comprised of RTIL electrolyte and carbide
derived carbon (CDC) showed that the capacitance in
subnanometer pores sharply increases by a factor of
2 as compared to the capacitance in wider pores or on
open structure flat electrodes. In contrast, Centeno and
co-workers, found almost no variation of the capaci-
tance as a function of pore width, albeit using different
nanostructured electrodes and electrolytes.57�60

These earlier experimental observations triggered a
number of theoretical investigations and prompted an
interesting debate on the origin of this phenomenon.
In this regard, several simulations61�69 and analytical
theories70�76 have shown that the capacitance can
be indeed enhanced due to ion confinement in tight
nanopores; however, the extent of predicted enhance-
ment remains debated.64,73,74,77�80

Several analytical models identified that the physical
origin of the capacitance enhancement in nanopores is
the screening80�88 of electrostatic interactions be-
tween ions. As demonstrated by the Kondrat and
Kornyshev89 model, the polarization of conducting
nanopore walls can screen out the electrostatic inter-
actions between confined counterions (i.e., the repul-
sion between ions of the same charge), allowing a
denser ion packing (or “superionic states”)89 and there-
fore higher capacitances. While these models have
established a qualitative understanding of the phe-
nomena occurring inside the pores with ionic electro-
lytes, the understanding of correlations for chemically
realistic systems aswell as the quantitative comparison
of experiments with simulation data is challenging for
several reasons. First, so far a rather limited number of
electrolytes and electrode structures have been inves-
tigated using chemically realistic models in molecular
dynamics (MD) or Monte Carlo simulations. Often, the
simulation studies are limited to one electrolyte, there-
fore making difficult to establish more generic correla-
tions among the underlying chemical structure of ions,

electrodes configuration and the resulting capaci-
tances. Second, the quantitative comparison between
experiments and modeling/simulations is often com-
plicated by the variety of properties used to character-
ize the energy/charge storage in capacitors. In experi-
mental works,32,33,56 the capacitance enhancement
observed in nanostructured supercapacitorswas quan-
tified using twice the integral capacitance (IC) for the
entire device (ICcap) measured at potential difference
(ΔU) of about 2.5�3 V between electrodes, which is
typically used in operation of the current generation of
supercapacitors due to limitations in electrolyte elec-
trochemical stability. In simulations, often systemswith
single electrode set up are used to minimize the
computational cost. However, the contribution to the
total capacitance from positive and negative electro-
des can be quite asymmetric, and therefore, examina-
tion of 2ICcap is a direct way to compare the extent of
capacitance enhancement observed in nanostructured
supercapacitors by experiments and simulations. The
simulations, on the other hand, often report the differ-
ential capacitance (DC). Note that the IC is the ratio
between the total charge density accumulated on the
electrode divided by the applied potential, while the
DC is the measure of the variation of the electrode
charge due to small changes in applied potential. Thus,
the DC dependence on the electrode potential pro-
vides important mechanistic insights into the pro-
cesses occurring in the EDL during charging/
discharging and can reach quite high values over a
narrow range of potentials, particularly at low voltages
or when abrupt changes in electrolyte composition
occur due to co-ion expulsion from nanopores.75,90�92

However, at high voltages the DC usually drops, and
therefore large values of DC at low voltages do not
necessarily lead to large overall IC at more elevated
voltages preferred for energy storage.
The experimental study of Largeot et al.56 using CDC

nanoporous electrodes and a RTIL electrolyte showed
that the 2ICcap doubles from ∼7 μF/cm2 in mesoscale
pores to 13.5 μF/cm2 in subnanometer (0.7�0.8 nm
wide) pores. To the best of our knowledge this phe-
nomenon has not yet been quantitatively reproduced
by simulations. Simulations based on coarse-grained
models90,91 or on the classical density functional
theory72,74,76 can predict large capacitances; however,
these predictions are qualitative because many ap-
proximations and simplifications for the ion�ion and
ion�surface interactions are used. Simulations with
atomistically detailed force fields on the other hand,
should provide a better quantitative assessment of the
agreement between theory and experiment. However,
previous simulations that showed IC up to ≈9.5�10
μF/cm2 for electrolytes inside nanopores predicted the
flat open surface electrode capacitances of ≈6.5�7
μF/cm2; therefore, the relative enhancement in nano-
pores was limited to only 40�50%.61,65 Also, our recent
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study of RTIL electrolytes in nanopores87 predicted a
similar extent of the relative enhancement in ICcap.
Therefore, previous simulations using chemically rea-
listic models were not able to capture both the extent
of the relative capacitance enhancement (i.e., the
ratio between ICcap(nanopores) and ICcap(flat open
electrodes)) and the magnitude of the maximum
capacitance 2ICcap obtained for nanoporous electrodes
in experiments.56,93

The apparent discrepancy between simulations and
experimental observations indicates that the current
understanding of the phenomena occurring with RTIL
electrolytes inside charged nanoconfined environ-
ments may still be incomplete. Using advanced mo-
lecular simulation tools and chemically realistic force
fields we have investigated a series of common RTIL
electrolytes and a variety of nanoporous electrode
structures in order to establish correlations between
the variations in structural characteristics of compo-
nents (i.e., chemical structure of electrolyte ions, shape
and width of nanopores, electrode surface roughness,
etc.) and the resulting EDL capacitance. Analysis of
these correlations and charge storage mechanisms
allowed us to identify key phenomena contributing
to the enhancement of charge storage in superca-
pacitors with nanostructured electrodes. This work
also allowed us to determine key factors that lead to
a capacitance enhancement and to rationalize a
quantitative agreement of capacitances predicted
from simulations with experimental data. Our results
show that nanoconfinement and nanopore surface
roughness are equally important for the capacitance
enhancement and that their intrinsic dependence

on the nanopore size must be carefully taken into
account.

RESULTS AND DISCUSSIONS

In this work we have considered electrolytes com-
prised of several commonly utilized RTILs: 1-alkyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide
([Cnmim][TFSI], n = 2, 4, 8), 1-ethyl-3-methylimidazolium
salt of bis(fluoromethylsulfonyl)imide ([C2mim][FSI]),
1-butyl-3-methylimidazolium hexafluorophosphate
([C4mim][PF6]) and N-propyl-N-methylpyrrolidinium
bis(fluorosulfonyl)imide ([pyr13][FSI]). The electrodes
were comprised of carbon atoms and were consid-
ered purely conductive. For slit pore geometry with
atomically flat surfaces the nanopore walls were repre-
sented using two graphene sheets. Cylindrical nano-
pores were represented using (n,m) carbon nanotubes
with n =m and values of n,m indices ranging from 6 to
15. Nanopores with atomically rough walls were repre-
sented as edge-exposed stack of graphene layers. By
changing the offset in stacking of graphene layers we
were able to manipulate with the extent of the nano-
pore surface roughness. Scheme 1 shows the chemical
structure of cations and anions as well as illustrates the
electrode structures used in this work.

Charge Storage in Slit Nanopores. We begin with the
analysis of systems with symmetric electrodes contain-
ing slit nanopores that have identical widths and
depths (i.e., the volume accessible for electrolyte is
the same on each electrode). In these systems the
nanopore walls are comprised of atomically flat gra-
phene layers. Since the charge storage by the capacitor
is directly proportional to the IC and the applied

Scheme 1. Chemical structures of cations and anions comprising electrolytes, structures of nanoporous electrodes, and a
snapshot of the simulation cell setup investigated in this work.
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potential we focus our analysis on examination of
the capacitance dependence as a function of applied
voltage.

Integral Capacitance versus Nanopore Width. First
we summarize the influence of pore width on the EDL
capacitance for several common RTILs inserted in slit
pores. The pore widths varied from 7.3 to 12 Å. The
potential difference between electrodes was set to
2.8 V. This particular value of the potential was chosen
because it is sufficient to repel the co-ions from the
nanopores (leaving inside the pores a counterion-rich
phase) and it is within the electrochemical stability
window for the majority of common RTILs. Pores
tighter than 7.3 Å are less interesting from a practical
viewpoint since most of the ions comprising common
RTILs are too large to intercalate in such narrow pores.
Pores wider than 12 Å show oscillations in capacitance
dependence on pore width (the amplitudes of those
oscillations are about ∼10�15% compared to values
on the flat surfaces)60,72,91 and, hence, are not sufficient
to significantly enhance the capacitance.61,74,94 There-
fore, we limit our study to nanopores widths below
1 nm where we expect to see a significant increase in
capacitance.

Figure 1 shows the 2ICcap as a function of the pore
width for [pyr13][FSI], [Cnmim][TFSI] n = 2, 4 and 8, and
[C4mim][PF6] electrolytes obtained from our simula-
tions. As the nanopore width decreases to ∼9�10 Å
there is a slight shallow minimum in capacitance,
which is the signature of oscillatory dependence
previously shown by analytical theories72,73 and
simulations.61,64 Upon further reduction of the nano-
pore width a sharp increase of capacitance with a
peak at width around 7.5 Å is observed showing a
noticeable capacitance enhancement compared to
values obtained for these RTILs on the basal plane
graphite surfaces.49,63,64 The largest relative capaci-
tance enhancement was observed for the [pyr13][FSI]

(7.6 μF/cm2 or 50% increase vs infinitely wide pore)
followed by [C2mim][TFSI] (7.0 μF/cm2 or 40% increase
vs infinitely wide pore). The [C8mim][TFSI] RTIL contain-
ing cations with bulkier alkyl tails has generated
a maximum of capacitance of 5.1 μF/cm2, which is
only 25% increase compared to a flat surface. The
[C4mim][PF6], on the other hand, showed very small
capacitance increase in the studied width range of
slit nanopores. Although the capacitance dependen-
cies on the nanopore width for slit pores obtained
from simulations show a qualitative agreement
with the experimental data that observed capacitance
enhancement,32,56 they clearly disagree quantitatively.
The relative enhancement compared to open structure
surfaces is only 50% in simulations while experiments
report∼100% enhancement. Also the maximum value
of 2ICcap is around 7�8 μF/cm2 in simulations, while
experimental values are ∼13 μF/cm2. Taking into
account that simulations (presented here as well as in
the literature) of different RTILs generate qualitatively
similar dependence of IC on pore dimensions, it is
reasonable to conclude that the capacitance enhance-
ment in nanopores with widths that are compa-
rable to ions dimensions is largely independent of ions
molecular details and therefore can be considered as a
generic feature due to nanoconfinement.

Integral Capacitance versus Applied Potential. Next
we examine the dependence of the total capaci-
tance (2ICcap) on the applied potential difference
(ΔU). Figure 2 shows 2ICcap for the slit nanopores
having a width of 7.5 Å which, according to Figure 1,
is an optimal dimension for most of the investigated
RTILs. At low voltages (ΔU < 3 V) the capacitance either

Figure 1. Total capacitance (2ICcap) as a function of pore
width as obtained from MD simulations for several RTILs
and computed at ΔU = 3 V for all electrolytes except
[pyr13][TFSI], for which it was computed at 2.8 V.

Figure 2. Dependence of the 2ICcap for different electro-
lytes as a function of potential difference between electro-
des (ΔU) containing symmetric 7.5 Å wide slit nanopores.
The inset compares the 2ICcap as a function of asymmetry in
cation and anion sizes (measured by the ratio of calculated
radii of gyration, see discussion in the text) compared for
different electrolytes at two voltages, ΔU = 3 and 5 V.
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slightly increases (e.g., for [C4mim][PF6]) or stays con-
stant. However, it begins to decrease monotonically
(almost linearly) at higher voltages for all electrolytes.
This capacitance decrease at higher voltages, where
the nanopore is filled only with counterions (see dis-
cussion below), is due to compression (densification) of
the counterions inside nanopores. The slope of the
2ICcap = f(ΔU) dependence at higher voltages is ex-
pected to correlate with the packing ability of coun-
terions under external electric field. Indeed, Figure 2
shows that the decrease of 2ICcap in theΔU = 4 to 10 V
range is not sharp and it has rather similar slope for
most RTILs except for [C4mim][PF6]. The observedweak
dependence of the capacitance on ΔU (with an aver-
age slope of about 0.4�0.5(μF/cm2)/V) implies that
voltages even as high as 9�10 V do not saturate the
nanopore with counterions and therefore still have
relatively high values of capacitance. However, at
ΔU > 7�8 V the capacitance for most RTILs reaches
the values corresponding to those observed on the flat
basal plane graphite electrodes,91,92 and therefore at
these high voltages, the nanoconfinement of electro-
lyte does not provide any capacitance enhancement.

The comparison of capacitances for different elec-
trolytes shown in Figure 2 raises an obvious question:
how the observed trend correlates with the cation/
anion size asymmetry? To address this issue we have
estimated ion sizes by computing an effective “radius
of gyration” (Rg) for each ion in bulk electrolyte. In this
calculation we used the location of atoms centers and
the corresponding atomic masses to calculate the
center-of-mass position and an effective Rg of the ions.
While for such small molecules the spherical symmetry
might not be the best approximation of ion dimen-
sions, the Rg should capture the trend in ions' relative
sizes. For the cations the following order of Rg

2 has
been obtained: C2mim (4.25 Å2) < pyr13 (4.46 Å2) <
C4mim (6.44 Å2) < C8mim (14.15 Å2), while for the
anions: PF6 (2.53 Å2) < FSI (3.62 Å2) < TFSI (6.69 Å2).
Using these values the extent of asymmetry of cation
and anion volumes comprising a given RTIL electrolyte
can be defined as Rg

2(cation)/Rg
2(anion). The inset in

Figure 2 shows the ICcap as a function of Rg
2(cation)/

Rg
2(anion) at 3 and 5 V for several electrolytes inside

the 7.5 Å wide nanopore. While there is some scatter in
the data, a generic trend can be observed: the larger
the asymmetry in cation/anion size, the lower the
capacitance. RTILs with relatively similar size cations
and anions (e.g., [pyr13][FSI] or [C2mim][TFSI]) have
systematically higher capacitance compared to RTILs
with more asymmetric ion volumes (e.g., [C4mim][PF6]
or [C8mim][TFSI]). The difference in capacitance be-
tween two electrolytes can be as much as 2 μF/cm2

indicating that tuning the electrolyte chemical struc-
ture for a given nanopore size and geometry can lead
to a capacitance increase of as much as 50%, which is
significant. This is comparable to the extent of the

capacitance enhancement obtained by changing
the nanopore width in our simulations of atomically
smooth slit pores discussed above.

Differential Capacitance. A further insight into the
mechanisms of charge accumulation as a function of
electrode potential can be gained from examining the
shape of the differential capacitance (DC) versus the
electrode potential. The DC was computed for several
RTILs inside 7.5 Å wide nanopores and is shown in
Figure 3. Panels 3a�c show that the RTILs based on
Cnmim cations (n = 2, 4, 8) have qualitative similar
dependences of DC, i.e., a camel-shaped DC with a
minimum near potential of zero charge (PZC) and two
maxima at higher voltages. We would like to point out
that the observed dependences of DC are noticeably
different from those generated by open structure flat
surfaces that showed almost no dependence on
voltage.95 The U-shaped minimum at lower voltages
is very pronounced. In contrast, the [pyr13][FSI] gener-
ated an overall bell-shape DC with a broad maximum
near PZC followed by an abrupt decrease of DC at
electrode potentials of about(2 V (see Figure 3d). The
difference in the behavior between Cnmim- and pyr13-
based electrolytes is related to the difference in the
mechanisms of electrolyte composition change inside
the pore upon charging. RTILs containing Cnmim
cations showed an abrupt expulsion of co-ions from
the nanopore leading to sharp changes in ion compo-
sition and densities inside the pore (see discussion
below) with increasing voltage. In [pyr13][FSI], on the
other hand, the charge separation inside nanopores
was occurring through monotonic swapping of ions
and smooth change in composition with increasing
voltage. Similar phase transitions inside nanopores
were previously predicted and discussed by Kiyohara
et al.96,97 and by Kondrat et al.89 in their modeling of
systems comprised of spherical ions. In the case of the
Kiyohara�Sugino�Asaka97 transition, a pore empty at
PZC (not wetted by electrolyte) is abruptly filled with
counterions after electrode voltage exceeds some
larger value. In contrast, in the Kondrat�Kornyshev89

transition, the nanopore is initially wetted by electro-
lyte and is filled with both ions at PZC. As the potential
increases then at some larger voltage, the co-ions are
abruptly expelled from the nanopore (i.e., cations
and anions are demixing). Our study shows that the
chemical structure of RTILs plays an important role in
determining what type of transition occurs inside the
nanopore. Specifically, the RTILs based on the Cnmim
cations show a Kondrat�Kornyshev89 transition, while
[pyr13][FSI] RTIL shows a continuous (albeit at some
voltages a relatively sharp) change in ion composition
inside nanopore as a function of the electrode poten-
tial, which is similar to that observed by Kondrat et al.
using Monte Carlo simulations.90 Although not ob-
served for the pores studied here, the Kiyohara�
Sugino�Asaka97 type of transition is expected to occur
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if the nanopore dimensions are reduced even further,
hence increasing the steric repulsion of the ions by the
nanopore walls, or if the nanopore walls are chemically
modified such that it reduces the favorable interaction
with electrolyte and leads to dry pores at PZC. For
example, in some systems containing 1D-chain arrays
we have observed such behavior on negative electro-
des when the spacing between the chains was smaller
than 7 Å.

For RTILs with TFSI anionwe have compared several
Cnmim cations (Figure 3a) with different length of the
alkyl tails. Electrolytes with ions having longer alkyl tails
are of practical interest due to their lower freezing or
vitrification point inside the nanopore.98 Therefore,
while increasing the length of the alkyl tail can reduce
the capacitance as well as increase their viscosity,
which is detrimental to the fast charging/discharging
rates, these electrolytes might have an advantage for
applications at lower temperatures. The increase of the
cation alkyl tail decreases the overall DC (and IC)
because of (i) the excluded volume effect (the more
voluminous cation with longer alkyl tail results in the
packing of fewer ions inside the nanopores and (ii) the
increasing asymmetry between cations and anions in
symmetric nanopores can lead to a mismatch in the

capacitance enhancement on individual electrodes
and, hence, to a lower total capacitance. However,
aside from the systematic lowering of DC, the increase
of Cnmim alkyl tail does not have a dramatic effect on
the overall shape of DC. This behavior can be rationa-
lized by the fact that mostly nonpolar alkyl groups do
not polarize the electrode surface and cannot contri-
bute to the charge storage, i.e., their main contribution
inside the pore is an excluded volume effect.99 There-
fore, at PZC, the actual density of ionic groups at the
nanopore surface is relatively small, but as the elec-
trode potential increases, the ionic groups replace the
alkyl tails on the surface and hence, the overall density
of ions (and DC) is increasing.

For the Cnmim-based RTILs the broadness of the
minimum (or the separation between voltages corre-
sponding to DC maxima) depends on the anion struc-
ture. For example, for [C4mim][TFSI] we observe
the maxima in DC at �1.5 V and þ2 V. Replacing TFSI
anion with a smaller PF6 increases the potential spread
between the maxima at �1.8 V and þ2.5 V (see
Figure 3b). Similarly, in the [C2mim][FSI] the potential
for the maximum on the negative electrode is shifted
by almost �1 V compared to that in [C2mim][TFSI]
electrolyte (see Figure 3c). Note that these pronounced

Figure 3. Differential capacitance as a function of electrode potential for various electrolytes inserted in slit pores with 7.5 Å
width.
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maxima in DC are only observed in the narrow, sub-
nanometer size pores. In wider pores (e.g., 12 Å wide),
the DC vs the electrode potential is almost featureless
and shows only a weak dependence on the electrode
potential.92 Hence, the peaks in DC shown in Figure 3
are primarily responsible for the total capacitance
enhancement (shown in Figure 1) upon reduction of
nanopore dimensions. However, the mismatch in the
location of these peaks on the negative and positive
electrodes means that for a fixed potential difference
ΔU it is unlikely that both peaks in DC will be included
(assuming values ofΔU∼ 3�4 V that are typically used
in practice), and hence, the capacitance enhancement
will be only coming from one of the electrodes. For
example, lets consider Figure 3a and assume ΔU = 3 V
with approximately symmetric potentials of (1.5 V on
each electrode. For [Cnmim][TFSI] RTILs this range of
electrode potentials on the negative side includes the
entire peak in DC, and therefore, the negative elec-
trode shows strong contribution to the integral capac-
itance enhancement. However, on the positive elec-
trode, the DC peak is outside of this range of electrode
potential (the peak is located in the 1.5�3 V range)
leading to no enhancement of the capacitance on the
positive electrode for these RTILs at ΔU = 3 V. There-
fore, even if on the negative electrode the applied ΔU

results in an increase of IC� by a factor of 2, because the
total capacitance of the cell is defined as 1/ICcap =
1/ICþþ1/IC�, the increase in the ICcap will only be
∼33% as the ICþ is not increasing. In order to obtain
the capacitance enhancement from both electrodes
and to maximize the ICcap for RTILs shown in Figure 3a,
a ΔU ∼ 6 V that would include both peaks in DC is
necessary. However, such large voltage might be out-
side of the electrochemical stability of [Cnmim][TFSI].

Mechanism for Capacitance Enhancement in Narrow

Nanopores. In order to understand the shape of theDC
dependence on the electrode potential we have ana-
lyzed the change in ion density and the composition
inside the nanopores as a function of the electrode
potential. Figure 4 shows the ions density inside the 7.5
Å wide nanopore as a function of electrode potential
for [C2mim][FSI] (left column), [C4mim][TFSI] (middle
column), and [pyr13][FSI] (right column). The top row of
panels shows the average density of each ion type as
well as the total density of both ion types inside
nanopore. At PZC the total density of ions is reasonably
high indicating that these electrolytes show good
wetability of the nanopore in the uncharged state. As
the magnitude of the electrode potential increases,
two regimes can be distinguished: (1) a potential
window where a swapping of co-ions and counterions

Figure 4. Ion densities inside nanopore (upper horizontal panels a,d,g), percentage of ions inside nanopore (middle
horizontal panels b,e,h) and DC as well as the total excess charge inside nanopore (bottom panels c,f,i) as a function of
electrode potential. The left column (a,b,c) are for [C2mim][FSI], the middle column (d,e,f) are for [C4mim][TFSI], and the right
column (g,h,i) are for [pyr13][FSI] electrolytes. All data are from systems symmetric electrodes with 7.5 Å wide slit nanopores.
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occurs upon changing the voltage, and (2) after the
complete expulsion of co-ions from the nanopore, a
densification of counterions is observed upon further
increase of electrode potential magnitude. Depending
on the chemical structure of the electrolyte, the coun-
terion/co-ion swapping can have either a monotonic
(i.e., almost linear) dependence on voltage, as it is in the
case of [pyr13][FSI], or it can have a more abrupt depen-
dence with a sharp depletion of co-ions upon small
changes in voltage (e.g., as observed for [C2mim][FSI]
and [C4mim][TFSI]). Note that in most systems, the total
density of ions is decreasing during the co-ion expulsion
process (see Figure 4a,d,g) and only after the co-ions
havebeencompletely expelled fromnanopores, the total
ion density begins to increase again and eventually
reaches values that are higher than initial values near
PZC. The abrupt changes in ion density and composition
inside charged nanopores have been discussed in more
detail in previous works.65,89,92,96,97

The discussed above changes in ion density and
composition inside nanopores are strongly correlated
with the features observed in DC. Figures 4c,f,i show
the corresponding DC and the deviation of the total
electrolyte charge density (from its value at PZC) inside
the nanopore as a function of electrode potential. The
observed strong peaks in DC for [C2mim][FSI] and
[C4mim][TFSI] coincidewith the voltageswhere a sharp
co-ion demixing from counterions and their expulsion
from nanopore is observed (marked by vertical lines).
In the [pyr13][FSI] electrolyte, however, the absence of
such abrupt changes in electrolyte composition inside
nanopore is consistent with the relatively broad,
bell-shape DC behavior near PZC. It is then interesting
to analyze how the voltage at which the abrupt
change in electrolyte composition is observed (due to
co-ion expelling) depends on the electrolyte chemical
structure. For example, the comparison of [C2mim][FSI]
(Figure 4a,b,c) and [pyr13][FSI] (Figure 4g,h,i) shows
that complete expulsion of the FSI anion occurs ap-
proximately at the same electrode potential of �1.9 V,
yet on the positive electrode it takes only þ0.9 V to
deplete the pyr13 cation from the nanopore while it
takes þ2.3 V to remove the C2mim co-ion. In the
[C2mim][TFSI] and [C2mim][FSI] the co-ion expulsion
on the positive electrode occurs approximately at the
same voltage while on the negative electrode they are
different by ∼1 V. This illustrates that while the coun-
terion is the dominant component of the electrolyte
inside the charged nanopore, the chemical structure of
the co-ion (i.e., the minority component) significantly
affects the co-ion expelling process and, hence, the
location of peaks in DC. Of course, in systems with co-
ions of significantly different shape and size (e.g., TFSI
vs PF6 anions), the ability of the counterion to pack
inside the nanopore will also influence the DC (com-
pareDCon the positive electrode for [C4mim][TFSI] and
[C4mim][ PF6], Figure 3b).

Slit Nanopores with Asymmetric Volumes. The re-
sults reported above for the symmetric slit nanopores
indicate that due to the asymmetry in the co-ion and
counterion chemical structure (i.e., the ions' shape, size,
and charge distribution) the maxima in DC occur at
different voltages on the positive and negative elec-
trodes and therefore, it is hard to expect the capaci-
tance enhancement (inside narrow nanopores) to
occur at equivalent magnitudes of electrode voltages
on both electrodes. The symmetric electrode setup
might not be optimal for ions with asymmetric shapes
and volumes as the less voluminous ions are likely to
require less space inside the charged nanopore than its
larger counterion. Indeed, Figure 2 shows that RTILs
with more asymmetry in ion sizes generated smaller
capacitances. On the other hand, these ions also have
very different geometry and molecular charge distri-
butions, and therefore, the question is whether this
tendency is simply related to the ion volume asymme-
try and to the fact that in symmetric nanopores there is
too much volume provided for the less voluminous
counterion. In other words, can the capacitance be
further enhanced by manipulating with nanopore
volumes on the positive and negative electrodes to
offset the asymmetry in the volumes of cation and
anion comprising electrolyte?

To investigate this we have set slit nanopore elec-
trodes with a different ratio of volumes accessible for
electrolyte in the positive and negative pores (V�/Vþ).
In this set up we kept the width of the nanopore
the same (7.5 Å) but changed the depth of one of
the nanopores to allow the desired V�/Vþ ratio. The
assumption in this approach is that the charge con-
servation requires that the total amount of charge
accumulated in the positive pore is equal and oppo-
site in sign to the total charge in the negative pore.
Therefore, the composition inside the nanopore on
one electrode is not independent from the electrolyte
composition on the opposite electrode. In the nano-
pore with smaller counterion there is enough free
volume that can accommodate extra cation/anion
pairs. These extra cation/anion pairs do not change
the amount of accumulated charge but the presence of
few additional co-ions can reduce the repulsive inter-
actions between counterions (which are in excess).
Therefore, by reducing the volume of the nanopore
containing smaller counterionsweprovide less volume
for these counterions (e.g., FSI anion in [pyr13][FSI]
electrolyte inside the positive nanopore) which can
lead to co-ion expulsion from the pore at lower volt-
ages and either increase the value of DC or shift the
peak in DC closer to PZC.

Figure 5 shows the density of ions and fraction of
counterions for [C8mim][TFSI] inside the negative and
positive (7.5 Å wide) nanopores with asymmetric V�/Vþ

ratio of volumes as a function of applied potential
differences. As we discussed above the C8mim cation is

A
RTIC

LE



VATAMANU ET AL. VOL. 9 ’ NO. 6 ’ 5999–6017 ’ 2015

www.acsnano.org

6007

noticeably larger than TFSI anion and hence, this elec-
trolyte can be a good case for testing the correlations
between cation/anion and positive/negative pore
volume asymmetries. As we can see from Figure 5
the asymmetry in nanopore volumes certainly makes
influence on the counterion packing. For example, left
panels show the data for the negative nanopore in
which the C8mim cation is the counterion. If this pore
volume is smaller than the volume of the positive
nanopore (e.g., V�/Vþ = 0.5) it allows to accumulate
more C8mim counterions per surface area of the pore
compared to the symmetric nanopore case (V�/Vþ =
1.0). Also the co-ion expulsion from nanopores occurs
at lower voltages (see top panels which show the
percentage of the counterions inside the nanopore).
However, on the positive pore the same ratio of
nanopore volumes causes an opposite effect: the
density of TFSI anions is decreasing inside the nano-
pore, and the co-ion expulsion from the pore is shifted
to higher voltages. If the ratio of nanopore volumes is
reversed then an opposite effect is observed.

The trends in Figure 5 show that favorable effects
inside one nanopore (i.e., the increase of counterion
density and lower potentials for co-ion expulsion) are
offset by unfavorable changes on the other electrode
when the asymmetry in volumes of electrode nano-
pores is introduced. Then the question is can this effect
be used to further enhance the capacitance? More
detailed examination of Figure 5 shows some promise.

For example, for V�/Vþ = 2.0 atΔU = 3 V the drop in the
density of the C8mim ions in the negative pore is less
than 0.1 #/nm2 compared to symmetric slit pores. Yet,
the increase of TFSI density in the positive nanopore
at the same voltage is about 0.2 #/nm2. Therefore,
it is possible that the total capacitance will have
some enhancement. Indeed, Figure 6a supports this
supposition and shows the total capacitance for the
[C8mim][TFSI] electrolyte in electrodes with 7.5 Å wide
pores with different V�/Vþ ratios. At low voltages the
influence of V�/Vþ is not obvious; however, at ΔU >
2.5 V a clear trend is emerging. Systems with large
volumes for the negative pores (V�/Vþ > 1.0) show
systematically higher capacitance compared to sym-
metric case, while systems with V�/Vþ < 1.0 show a
noticeable drop in the capacitance. For example, at the
potential difference of 3.75 V the IC increases from
4 μF/cm2 for V�/Vþ = 0.5 to∼5.3 μF/cm2 for V�/Vþ = 2,
which is about 30% increase in capacitance. This
trend is consistent with the above-discussed mecha-
nism. Systems with a larger negative nanopore volume
(compared to positive nanopore volume) allow to
compensate the corresponding counterion size differ-
ence and hence to increase the overall number of ions
intercalating inside nanopores at a given applied
voltage. However, for electrolytes comprised of similar
size ions, such as e.g., [pyr13][FSI], the deviation from
symmetric volumes for the positive and negative
nanopores would likely lead to either a negligible

Figure 5. Average density of ions in [C8mim][TFSI] and the fraction of counterions inside the 7.5 Å wide negative (left panels)
and positive (right panels) nanopores with asymmetric volumes as a function of applied potential difference.
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changeor a reduction of the total capacitance. Figure 6b
shows the total capacitance for the [pyr13][FSI] at differ-
ent voltages as a function of V�/Vþ. While there is
some small enhancement at low voltages and
small volume asymmetry, overall the deviation from
V�/Vþ = 1.0 ratio in either direction leads to reduction
of the capacitance.

The observed trends for nanopores with asym-
metric volumes have an important consequence.
The electrolyte composition and density inside nano-
pores on one of the electrodes is not independent from
the electrolyte structure and composition on the other
electrode. The composition of the inserted electrolyte
is not only determined by the cation�anion and
the electrode�electrolyte interactions, but also by
the ratio of accessible (for electrolyte) volumes avail-
able inside nanopores on both electrodes. This means
that the optimization of the total capacitance of the
capacitor requires tuning of both the (positive and
negative) electrodes and the electrolyte at the same
time such that the available nanopore volumes on
each individual electrode are corresponding to the
“excluded volumes” of the counterions inside
nanopores.

The Role of Electrolyte Nanoconfinement in the

Capacitance Enhancement. All simulations of slit nano-
pores discussed above showed a total capacitance of
up to 8 μF/cm2 (or <50% enhancement compared
to infinitely wide pore). Yet, experimental works have
reported values of ∼13 μF/cm2 (or >100% enhance-
ment relative to the infinitely wide pore) for typical
RTILs.31,33,49,56 If the screening of ion interactions due
to the nanopore wall polarization and the consequent
denser packing of counterions inside slit nanopores
(superionic states)89 was the only driving force for the
capacitance enhancement, the simulation predictions
should be consistent with the observed experimental

data. In order to achieve 13 μF/cm2 at 2.5 V, a charge
density on the nanopore surface of about 1e/nm2

would be required. To generate such surface charge
density the inserted layer should contain a counterion
excess density of ∼2 ions/nm2. However, as shown in
Figure 4c,d,i to achieve these values of excess charge
typically requires a driving force corresponding to
ΔU > 6 V. The impossibility of reaching 13 μF/cm2

(purely non-Faradaic) for ΔU ∼ 2.5�3 V in atomically
flat slit nanopores for typical RTILs can be further
understood from the dependence of the individual
and total densities of ions on applied voltage. Figure 4
upper panels show that near PZC, as the electrode
potential values increase, the total density of ions often
decreases (by as much as ∼25�30%) upon reaching
the voltage where the co-ions are expelled. There-
fore, at ΔU ∼ 2.5�3 V the typical excess density of
counterions inside the nanopores is on the order
1.0�1.2 ions/nm2, which is not large enough to gen-
erate the required countercharge for the 13 μF/cm2

capacitance observed in experiments. Figure 4 also
shows that after the expulsion of co-ions, the densifica-
tion of the counterions inside nanopores with increas-
ing the potential difference has almost a linear
dependence with a relatively small slope.

The decrease of the total density at the phase
transition voltage is important because it implies that
although an extra free space is created due to co-ion
leaving the pore, this space is not refilled by counter-
ions at these voltages. In other words, the screening
of electrostatic repulsion between counterions by the
conductive nanopore walls is only strong enough to
maintain elevated (or only slightly increased) densities
of counterions, but it is not strong enough to allow
refilling of all available space created by co-ion expul-
sion. Then it is not surprising to observe that the
counterion condensation mechanism responsible for

Figure 6. (a) The dependence of 2ICcap on voltage and on the ratio between the available volume of the negative and positive
nanopores for [C8mim][TFSI] electrolyte. (b) The dependence of 2ICcap on the ratio between the available volume of the
positive and negative pore for [pyr13][FSI] electrolyte for an asymmetric electrode setup where the available nanopore
volumes on the positive and negative electrode were not equal. The integral capacitances were computed at three voltages.

A
RTIC

LE



VATAMANU ET AL. VOL. 9 ’ NO. 6 ’ 5999–6017 ’ 2015

www.acsnano.org

6009

the charge accumulation at voltages above co-ion
expulsion (i.e.,ΔU > 4 V) is a slow (vs potential) process
leading to a monotonic decrease of capacitance with a
rate of≈0.4�0.5(μF/cm2)/V as the voltage increases up
to 10 V (see Figure 2). The Superionic states predicted
by the Kondrat and Kornyshev model,89 consisting of
densely packed counterions with the density close to
the packing limit, are possible in realistic RTILs. How-
ever, to reach the packing limit for the systems
studied here, larger voltages that, are likely to be
above the electrochemical stability, are needed. For
all electrolytes studied here inside the atomically flat
slit pores, the key mechanism to enhance the capa-
citance is the sharp expulsion of co-ions from nano-
pore at low (ΔU = 2�3 V) voltages. However, this
process of electrolyte composition change alone
(without additional counterion condensation) only
generates ∼50% of relative enhancement of capaci-
tance or ICs up to 7�8 μF/cm2 at the co-ion expulsion
potential (of about 2�3 V). Therefore, we conclude
that regular slit nanopores with atomically flat walls
cannot generate capacitances comparable to experi-
mental values (of around 13 μF/cm2) for realistic RTIL
electrolytes.

Influence of Nanopore Structure on Increasing the Capaci-
tances. The inability of the simulations using slit pore
geometries and electrolyte nanoconfinement effect to
reproduce the values and the extent of the capacitance
enhancement observed in experiments brings the
following question: are there any additional contri-
butions to the capacitance enhancement in realistic
systems that were not previously considered? There
are a number of factors that can contribute and are not
considered by our classical simulations. For example,
the electrode surfaces can contain dopants that
change the quantum capacitance of the electrode
material, or various electrochemical (Faradaic) pro-
cesses at electrolyte-electrode interface can be con-
tributing to the capacitance. However, the influence of
these factors is outside of the scope of this work. What
we want to address here is whether it is possible to
achieve experimental values of capacitance based on
conducting pores only. Experimentally investigated
carbon-based nanoporous electrodes have a much
more complex morphology of nanopores and surface
structure than we have considered in our simulations
using slit geometry with atomically flat surfaces. For
example, the CDC or activated carbons have a variety
of structural elements such as curved surfaces
and atomic scale roughness due to exposed edges
and even short strands of single carbon chains
(carbynes).100 All these structural motifs can influence
the EDL structure and the charge storage capabilities
as it has been shown previously in our works for open
structures (i.e., electrode surfaces exposed to bulk
electrolyte).100 Below we will investigate the influence
of these structural characteristics on EDL capacitance

inside nanopores, therefore combining the electrolyte
nanoconfinement effect with curvature and surface
roughness of electrode nanopores.

Cylindrical Nanopore. First we examine the influ-
ence of curvature on the capacitance. Specifically, we
investigated the capacitance generated by insertion of
[pyr13][FSI] and [C2mim][TFSI] electrolytes inside car-
bon nanotubes. The nanopores were represented by
(6,6), (7,7), (8,8), (9,9), (10,10), (12,12) and (15,15) carbon
singlewall nanotubeswith corresponding diameters of
8.1, 9.49, 10.84, 12.2, 13.56 and 20.34 Å, respectively.
Figure 7 shows the 2ICcap as a function of nanotube
diameter for ΔU = 2 and 2.5 V. The pores were loaded
symmetrically; i.e., the positive and the negative pores
had equal pore diameters and equal volume accessible
to electrolyte. Interestingly, in contrast to observations
in slit pores, inside nanotube pores the [pyr13][FSI]
generated slightly smaller capacitances than the
[C2mim][TFSI] indicating that pore geometry plays a
role in defining the capacitance enhancement. In fact,
the [pyr13][FSI] electrolyte barely shows any capaci-
tance enhancement upon reduction of the nanotube
diameter. For [C2mim][TFSI] we observe qualitatively
similar behavior as in slit nanopores, i.e., a capacitance
enhancement for pore diameters that are comparable
to ions dimensions. The enhancement occurred at the
applied potentials where the counterions and co-ions
almost completely separate during the insertion into
the pore generating a confined electrolyte phase rich
in counterions. The overall capacitances (normalized
per surface area) are slightly smaller in the cylindrical
pores than in slit pores of similar widths (as expected
from simple steric considerations for these bulkier
ions), however, the magnitudes of capacitance are
similar, i.e., around 5�7 μF/cm2, which is still noticeably
lower than the experimental values for typical nano-
porous carbon-based electrodes. Note that if the ca-
pacitance is calculated per volume accessible for
electrolyte inside the nanopore, the cylindrical pores

Figure 7. Dependence of 2ICcap on the diameter of cylind-
rical nanopore obtained for two RTILs at two different
applied voltages.
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generate systematically larger capacitance compared
to slit pore geometry due to intrinsic difference in
surface to volume ratio for these geometries.

Slit Nanopores with Rough Surfaces. Next we inves-
tigate the capacitance enhancement in nanopores
with atomically rough surfaces. Previously we showed
that nanopatterning of electrode surfaces with atom-
ically rough textures of dimensions comparable to
ions' size can generate capacitances that are about
50% larger than the capacitance on atomically flat
surfaces.101�103 Similar effect of surface roughness
was recently observed for ionic solutions by Ho et al.104

We previously showed that the rough edges promote
large local electrostatic fields near the electrode sur-
face. These local fields facilitate the ion separation in
the EDL at lower voltages, which leads to higher
capacitances.102 Therefore, here we explore the com-
bined effect of pore surface roughness and nanocon-
finement on the capacitance enhancement for
[pyr13][FSI] and [C2mim][TFSI] electrolytes. For this
study the rough pore was built from two prismatic
faces of graphite having a depth of the surface pattern
D = 5.1 Å and a distance H = 7.3 Å between graphene
planes comprising grooves (see Scheme 1). This parti-
cular surface topography was chosen based on our
previous investigations102 that showed significant in-
crease of IC for this surface pattern exposed to bulk
electrolytes (i.e., open structures).

Figure 8 shows the 2ICcap for [C2mim][TFSI] as a
function of the nanopore width (L) for ΔU = 2, 2.5, and
3 V. The dependence of the capacitance on the nano-
pore width for atomically rough pores is qualitatively
similar to that of the smooth slit pores, specifically: (i) it
has amaximum at small width, (ii) it has aminimum for
pore widths between 12 and 14 Å, and (iii) it remains
almost constant for larger separations. The increase in
capacitance in narrow pores again strongly coincides
with the co-ion expulsion from nanopores. However,
the nanopores with rough surfaces require lower
voltages to expel the co-ions from the pores.
The maximum 2ICcap of 11.4 μF/cm2 was observed at
ΔU = 2 V decreasing to ∼10 μF/cm2 at ΔU = 2.5 V and
9 μF/cm2 atΔU = 3 V. Also themaximumof IC is broader
(i.e., it is extended over ∼2 Å) than it is the case for flat
(slit) pores. The [pyr13][FSI] electrolyte was investigated
only at one pore width (L = 10.4 Å) and has generated
capacitance of ∼9 μF/cm2 at all three voltages suggest-
ing that the particular pore/surface pattern geometry
might not be the optimal for this electrolyte.

In order to understand why the nanopores with
rough surfaces generate larger capacitances than
those with flat surfaces, we compare the ionic density
and the composition of [C2mim][TFSI] inserted in the
optimal slit and in rough pores. We found that the
mechanism of the capacitance enhancement (ion se-
paration versus densification) can be voltage depen-
dent as shown above. For the rough geometry at a

potential difference between electrodes of 2 V, both
the positive and the negative pore generate a total
layer density of 1.36 ions/nm2 containing >99% coun-
terions. In contrast, in the nanopore with flat walls
there are still 20% of co-ions in the negative pore and
30% of co-ions in the positive pore at this voltage. The
counterion excess density is 0.86 ions/nm2. However,
at ΔU = 2 V the total electrolyte density was larger in
the slit pores than in the rough ones. The latter is due to
the presence of co-ions that can screen out the repul-
sion between counterions and allowing overall denser
packing of ions. Therefore, at 2 V the enhancement in
capacitance in rough pores (vs smooth flat pore
geometry) comes primarily from a better separation
of counterions triggered by the rough edges of nano-
porewalls rather than from the additional densification
of the electrolyte. At ΔU = 3 V however, the screening
becomes sufficiently strong to separate (almost) com-
pletely the counterions in both slit and rough nano-
pores and to condense the counterions. The total
density at ΔU = 3 V inside the negative electrode was
1.37 ions/nm2 for the slit geometry and 1.58 ions/nm2

for the rough pore. Therefore, at ΔU = 3 V the addi-
tional enhancement of capacitance in rough pores
comes from the increased density of counterions in-
side nanopores.

Single Chain Structural Elements. Next we examine
the nanopores comprised of 1D-chains. The presence
of short segments of single C-chains was suggested in
TiC�CDC and B4C�CDC electrodes.105 Furthermore,
such structural motifs also might be found in conduc-
tive polymers or porous carbides containing hetero-
atoms.100,106�109 From the point of view of the electro-
chemical stability, the 1D-chains are expected to be
less stable than the strongly bonded 2D networks. On
the other hand, nanopores containing 1D-chains have
the advantage of increased exposed SSA and therefore
this electrode configuration can reveal the possible
upper limits of non-Faradaic energy densities. For our
purposes such electrode geometry models nanopores

Figure 8. Dependence of 2ICcap on nanopore width (L) for
ΔU = 2, 2.5, and 3 V for [C2mim][TFSI] inside atomically
rough nanopores.
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with structural elements that have extreme atomic
scale roughness and curvature. Previousworks showed
that cylinders with radius larger than 3 Å generate only
amodest increase in capacitance,110 however, decreas-
ing the radius of cylinder to the limiting case of 1D-
chains significantly increases the non-Faradaic capaci-
tances.111 The utilized simulation setup is illustrated in
the snapshots of Figure 9. The geometry of positive
and negative pores were the same. The distance L
between chains, which is an effective measure of pore
width, varied from 6.6 to 8.0 Å. The pores were
considered as conductors, which is a reasonable
approximation for realistic systems that have their
electronic conductivity significantly increased by dop-
ing with heavy elements.112,113

Shown in Figure 9 is the 2ICcap as a function of pore
width (L) for [C2mim][TFSI] and [pyr13][FSI] electrolytes
and potential difference of 3 V between electrodes. For
these pores, we observe a relatively broadmaximum in
capacitance versus pore width. The capacities gener-
ated by single wires are ≈240�250F/g.111 Therefore,
the extra-enhancement due to nanoconfinement re-
lative to the corresponding infinitely wide pore is
rather modest for these geometries, i.e., 10�15%.
Smaller relative capacitance enhancements for this
geometry (as compared to slits) could be explained
by the lower density of conductivematerial (porewalls)
that screens out the repulsion between counterions
inside the pore. Indeed, the volumetric density of the
pore atoms in Figure 9 was varied between 22 to 17 C
atoms/nm3 (or 0.43 to 0.34 g C/cm3). For comparisons,
the CDCs prepared by Largeot56 were twice as dense
(40 to 43 atom C/nm3), and the theoretical exfoliated
graphene with sheets separated by 7.5 Å (as in the
pores studied in previous sections) has a density of
conductive C of∼50 atom C/nm3 (or 1 g/cm3). In spite
of such sparser distribution of conducting electrode

atoms, in the electrodes comprised of 1D-chain arrays
there is still sufficient screening to keep the density of
counterions inside the pores sufficiently elevated at 3 V
and resulting in large non-Faradaic capacities of up to
300�310 F/g. For comparison in Figure 9 we also show
an estimated capacitance (per mass of electrode
material) that can be expected from exfoliated gra-
phite where each graphene sheet has both of its sides
exposed to electrolyte.

CONCLUSIONS

In order to understand the microscopic origin of the
capacitance enhancement for the entire capacitor
comprised of nanoporous electrodes and RTIL electro-
lytes, one have to consider two contributions: (i) the
intrinsic capacitance of the corresponding “open struc-
ture” (i.e., an infinitely wide pore) due to topography/
structure of nanopore walls and (ii) the additional
enhancement (relative to the infinitely wide pore)
due to the nanoconfinement effect. The open structure
for the slit and nanotube pores is a flat surface, and
recent experiments114,115 and chemically realistic
simulations116�118 showed that RTIL based electrolytes
on atomically flat surfaces generate capacitance be-
tween 4 and 6 μF/cm2. The simulations presented here
show that the enhancement of the capacitance due to
nanoconfinement in the subnanometer wide slits and
cylinders accounts for ∼30�50% increase in capaci-
tance relative to the corresponding open structure
and, hence, these pores are only capable to enhance
the capacitance up to ∼6�8 μF/cm2. Nanopores with
atomically rough walls generate larger capacitances,
up to 11�12μF/cm2, which is comparable to the values
observed in experiments. However, a significant part of
this enhancement comes from the intrinsically higher
values of the capacitance of atomically rough surfaces
in the open structure and not due to nanoconfinement.

Figure 9. Dependence of 2ICcap (in units of F/g electrode) on the nanopore widths for electrodes comprised of an array of 1D
chains. Also shown is the estimated dependence of [C2mim][TFSI] electrolyte inside an array of single graphene sheets.
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The capacitance enhancement in the rough pores
relative to their corresponding open structure is actu-
ally smaller (∼25%) than the relative enhancement
generated in slit pores. This is illustrated in Figure 10a
where the capacitances for two types of pores are
compared as a function of pore width.
Therefore, the experimentally reported capacitance

enhancement up to ∼13 μF/cm2 (i.e., ∼100% increase
compared to basal plane graphite) is likely not solely
due to nanoconfinement by smooth surfaces. For real
carbon based nanoporous structures, such as CDC
nanopores, it is possible that the extent of surface
roughness inside the pores depends on the nanopore
width i.e., the topography of the walls in the wider
pores might be geometrically different than in the
tighter ones. Indeed, examining snapshots of realistic
CDCs structures119�121 computed with the reverse
Monte Carlo technique,122 it appears that the walls of
wider nanopores are smoother, mademostly of slightly
curved graphene-like planes, and have a rather low
concentration of rough edges exposed to electrolyte.
In contrast, the tighter (subnanometer) CDC nanopores
clearly have a higher density of edges inside them. On
the basis of this observation and our conclusions
discussed above, we propose that the capacitance
enhancement shown, e.g., in ref 56 is likely originated
from the combined result of two effects: (i) the nano-
confinement and (ii) the change in the surface struc-
ture of the nanopore walls upon changing the
nanopore dimensions. The first effect leads to an
enhanced screening of ionic interactions due to the
polarization of the electrode walls as proposed by
Kondrat and Kornyshev. However, we believe that
the second effect is equally important to the ob-
served experimental enhancement. In the wider pores
(>1 nm), the walls of CDC nanopores are relatively
smooth and hence the charge storage and the

capacitance are similar to those observed in the MD
simulations using atomically smooth slit pores. For CDC
electrodes with narrower nanopores (<1 nm) we be-
lieve that the structure of the nanopore walls becomes
significantly rougher and that the second effect con-
tributes to the capacitance enhancement; i.e., the CDC
nanopores behave more like the atomically rough
nanopores simulated here and shown in Figure 10b.
For the nanopore structures and RTILs studied here, we
quantify that the increase in the surface roughness
contributes about 50% of the capacitance enhancement
(or on average∼3 μF/cm2) observed on CDC electrodes.

Figure 10. Comparison of integral capacitances obtained from simulations in atomicallyflat and rough slit pores as a function
of pore dimensions for [C2mim][TFSI] RTIL: (a) the total capacitance in nanopores normalized by the value obtained on the
open structure flat electrode, (b) the absolute values of capacitances. Also shown are experimental data from ref 56 obtained
for the same RTIL using CDC nanoporous electrodes.

Figure 11. Poisson potential across simulation cell for
systems containing [C8mim][TFSI] electrolyte inside sym-
metric electrodes with slit atomically flat nanopores (black
dash line) andasymmetric electrodeswith the slit geometry for
the negative electrode and atomically rough walls for the
positive electrode (solid red line). Also shown the split of the
total potential differenceΔU=3V intopotential dropbetween
each electrode and bulk electrolyte outside of nanopores.
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The results of this work indicate that the nanopore
dimension is not the only key structural design param-
eter that can be varied to optimize the energy storage
of EDL capacitors. The nanopore surface roughness
and the mismatch in the chemical structure, the size,
and the shape of the electrolyte cations and anions can
also be used for such optimization. All these param-
eters can be tuned to increase the IC on individual
electrodes as well as to minimize the asymmetry in IC(
contributions to the total capacitance ICcap. The asym-
metric response of RTILs on the negative and positive
nanporous electrodes also brings another practical
concern: the electrochemical stability of the electro-
lyte. Figure 11 shows the Poisson potential across
the simulation cell as obtained from simulations of
[C8mim][TFSI] electrolyte at a potential difference of
ΔU = 3 V. Even in the case of symmetric electrodes the
potential drop between the bulk electrolyte and the

electrode surfaces depends on the electrode polarity.
On the negative electrode, the electrolyte experiences
a 2 V potential drop, while on the positive electrode
only 1 V. Thedifferencebecomes evenmorepronounced
if an asymmetric electrode set up is used. In the particular
example shown in Figure 11 the nanopores on the
positive and negative electrodes have equal volumes,
but the surface roughness is quite different. This leads to
an almost 2.6 V potential drop on the negative electrode
andonly0.4Von thepositiveone. These largedifferences
in the electrode potential due to the asymmetric struc-
ture of ions and/or nanopores may promote the electro-
chemical decomposition of the electrolyte near the
electrode with a larger potential drop at applied poten-
tials ΔU that are lower than the nominal potential at
which the electrolyte is considered to be electrochemi-
cally stable on the flat electrodes with the symmetric
potential drops on the positive and negative electrodes.

METHODS
Simulation Protocol. The electrolytes were modeled using

a combined united-atoms/all-atoms nonpolarizable force-
fields presented and validated in our previous works for
[Cnmim][TFSI],123 for [pyr13][FSI],

124 for [C4mim][PF6],
116 and

for [Cnmim][FSI].95 Each system contained between 300 and
500 ionic pairs (depending on the system and the pore
geometry) which is sufficient to create a substantial amount
of bulk electrolyte separating two electrodes and hence to
ensure that the EDL structures formed on one electrode do
not influence the EDLs on the other electrode. The simulations
were performed using a methodology that allows imposing a
constant potential difference between electrodes. The nano-
pore walls were modeled as a conductor125,126 and treating the
electrode atoms as polarizable with their polarizabilities repre-
sented by Gaussian distributed charges with a width of 0.5
Å.125,127 Reed et al.125 and Sprick et al.128 showed that the width
of 0.5 Å for Gaussian charge distribution reproduces the well-
known phenomenological results for planar capacitors made of
parallel conductive plates. Also, it was shown that the electro-
static energy is almost independent of small variations in the
widths of Gaussian charge distribution.129 The electrode
charges were computed on-the-fly by optimizing the total
electrostatic energy via self-consistent iterations. Note that
the condition of minimizing the electrostatic energy in this
setup is equivalent to imposing a certain potential on the
electrode atoms and finding the set of electrode surface
charges that satisfy this constrain. The electrostatic forces were
computed utilizing smooth particlemesh Ewald adapted for the
2D geometry.130�133 Additional details regarding this simula-
tion method can be found in refs 134�138.

A time-reversible multiple time-step algorithm139 was uti-
lized to integrate the equations of motion with the following
time steps: a 0.5 fs step for forces from bonds and bends, a 2.5 fs
step for forces due to dihedrals and nonbonded interactions
within 7.5 Å cut off, and a 5 fs step for the remaining long-range
nonbonded interactions and the reciprocal part of electrostatic
interactions. The charge distributions on the electrode surfaces
were updated every 250 fs (i.e., the electrostatic energy mini-
mization step with constant applied potential difference
constrain). The temperature was controlled with Nose�
Hoover140 chain thermostat applied to each molecule
independently.141 The systems were prepared as follows: an
equilibrated bulk electrolyte was exposed to empty electrodes
with desired applied potential difference between the electro-
des but empty nanopores. The entrance to nanopores was
blocked by a repulsive gate wall. Then the electrolyte was

allowed to slowly enter the nanopore by moving the gate at a
rate of 1.5�2.0 Å/ns. The slow insertion of the electrolyte into
the charged pores helped to establish an equilibrium composi-
tion of ions inside the nanopore and prevent artificial trapping
of co-ions. After the electrolyte insertion, all systems were
equilibrated for several nanoseconds followed by production
runs over 12�25 ns.

Analysis. The trajectories generated from simulations were
used to calculate the density, spatial charge, and Poisson
potential profiles across the simulation cells. The Poisson po-
tential j(z) was obtained by integrating the Poisson equation
for the spatial charge density. The potential drop in EDL, UEDL,
was defined as the difference between the Poisson potential on
the electrode surface and in bulk electrolyte, UEDL= jelectrode �
jbulk. The potential drop within EDL at uncharged surfaces
defines the potential of zero charge (PZC) and the electrode
potential, U(, on individual electrodes was defined as the
difference between EDL potential drop and PZC, U( = UEDL �
PZC. The dependencies of the electrode charge surface density
(σ) vs potential Uelectrode obtained from simulations were used
to calculate (i) the differential capacity, DC, as the derivative of
electrode charge versus electrode potential, DC = dσ/dU(, (ii)
the integral capacitance of individual electrodes, IC( = σ/U(,
and (iii) the integral capacitance of the entire capacitor ICcap =
σ/ΔU, where ΔU is the dialed potential difference between
electrodes/pores. We estimate that the error bars for obtained
DC are not exceeding 10% while uncertainties for IC are even
smaller because it does not involve numerical approximation of
charge derivatives. The details of numerical procedures for the
calculation of DC and IC as well as the estimates of the error bars
can be found in our previous manuscripts.92,117

Note that the ICcap is about factor of 2 smaller than the
capacity of individual electrodes. To facilitate the comparison
we show twice the ICcap, 2ICcap = σ/(ΔU/2), which has a similar
magnitude as the electrode capacitance. Also, the experimental
works are often reporting the specific capacitance defined as
2ICcap, see e.g., ref 56, and therefore it allows a straightforward
comparison of our simulation datawith experiments. Analysis of
the total capacitance rather than the contributions from indivi-
dual electrodes has several advantages. First, the total capaci-
tance reflects the actual charge stored by the capacitor. While
individual electrodes can show quite different (asymmetric)
capacitance dependencies (due to, e.g., the defined potential
scale), it is more important if their combined effect results in a
capacitance increase. Second, the exact ICþ and IC� values
depend on the value of PZC and on the accuracy of the
integration of the Poisson potential, yet the computation of

A
RTIC

LE



VATAMANU ET AL. VOL. 9 ’ NO. 6 ’ 5999–6017 ’ 2015

www.acsnano.org

6014

the total capacitance does not require determination of PZC but
only the potential difference between the two electrodes.

Finally, for the considered atomically rough surfaces the SSA
was estimated by counting how many surface atoms are
exposed to electrolyte. For the considered here topography
the estimated SSAwas 1.85 times the cross-sectional area of the
system. In other words, the capacitances shown for rough
surfaces already take into account the intrinsic increase of the
accessible surface area with increasing surface roughness.
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