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ABSTRACT: Carbon nanotube (CNT) electrodes in super-
capacitors have recently demonstrated enhanced performance
compared to conventional carbon-based electrodes; however,
the underlying relationships between electrode curvature and
capacitance remain unclear. Using computer simulations, we
evaluate the capacitive performance of metallic (6,6), (10,10),
and (16,16) CNTs in [BMIM][PF6] ionic liquid (IL), with
particular attention to the relative contributions of the electric
double layer (EDL) capacitance (CD) at the CNT/IL interface
and the electrode quantum capacitance (CQ). Our classical
molecular dynamics simulations reveal that CD improves with
increasing electrode curvature, which we discuss in terms of
how the curvature affects both the electric field strength and EDL microstructure. In addition, the CQ of the CNTs is constant
near the Fermi level and increases with curvature, as also demonstrated by density functional theory calculations. Our study
shows that the electrode curvature effect on the total interfacial capacitance can be a strong function of applied voltage, which we
attribute to the shifting contributions of CQ and CD.

I. INTRODUCTION

Electrical double-layer capacitors (EDLCs), or supercapacitors,
are electrochemical energy storage devices that electrostatically
store charge at the electrode−electrolyte interface. These
devices have advantageous power densities and lifetimes
compared to other energy storage devices such as batteries.1,2

Recently, carbon-based materials (such as activated carbon and
graphene) have shown considerable potential as supercapacitor
electrodes due to their high specific surface area and good
electrical conductivity.1,3−7 In addition, room-temperature ionic
liquids8,9 (RTILs), “solvent-free” ions that are in the liquid
state, have attracted much interest as an electrolyte due to their
wide electrochemical windows, high chemical and thermal
stability, extremely low volatility, and nonflammability. EDLCs,
however, suffer from poor energy density, which has motivated
research into improving the capacitance of these devices.7−17

After Ijima’s seminal paper18 in 1991, interest in carbon
nanotubes (CNTs) has grown tremendously for a variety of
applications, including field-effect transistors, chemical sensors,
energy conversion devices, and energy storage devices.19,20 In
particular, the incorporation of CNT-based electrodes in
EDLCs have demonstrated superior performance compared
to conventional activated carbon electrodes.21−25 Recent
experimental work by Honda and co-workers has demonstrated
that the electrode topology, specifically different CNT
curvatures, can significantly impact the EDLC capacitance.22

While these studies can begin to elucidate the behavior of
EDLCs with various electrode topologies, our understanding of
the phenomena at the electrode−electrolyte interface is still

limited due largely to difficulties in experimental character-
ization at the molecular scale.
The majority of theoretical studies26−28 have focused on how

CNT pore sizes influence the double layer capacitance (CD),
yet few have investigated the role of the positive (or outer)
CNT curvature. Huang and co-workers developed a model
based on a classical geometric capacitor and suggested that CD

increases with decreasing CNT radius.29 From classical
molecular dynamics (MD) simulations, Feng and co-workers
also showed that a (5,5) CNT electrode results in at least a 30%
enhancement in capacitance compared to planar graphene
electrodes with 1-butyl-3-methyl-imidazolium hexafluorophos-
phate ([BMIM][PF6]) and [BMIM][Cl] ILs.30 A recent study
from the same group also predicted that the CD increases
nonlinearly with CNT curvature in [EMIM][TFSI] IL, with
symmetric behavior at the anode and cathode due to the
similarity in cation/anion size.31 A detailed analysis of the
impact of both different CNT curvatures and cation/anion
asymmetry on the EDL microstructure and CD, however, is still
lacking.
Recent experimental32,33 and theoretical34,35 works have also

indicated that the total interfacial capacitance (CT) of low-
dimensional carbon electrodesof which CNTs should be
includedstrongly depends on the relative contributions of CD

and the electrode quantum capacitance (CQ). In addition to CD,
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the CNT curvature can also influence CQ. Yet, the relative roles
of both CQ and CD in CNT-based EDLCs have yet to be
reported.
In this paper, we investigate the effect of electrode curvature

on the interfacial capacitance. Specifically, we study three
different metallic CNT [(6,6), (10,10), and (16,16)] electrodes
in [BMIM][PF6] IL using combined density functional theory
(DFT) and classical MD simulations. Our analysis is
particularly interested in understanding the relative contribu-
tions of CD and CQ as compared to pristine graphene
electrodes. First, we investigate the microstructure of [BMIM]-
[PF6] near the CNT electrodes by varying the electrode surface
charge density using MD simulations, and use the calculated IL
distribution to evaluate the potential variation and EDL integral
capacitance. Then, we employ DFT calculations to estimate the
CQ of the CNTs. Based on the calculation results, we discuss
the impact of electrode curvature on the capacitive perform-
ance, especially the curvature effect on CD and CQ in terms of
applied voltage.

II. METHODS

Classical Molecular Dynamics. We employed MD
simulations with the OPLS-AA force field36,37 to determine
the microstructure of [BMIM][PF6] near the (6,6), (10,10),
(16,16) CNTs and graphene electrodes; details on the force
field parameters can be found in ref 34. As illustrated in Figure
1, the CNT/IL simulation domain consists of [BMIM][PF6] IL
pairs surrounding two CNTs with periodic boundary
conditions in all three directions; each CNT represents one
positive and negative electrode to maintain charge neutrality.
Additional details about the simulations (e.g., radius and length
of the CNTs, size of the simulation domain, and number of ion
pairs) are shown in the Table S1. Note that we set the domain
large enough such that the electrolyte maintains bulk properties
at the middle and edges of the domain. For σ = ± 6.3 and
±12.7 μC/cm2, the C atoms of each CNT were assigned
uniform atomic charges. The graphene/IL system consists of
312 [BMIM][PF6] pairs between two graphene electrodes
(34.18 × 34.53 Å2) separated by 100 Å. For σ = ± 6.33 and
±12.67 μC/cm2, the C atoms in graphene were also assigned
uniform atomic charges.

We annealed and quenched each MD simulation initially at
1000 K for 0.5 ns followed by 0.5 ns at 300 K for two cycles,
and then further equilibrated for 3 ns at 300 K using a time step
of 1 fs. Production runs were carried out for 4 ns with atomic
positions recorded every 5 ps. All runs were in the NVT
ensemble with the target temperature controlled by a Nose−
Hoover thermostat38 with a 100 fs damping parameter. All MD
simulations were performed with the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) program.39

MD results reported herein were obtained from the average of
four independent simulations with different initial atomic
configurations.

Density Functional Theory. The atomic and electronic
structures of pristine graphene and each of the CNTs were
calculated using DFT within the Perdew−Wang 91 generalized
gradient approximation40 (GGA-PW91), as implemented in the
Vienna Ab initio Simulation Package41 (VASP). We employed
the projector augmented wave (PAW) method42 to describe
the interaction between core and valence electrons, and a
planewave basis set with a kinetic energy cutoff of Ecut = 400 eV.
The CNT structures were modeled using periodic boundary
conditions in all three directions; each of the supercells
contained 5 unit cells corresponding to 12.33 Å in length and a
vacuum space of at least 12 Å (in the radial direction to avoid
interactions with the periodic image). For the Brillouin zone
integration, we used a (1 × 1 × 12) Monkhorst-Pack43 k-point
mesh for geometry optimization and energy calculations and
increased the number of k-points to ensure convergence for
electronic structure calculations. Details on the calculations for
pristine graphene can be found in ref 34.

III. RESULTS AND DISCUSSION

A. Effect of Curvature on EDL Microstructure. The
integral EDL capacitance can be obtained from the relationship
between excess surface charge density (σ) and potential drop
within the EDL (ϕD); that is, CD = σ/(ϕD − ϕZ), where ϕZ is
known as the potential of zero charge (PZC). To obtain CD, we
first evaluated the [BMIM][PF6] IL microstructure near (6,6),
(10,10), (16,16) CNTs and graphene using MD simulations, as
described in the following section.
Figure 2 shows the mass density (ρm) profiles of cationic

BMIM and anionic PF6 near graphene (a,d), the (16,16) CNT

Figure 1. Schematic of BMIM, PF6, and the simulation domain. Two CNTs of the same radius are placed in the simulation domain such that the IL
maintains its bulk density in the middle and edges of the domain. White, blue, and gray lines indicate H, N, and C atoms in BMIM while red and
pink lines indicate F and P atoms in PF6, respectively. Periodic boundary conditions are applied in the x, y, and z directions.
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(b,e), and the (6,6) CNT (c,f) along the direction normal to
the electrode surface with excess surface charge density σ = ±

12.7 μC/cm2 (for σ = ± 6.3 μC/cm2, refer to Figure S2,
Supporting Information). Each profile exhibits alternating
cation/anion layering that dampens away from the electrode,
which tends to extend about 2−3 nm before showing bulk-like
characteristics. This layering behavior is consistent with
previous studies near planar44−46 and cylindrical30,31 surfaces.
We also find that the orientations of IL ions at the interface
show a similar behavior near the graphene and CNT electrodes;
detailed analysis of the IL orientation near graphene can be
found in ref 34. Near the positive electrodes (a−c), PF6 exhibits
three peaks which correspond to F, P, and F atoms,
respectively; the electrostatic attraction between the positive
electrode and the negatively charged F atoms causes these
atoms to orient parallel (concentric in the CNT cases) to the
electrode surface. Similarly, the BMIM peak near the negative
electrode (d−f) indicates the tendency of the BMIM ring to
align parallel (concentric) to the electrode surface.
As the curvature of the electrode increases [graphene <

(16,16) CNT < (6,6) CNT], the oscillations in the mass
density profiles appear to dampen. In particular, the counterion
mass density peaks become increasingly smaller and more
broadened. The peak (average) density of PF6 in the first layer
is 1.52 (3.23) > 1.43 (3.01) > 1.31 (2.46) g/cm3 near the
positively charged graphene > (16,16) CNT > (6,6) CNT.
Similarly near the negatively charged electrodes, the peak
(average) density of BMIM in the first layer is 1.15 (3.69) >
1.05 (3.30) > 0.98 (2.62) g/cm3 for graphene > (16,16) CNT >
(6,6) CNT. These observations indicate that the packing
density of counterions varies inversely with respect to electrode
curvature. In addition, the density of co-ions is also noticeably
influenced by the electrode curvature. Near the positively
charged electrodes, the first BMIM co-ion peak tends to
increase from 0.56 < 0.70 < 0.89 as curvature increases from
graphene < (16,16) CNT < (6,6) CNT. Similarly near the
negative electrode, the onset of the PF6 co-ion mass density
approaches closer to the electrode surface. Both of these

observations are indicative of the fact that the segregation of
counterions and co-ions are strongly coupled to, and in fact,
diminish with increasing electrode curvature.
The origins of this reduction in ρm can depend on a complex

combination of factors at the electrode−electrolyte interface.
Here, we identify two such factors that may influence the
curvature effect on ρm: (i) a geometric factor by virtue of the
increased volume near curved surfaces and (ii) an electrostatic
factor by virtue of the reduced electric field strength near
curved surfaces. A detailed discussion of these factors may be
found in the Supporting Information. To understand the
specific impact of these factors, we further analyzed the space
charge variation (ρq), mixing parameter (χ), and screening
parameter (β).
Figure 3 shows ρq in the IL electrolyte near the negatively

charged electrodes at σ = −6.3 and −12.7 μC/cm2 (for σ = 6.3

and 12.7 μC/cm2, refer to Figure S3); ρq was calculated based
on the distribution of IL atoms, each with fixed atomic charges.
When σ = −6.3 μC/cm2 (a−c), the first peak, which is
associated with BMIM (≈ 2.8 Å), has a small tendency to
diminish with increasing curvature, deviating from its peak
value of 0.011 by only 15%. On the other hand, the first valley,
which is associated with PF6 (≈ 3.6 Å), deepens with increasing
curvature; in fact, the minimum value decreases from −0.0056
to −0.0074. This suggests that the ratio of PF6 co-ions to
BMIM counterions in the first layer increases with electrode
curvature, which is consistent with the mass density profiles
(Figure 2). However, this mixing behavior becomes less
apparent when σ = −12.7 μC/cm2 (d−f). In this case, the
first BMIM peak is more sensitive to curvature; the peak
displays a maximum of 0.015 in the graphene case, which
reduces to 0.012 in the (6,6) CNT case. This is indicative of the
fact that the BMIM rings, which are planar, can pack more
efficiently in a plane than circumferentially. Upon inspection of
the PF6 charge density, we also observe that the onset of the
PF6 contribution has been shifted to 3.8 Å in the graphene case,
which increasingly approaches the electrode as curvature
increases. This suggests that at σ = −12.7 μC/cm2, the

Figure 2. Calculated mass density (ρm) profiles for BMIM and PF6
near graphene, (16,16) CNTs, and (6,6) CNTs at the listed σ (in μC/
cm2) as a function of distance from the electrode surface.

Figure 3. Space charge density profiles (ρq) for BMIM, PF6, and their
sum near graphene, (16,16) CNTs, and (6,6) CNTs at the listed σ (in
μC/cm2) as a function of distance from the electrode surface.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp408085w | J. Phys. Chem. C 2013, 117, 23539−2354623541



segregation of BMIM from PF6 is more prominent, although
this segregation is less distinct with increased curvature.
To quantify this behavior, we calculated χ (the mixing

parameter) as a function of distance from the electrode as
shown in Figure 4:
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where z is the distance from the electrode surface and ρ#,counter
(ρ#,co) is the number density of the counterion (co-ion) species.
When χ = 0.5, the cumulative number of counterions is
perfectly balanced by the number of co-ions; however, by
integrating up to the bulk-like region of the finite simulation
domain, we expect χ to be slightly larger than 0.5 to account for
the net accumulation of counterions in the EDL.
Near the positively charged electrode (Figure 4a,c), the peak

(≈ 3.0 Å) value of χ = 0.9 but readily drops toward χ = 0.5.
Note, however, that when σ = 6.3 μC/cm2, χ tends to decrease
more rapidly than when σ = 12.7 μC/cm2 (which displays
better segregation, i.e., larger χ). The negatively charged
electrode (Figure 4b,d) shows a similar trend, suggesting that,
in general, the counterions maintain greater segregation from
co-ions as σ increases. In fact, the combination of stronger
electrostatic attraction (repulsion) between the electrode and
counterions (co-ions) as well as the finite space at the interface
(limited by so-called lattice saturation) necessitates this
behavior; that is, to effectively screen the increasing electric
field, counterions will increasingly pack together and contribute
to co-ion exclusion.
The influence of electrode curvature on χ seems to strongly

depend on both σ and the counterion species. Near the positive
electrode at σ = 6.3 (12.7) μC/cm2 (Figure 4a,c), the (6,6)
CNT case shows a lower χ than the graphene case that deviates
by at most 0.06 (0.12). The negative electrode, on the other
hand, displays strong sensitivity to curvature when σ = −6.3
μC/cm2 (Figure 4b) with χ near the (6,6) CNT deviating by at
most 0.19, indicating a noticeable presence of PF6 co-ions,
which is consistent with the charge density profiles (Figure 3f).
Interestingly, the curvature dependence of χ is dramatically
mitigated when σ = −12.7 μC/cm2 (Figure 4d) and shows a
sensitivity that is similar to the positive electrode cases.

Figure 5 shows β (the screening parameter) as a function of
distance from the electrode, which is an indication of how

effectively the IL screens the electric field (β = 1 indicates
perfect screening), and is calculated from
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where R is the CNT radius.
Our results show that ILs in the EDL typically overscreen the

electric field, in good agreement with previous theoretical
studies.30,34,47 In fact, the ions near the positive electrode
(Figure 5a,c) generally tend to exhibit stronger overscreening
than those near the negative electrodes. This is primarily due to
differences in the size and charge distribution of BMIM and
PF6. Near the positive electrode, PF6 can tightly pack together
due to its “spherical” symmetric shape; the first sharp peak (in
Figure 5a,c) is attributed to the F atoms, which are modeled
here with a partial charge of −0.39 e. By contrast, the positive
charge in BMIM is spread somewhat broadly over its ring,
which can partially account for the smaller peaks near the
negative electrode (Figure 5b,d). The peak is also diminished
since BMIM does not accumulate as readily as its PF6

counterpart due to its bulky structure. As a result, PF6 seems
to be more effective at screening the electric field compared to
BMIM. Furthermore, the peaks in β tend to diminish as σ
increases since the packing density of ions approach an
asymptote that is defined by steric limitations. As σ increases
further beyond the so-called lattice saturation limit, the first IL
layer is expected to have β < 1.
From Figure 5, we also observe that increasing the electrode

curvature results in additional screening by the first IL layer.
Note that the larger β near the CNTs is an indication of a
greater net number of counterions (i.e., those that are not
paired with co-ions) relative to the electrode surface area. This
suggests that the counterions prefer to overpopulate the first IL
layer due to the increasing availability of space near curved

Figure 4. Calculated mixing parameter (χ) with varying electrodes at
the listed σ (in μC/cm2) as a function of distance from the electrode
surface.

Figure 5. Calculated screening parameter (β) with varying electrodes
at the listed σ (in μC/cm2) as a function of distance from the electrode
surface. The inset in panel a shows the first peak in panel a in greater
detail.
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electrodes. Yet despite their larger numbers, these counterions
near curved electrodes pack less efficiently in that space as
observed from the mass density profiles (Figure 2). This is due
to the aforementioned reduced near-surface electric field
strength which effectively weakens the ability of the
electrode-counterion attraction to overcome the counterion-
counterion repulsion. Because of the availability of space, the
enhanced screening of the electrode charge by the counterions
near the curved electrodes also facilitates the electrostatic
attraction between counterions and co-ions, which promotes
co-ion mixing at the interface that is consistent with our
previous discussion on IL mixing. However, this behavior is also
sensitive to the specific ability of the IL counterions to sterically
exclude the co-ions as discussed previously.
B. Effect of Curvature on EDL Capacitance. From ρq

(the charge density), the electric potential (ϕ) profiles along
the electrode surface normal direction were calculated by
solving Poisson’s equation, such that ϕ is given by

∫
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where ε0 is the vacuum permittivity.
The calculated potential (ϕ) profiles for graphene and the

three CNT cases are shown in Figure 6. In each panel, it is

evident that the |ϕ| increases more rapidly near interfaces with
decreasing electrode curvature; for instance, the |ϕ| in the
graphene case at 2.5 Å from the surface is around 0.5 V (1.0 V)
more than that of the (6,6) CNT case when σ = ± 6.3 (±12.7)
μC/cm2. This is primarily attributed to the fact that the electric
field strength decays radially in the CNT cases while remaining
constant in the graphene case (Figure S1, accordingly from
Gauss’s law).
Near the positive electrode at σ = 6.3 μC/cm2 (Figure 6a),

the potential drop across the EDL (ϕD = electrode surface
potential − the bulk potential) is predicted to range between
1.40 and 1.14 V for the graphene through (6,6) CNT cases,
respectively. When σ = 12.7 μC/cm2 (Figure 6c), ϕD increases
and ranges from 2.98 to 2.24 V for the graphene through (6,6)
CNT cases. It seems that the differences in ϕD are primarily

dominated by the deviation in |ϕ| in the region between the
electrode and IL (due to the aforementioned curvature effect
on the electric field strength). On the other hand, as
demonstrated earlier (Figure 4a,c), the counterion-co-ion
segregation at the electrode−IL interface is minimally
influenced by electrode curvature and therefore has little effect
on ϕD.
Near the negative electrode at σ = −6.3 μC/cm2 (Figure 6b),

ϕD ranges from −1.18 and −1.07 V for the graphene through
(6,6) CNT cases, respectively. In contrast to when σ = 6.3 μC/
cm2, the electrode curvature seems to have a reduced effect on
ϕD, suggesting that the IL distribution in the EDL, and
specifically the counterion-co-ion segregation, causes the
curvature effect to be mitigated. This is apparent from the
behavior of the potential profiles around 3−4 Å away from the
electrode (Figure 6b) which is the location of the first IL layer.
As demonstrated by the graphene case, ϕ drops monotonically
in highly rich regions of counterions. For each of the CNT
cases, ϕ drops then rises as a small hump before dropping
again. Recall that when σ = −6.3 μC/cm2, the segregation
between BMIM and PF6 is reduced near curved surfaces
(Figure 4b), which ultimately lowers the screening of the
electric field and increases |ϕD| for each CNT case such that
they are closer to the graphene case. However, the discrepancy
in ϕD, which ranges from 3.08 to 2.16 for the graphene through
(6,6) CNT cases, increases when σ = −12.7 μC/cm2 (Figure
6d). Note that the ϕ profiles no longer display a small hump
around 3−4 Å away from the electrode, which is consistent
with the fact that the curvature effect on χ is greatly mitigated
when σ = −12.7 μC/cm2 (Figure 4d) due to the increased
packing density of BMIM, while PF6 is also increasingly
excluded.
Figure 7 shows the predicted CD near the positive (a) and

negative (b) electrodes with varying curvature, which tends to

have a direct linear relationship. Recall that CD = σ/(ϕD − ϕZ)
where ϕZ is the potential at zero charge, which is nearly zero in
all cases studied. Hence, CD increases with curvature as a result
of the decreasing ϕD. Near the positive electrode, the CD at
each electrode does not change significantly for both σ = 6.3
and 12.7 μC/cm2. This is due to the ability of PF6 to pack
efficiently, thereby preventing lattice saturation. However, we

Figure 6. Potential (ϕ) profiles with varying electrodes at the listed σ

(in μC/cm2) as a function of distance from the electrode surface. The
potential is taken in reference to the electrode surface potential.

Figure 7. Estimated integral EDL capacitance (CD) near the labeled
(a) positive and (b) negative electrodes with the listed σ (in μ/cm2).
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can expect CD to drop as σ continues to increase. The CD is also
suppressed when σ goes from −6.3 to −12.7 μC/cm2, which
results from the lattice saturation by BMIM. Interestingly, the
drop in CD seems to be increasingly mitigated with electrode
curvature; the onset of lattice saturation, as discussed
previously, is suppressed near curved surfaces. Curved electro-
des, then, can operate at higher ϕD before CD suffers from IL
overcrowding effects. However, the specific effect of curvature
on CD can change for different IL pairings; for example, CNT/
[EMIM][TFSI] systems were previously predicted to have
nearly flat CD − ϕD profiles (over a range of −3 to 3 V).31

Nonetheless, the enhanced capacitance that results from
increasing the electrode curvature remains consistent.
C. Effect of Curvature on Quantum Capacitance. The

capacitance of low-dimensional materials is known as the
quantum capacitance, as first formalized by Luryi.48 The
quantum capacitance of graphene and CNTs is defined as CQ =
dσ/dϕE, where dσ and dϕE refer to the variations of charge
density and local potential, respectively. Provided that the
electrochemical potential μ is rigidly shifted by eϕG,

49 CQ is
given by

∫ μ= −
−∞

+∞
C e D E F E E( ) ( ) dQ

2
T (4)

where e is the elementary charge, D(E) is the electron density
of states (DOS), E is the relative energy with respect to EF, and
FT [=(4kT)−1 sech2(E/2kT)] is the thermal broadening
function. Here, we do not consider charge transfer between
[BMIM][PF6] and the electrodes, which has been demon-
strated in previous simulations.50

The DOS of the metallic CNTs were calculated using DFT,
as shown in Figure 8a. Note that the DOS is nearly constant (≈
0.15 eV−1 Å−1) in all three cases when |E| < |Evh|, where Evh is
the energy at the so-called Van Hove singularity (VHS). The
Evh also tends to reduce with increasing CNT radius.
Figure 8(b) shows the estimated CQ as calculated from eq 4

and the DOS. The CQ of the CNTs (CQ,CNT) tends to decrease
with increasing radius in the flat region near the Fermi level,

ranging from 9 to 3 μF/cm2 in the (6,6) to (16,16) cases. The
CQ,CNT profile increasingly converges toward the CQ of
graphene (CQ,Gr) with increasing curvature, as expected. Here,
we should point out that the magnitude of CQ,CNT near the
VHS peaks may be underestimated due to numerical errors and
can exhibit larger variation.

D. Effect of Curvature on Total Interfacial Capaci-
tance. The total capacitance (CT) at the electrode−IL interface
can be represented as a series of CQ and CD, i.e., 1/CT = 1/CQ +
1/CD. With the CQ and CD values calculated above, we
estimated CT as a function of applied potential ϕa (with respect
to the potential of the bulk electrolyte, i.e., ϕa = ϕE + ϕD) as
shown in Table 1. The relationship between CQ and CD with ϕa

was obtained through σ; recall that CQ/CD ∝ σ ∝ ϕE/ϕD

(Table S2). Note that here we use the integral CQ(= σ/ϕE).

Table 1 shows a summary of the calculated CT (ϕa) for each
electrode case when σ = ± 6.3 and ±12.7 μC/cm2. When σ = ±

6.3 μC/cm2, CT tends to be rather insensitive to electrode
curvature, and does not increase directly with curvature. In fact,
CT for both the (16,16) and (10,10) CNT cases is predicted to
be nearly the same as that of graphene, in contradiction with
the trend observed for CD. This is primarily due to the relatively
larger integral CQ for the graphene case when σ = ± 6.3 μC/
cm2. The values of CQ for the graphene, (16,16), (10,10), and
(6,6) CNTs are around 7.7, 7.3, 7.5, and 9.0 μF/cm2,
respectively; note that the CQ for the (6,6) CNT is larger
because of the VHS. When σ = ± 12.7 μC/cm2, however, CT

follows the same trend observed for CD; each of the CQ values
exceeds 10 μF/cm2 (≫ CD = 4−6 μF/cm2), making the CD the
dominating factor.
Our study clearly suggests that the influence of electrode

curvature on the overall performance is strongly dependent on
the relative contributions of CQ and CD, which both vary with
ϕa. Here, we should clarify that the electrode curvature is but
one important factor that can influence CQ and CD; other
modifications to the electrode including impurities, functional
groups, and structural defects can also alter CQ and/or CD,
which should be further investigated. However, we note that
additional factors may need to be considered for more
quantitative analysis of CT. For instance, we have neglected
the possible polarization of the electrodes51 and IL ions at the
interface and its effect on the electrode charge distribution, the
space charge density, and subsequently, CD. In addition, the
DOS (and CQ) may be altered to a certain extent if the local
electronic structure is modified by electrode-IL interactions,
which were omitted for simplicity. Nonetheless, our computa-
tional approach sufficiently captures the importance of both CQ

and CD on the performance of CNT-based supercapacitors.

IV. SUMMARY

We investigated the influence of CNT electrode curvature in
[BMIM][PF6] IL on the interfacial capacitance (CT) as a

Figure 8. (a) The electronic density of states (DOS) and (b) the
calculated quantum capacitance (CQ) of various electrodes as a
function of E. E = 0 indicates the position of the Fermi level. The inset
of panel a shows the DOS of graphene.

Table 1. The Estimated Interfacial Capacitance (Applied
Potential) for Each Electrode at the Listed Surface Charge
Densities σ (in μC/cm2)

Graphene (16,16) CNT (10,10) CNT (6,6) CNT

6.3 2.9 (2.2) 2.8 (2.2) 3.0 (2.1) 3.3 (1.9)

−6.3 3.2 (−2.0) 3.2 (−2.0) 3.3 (−1.9) 3.7 (−1.8)

12.7 3.1 (4.2) 3.3 (3.8) 3.5 (3.6) 3.6 (3.5)

−12.7 3.0 (−4.2) 3.4 (−4.0) 3.6 (−3.5) 4.0 (−3.2)
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function of applied potential (ϕa). Here, CT is evaluated as the
double layer (CD) and electrode quantum (CQ) capacitances in
series, i.e., 1/CT = 1/CD + 1/CQ. Using classical MD
simulations, we determined the EDL microstructure of
[BMIM][PF6] near each electrode surface at excess surface
charge densities σ = 0, ±6.3, and ±12.7 μC/cm2. We then
calculated the potential variation (ϕ) and CD. Using DFT, we
also estimated CQ from the electronic DOS of each electrode.
Our analysis of the EDL microstructure reveals that general

features near graphene electrodes, such as the multilayering of
anions/cations and the IL orientations, are consistent near
CNT electrodes. However, increasing the electrode curvature
tends to reduce the density of IL counterions closest to the
electrode, which we find is a consequence of weakened
electrostatic attraction between the electrode and counterions.
Despite the reduced density, we also find that increasing the
electrode curvature enhances the screening of the electrode
charge and promotes counterion-co-ion mixing (i.e., less
segregation), although increasing σ abates both of these
phenomena.
From the calculation results of ϕ, we observe that the

potential drop in the EDL (ϕD) diminishes as electrode
curvature increases. This reduction is primarily attributed to the
fact that the electric field strength decays radially near the
CNTs while remaining constant near graphene. When σ = −6.3
μC/cm2, however, the curvature effect is mitigated and is
ascribed to the increased mixing of counterions and co-ions
near the CNTs; the reduced segregation effectively lowers the
screening of the electric field such that ϕD is less sensitive to
curvature.
The lower ϕD amounts to a larger CD, which tends to

increase as electrode curvature increases. When σ = ± 6.3 μC/
cm2, for example, an enhancement of around 18% using (6,6)
CNT electrodes is predicted when compared to graphene. As σ
increases, we expect CD to drop due to overcrowding in the
EDL, as is observed when σ = −12.7 μC/cm2. Increasing the
electrode curvature, however, also increases the available space
for IL ions to pack. As a result, the potential window in which
CD does not suffer from lattice saturation effects will be larger
near increasingly curved electrodes.
The calculated CQ for the various CNTs shows a plateau near

zero potential with a capacitance that decreases from 9 to 3 μF/
cm2 as curvature decreases from the (6,6) to (16,16) CNT
cases. The potential window of the plateau also diminishes with
increased curvature, beyond which CQ is enhanced as a result of
the so-called Van Hove singularities (VHS).
The predicted CT is demonstrated to vary insignificantly with

electrode curvature when σ = ± 6.3 μC/cm2, in contrast with
the predicted trend for CD. This is primarily due to the
influence of CQ, which varies nonmonotonically with curvature.
When σ = ± 12.7 μC/cm2, however, CT follows the same trend
as CD; each of the CQ values exceeds 10 μF/cm2 (≫ CD = 4−6
μF/cm2), making the CD the dominating factor. Our analysis
therefore suggests that any benefit in CT due to electrode
curvature will in fact strongly depend upon the applied
potential.
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