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ABSTRACT: Molecular dynamics (MD) simulations of supercapacitors
with single-walled carbon nanotube (SWCNT) electrodes in room-
temperature ionic liquids were performed to investigate the influences of
the applied electrical potential, the radius/curvature of SWCNTs, and
temperature on their capacitive behavior. It is found that (1) SWCNTs-
based supercapacitors exhibit a near-flat capacitance—potential curve, (2)
the capacitance increases as the tube radius decreases, and (3) the
capacitance depends little on the temperature. We report the first MD
study showing the influence of the electrode curvature on the
capacitance—potential curve and negligible dependence of temperature
on capacitance of tubular electrode. The latter is in good agreement with

recent experimental findings and is attributed to the similarity of the electrical double layer (EDL) microstructure with
temperature varying from 260 to 400 K. The electrode curvature effect is explained by the dominance of charge overscreening

and increased ion density per unit area of electrode surface.

I. INTRODUCTION

Electrical double layer capacitors (EDLCs), also named
supercapacitors or ultracapacitors, have attracted tremendous
attention in recent years as a promising type of electric energy
storage (EES) device."” This is related to their energy density
which is higher than for conventional capacitors and their high
power handling ability which is superior compared to batteries.
To date, carbons in diverse forms such as activated carbons,®
carbide-derived carbons,* carbon nanotubes (CNTs),>® gra-
phene-based composites,” and onion-like carbons (OLCs)®
have been explored extensively as electrode material for
supercapacitors. Among such materials, CNTs have emerged
as promising candidates for fabricating high-performance
supercapacitor electrodes with preeminent power handling as
a result of their very hi§h electrical conductivity and readily
accessible surface area.”’® For instance, dielectrophoretically
deposited single-walled carbon nanotubes (SWCNTs) were
assembled into long ultrathin fibrils to enhance both electrical
conductivity and electrochemical capacitance of carbon-based
supercapacitors;'® the densely packed SWCNTSs, parallel-
aligned to the direction of electrolyte ion transport, were
found to serve as excellent electrodes for supercapacitors to
achieve higher power density."'

In view of their exceptionally wide electrochemical stability
window, excellent thermal stability, nonvolatility, and relatively
inert nature, room-temperature ionic liquids (RTILs) have
emerged as a very advanced class of electrolytes for
supercapacitors.">'®> However, the classical description of
EDL formation completely breaks down for RTILs in the
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absence of a solvent and having a more complex molecular
structure. To study RTIL-based EDLs, there is an acute need
for advanced theoretical, modeling, and experimental work. To
date, the most extensively studied macroscopic property of the
EDLs in RTILs is the differential capacitance (5C) versus the
applied potential (V)."*"> A variety of SC—V curves have been
observed and predicted, including the U-shaped, bell-shaped,
and camel-shaped ones for supercapacitors with planar
electrodes."*™"® All of these studies demonstrated that the
differential capacitance significantly changes with applied cell
potentials. Very recently, and in contrast to these studies, a
near-flat 5C—V curve was predicted for electrodes composed of
spherical OLC particles using molecular dynamics (MD)
simulations.'” However, until now, the dependency of the
differential capacitance of CNT-based supercapacitors on the
potential remains unknown. For this purpose, MD simulation
can help greatly to derive design strategies for supercapacitor
electrodes and selection criteria of the optimized size of
SWCNTs. For example, it has been shown in an MD study that
the capacitance of SWCNTs filled with RTILs increases with
decreasing the tube diameter from 2.03 to 0.95 nm.”° It has also
been reported that few RTIL ions could enter the interior of
the CNT in some experiments,”"** so that the electrolyte ions
are electrosorbed and almost exclusively accumulated on the
outer CNT surface. Theoretically, the capacitance change of the
EDL exohedrally near the CNT electrode follows, on first
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approximation, a phenomenological scaling equation related to
the tube diameter,”> but the actual origin and mechanism
underpinning this curvature effect are still unclear.

Apart from the influence of electrode curvature, it is well-
known that the temperature has an important impact on the
performance of supercapacitor devices. While the majority of
experimental studies observed an increased capacitance with a
temperature increase (positive temperature dependence),‘s’z“’25
some other work reported the exact opposite effect (negative
temperature dependence).'® For instance, Silva et al.** reported
a positive temperature dependence on capacitance at the
interfaces between the RTIL [bmim][PFs] and mercury,
platinum, and glassy carbon electrodes, whereas the capacitance
measured at [emim][BF,]/Hg interfaces diminishes as temper-
ature increases from +22 to +80 °C.'® Interestingly, most
theoretical and modeling studies predict the negative temper-
ature dependence or, at least, a complex capacitance-temper-
ature relationship;**~*° for example, MD simulations®” revealed
a decrease of capacitance with an increase of temperature, and
Monte Carlo simulations® showed a bell-shaped trend
delineating the dependence of capacitance on temperature. In
contrast with previous observations and predictions, a recent
experiment, using vertically aligned CNT electrodes and RTIL
electrolytes, revealed that the caIpacitance was almost
independent of the temperature.”’ Hence, an in-depth
investigation is needed to establish a reasonable understanding
of the temperature dependency as well as the fundamental
mechanisms behind this interesting phenomenon.

Motivated by these considerations, in this work, we
performed MD simulations to model SWCNTs-based super-
capacitors with an electrolyte of RTIL 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide ([emim][Tf,N]).
The influences of electrical potential, cylindrical electrode
curvature and temperature on capacitance near different-sized
SWCNT electrodes were investigated. The results reveal a
unique capacitive behavior of RTIL-based supercapacitors with
CNT electrodes, which originates from the special EDL
microstructure and the cylindrical curvature of electrodes.
The rest of this paper is organized as follows: section II
describes the simulation system and methods used herein;
section III includes the results on how the applied potential,
electrode curvature, and operating temperature influence the
capacitive behavior of CNT-based supercapacitors and the
fundamental understanding of these observations; and finally,
section IV presents the conclusions.

Il. SIMULATION METHOD AND MODELS

As shown in Figure 1, the simulation system consists of an end-
capped SWCNT immersed in a box of [emim][Tf,N], since
the experiments reported that the electrodes are made of
vertically aligned CNT arrays with large intertube distance for
ion accessibility and the EDLs in RTILs form exclusively on the
outer surfaces of CN'Ts.*"** The length of SWCNT with caps
is about 8.0 nm (cap height is ~0.3 nm), and the tube radius, R,
ranges from 0.41 to 1.01 nm. The simulation temperature varies
from 260 to 400 K, since the melting point of [emim][Tf,N] is
below —17 °C as reported experimentally.*>*" The upper limit
(400 K) is far beyond the limit of conventional supercapacitors
and was chosen as a practical application cutoff.

MD simulations were performed in the canonical ensemble
using a user-modified version of MD package GROMACS.**
Periodic boundary conditions were used in three dimensions,
and the simulation was run in the isothermal—isobaric
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Figure 1. Snapshot of the MD simulation system. The single-walled
carbon naonotube with radius R is in yellow on the left. Red and blue
spheres denote [emim]* and [Tf,N]™ ions, respectively. Some
molecules of ionic liquids were removed to display the capped
SWCNT.

ensemble, which tuned the box size automatically. The force
fields for the electrode atoms (carbon) and ions in [emim]-
[Tf,N] were the modified Atomistic Polarizable Potential for
Liquids, Electrolytes and Polymers (APPLE&P).**** The only
modification applied herein is excluding the polarizability terms
from APPLE&P force field for the sake of efficient simulations.
It is worthwhile to note that neglect of polarizability displayed
slight influence on the structural properties and relatively
significant effects on the dynamics properties; despite this, the
nonpolarizable APPLE&P force fields are still more reasonable
compared with other predictions reported in the literature
using nonpolarizable MD models.>*

To generate the potential between electrode surface and the
bulk electrolyte (about 4 nm far from the electrode surface),
the partial charges were uniformly distributed among the
electrode atoms. Particularly, to weaken the edge effects from
the caps of SWCNT, no charge was assigned to atoms on the
caps. In order to make the neutrality of the system, when the
SWCNT electrode carries integral charges in units of e, the
numbers of RTIL cations and anions are adjusted to have the
same amount of charges in total but with the opposite sign. For
example, a simulation consists of a SWCNT with total charges
of 8e- and a box of ILs having 828 [emim]" and 820 [Tf,N]".

The number and charge density profiles of EDLs were
computed along the radial direction from the SWCNT surface
to the RTIL bulk, excluding the ~2 nm-long end of the
SWCNT, based on our previous study.’® To examine whether
this method works well for ruling out the end/edge effects,
additional simulations in the NVT ensemble were performed
using a SWCNT periodically along its axis direction (same as
the simulation setup in ref 36). The number and charge density
profiles as well as the capacitance obtained from two different
sets of simulations were found to be almost the same.

Additionally, simulations of EDLs in [emim][Tf,N] near a
single graphene sheet with open surface under different applied
potentials were performed to provide a baseline for
comparison. Each MD simulation system consisted of a slab
of electrolytes enclosed inside a channel with two electro-
des,**® and each electrode was modeled as a single graphene
sheet with an area of 4.26 X 4.18 nm? compared with a single-
walled CNT. To generate the different applied potentials, the
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partial charge was uniformly distributed among the carbon
atoms of two planar electrodes. To make the neutrality of the
channel system, two single graphene sheets carry the same
surface charge with opposite sign. The gap between the
opposing electrode surfaces was chosen as 7.0 nm and the
number of ion pairs was tuned until the electrolytes in the
central portion of the system have the same density as that in
the simulation of bulk ILs. In addition, note that in this work,
(1) the cylindrical or planar electrode consists of single-walled
CNT or single graphene sheet, which is different from the
electrodes comprised of multiple layers of the onion-like
carbons or graphene sheets in ref 19; (2) the image charge
effect stemming from the electrode is neglected, and then the
partial charges are placed on the carbon atoms of the electrode
rather than on an image plane used in ref 19 (image plane was
set as a plane 0.07 nm away from the geometrical plane of each
graphene surface). These two differences do affect the
magnitude of EDL capacitance but do not change the
relationship between capacitance and potential as well as
electrode curvatures, which are validated by simulations with
and without these two different settings. The potential
distribution profile across the EDL was computed based on
the space charge density obtained from MD simulations, and
the detail can be found in the Supporting Information (SI).

In the simulation systems (for both cylindrical and planar
electrodes), the electrolyte temperature was maintained at a
setting value using the Berendsen thermostat. The electrostatic
interactions were computed using the PME method.*
Specifically, an FFT grid spacing of 0.10 nm and cubic
interpolation for charge distribution were used to compute the
electrostatic interactions in reciprocal space. A cutoft distance
of 1.1 nm was used in the calculation of electrostatic
interactions in the real space. The nonelectrostatic interactions
were computed by direct summation with a cutoff length of 1.1
nm. The LINCS algorithm*® was used to maintain the bond
lengths within the [emim]* cation and [Tf,N]~ anion. Each
simulation was started at 1000 K and subsequently annealed
gradually to a certain temperature in 6 ns. Following annealing,
the system was simulated at that temperature for another 6 ns
to reach equilibrium. A 9 ns production run was performed
after equilibration and used for result analysis as shown in the
following section.

lll. RESULTS AND DISCUSSION

Differential Capacitance. The §C—V curves for different-
sized SWCNT-based supercapacitors at 333 K were inves-
tigated first. The differential capacitance was computed as 6C =
do/dVgp,. Here, ¢ is the surface charge density on the
electrode surface and Vgp; is the potential applied on EDLs
such that Vip, = ¢gpy — PZC, where ¢ is the potential
difference between the electrode surface and the bulk
electrolyte and PZC is the potential of zero charge (see also
the SI). The differential capacitance for EDLs near SWCNTs
with different radii and, for comparison, a planar graphene sheet
is displayed in Figure 2. We observe that the capacitance of
CNTs is higher than the planar electrode. The capacitance
magnitude (~0.04—0.06 F/m?) is close to that reported by
simulations with the similar RTILs near planar carbon
electrodes.””*! Moreover, the 5C—V curves are almost flat for
CNT electrodes, whereas the 6C—V curve near planar
electrodes is pronouncedly bell-shaped which is in perfect
agreement with previous studies;'”** the differential capaci-
tance of SWCNT electrodes is nearly independent of the
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Figure 2. Differential capacitance as a function of the applied potential
on SWCNTs-based supercapacitors. R is the tube radius. For
comparison, data (black line with dot markers) are also shown for
planar electrodes modeled by flat single graphene sheet.

applied potential regardless of the CNT radius changing from
0.41 to 1.01 nm. Specifically, the mean value of the 6C—V curve
is 0.051 + 0.001 F/m? for the SWCNT radius of 1.01 nm (the
largest CNT explored here), and the overall line shape is very
different from the U-shaped, bell-shaped, camel-shaped, or
other complex shaped 0C—V curves reported in litera-
ture."* 1% Also, the distinct behavior of the near-flat SC—V
curve becomes more pronounced when the SWCNT radius is
reduced: as CNT radius reduces from 1.01 to 0.41 nm, the
deviation of the C—V curve to its mean value varies from 2.6%
to 1.3%. In other words, this demonstrates the very small
potential dependency of the differential capacitance and there is
even less of a variation of the differential capacitance when the
tube curvature is increased (Figure 2).

Traditionally, the bell-shaped 6C—V curve of EDLs near the
planar electrode is attributed to the charge overscreening at
small/moderate voltages and evolving lattice saturation at large
voltages.*** Conceptually, the charge overscreening describes
the phenomenon that the counter-charge from ions adsorbed
on the electrode exceeds the electron charge on the electrode
(i.e., the charged electrode is overscreened); for highly charged
surfaces, when all counterions needed to counterbalance the
charge on the electrode cannot be packed in the nearest single
layer of the electrode, several consecutive layers of counterions
would accumulate on the electrode, and then lattice saturation
occurs.'¥**** Specifically, the charge overscreening has been
demonstrated as a universal feature of EDLs due to the high
ionic density and strong ion coupling in RTILs, which
dominates the EDL capacitance at the E)lanar and spherical
electrodes under small/moderate voltages. ® Thus, we explored
the origin of the near-flat 6C—V curve by investigating charge
overscreening at the interfaces of RTILs and cylindrical
electrodes. For that, we introduce a charge-screening factor to
quantify the screening efficiency along an EDL, according to eq
1:

Cf(”) = —é /;u

0

S\
(E) Ape(s) ds W

where 1 is the location of electrode surface (in this study, u, =
0 is for planar electrode and u, = R is the radius of the outer
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electrode surface, for SWCNTs); N = 0 is for the planar
electrode, and N = 1 and 2 are for cylindrical and spherical
electrodes, respectively; Ap, is the variation of space charge
density as the surface charge density changes from 0 to o (see
also Figure S1 in the SI for the space charge density profile).
Finally, we note that values of C; > 1.0 indicate the occurrence
of charge overscreening.

The charge-screening factors across EDLs near the planar
graphene and a SWCNT with radius of 1.01 nm are shown in
Figure 3, panels a and b, respectively. The height of the first
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Figure 3. Charge-screening factor (C;) across EDLs in the RTIL
[emim][Tf,N] near planar electrodes (a) and cylindrical electrodes
with radius of 1.01 nm (b) and the packing factor () across EDLs
near planar electrodes (c) and cylindrical electrodes with radius of 1.01
nm (d) at varying surface charge densities (i.e, different applied
potentials).

peak of the charge-screening factor was taken as the
overscreening factor, f, to quantify the charge overscreening
of the EDL. It is observed that, as the electrode becomes more
charged, the charge overscreening decreases for planar
electrodes but changes very little for cylindrical electrodes
throughout the SC—V curves. In detail, the overscreening factor
reduces from 2.62 to 1.93 for planar electrodes, whereas a
SWCNT with radius of 1.01 nm has f = 2.43 + 0.08 for all
studied charge densities, and similar small variations were found
for all other SWCNTSs explored in this study. Thus, the change
of charge overscreening accounts for the trend of 5C—V curves
near different electrodes. That is, within the working voltage
range studied here, the planar electrodes in RTILs experienced
a potential dependent decay in the charge overscreening which
resulted in the bell shaped 6C—V curve; the highly curved
surface of the SWCNT electrode material realized nearly
constant overscreening that was nearly independent of applied
potential, leading to a near-flat SC—V curve."

However, from the concepts of charge-screening enhance-
ment and lattice saturation used to explain for the 6C-V
curves, >4 it is still unclear whether the overall 6C—V
curves for SWCNT and planar graphene electrodes are
dominated by the charge overscreening alone or by both
charge overscreening and lattice saturation. To scrutinize the
existence of lattice saturation, we introduce a packing factor
defined as the ratio between ions within a certain distance from
the charged electrode and those from the neutral electrode
according to eq 2:
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uy and N are same as defined in eq 1, and p{ is the number
density of an EDL with a surface charge density of 6. The
packing factor across EDLs near planar and cylindrical
electrodes is displayed in Figure 3, panels ¢ and d, respectively.
It is observed that the maximum packing factor is located at the
same position, about 0.4 nm, as that for the first peak of
counterion density profile in the EDL (Figure S2). The
maximum packing factor was exhibited as a function of
electrode surface charge in Figure S3, which shows that the
peak intensity becomes larger as the electrodes, both planar and
cylindrical, carry more charges. This clearly suggests that more
ions can be accumulated into the first layer of the EDL, because
there is still some empty space for ions to come in contact with
the electrode surface. Thus, lattice saturation is not observed
within the potential range (—2.6 to +2.6 V) studied in Figure 2,
although it has been predicted to occur at larger voltages.*>**
This effect could arise from the relatively small size of [emim]*
and [Tf,N]~ ions,*® whereas larger RTIL ions would eventually
cause lattice saturation at even moderate voltages.

It is important to note that the potential window studied
here (i.e, 5.2 V) actually corresponds to twice the potential
observed in symmetric 2-electrode devices used in commercial
applications. Considering the operating voltage of most RTILs
lies below S V (e.g,, 3.5 V for [emim] [T£,N]),*” there would be
no lattice saturation found experimentally during the charging/
discharging process of RTIL-based supercapacitors with planar,
cylindrical, or spherical electrodes when the RTILs have the
similar size and shape with the [emim][Tf,N] molecules. The
absence of ion saturation was even observed in a 0.78 nm
carbon pore filled with similar imidazolium-based RTILs under
an applied potential greater than 5.5 V.** It is, however, difficult
to extrapolate our findings to other, much more complex and
significantly larger RTIL molecules.

With further examination of Figure 3, panels ¢ and d, we
observe that the packing factor actually approaches unity no
more than around 1.1 nm from the charged electrode surface.
In detail, the threshold value is about 1.1 nm for planar
graphene and 0.82 nm for SWCNTSs, and beyond that value,
the packing factor remains almost constant with slight
oscillations of +4%. Although this indicates that the EDL
mainly contributing to energy storage is no more than 1.1 nm
in thickness, we also note that the majority of research studies
have reported that the layering of cations and anions in RTILs
near the electrode surface is about 1.5-3.0 nm in thick-
ness.”>#*143% Egeentially, due to the strong cation—anion
interaction and ion adsorption on the electrode, the EDL is
composed of alternating cation/anion layers, even near the
neutral electrode. Hence, the microstructure of EDLs in RTILs
near charged electrodes becomes more complicated and
difficult to be fully understood, since the original complexity
occurring at neutral electrodes hides the nature of the layers for
energy storage. Thus, it follows that although the distinct EDL
layering structure could penetrate into the bulk ILs about 1.5—
3.0 nm, the EDL within the first ~1.1 nm from the electrode
surface (or no more than first two peaks in an EDL) is majorly
responsible for the energy storage, and beyond that region, the
electrolyte can be considered as a “generalized solvent” that
contributes little to the energy storage.””

Curvature Influence on Capacitance. In this study, the
curvature is defined consistently as the reciprocal of SWCNT
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radius (ie., 1/R). The integral capacitance was computed by C
= 0/Vgpy at an applied potential of 1.4 V for a one-electrode
setup, which corresponds to 2.8 V experimentally used in
symmetrical CNT-based supercapacitor devices.”' Note that
the following analysis of capacitance will be at the fixed
potential of 1.4 V, since the contribution to the capacitance is
nearly identical for the cathode and anode due to the similar
size of [emim]* and [T£,N]™ ions.*® It can be seen from Figure
4 that the capacitance increases as the tube radius decreases.
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Figure 4. Integral EDL capacitance as a function of the SWCNT
radius under a potential of 1.4 V. The red circles denote the MD data,
and the blue line indicates the fitting curve using eq 3.

The capacitance-radius relation for the EDL at the outer
surface of the cylindrical electrode can be described by a
phenomenological scaling equation in form of eq 3**

C = €€
R In(1 + dgp; /R)

)

where ¢, is the dielectric constant of the EDL and dgp, is the
effective thickness of an EDL near a cylindrical electrode.
Fitting eq 3 to the simulation results (Figure 4) computes &, =
1.47, which is reasonably larger than the vacuum value of 1. We
also obtain dgp; = 0.29 nm, which is in line with the effective
thickness (~0.27 nm) from the “counter-charge layer in
generalized solvents” (CGS) model®’ describing the EDLs in
a RTIL [bmim][BF,]. Note that dgp, is a fitting value obtained
implicitly from eq 3, rather than the EDL thickness measured
explicitly in simulation or experiment. Assuming the curvature
be close to zero, eq 3 could be reduced to C = €,&y/dgp;, which
is the common model for a capacitor with planar electrodes.*
Using fitting parameters, calculated above, of ¢, and dgp;, the
EDL capacitance near planar electrodes under the same
potential of 1.4 V can be computed as 0.045 F/m? which is
close to the value obtained from MD simulation (~0.047 F/
m?).

The capacitance increasing with curvature in Figure 4 can be
attributed to the enhanced ion packing on the electrode under a
same applied potential.'® That is, more ions can be
accumulated over the same electrode surface area as the
cylindrical curvature increases. Ion accumulation can be
quantified by counting the number of ions in a layer (called
layer I) over the unit area of electrode surface. Based on the
microstructure of EDLs in Figure 3 and Figure S2, layer I was
chosen to be within 0.00—0.82 nm of all CNT electrodes
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studied. This agrees with the conclusion drawn by previous
computational studies that, when the absolute value of the
charge density is beyond around 0.03—0.05 C/m? the
counterions dominate the microstructure of the EDLs up to
~1.0 nm near the electrode.””***"° Figure S4 exhibits the
number of counterions within layer I as a function of the
SWCNT radius. We can clearly see that at 1.4 V, for the same
area of the electrode surface, more counterions are accumulated
in layer I as the SWCNT radius decreases. As a result, the
capacitance normalized to the electrode surface area increases
with curvature. Recent MD simulation studies have illustrated
the influence of surface topography on the EDL structure and
capacitance.*"*® Tt was found that the capacitance of EDLs at
the atomically corrugated prismatic face of graphite was around
25% larger than that at the atomically flat basal plane of
graphite using the same RTIL electrolyte. Considering that the
atomic scale corrugation was quite similar to the cylindrically
curved surface, the capacitance increase could be attributed to
the curvature increase depicted in eq 3.

Temperature Influence on Capacitance. To investigate
the influence of the temperature on the EDL capacitance, a
series of MD simulations were performed for supercapacitors
with the same RTIL and SWCNT as before but at varying
temperatures from 260 to 400 K. A SWCNT with a radius of
0.41 nm was taken as the electrode, carrying a surface charge
density of 6 = 0.101 C/m® The EDL capacitance was
computed and exhibited as a function of temperature, shown
in Figure Sa. Deviating from a mean value only by +2.5%, the
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Figure 5. Capacitance of EDL (a), the accumulation of counterions
(b), and the center location of counterion layer (c) near the outer
surface of a SWCNT with a radius of 0.41 nm as a function of the
temperature. The black dash line represents the mean value of the data
points in each panel.

capacitance was found to be almost independent of temper-
ature. The same temperature-capacitance relation was observed
at the negatively charged SWCNT electrode, shown in Figure
SS. This relation is in agreement with the very recent
experimental finding reported by Lin et al. using a mixture of
structurally related neat RTILs and CNT electrodes.”’ Note
that entanglement of CNTs normally occurs in CNT electrode
and makes the outer CNT surfaces not fully exposed to bulk
electrolytes, so that the temperature may have different impacts
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on the specific capacitance. For example, Masarapu et al.
observed that the capacitance increased with temperature in
experiment of a coin cell supercapacitor assembled with free-
standing SWCNT film electrodes with using 1 M [TEA][BF,]
in propylene carbonate as the electrolyte.’ This positive
temperature dependence probably could be ascribed to the
complex entanglement of the long SWNT strands or weakening
of the ion solvation shell that are rare or absent in
supercapacitors with vertically aligned CNT electrodes and
RTIL electrolytes.**' However, it is clear that a more detailed
study of the capacitance-temperature dependency is required to
fully establish a comprehensive understanding of this important
aspect for the application of supercapacitor devices.

To rationalize the temperature influence on the capacitance,
a Monte Carlo study of the capacitance of the double layer near
a charged wall suggested that a change in ion packing,
especially, the location of counterions from the charged surface
is the key to determine the capacitance trend as the
temperature varies.”® Here, we first evaluated the amount of
ions accumulated on the CNT electrode at temperatures
ranging from 260 to 400 K. The number of counterions in layer
I (0.00—0.82 nm), representing the counterion accumulation
ability, is shown as a function of temperature in Figure Sb.
Second, to quantify the location of layer I with respect to the
electrode surface, the distance, d..., is introduced in the
following form shown in eq 4 similar with our previous work®"

layerl
dcenter = /
u,

0

layerI
V(s - ug)p,(s) ds/‘/u0 szn(s) ds @

and it is the separation between the electrode surface and the
location of the center of the counterion layer. Figure 5c shows
how d gy, changes with the temperature. In short, it can be
seen d gy, as well as the ion accumulation is largely insensitive
to temperature, which leads to the invariance of capacitance.
Based on this analysis, the negative temperature dependence on
capacitance, revealed by Vatamanu et al®’ in an MD
computational study on the interfaces of RTILs and planar
graphene electrodes, could arise from the variation of ion
accumulation and layer location as temperature changes.

To gain fundamental insights into the correlation between
the temperature and EDL structure as well as capacitance,
Holovko et al.*° introduced a concept of ionic association; it
was suggested that an increase of capacitance at higher
temperatures was ascribed to a dramatic decrease in ion-pair
association. This decreased ion coupling due to temperature
increase was invoked to explain the positive temperature
influence disclosed in many experiments.">**>* In our
investigation, we first addressed how to interpret the nearly
flat capacitance-temperature relation observed in Figure Sa in
terms of the ionic association.

From the MD simulations,” we can calculate the interaction
potential on an ion. This potential has two parts: ion—electrode
and ion—ion interactions; each part can be specified by two
components: (1) the nonelectrostatic interaction rooted in van
der Waals forces between the ion—electrode or ion—ion, and
(2) the electrostatic interaction stemming from the charges
distributed on the electrode or ions. To explore the
temperature effect on ion association, we computed the
interaction potential between [Tf,N]~ anions (as the counter-
ions) and [emim]* cations across the EDL near the same
positively charged electrode under varying temperatures.
Specifically, the van der Waals and electrostatic interaction
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potentials between anions and cations were compared in Figure
6, panels a and b. We observe that the potential for anion—
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Figure 6. Interaction potential between ions in EDLs as a function of
distance from electrode under different temperatures: (a) anion—
cation van der Waals interaction (EAS), (b) anion—cation electrostatic
interaction (EAS), (c) anion—anion van der Waals interaction (EA%),
(d) anion—anion electrostatic interaction (E42), and (e) the total
interactions between anions per volume and other ions (E;q,_ion?s)- All
electrodes have the same radius of 0.41 nm and carry the same surface
charge density of 0.101 C/m?

cation interaction becomes less negative at higher temperature,
suggesting that the ionic association does, indeed, decrease as
the temperature increases, which is consistent with previous
computational observations.>® Figure 6a and Figure 6b also
indicate that (1) the electrostatic interactions between ions led
to the ionic dissociation and (2) the confinement from
electrode surface weakened the ionic association.

However, if that is so, then, why did the weakened ion pairs
not result in an enlarged capacitance as the temperature
increases? In order to answer this question, we computed the
interaction potential between anions under different temper-
atures (Figure 6, panels c and d). Although the anion—anion
van der Waals interaction potential tends to be less negative as
the temperature increases, the anion—anion electrostatic
interaction potential becomes much less positive, which
counterbalances the changes due to anion—cation interactions.
Such compensation effects can be further confirmed by the
product of the total potentials and the number density of
anions across the EDLs (i.e., the resulting potential on anions
per volume), as shown in Figure 6e. Taking into account the
same anion-electrode interaction potentials due to the very
similarly charged and same sized electrode, the overall potential
on anions changes only marginally as a function of the
temperature, leading to the similar ion distribution as well as
the near-constant capacitance. However, we also note that from
these (equilibrium) energy considerations, we cannot make
assumptions on the power handling ability of such SWCNTs-
based supercapacitors, (i.e., how fast the system can be charged
and discharged). Generally, it is largely related to ion mobility
and the constitution of the electrode.
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(a) (-] o

Figure 7. Schematics of fundamental insights into the influences of electrode surface charge (a), electrode curvature (b), and temperature (c) on
capacitance of CNT-based supercapacitors. The red solid circles with “+” denote the cations; the blue with “—” for anions; the dark annuli represent
the SWCNT; the double-arrow lines represent the interactions between ions (the lines change from the solid to the dash and then the dot with
thinner line width, representing the weaker interactions). The surface charge, tube curvature, and temperature increase from the left to the right.

IV. CONCLUSION

We investigated the influences of the applied potential,
electrode curvature, and temperature on the capacitance of
SWCNT-based supercapacitor electrodes with a RTIL [emim]-
[T£,N] as electrolyte using MD simulations. For the first time, a
near-flat capacitance—potential (5C—V) curve was reported for
EDLs near tubular carbon nanoparticles. This is in contrast
with the U-shaped, bell-shaped, or the camel-shaped curve
observed in RTILs on planar electrodes."*™'®* Within the
voltage range studied here, the charge overscreening accounts
for not only the almost flat 6C—V curve near the CNT
electrode but also the bell-shaped curve near planar graphene
electrode. The examination of the ion packing across EDLs
reveals that (1) although the lattice saturation was predicted
under large voltage‘n’44 it would not be found at the interfaces
between carbon electrode and RTILs with similar size to
[emim][Tf,N] and (2) the EDL within about 1.1 nm from the
electrode contributes the most part of the total energy storage,
though the fine structure of the cations and anions layering was
observed to extend up to 3.0 nm into the bulk electro-
lyte.”?*143% These observations along with the under-
standing are schematized in Figure 7a, which shows that, due to
the curvature effects originating from the CNT electrode, the
overbalanced counter-charges increase proportionally to the
surface charge as the electrode surface gets more charged, and
the changes of ion packing mainly take place in the first two
layers of ions. Moreover, the capacitance of EDL under the
same potential was found to increase with the curvature of
electrode surface, which is ascribed to the increased ion
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accumulation ability as the SWCNT radius reduces (Figure 7b).
This provides a facile method to achieve an enhanced energy
density for supercapacitor developed with electrodes based on
highly curved materials.

The capacitance of EDL near the CNT electrode is observed
to be nearly independent of the temperature, at least within the
range between 260 and 400 K, which computationally
reproduces the novel experimental findings by Lin et al.*' for
the first time. The subtle change of EDL structure,
characterized by the ion accumulative ability and layer center
location, accounts for this temperature influence on capaci-
tance. Although the ionic association (e, the interactions
between cations and anions) weakens as the temperature
increases, the interactions among ions of the same sort also
become weaker, which corporately results in the similar ion
packing as well as the capacitance (Figure 7c).

The unique capacitive behavior of SWCNT-based super-
capacitors, that is, the nearly flat 6C—V curve and the
temperature-independent capacitance revealed in MD simu-
lations herein, invites further experimental explorations to take
advantage of these phenomena and will benefit the future
design and improvement of supercapacitors with stable
capacitive performance. In particular, the prospect of using
RTIL-based supercapacitors which provide safe and reliable
operation within a very large temperature window from below
the freezing point of water to beyond the boiling point of
organic solvents is of paramount interest to commercial
applications.">*' However, we note that from the temperature
independence of capacitance, we cannot predict the actual
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device performance regarding the power rating and charge/
discharge rates which greatly depend on ion mobility rather
than ion packing. In addition, this unique capacitive behavior
revealed in this study also raises the interesting question of
whether a similar capacitive observation can be found for CNT-
based supercapacitors using other electrolytes (e.g., different
RTILs or solvent electrolytes).
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