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Abstract: Described here are the first simulations of electric double-layer capacitors based on carbon
nanotube forests modeled fully at a molecular level. The computations determine single-electrode
capacitances in the neighborhood of 80 F/g, in agreement with experimental capacitances of electric double-
layer capacitors utilizing carbon nanotube forests or carbide-derived carbons as electrode material. The
capacitance increases modestly with the decrease of the pore size through radii greater than 1 nm, which
is consistent with recent experiments on carbide-derived carbon electrodes. Because the various factors
included in these simulations are precisely defined, these simulation data will help to disentangle distinct
physical chemical factors that contribute to the performance of these materials, e.g., pore geometry, variable
filling of the pores, pseudocapacitance, and electronic characteristics of the nanotubes.

Depletion of fossil fuels, increased energy consumption, and
the desirability of low CO, emissions have heightened the need
for efficient, clean, and renewable energy sources." Many
carbon-neutral renewable energy resources, e.g. solar and wind,
are intermittent and require effective energy storage. Efficient,
high energy-density electrical energy storage systems would also
play a role in design of electric vehicles and would facilitate
effective power supply from the grid. Here we present the first
molecular-scale calculations on the performance of electro-
chemical capacitors based on carbon nanotube (CNT) forests
as electrodes, systems proposed to respond to these needs.

Recently proposed electric double-layer capacitors (EDLCs)
with electrodes of aligned, single-wall (SW) CNTs can have
capacitances exceeding those of conventional EDLCs.? * Nano-
tube-based EDLCs offer possibilities for deliberate nanoscale
mechanical and chemical design and for switching times
possibly faster than those found with activated carbon. The
natural goal for such capacitors would be to achieve energy
densities comparable to those of current battery systems, but
also to retain the traditional advantages of capacitors, namely
faster response (thus advantageous power densities) and longer
cycle lifetimes.
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Carbon nanotubes can be chemically stable and can have
higher conductivities than activated carbon.’ Higher conductivity
reduces switching times and resistive losses. Despite the progress
in the synthesis of carbon nanotube forests (CNFs), several basic
physical chemistry issues associated with their function and the
role of the solution have not been characterized at a molecular
level that would be relevant to the design of these systems.
Examples include the effect of pore size on solution access and
on the capacitance, the role of the electrolyte, and molecular
time-scale dynamical processes that establish the fastest responses.

Molecular simulations are well suited to address the above
issues. We have performed all atom simulations of experimental
systems containing oriented parallel metallic CNTs under
periodic boundary conditions. Figure 1 illustrates the system
treated and gives technical parameters of the setup. Figure 2
gives a molecular depiction of the solution structure for the
narrowest-case pore (radius R = 1.17 nm) studied here, case 8
of the cases detailed in Table 1. For several of those cases,
Figure 3 shows the radial distributions of N/TEA™ and B/BF,~
atoms from the center of a charged CNT. As expected, the TEA™*
ions absorb strongly at the surface of the negatively charged
CNT, and then many BF,™ ions are located just outside that
inner shell due to attractive electrostatic interactions (upper
panel). This whole distribution of charge provides the polariza-
tion that is the basis of the double-layer capacitance. In the
present case, the innermost shell of ions has a regional
concentration that is 47 times higher than the bulk concentration.
With a positively charged CNT, the maximum radial density
due to the innermost BF,~ ions was about 25 times the bulk
density, a slightly weaker absorption than for the positive ions
to the negatively charged CNT. This is due to the stronger
solvation of the smaller BF,~ ions, and perhaps also to some
intrinsic solvophobicity of TEA" ions. The inset of Figure 3
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Figure 1. TIllustration of the filled nanotube forest treated by simulation
with periodic boundary conditions. (Left) The nanotube model. (Right)
Cross-section perpendicular to the nanotubes. This configuration resulted
after 30 ns of the thermal motion from an initial configuration in which the
solution structure was approximately uniform. We used a piece of (5,5)
armchair CNT comprising 390 carbons with a C—C tube diameter of 0.67
nm and length of 4.7 nm. A total charge of O = ne, with n and other
simulation details listed in Table 1, was distributed uniformly among the
390 CNT atoms so that each atom carried a charge of ne/390, to mimic the
charged/discharged behavior of the capacitor. These charged conditions
represent a charge density ranging from —0.23 to 0.23 C/m?. Partial charges
are assigned to atomic sites of tetracthylammonium (TEA*) and tetrafluo-
roborate (BF,™) ions according to the recommendations of Luzhkov et al.®
and Andrade et al.,” respectively. All the other parameters are taken from
general AMBER force field (GAFF).® Shown here is case 1 using L, &~ L,
~ 6 nm, 1000 propylene carbonate molecules. The numbers of BF,~ or
TEA™" ions were adjusted to constitute a neutral system including the charge
n on CNT. We typically sought bulk electrolyte concentrations in the middle
of the pores (the space between the tubes) near 1.0 M.° Table 1 gives specific
ion/molecule numbers; note that cases 7 and 8 correspond to significantly
higher concentrations. To investigate the effect of pore size, we simulated
smaller systems, with shorter CNT—CNT distances, containing therefore
less propylene carbonate and fewer TEATBF,™ ions, as listed in Table 1.
Trajectories were constructed with a time step of 2 fs, using the
isothermal—isobaric (NPT) ensemble with the Langevin thermostat. Tem-
perature and pressure were 300 K and 1 atm. The simulations were
performed with AMBERY.'® Electrostatic interactions were calculated using
particle mesh Ewald with a grid spacing of 1 A. All simulations lasted 30
ns, with the first 10 ns discarded as aging. We confirmed that this
equilibration was satisfactory by extending one calculation (case 3) for
another 5 ns using parallel tempering utilizing temperatures of 300, 325,
345, and 360 K. Study of systems with the same electrolyte concentration
and CNT charge density but with a CNT length of 9.6 nm confirmed that
the present results do not depend on CNT length. Separate calculations on
homogeneous liquid propylene carbonate verified that this model gives an
accurate value for the linear response dielectric constant and its temperature
dependence.'!

shows the radial distribution of N/TEA™ and B/BF,~ atoms from
the center of the discharged CNT and confirms this interpreta-
tion. When the CNT was discharged, we still observed the
principal TEA™ peak next to the CNT surface with the density
2.3 times higher than bulk density. Favorable electrostatic
interactions with this initial TEA™ layer then serve to position
the first BF,™ layer. The solvent (PC) molecules were not
excluded from the inner double region of the charged CNTs,
but the structuring of their radial distribution (not shown) was
not as pronounced as for the ions.

The capacitance C measured for a typical two-electrode
system is
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where C; and C- are the capacitances of positively and
negatively charged electrodes, respectively. We evaluate the
double-layer capacitance of a single electrode by setting the
net charge on the surface of the electrode and determining
the electrostatic potential at the electrode surface, ¢(surface),
relative to the electrostatic potential in the electrolyte solution.
This difference is obtained from
(1 r di _
Ag(r) = (—) Jo 0T = ¢(r) = @lsurface)  (2)

2me,

integrating Poisson’s equation assuming cylindrical geometry.
QO(A) is the total charge enclosed in a cylinder of radius A parallel
to the nanotube and centered on it. Specifically, when A¢
plateaus for large r, this is the electrostatic potential deep in

Figure 2. Snapshot of the electrical double layer formed around the
negatively charged CNT with charge density of —0.23 C/m”> and R = 1.17
nm. Cross-section of the simulation cell perpendicular to the nanotubes (four
images are shown). The blue balls depict the tetracthylammonium (TEA™)
ions, the green balls represent the tetrafluoroborate (BF™) ions, and the stick
figures show the propylene carbonate molecules. This suggests an inner-
shell structure dominated by TEA" cations to the exclusion of BF,~ anions
when the CNT is negatively charged.

Table 1. Collected Parameters and Results of the Calculations®

calculation R (nm) Qle Ap (V) Negat  Ner,~ Nec C (uFlcm?)

case 1 394 —14 4.09 85 71 1000 5.53
case 2 259 —14 3.97 43 29 500 5.72
case 3 1.85 —14 4.00 21 7 250 5.66
case 4 2.70 14 —3.53 29 43 500 6.42
case 5 1.85 —10 2.83 21 11 250 5.72

case 6 1.85 =5 1.47 21 16 250 5.50
case 7 137 —14 3.80 43 29 100 5.97
case 8 .17 —14 3.73 21 7 100 6.08
case 9 2.59 0 43 43 500

“R, taken as the pore radius, is half the next-nearest-neighbor CNT
surface-to-surface distance, see Figure 2. The electrostatic potential of
the uncharged case was approximately —0.07 V, a negligible magnitude
in these considerations.
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Figure 3. Local number density of N/TEA" and B/BF,~ ions radially from
the center of the charged CNTs, with surface charge density of —0.23 C/m?,
R = 2.59 nm (upper panel, case 2 of Table 1) and surface charge density
of 0.23 C/m% R = 2.70 nm (lower panel, case 4 of Table 1). The inset
shows results for case 9 of Table 1, for which the CNT is uncharged.

A¢ (volts)

Figure 4. (Solid line) For system with surface charge density of —0.23
C/m?% R = 2.59 nm (case 2), the average electrostatic potential in the solution
obtained using eq 2. (Dashed line) —A¢ for a system with surface charge
density of 0.23 C/m?, R = 2.70 nm (case 4).

the electrolyte phase relative to the nanotube; thus, A¢ is positive
for a negatively charged nanotube. Figure 4 shows how the
observed electrostatic potentials depend on r; the electrostatic
potential differences saturate in radial distances of about 1 nm
from the CNT surface. The single-electrode capacitances are
the amount of charge on the CNT divided by the potential
difference between the CNT and the bulk electrolyte. Table 1
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Figure 5. Electrostatic potential difference as a function of charge density
on the CNT surface. Here R = 1.85 nm.

gives the electrostatic potential differences for both negatively
and positively charged CNTs. For example, for cases 2 and 4
of Table 1, the charge density on the CNT is —0.23 and 0.23
C/m?, and the net electrostatic potential change is approximately
4 and 3.5 V, resulting in specific capacitances of 5.7 and 6.4
uF/cm?, respectively. If we assume that 1300 m?/g is the specific
surface area for these tubes, the specific capacitances are 74
and 83 F/g. These values are in remarkably good agreement
with recent measurements'? of single-electrode capacitances of
negatively (71 F/g) and positively (82 F/g) charged SWCNT
electrodes with the same electrolyte and acetonitrile solvent.
The overall capacitances (eq 1) also agree well with the
experimental measurements on CNT forests or carbide-derived
carbons as electrode materials.”''*

As noted, the calculated capacitances are consistent with
experiment'” in the asymmetry between negative and positive
electrodes. Although the charge accumulation of BF,™ ions in
response to the positively charged CNT is smaller than that of
TEA™ in response to the negatively charged CNT (as shown in
Figure 3), the potential difference is smaller for the positively
charged CNT, which means that BF,~ ions are more effective
in balancing the positively charged CNT. The smaller size BF,~
ions approach the surface of the positively charged CNT more
closely, leading to a larger capacitance.'

The dependence of A¢ on charge (Figure 5) shows insig-
nificant curvature, so the capacitances inferred here are insensi-
tive to potential for the potential range covered. In contrast,
initial experimental measurements'® for these materials indicate
a strong but featureless increase in capacitance with potentials
up to 4 V. Improved filling of the pores with increasing electrical
potential is one possibility. But recent experiments'’'? also
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Figure 6. Dependence of the calculated capacitance on pore radius R,
defined in Figure 2.

suggest pseudocapacitative behavior and changes in the elec-
tronic characteristics of the nanotubes at high potentials. Neither
of these issues is addressed by these calculations so far.
Because they are representative, we focus on the negatively
charged CNTs to determine how these single-electrode capaci-
tances change with nanotube spacing. Figure 6 shows the
specific capacitance as a function of the pore radius. The ca-
pacitance increases modestly with the decrease of the pore size
through this range of radii, in good agreement with the behavior
observed by Chmiola et al."® for carbide-derived carbon
electrodes in this range of pore sizes. Chmiola et al.'* also
reported an anomalous increase of specific capacitance for even
narrower pores.'>'*?° The geometry of the pores studied here
differs from that of the experimental carbide-derived carbon
electrodes, and it would be natural to expect some difference
in the dependence of capacitance on pore size on that account.
Satisfactory extension of the present calculations to narrower
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47, 520-524.
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Figure 7. (Lower curves, right axis) Local number density of N/TEA™
radially from the center of the charged CNTs for case 1 (R = 3.94 nm) and
case 8 (R = 1.17 nm). The only difference between the two systems is the
radius R of the pores. Decreasing the radius of the pores sharpens the spatial
variations but does not move them inward appreciably. (Upper curves, left
axis) Radial variation of the electrostatic potential relative to the nanotube.

pores might require direct simulation of the filling of the pores
in deeper systems; i.e., when the cross-sectional area of the pores
is smaller, the composition of the pore material is less
convincingly estimated but might be addressed on the basis of
more aggressive simulation calculations.

Figure 7 indicates how the mean charge density changes with
decreasing pore radius R. Though the spatial variation sharpens,
decreasing R does not move the charge distributions inward
appreciably. The effect of decreasing R is a modest increase of
the double-layer capacitance.
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