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Introduction

Supercapacitors, commonly called electric double-layer ca-
pacitors (EDLCs), bridge the gap between batteries and
conventional dielectric capacitors, and are ideal for the
rapid storage and release of energy.[1,2] Supercapacitors have
a much higher energy density than conventional dielectric
capacitors due to the large surface area of porous electrode
materials; they also have a higher power density and a
longer lifetime than batteries due to the absence of Faradaic
processes in the electric double layer.[3] Current trends in su-
percapacitor research include the development of nanopo-
rous carbon materials for supercapacitor electrode materials
owing to the high surface area, high conductivity, and rela-
tively low cost of carbon materials.[4] Supercapacitors based
on nanoporous carbon materials have recently attracted
considerable attention as novel energy-storage devices.[4–6]

This paper is concerned with various nanoporous carbon
materials suitable for supercapacitors, including activated
carbon materials, template carbon materials, and, in particu-
lar, novel carbide-derived carbon (CDC) materials.[7]

Supercapacitors store energy by charge separation in an
electric double layer formed at the electrode/electrolyte in-
terface, in much the same way as conventional dielectric ca-
pacitors. The double layer at the electrode surface can form
and relax almost instantaneously. Unlike batteries, this pro-
cess involves no chemical reaction, thus allowing the rapid
storage and release of energy. Generally it is assumed that
the capacitance of supercapacitors follows that of a parallel-
plate capacitor, as shown in Equation (1):[2b, c,4,6a]

C ¼ ere0A
d

ð1aÞ

C=A ¼ ere0
d

ð1bÞ

in which er is the electrolyte dielectric constant, e0 is the per-
mittivity of a vacuum, A is the electrode specific surface
area, and d is the effective thickness of the electric double
layer (the Debye length). The Debye length is in the order
of molecular dimensions, and carbon materials typically
have specific surface areas up to 3000 m2g�1. With the ca-
pacitance being proportional to a very large A and being in-
versely proportional to a very small d, the energy density of
supercapacitors is much higher than that of conventional di-
electric capacitors.
To develop supercapacitors as an alternative to batteries,

worldwide research efforts are currently aiming at increasing
the energy density by optimizing the pore size distribution
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of nanoporous carbon materials. In their breakthrough
work, Gogotsi and co-workers[8] synthesized carbide-derived
carbon materials with unimodal micropores[9] smaller than
1 nm. They found that these new materials exhibit an anom-
alous increase of capacitance in an organic electrolyte of
acetonitrile compared with other carbon materials with pore
sizes above 2 nm in which there is a slightly increased capac-
itance with increasing pore size. These results challenge the
long-held presumption that pores smaller than the size of
solvated electrolyte ions do not contribute to energy storage.
Such anomalous increase in capacitance in subnanometer
pores is ascribed to the desolvation of the electrolyte ions
entering subnanometer pores,[8,10] which is verified by a
recent experiment utilizing an ionic liquid electrolyte with
no solvation shell around the electrolyte ions.[11] With a de-
tailed literature survey, we found that this anomalous phe-
nomenon is not unique with organic or ionic liquid electro-
lytes and CDCs, and it also manifests in aqueous solutions
and in carbon materials other than CDCs. These new experi-
mental discoveries pose an opportunity to further optimize
the capacitance of carbon supercapacitors, together with a
challenge for theory to rationalize the unusual experimental
results.
The theoretical model based on Equation (1) has been

used for EDLCs for decades and appears to be the first
choice for the analysis of experimental results. Assuming a
planar pore surface, Gogotsi and co-workers[8] found that
the normalized capacitance of the micropores (C/A) is pro-
portional to the reciprocal radius of the micropores (1/d).
(In the analysis, the micropore radius was treated as the esti-
mated double-layer thickness (d) shown in Equation (1).)
This relationship follows Equation (1) quite well, which
shows the dominance of the 1/d term relative to the effects
of dielectric permittivity and pore curvature. However, close
inspection reveals that the intercept of the linear fit is not
zero,[12] which indicates there are some other effects that
Equation (1) does not include. With more and more experi-
mental data available in this field, scientists are gradually re-
alizing that the parallel-plate capacitor model is insufficient
for rationalizing the electrochemical properties of nanopo-
rous carbon supercapacitors. Generally, it is expected, and
indeed observed, that higher capacitances are obtained for
carbon materials with higher surface areas, and some experi-
ments indicate a linear relationship between C and A.[13]

However, in some other experiments, it has been found that
there is no such linear relationship.[14,15] There are also some
experiments showing that there is a linear relationship be-
tween C and micropore volume.[16,17] The effects of pore size
and d on C are also not clear. Traditional belief is that sub-
nanometer pores may not be accessible to the electrolyte so-
lution, simply because the electrolyte ions with solvation
shells are too big to enter the pores; in contrast, new experi-
ments point to a role played by the desolvated ions in sub-
nanometer pores.[8,16, 17] What happens inside the nanocon-
fined space within the pores is not fully understood.
Motivated by the recent new developments of nanoporous

carbon supercapacitors and the lack of a good theoretical

model in the field, herein we present a heuristic model for
nanoporous carbon supercapacitors with the pore curvature
taken into account. We show that, with this new model, one
can explain the anomalous increase in capacitance for pores
below 1 nm and the slightly increasing capacitance with in-
creasing pore size above 2 nm. It can be reduced to the tra-
ditional parallel-plate capacitor model in Equation (1) for
macropores of pore size >50 nm. The new model is applica-
ble to diverse carbon materials, including activated carbon
materials, template carbon materials, and CDCs in organic,
aqueous, and even ionic liquid electrolytes. The parameters
obtained from our analyses of the available experimental
data using this model are in good agreement with experi-
mental results and with our first-principles density function-
al theory (DFT) calculations.

Results and Discussion

Heuristic model : Herein, we limit our discussions to nano-
porous carbon materials as active materials in the electrode
films of supercapacitors. The grain size of carbon particles is
in the order of micrometers. Each carbon particle contains a
large amount of pores with diameters in the order of nano-
meters (Figure 1a). (According to IUPAC, nanoporous ma-

terials can be subdivided into three categories in terms of
the pore sizes: micropores are less than 2 nm in diameter,
mesopores are 2–50 nm in diameter, and macropores are
larger than 50 nm in diameter.)[18] The large specific surface
area of up to 3000 m2g�1 includes a relatively small contribu-
tion from the surface area of the particles and a major con-
tribution from the pores inside the particles. Simplification
of the carbon/electrolyte interface to an EDLC (Figure 1b)
does not consider the curvature of each pore, and according-
ly, the close interactions between pore walls are neglected in
the simple parallel-plate capacitor model. Equation (1) may

Figure 1. Schematic diagrams of a) a nanoporous carbon supercapacitor
showing the construction of supercapacitors in which the porous carbon
particles are approximated as balls and b) an electric double-layer capaci-
tor (EDLC) formed at the carbon/electrolyte interface (anode) in which
the inner and outer Helmholtz planes (IHP, OHP) are represented by
blue and red dashed lines, respectively. Cations are shown to be solvated
by the solvent molecules.
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not reflect the actual scenario for mesopores and micro-
pores. For macropores with a pore size above 50 nm, the
electric double layer can be a good approximation for the
carbon/electrolyte interface (see below).
Moving beyond the planar capacitor model, it seems rea-

sonable to include the influence of pore curvature to de-
scribe the capacitance of carbon supercapacitors. Nanopo-
rous materials can have various pore shapes, such as cylin-
drical, slit, and spherical types, depending on the synthesis
approach.[19] Mesoporous carbon materials obtained by tem-
plate methods usually have wormhole structures with cylin-
drical cross sections.[16,20] Cylindrical pores are generally the
assumption for theoretical treatments for physical adsorp-
tion of gases[21] and impedance spectroscopy.[22] By assuming
that the mesopores are cylindrical, solvated counterions
enter pores and approach the pore walls to form electric
double-cylinder capacitors (EDCCs; Figure 2a). The double-
cylinder capacitance is given in Equation (2):[23]

C ¼ 2pere0L
ln ðb=aÞ ð2aÞ

C=A ¼ ere0
bln ½b=ðb�dÞ� ð2bÞ

in which L is the pore length and b and a are the radii of
the outer and inner cylinders, respectively.

For micropores, however, the small pores do not allow the
formation of a double cylinder. Assuming cylindrical micro-
pores, solvated (or desolvated) counterions enter the pores
and line up to form electric wire-in-cylinder capacitors
(EWCCs; Figure 2b). Although the molecular geometries of
the counterions might be anisotropic, the pore walls experi-
ence the average effect owing to the translation or room-
temperature rotation of the counterions along or with re-
spect to the pore axes, leading to an inner cylinder. Con-
versely, the counterions experience the average effect if the
micropore shape is slightly distorted from a cylinder, leading

to an outer cylinder. In a way, EWCCs can also be viewed
as EDCCs, but the key quantity for EWCCs is no longer d,
but rather the radius of the inner cylinder a0, which is the ef-
fective size of the counterions (that is, the extent of electron
density around the ions). By using a0, Equation (2) then be-
comes Equation (3):

C=A ¼ ere0
blnðb=a0Þ ð3Þ

Equations (2b) and (3) are used to fit the available exper-
imental data for supercapacitors of nanoporous carbon ma-
terials with diverse pore sizes and electrolytes.[24]

Organic electrolytes : First we studied organic electrolytes,
including tetraethylammonium tetrafluoroborate (TEABF4)
and tetraethylammonium methylsulfonate (TEAMS), dis-
solved in acetonitrile. The advantage of these organic elec-
trolytes is the possibility of higher cell voltage, which results
in higher stored energy per cell, than in aqueous electro-
lytes.
The experimental data shown in Figure 3 were scanned in

from Figure 3 of reference [8], and were obtained from

Tables 2 and 3 of references [16] and [25], respectively. We
also scanned the data for reference [16] from Figure 3 of ref-
erence [8] to compare with the data originally reported in
Table 2 of reference [16]. We found that the scanned data
have acceptable relative errors of �1%. For consistency,
three data points from reference [25] were recalculated by
using the specific surface area of the electrode instead of
the powder. (The specific surface areas of electrodes are
lower than those of corresponding powder materials due to
the use of binding mixture.) The capacitances of micropo-
rous carbon materials are reduced at higher discharging cur-

Figure 2. Schematic diagrams (top views) of a) a negatively charged
meso ACHTUNGTRENNUNGpore with solvated cations approaching the pore wall to form an
electric double-cylinder capacitor (EDCC) with radii b and a for the
outer and inner cylinders, respectively, separated by a distance d, and
b) a negatively charged micropore of radius b with solvated cations of
radius a0 lining up to form an electric wire-in-cylinder capacitor
(EWCC). EWCC is also possible with desolvated ions (see text).

Figure 3. Experimental data from references [8], [16], and [25] were
fitted by using Equation (2b) in region III and Equation (3) in region I;
the extrapolation of the curve in region III into region IV approaches the
broken line calculated by Equation (1b) with the same parameters as
those obtained for region III. Data are divided into six groups (A–F) and
a detailed analysis is described in the text. The dashed curve for group E
is not a fitting result, but is shown as a visual guide.
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rent densities. Herein we analyze the data obtained at a dis-
charging current density of 5 mAcm�2.[8] In comparison, the
experiments described in references [16] and [25] were per-
formed with a small voltammetric scan rate of 2 mVs�1 and
a low discharging current density of 10 mAcm�2.
First, we fit all of the mesoporous data in region III using

Equation (2b), in which it is reasonable to approximate the
pores as cylinders. The dashed curve reproduces the trend of
slightly increasing capacitance with increasing pore size,
albeit the goodness of fit (R2) is only 0.259. The challenge to
fit all data well comes from the different conditions em-
ployed in the three experiments. These carbon materials
have contributions to capacitance from both micropores and
mesopores;[16,25] and therefore, strictly speaking the pores
are not unimodal. This hampers the application of one set of
parameters in the theoretical model because our model is
only applicable to unimodal pores and the fitting quality
will be worse when applied to multimodal pores. In addi-
tion, the electrolyte in reference [25] is TEAMS in CH3CN,
whereas the electrolyte in references [8] and [16] is TEABF4

in CH3CN. Finally, the concentrations are different, ranging
from 1.0,[16] 1.4,[16] and 1.5[8] to 1.7m

[25] (Figure 3, Table 1). To
fit the experimental results well, it is necessary to subdivide
the data to take into account the differences in experimental
conditions. Noticing that the data for a concentration of
1.7m is on the top, and the single data point for a concentra-
tion of 1.5m is in the middle between 1.7 and 1.0m, we
break down the data to fit them by concentration. The data
in reference [16] were obtained from 1.0 and 1.4m TEABF4

in CH3CN, but the specific concentrations were not descri-
bed.[6a,16] We tentatively assign group A to 1.0m and group B
to 1.4m on the basis of the typical trend.[26] The only data
point from reference [8] in region III is included in group B
for analysis because 1.5m is close to 1.4m. These respective
fittings produce much better R2 values (Table 1).
As can be seen from Table 1, the d values are of the same

order of magnitude as the calculated solvated ionic radii of
TEA+ ·7CH3CN (6.5 J) and BF4

�·9CH3CN (5.8 J),[27] and
the Debye length of TEABF4 in CH3CN (6.6 J), which was
estimated from impedance spectroscopy.[26] One also notices
the trend in Table 1 that d increases with decreasing concen-
tration, showing the increasing effective Debye screening
length with dilution.[26] The dielectric constant from the fit-
ting is about 9, which is much smaller than the value of 36
for the bulk CH3CN at room temperature.[28] However, it

has been found that the dielectric constant of an aqueous
solution decreases in electric double layers and confined
spaces.[1,29] In addition, these data were obtained from di-
verse carbon materials, including activated carbon materials,
template carbon materials, and CDCs. It appears that our
proposed model is valid regardless of what carbon materials
are used in the electrodes. The limited number of data
points for groups A and C puts the significance of the fitting
results into question, but we stress that the model describes
the trend correctly not only for the data after it has been
subdivided into three groups, but for the data as a whole
group. Further experimental studies using various concen-
trations of one electrolyte solution are encouraged for
carbon supercapacitors with narrow mesopore size distribu-
tions.
We supplement the three data points of group A with two

capacitance values obtained with a voltammetric scan rate
of 1 mVs�1 for two template mesoporous carbon materials
in 1.0m TEABF4 in CH3CN.

[30] These data, together with
those of group A, indicate that the trend of slightly increas-
ing capacitance of mesoporous carbon materials with in-
creasing pore size is valid for a wide pore range. The extrap-
olation of the curve for group B into region IV shows that
the curve asymptotically approaches the broken line calcu-
lated by Equation (1b) using the same parameters, er and d,
as in group B. In fact, Equation (2b) for EDCCs can be re-
duced to Equation (1b) for EDLCs by using TaylorKs expan-
sion for large pores when d !a.[12] This result indicates that
the curvature plays a significant role in the capacitance of
mesopores, but not in that of macropores for which the
carbon/electrolyte interface can be approximated by an elec-
tric double layer. The broken line represents the limiting
value of normalized capacitance for large pores at a concen-
tration of 1.5m.
Going down in size to micropores, especially below 1 nm,

we fit group D in region I with Equation (3), reproducing
the anomalous increase in capacitance. The er value of 2.23
is very close to the vacuum value of 1, which is reasonable
because the space between counterions and pore walls is not
an absolute vacuum, but has some finite electron density.
This shows that the solvation shell of the counterions is
completely removed, as suggested by Vix-Guterl et al.[16]

The a0 value of 2.30 J will be addressed in the next section
on the basis of DFT calculations on the radial charge distri-
bution of TEA+ and BF4

�. Gogotsi and co-workers[8] also

Table 1. Fitting results for the experimental data in regions I and III of Figure 3 using Equations (3) and (2b), respectively. Depending on the various ex-
perimental conditions in references [8], [16], and [25], experimental data are subdivided into several groups for detailed analysis. Numbers in parenthe-
ses are standard errors of parameters.

Data group Region Electrode materials Electrolyte Concentration [m] R2 er d [J] a0 [J]

A[a] III template C TEABF4 1.0[b] 0.993 9.65 (0.51) 10.15 (0.02) –
B[a] III template C and CDC TEABF4 1.4,[b] 1.5[c] 0.737 9.63 (1.95) 8.86 (1.12) –
C[d] III activated C TEAMS 1.7 0.693 8.64 (3.67) 7.64 (1.70) –
A, B, and C III activated C, template C, and CDC TEABF4, TEAMS 1.0, 1.4, 1.5, 1.7 0.259 6.49 (2.55) 7.01 (1.87) –
D[c] I CDC TEABF4 1.5 0.985 2.23 (0.30) – 2.30 (0.14)

[a] Reference [16]. [b] Specific concentrations of 1.0 and 1.4m were not given in reference [16], but groups A and B are tentatively assigned to 1.0 and
1.4m, respectively (see the text). [c] Reference [8]. [d] Reference [25].
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calculated the specific surface area by the nonlinear density
functional theory (NLDFT) method[31] assuming slit pore
shape in addition to that by the Brunauer-Emmet-Teller
(BET) method.[32] We fit the second set of data normalized
with the specific surface area from NLDFT and obtained
a0=0.51 J and er=6.72,[12] which do not agree as well with
our calculations and with the fact that the pore size is too
small to accommodate solvated ions that would otherwise
result in a higher dielectric constant. The normalized capaci-
tance values for the rest of the data in this paper are based
on the BET surface area. Comparing the largest capacitance
in this regime with the limiting capacitance value of large
pores, we find that micropores have some advantage over
mesopores as indicated by Gogotsi and co-workers.[8] It is
obvious that the highest capacitance value possible for mi-
cropores is determined by the size of the desolvated coun-
terions; therefore, engineering the sizes of the electrolyte
ions may further improve the energy density of nanoporous
carbon supercapacitors.
There appears to be no good model for the transition re-

gion II; however, the experimental data may still be under-
stood in light of the sizes of the desolvated or solvated ions.
Data group E has higher capacitance values than group C,
showing similar anomalous behavior as in group D. We spec-
ulate that data group E should be associated with EWCCs
as the larger MS� ion dictates larger pores for the formation
of EWCCs. Further experiments are indispensable to clarify
this point. In comparison, the data in group F are above the
extrapolated dashed curve from group D, implying larger er
values. Pores in this region are still too small to accommo-
date the inner cylinder of counterions, but solvated counter-
ions can enter pores to form EWCCs, leading to a higher er
value coming from the (partially removed) solvation shell.
Unlike region III, concentration should not affect the capac-
itance in regions I and II for the absence of its effect on d.
The data in Figure 3 are based on the total capacitance of

nanoporous carbon supercapacitors. In a recent experiment
on microporous CDC supercapacitors with 1.5m TEABF4 in
CH3CN, Gogotsi and co-workers dissected the total capaci-
tances into capacitance contributions of cations and
anions.[10] We fit the new data for total capacitance, and the
contributions from cations and anions using Equation (3)
and the results are shown in Figure 4 and Table 2. Note that
in Figure 4, there is a narrow pore size range that can be fit
by using Equation (3). The data on the right of the fitting
range have higher normalized capacitances than the extrap-
olation from the fit curve because the pore size is located in
region II, as shown in Figure 3. The data on the left have
lower normalized capacitances than the extrapolation from
the fit curve, probably due to pore bottlenecks smaller than
the ions or low electrical conductivity of the CDC produced
at 400 8C.[8] From the fittings, the a0 value of TEA+ is small-
er than the literature values probably because of the re-
stricted orientation of TEA+ inside micropores (see below).
In comparison, the a0 value of BF4

� is larger than the litera-
ture values by approximately 0.7 J. These discrepancies in-
dicate that there may be some other factors that go beyond

the description of our proposed model.[33] For example, the
pore shapes may not be uniformly cylindrical; bottlenecks
may prevent part of the pores from being accessed by ions,
and therefore, the actual specific surface area is smaller than
the nominal A. As a result of the different a0 values of
TEA+ and BF4

�, the effective a0 obtained from total capaci-
tance is an average value of TEA+ and BF4

�. Likewise, the
dielectric constant obtained for the total capacitance is also
an average value of TEA+ and BF4

�, and it is close to the
vacuum value of one, showing once again the desolvation of
ions before entering micropores.
Experiments with total capacitance dissected into the con-

tributions of cations and anions are very informative. From
the analysis, we obtain information regarding the effective
sizes of cations and anions, respectively. Usually a superca-
pacitor is termed a symmetric or asymmetric capacitor, de-
pending on whether the cathode and anode materials are
the same.[2a] We can extend this terminology to supercapaci-
tors with different sizes of electrolyte ions even though the
two electrodes are made of the same carbon materials.
Strictly speaking, only supercapacitors with the same elec-
trodes and the same electrolyte ion sizes are symmetric. For
such asymmetric supercapacitors with TEABF4 in CH3CN
as an electrolyte, it has been found that the total capacitance
is high and resistance is low when the pore size is smaller at
the cathode than at the anode for TEABF4 in CH3CN.

[37]

Figure 4. Experimental data of microporous CDC supercapacitors with
1.5m TEABF4 in CH3CN (reference [10]) fit by Equation (3) for the ca-
pacitance contributions from TEA+ (^), BF4

� (*) and the total capaci-
tance (&).

Table 2. Fitting results using Equation (3) for the experimental data of
total capacitance and the contributions from cations and anions with
1.5m TEABF4 in CH3CN.

[10] Numbers in parentheses are standard errors
of parameters.

Capacitance contribution R2 er a0 [J] Ionic radii [J]

TEA+ 0.997 2.37 (0.15) 2.08 (0.07) 3.42,[a] 3.37[b]

BF4
� 0.989 1.06 (0.11) 2.97 (0.06) 2.18,[a] 2.32[b,c]

Total 0.993 1.44 (0.12) 2.67 (0.07) –

[a] Reference [34]. [b] Reference [35]. [c] Reference [36].
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Reversing the electrodes leads to a decreased capacitance
and a significantly increased resistance. Thus, a TEABF4-
based carbon supercapacitor with improved electrochemical
properties would be one that uses carbon materials with
pores adapted to the size of electrolyte ions.[6a]

DFT calculations of ionic radii : To corroborate the parame-
ter a0 obtained from the fits described above, we calculated
the radial charge distribution of electrolyte ions enclosed in
nanotubes.
First, we examine BF4

� : The geometry optimizations were
performed with B3LYP/cc-pVDZ using the NWChem suite
of programs[38] for BF4

� with Td symmetry and two neutral
“armchair” nanotubes terminated with hydrogen atoms. To
simulate pores around 1 nm diameter, herein we employed
a (6,6) tube with molecular formula C156H24, which has a D6h

symmetry and a diameter of �8 J (labeled as a66(H)) and
an (8,8) tube with molecular formula C208H32, which has a
D8h symmetry and a diameter of �11 J (labeled as a88(H)).
The resulting BF4 moiety was then placed at the center of
a66(H) and a88(H) tubes. To reduce computational cost, the
orientation of BF4, a66(H), and a88(H) were adjusted so
that their symmetries are commensurate, leading to the
highest possible symmetry C2v for BF4@a66(H) and BF4@
a88(H), in which the @ symbol indicates that BF4 is en-
closed at the center of the two tubes. Assuming rigid pores,
we performed constrained optimizations for BF4@a66(H)
and BF4@a88(H) with the geometries of the tubes and the
center of the inner ions fixed. Both BF4@a66(H) and BF4@
a88(H) are neutral, and charge transfer takes place automat-
ically to give rise to the final charge states, as indicated by
BF4

�@a66(H)+ and BF4
�@a88(H)+ .

The optimized geometries of BF4
�@a66(H)+ and BF4

�@
a88(H)+ were used to calculate the charge densities (CDs)
of these systems and of neutral moieties BF4, a66(H), and
a88(H). The CD difference for BF4

�@a66(H)+ was then cal-
culated by CD ACHTUNGTRENNUNG(BF4

�@a66(H)+)�[CD ACHTUNGTRENNUNG(BF4)+CDACHTUNGTRENNUNG(a66(H))],
which provided the locations of the electron and the hole.[39]

This process was also carried out for BF4
�@a88(H)+ . The

CD difference of BF4
�@a88(H)+ is shown in Figure 5 to il-

lustrate the charge transfer from the tube to BF4. (The CD

difference plots for other ions are available in the Support-
ing Information of reference [12].) The radial charge distri-
butions of BF4

�@a66(H)+ and BF4
�@a88(H)+ (shown in

Figure 6) were calculated from the CD differences within

the boron-centered sphere by assuming that there is a room-
temperature rotation of BF4

� inside the pore. To test the
effect of the enclosure of the a66(H) and a88(H) tubes, we
also calculated the CD difference for a bare BF4

� ion with
Td symmetry by CD ACHTUNGTRENNUNG(BF4

�)�CD ACHTUNGTRENNUNG(BF4) and the corresponding
radial charge distribution. As we can see from Figure 6,
within a 3 J radius, the curves for BF4

�@a66(H)+ and
BF4

�@a88(H)+ are positive, which indicates the presence of
electrons on the BF4 moieties as a result of charge transfer.
Outside the 3 J radius, the curves are negative, which indi-
cates the presence of holes on the tubes. In comparison, the
curve for the bare BF4

� ion is 	0 as a result of the addition-
al electron.
By integrating the radial charge distribution, we obtained

the integrated number of electrons as a function of radius
(Figure 7). Then we considered a0 as the radius at which
90% of the electron is enclosed from the curves in Figure 7.
The a0 values obtained are 2.22, 2.31, and 2.31 J for BF4

�

enclosed in a66(H) and a88(H), and for the bare ion, respec-
tively. The estimated radius of BF4

� is almost constant re-
gardless of the environment and is in good agreement with
the literature value of approximately 2.2–2.3 J[34–36] and the
fitting results shown in Tables 1 and 2, which supports the
validity of the proposed heuristic model shown in Equa-
tion (3).
Next we turn to TEA+ . Figure 8a shows the top view of

the global minimum of TEA with D2d symmetry. The projec-
tion of the four terminal atoms is a square and the diagonal
of the square is along the ethyl group. We assume that
TEA+ enters the pore of a66(H) with a radius 4.1 J with its
C2’ axis in alignment with the pore axis (Figure 8b) so that

Figure 5. Charge density (CD) isosurface of BF4
�@a88(H)+ with C2v sym-

metry calculated by CD ACHTUNGTRENNUNG(BF4
�@a88(H)+)�[CD ACHTUNGTRENNUNG(BF4)+CD ACHTUNGTRENNUNG(a88(H))]

showing the locations of electron (red) and hole (blue).

Figure 6. Radial charge distributions as a function of radius within the
boron-centered sphere for BF4

�@a66(H)+ (*), BF4
�@a88(H)+ (~), and

BF4
� (+).
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TEA+ would not be too close
to the pore walls. The geome-
try of TEA@a66(H) was opti-
mized with B3LYP/cc-pVDZ
by using NWChem.[38] To
reduce computational cost, the
orientations of TEA and
a66(H) were adjusted so that
their symmetries are commen-
surate, leading to the highest
possible symmetry of D2. The
system is neutral and charge
transfer takes place automati-
cally to give rise to TEA+@
a66(H)�. Assuming rigid pores,
we performed constrained op-
timization of TEA+@a66(H)�

with the geometries of the
tube and the center of the
inner ion fixed. Similar to the

case of BF4
�@a66(H)+ , the CD difference for TEA+@

a66(H)� was then calculated by CD ACHTUNGTRENNUNG(TEA+@
a66(H)�)�[CD ACHTUNGTRENNUNG(TEA)+CD ACHTUNGTRENNUNG(a66(H))]. For radial charge dis-
tribution, we found by Mulliken population analysis that the
positive charge is primarily located around the terminal
methyl groups,[12] and therefore, the radial charge distribu-
tion was calculated within the plane that has two terminal C
atoms and is perpendicular to the pore axis.
As can be seen from the radial charge distribution curve

in Figure 9, within a 3 J radius the curve is negative, which
shows the presence of holes. Outside the 3 J radius, the
curve is positive, which indicates the presence of electrons
on the tube. By integrating the radial charge distribution
(Figure 9), we estimate that the a0 value of TEA+ is
�2.38 J. This is different from the literature value of
3.4 J,[34,35] which is about the length of an ethyl group. A
rough calculation of the side length of the square by trigonal
geometry using the ethyl length of 3.4 J gives an a0 value of
2.4 J. These calculated a0 values agree approximately with
the a0 values in Tables 1 and 2.
For the geometry of MS� in a staggered conformation

with C3v symmetry, the calculation was performed in
vacuum because the ion size of BF4

� in vacuum is the same
as that in an a88(H) tube. The CD difference for MS� was
calculated by CD ACHTUNGTRENNUNG(MS�)�CD(MS). Similar to TEA+ , MS� is
assumed to enter a micropore with its C3 principle axis
down the pore axis[12] owing to the relatively large dimen-
sion along the C3 axis. The radial charge distribution was
calculated within the plane of the O atoms perpendicular to
the C3 axis at which the negative charge is mainly located
according to the Mulliken population analysis. The ionic
radius for MS� was then estimated from the integrated
radial charge distribution and was found to be 3.13 J. The
effective a0 value of MS� is larger than that of BF4

� in mi-
cropores, thereby explaining the observation that data

Figure 8. a) Top view of the global minimum of TEA with D2d symmetry
with C2 principle axis perpendicular to the paper plane and C2’ axis lying
in and b) top view of TEA+@a66(H)� with the C2’ axis of TEA down in
alignment with the pore axis.

Figure 9. Differential and integrated radial charge distributions as a function of radius within the plane con-
taining two terminal C atoms perpendicular to the pore axis for TEA+@a66(H)�. *: Number of electrons and
holes and c : integrated number of holes.

Figure 7. Integrated radial charge distribution as a function of radius
within the boron-centered sphere for BF4

�@a66(H)+ , BF4
�@a88(H)+ ,

and BF4
�. The maximum of BF4

�@a66(H)+ is �0.9 e because of the can-
cellation from the tube, whereas those of BF4

�@a88(H)+ and BF4
� are

�1.0 e.
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group E has a larger pore size than group D (see Figure 3).
We note that the TEAMS-based supercapacitors are more
asymmetric than TEABF4-based supercapacitors because of
the larger difference in ion sizes between TEA+ and MS�.

Ionic liquid electrolyte : The advantage of using an ionic
liquid electrolyte in supercapacitors is that a further increase
of capacitor voltage can be achieved compared with organic
electrolytes.[6a] Another reason to use ionic liquid electro-
lytes is that the electrolyte ions do not have any solvation
shells due to the absence of solvent molecules. The bare
ions allow one to discern the ion sieving properties of
porous carbon materials without the interference of solvent
molecules.[40]

In a recent experiment on CDC supercapacitors,[11] Simon
and co-workers employed a 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (EMI-TFSI) ionic liquid
as an electrolyte and also found the increasing capacitance
with decreasing subnanometer pore size, exactly as that
shown in group D of Figure 3. Thus, the explanation of Go-
gotsi and co-workers for the anomalous increase in capaci-
tance of CDC supercapacitors by a desolvation of electro-
lyte ions entering subnanometer pores[8] is verified. Herein
we present our analysis of the experimental data to show
the validity of the EWCC model for ionic liquid electrolytes
(Figure 10).
As can be seen in Figure 10, we were able to fit the data

in the middle pore range to give er=1.12 and a0=2.91 J.
The value of er is very close to the vacuum value of one,
which shows the absence of solvents. The a0 value compares
well with the ions size of EMI+ and TFSI� (Table 3). Both
EMI+ and TFSI� can be approximated as rectangular shape
with dimensions of 4.3P7.6 and 2.9P7.9 J2, respectively.[11]

The ionic radii along the short and long dimensions are 2.15
and 3.80 J for EMI+ , respectively, and are 1.45 and 3.85 J
for TFSI�, respectively. It appears that the a0 value of
2.91 J from the fitting is the average value of the ionic radii
along the short and long dimensions, which suggests room-
temperature rotation of ions inside the pores. Similar to
what has been observed for TEABF4/CH3CN in CDC mi-
cropores (Figure 4), there is a decrease of specific capacitan-
ces with pores smaller than 0.7 nm. This was ascribed to an
increased portion of pores that are too small to be accessed
by the electrolyte ions.[11] For pores above 0.8 nm, the capac-
itance deviates from the EWCC model. It would be interest-
ing to perform some experiments with mesopores to find
out if there is a slight increase in capacitance with increasing

pore size in the case of ionic liquid electrolyte the same as
in the organic electrolyte (region III in Figure 3), and if the
mesoporous supercapacitors can be described by the EDCC
model.

Aqueous electrolytes of H2SO4 and KOH : In addition to or-
ganic and ionic liquid electrolytes, we also found from an
extended literature survey that the anomalous increase in
capacitance also manifests in aqueous solutions. Below we
present our analyses of available experimental data with
H2SO4 and KOH electrolytes in both micropore and meso-
pore regimes. The fitting results are tabulated in Table 3.
For the 1m aqueous H2SO4electrolyte, in the mesopore

regime (region II in Figure 11), the capacitance values show
a slight increase with increasing pore size. Fitting by using
EDCC model [Eq. (2b)] yields a rather large er, which can
be ascribed to the solvation shell of water molecules around
the electrolyte ions. The double layer is about 10 J in thick-
ness. In the micropore regime (region I), experimental data
were obtained for three kinds of carbon materials, including
TiC-CDC, Zr-CDC, and activated C. It seems that the
anomalous increase in capacitance in micropores is inde-
pendent of the preparation methods of carbon materials. Fit-
ting in this regime by using the EWCC model produces a
rather large er, indicating that the solutes are hydrated by
water molecules, unlike the case of organic electrolytes

Figure 10. Experimental data (^) of microporous CDC supercapacitors
using 1-ethyl-3-methylimidazolium-bis(trifluoromethanesulfonyl)imide
ionic liquid (EMI-TFSI) as the electrolyte[11] fit by Equation (3) for the
total capacitance.

Table 3. Fitting results for the experimental data for diverse carbon materials with micropores and mesopores and for diverse electrolytes using Equa-
tions (3) and (2b) compared with ion sizes in literature. Numbers in parentheses are standard errors of parameters.

Pores Carbon materials Electrolytes R2 er d [J] a0 [J] Ionic radii [J]

micro CDC[a] EMI-TFSI 0.944 1.12 (0.26) – 2.91 (0.16) EMI+ : 2.15,[a,b] 3.80[a,c] TFSI� : 1.45,[a,b] 3.85 [a,c]

micro CDC,[d] activated C[e] H2SO4 (1m) 0.889 27.1 (18.7) – 0.05 (0.17) H+ : 0.28[g] SO4
2� : 2.40,[h] 2.58 [i]

meso template C[f] 0.328 17.4 (6.3) 9.77 (1.92) –
micro activated C[e] KOH (6m) 0.921 7.76 (3.06) – 1.64 (0.83) K+ : 1.38[h] OH� : 1.33[h,i]

meso activated C[j] 0.618 13.4 (3.2) 6.72 (1.03) –

[a] Reference [11]. [b] Along the short dimension. [c] Along the long dimension. [d] Reference [41]. [e] Reference [42]. [f] Reference [16]. [g] Ref-
erence [43]. [h] Reference [35]. [i] Reference [36]. [j] Reference [44].
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(Table 1). The a0 value of (0.05
0.17) J appears to be in
good agreement with the ionic radius of proton. (Note that
a0 is determined by the extent of electron density around
the ions; and therefore, a0 would remain more or less con-
stant with or without the solvation shell.) Protons are prone
to hydration because of the relatively strong hydrogen-
bonding interactions with water molecules. Hydrated pro-
tons H+

ACHTUNGTRENNUNG(H2O)n have long been a subject of theoretical stud-
ies.[45, 46] Other observations to support the fact that the elec-
trolyte ions are solvated in micropore regime are 1) there is
no transition region between micropore regime and meso-
pore regime (cf. region II in Figure 3), and 2) the capaci-
tance drops at a larger micropore size (�1 nm) compared
with the cases of organic and ionic liquid electrolytes
ACHTUNGTRENNUNG(�0.7 nm), even though both proton and SO4

2� are smaller
than the ions considered before. It is not clear why there is
no sign of the anion SO4

2� from the fitting of micropore
data. An experiment would be helpful in clarifying this
problem with the total capacitance dissected into the respec-
tive contributions from proton and SO4

2�. Extrapolation of
the curve in region II into region III shows that the curve
asymptotically approaches the broken line calculated by
Equation (1b) using the same parameters er and d as in re-
gion II. The broken line represents the limiting value of nor-
malized capacitance for large pores at a concentration of 1m

aqueous H2SO4. Comparing the limiting values in region III
and region I, one can see from Figure 11 that the limiting
value of microporous capacitance is below that of the mac-
ropores. This is different from the case of organic electro-
lytes (Figure 3), as a result of the larger hydrated ions in mi-
cropores with aqueous H2SO4 electrolyte.
For the 6m aqueous KOH electrolyte, once again we show

that the EDCC and EWCC models are applicable to the
mesopore and micropore regimes, respectively (Figure 12).

The fitting of micropores gives an a0= (1.64
0.83) J, in
good agreement with the ion sizes of K+ and OH�

(Table 3). It is clear from the fitting results that the electro-
lyte ions are hydrated by water molecules in micropores, the
same as the 1m aqueous H2SO4 electrolyte. There is experi-
mental[40] and theoretical evidence[47] showing that alkaline
ions are solvated in micropores with pore size <1 nm. For
mesoporous carbon materials, we selected only eight data
points from reference [44] because the EDCC and/or
EWCC model is only applicable to unimodal pores. The
pore size distributions of these carbon materials are approxi-
mately unimodal, as can be seen from Figure 2 in refer-
ence [44]. We excluded four other carbon materials with
labels LA/CaCo, LA/CaFe, LA/CaFedem, and SA/S/CaFe,
which have pronounced multimodal pore size distributions.
The capacitance data of these four carbon materials do not
form a trend with the rest of the data. With these four
carbon materials excluded, we were able to fit the experi-
mental data to give an acceptable R2 value of 0.618.

Kinetic process of solvation/desolvation : Usually it is found
that capacitance of mesoporous carbon materials is reduced
at large discharging current densities, probably because of
the solute diffusion process. Such behavior of reduced ca-
pacitance also exists for microporous carbon materials.[8]

However, the reduced capacitance is more pronounced for
microporous carbon materials than mesoporous carbon ma-
terials. Tamai et al.[48] found that, at smaller discharge cur-
rents, the capacitances of mesoporous and microporous
carbon materials in TEABF4 organic electrolyte are in one
data group, but are separated into two data groups at larger
discharge current, in which the capacitances of microporous
carbon materials are reduced by a larger degree than those
of mesoporous carbon materials. This difference should be
ascribed to the following solvation/desolvation process of
TEA+ and BF4

�, which plays a significant role only for mi-
cropores [Eq. (4)].

Figure 11. Experimental data of supercapacitors with diverse micropo-
rous and mesoporous carbon materials in a 1m aqueous H2SO4 electro-
lyte fit by Equation (3) and (2b) for region I and II, respectively. The ex-
trapolation of the curve in region II into region III approaches the
broken line calculated by Equation (1b) using the same parameters as
obtained from region II. Note in region I, the two leftmost data points
are excluded from the fitting. ^: ZrC–CDC, &: TiC–CDC, ~: activated
carbon material, and *: template carbon material.

Figure 12. Experimental data of supercapacitors with activated carbon
electrode materials in a 6m aqueous KOH electrolyte fit by Equation (3)
and (2b) for micropores (^) and mesopores (*), respectively.
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I
þnSÐ I
Sn ð4Þ

in which I and S stand for ions and solvent molecules, re-
spectively. A negative Gibbs free energy change favors the
ion solvation process. The desolvation process contributes to
the equivalent series resistance in microporous carbon mate-
rials, but not in mesoporous carbon materials.
Temperature should also play a role in capacitance

through Equation (4). Raising the temperature may facili-
tate the desolvation process owing to a negative entropy
change according to DG=DH�TDS. Leis et al.[49] found
that, for carbon materials in triethylmethylammonium tetra-
fluoroborate (TEMABF4) electrolyte with pores smaller
than 11 J, the power density increases with temperature;
for others with only pores larger than 11 J, the power densi-
ty is almost independent of temperature. The critical pore
size of 11 J (or 10 J in Figures 3, 4, and 10) is characteristic
of EWCCs with TEMABF4 or TEABF4 as the electrolyte.
Note that TEMA+ differs from TEA+ by only one methyl
group, and therefore, the ionic radii of these two ions are
comparable. For EDCCs, the effect of temperature on ca-
pacitance might be cancelled out owing to its reverse effects
on d and solvent viscosity.
For ionic liquid and aqueous electrolytes, as can be seen

from Figures 10 to 12 and Table 3, no desolvation process in
the micropore regime is involved. Therefore, it is expected
that the deterioration of microporous carbon capacitance at
larger discharging current densities is less pronounced than
in organic electrolytes. We suggest that experiments be per-
formed to test whether capacitances of microporous carbon
materials are reduced by a comparable degree to mesopo-
rous carbon materials at large discharging current.

Nanoporous carbon materials with multimodal pore size dis-
tribution : With all pore regimes covered, we comment on
the application of Equations (2) and (3). As noted previous-
ly, the EDCC and/or EWCC model is only applicable to un-
imodal pores. Strictly speaking, among the materials dis-
cussed above, only the CDCs have a unimodal pore size dis-
tribution because of their very narrow pore size distribu-
tion.[8] For the experimental data of other carbon materials,
Equations (2b) and (3) alone do not work as well, as can be
seen from the wide range of R2 from 0.2 to 0.9.
For pores with a multimodal pore size distribution, one

should include the contributions to capacitance from
macro-, meso-, and micropores. The complete model should
be that shown in Equation (5):

C ¼
X

i

er,microe0Ai,micro

biln ðbi=a0Þ
þ
X

j

er,mesoe0Aj,meso

bjln ½bj=ðbj�dÞ�

þ
X

k

er,macroe0Ak,macro

d

ð5Þ

In cases in which macropores are only a small portion of
the pores and the pore size distribution of micropores and
mesopores is narrow, yielding bimodal pores, this approxi-

mately becomes Equation (6):

C ¼ er,microe0Amicro

bmicroln ðbmicro=a0Þ
þ er,mesoe0Ameso

bmesoln ½bmeso=ðbmeso�dÞ�
ð6Þ

A modified version of Equation (6) has been employed
by Shi[14a] for carbon supercapacitors with bimodal pores
producing a good linear relationship between C/Ameso and
Amicro/Ameso. This, however, should work well only when the
areas (Amicro and Ameso) and their ratio are allowed to
change while the pore sizes are fixed to give a constant
slope and intercept.[41]

Endohedral versus exohedral supercapacitors : In addition to
nanoporous carbon materials, other carbon materials have
also been experimentally studied for electrode materials of
supercapacitors, such as single-walled nanotubes (SWNTs),
multi-walled nanotubes (MWNTs),[50] and carbon nanofibers
or nanowires.[51] In sharp contrast to nanoporous carbon ma-
terials, for which counterions enter pores to form endohe-
dral EDCCs and/or EWCCs, for nanotubes with end caps
and solid nanowires, counterions reside on the outside of
the surfaces, which leads to exohedral EDCCs (Figure 13).

(An EWCC is not possible.) For nanowires with diameters
in the order of 100 nm, the EDLC model is probably still
valid. For carbon nanotubes, the EDLC model is usually
used for the discussion of electrochemical properties.[50a]

However, on the basis of the insight obtained from the
nanoporous carbon materials, the EDCC model should be
the reasonable choice for modeling exohedral supercapaci-
tors based on carbon nanotubes. Note that Equation (2) is
not applicable unless the diameter sizes of these materials
are strictly controlled to be monodispersed. It is challenging
to model nanotubes, mainly because nanotubes are quite
difficult to purify and samples are typically made up of a
complicated mixture that contains various types of tubes.
SWNTs could have diverse properties that arise from zigzag,
armchair, and chiral or helical structures, let alone MWNTs.
Even for just a single type of tube, the dimension change as
a function of charge injection[52] may cause the variation of
the specific surface area of electrode materials during charg-
ing/discharging. In spite of that, the advantage of exohedral
supercapacitors is that counterions have easy access to the

Figure 13. Exohedral-type EDCC with counterions forming an outer cyl-
inder on a) a negatively charged nanotube (hollow) and b) nanowire
(solid).

www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6614 – 66266624

J. Huang et al.

www.chemeurj.org


carbon/electrolyte interface without having to enter the
pores, which could increase the equivalent series resistance.
Therefore, it is likely that exohedral supercapacitors have
more rapid charging/discharging properties than endohedral
ones.

Conclusion

In response to the latest experimental developments in
nanoporous carbon supercapacitors as a novel type of
energy-storage device, we have proposed a heuristic theoret-
ical model that takes pore curvature into account to replace
the EDLC model for a traditional parallel-plate capacitor.
The carbon particles of the supercapacitor electrodes are in
the order of micrometers in size and each particle contains a
large amount of pores with diameters in the order of nano-
meters. The large specific surface area of carbon materials
includes a relatively small contribution from the surface
area of the particles and a major contribution from the
pores inside the particles. For mesopores, counterions enter
mesoporous carbon materials and approach the pore wall to
form an EDCC; for micropores, solvated/desolvated coun-
terions line up along the pore axis to form an EWCC. The
EDCC model can be reduced naturally to the EDLC model
when the pores are large enough so that the pore curvature
is no longer significant and can be approximated to be
planar. We have presented DFT calculations and detailed
analyses of available experimental data in various pore re-
gimes for diverse carbon materials, including activated
carbon materials, template carbon materials, and the novel
carbide-derived carbon materials, which show significant ef-
fects of pore curvature on the supercapacitor properties of
nanoporous carbon materials. It can be concluded that the
EDCC/EWCC model is valid regardless of what type of
carbon materials are used for electrode-active materials and
is universal to carbon supercapacitors with diverse electro-
lytes of various concentrations. Thus, supercapacitor proper-
ties can be correlated with pore size, specific surface area,
Debye length, electrolyte concentration, and dielectric con-
stant, as well as solute ion size through the EDCC/EWCC
model, which may lend support for the systematic optimiza-
tion of the properties of carbon supercapacitors through ex-
periments.
The EWCC model also provides crucial insight into the

behavior of electrolyte ions inside nanoconfined spaces. Fit-
ting the results of experimental data indicates that organic
ions tend to be desolvated before entering subnanometer
pores, whereas aqueous electrolyte ions can retain their hy-
dration shell in subnanometer pores. In addition, it appears
that some electrolyte ions undergo room-temperature rota-
tions inside micropores and the orientations of some other
electrolytes ions in micropores are restricted. All of the ex-
periments cited herein were performed near room tempera-
ture. It would be interesting to find out whether the room-
temperature rotation of electrolyte ions can be frozen out at
low temperature, not from a practical, but a fundamental

point of view. Such information can be theoretically probed
by using the EWCC model and DFT calculations of ionic
radii based on the orientation of ions inside micropores. The
knowledge acquired can also be beneficial for understanding
ion transfer in ion channels of cells. A challenge is that the
electrolyte solvents may become frozen at low temperature
before the rotation of electrolyte ions can be studied.
Associated with the understanding given above, other

conclusions can be drawn: 1) The experiments by Gogotsi
and co-workers[10] with total capacitance dissected into the
contributions of cations and anions are very informative in
that the EDCC/EWCC model can be applied separately to
the cations and anions, which produces different sets of elec-
trochemical parameters. 2) As suggested by Frackowiak,[6a]

the capacitance properties of asymmetric nanoporous
carbon supercapacitors with electrolytes of different ion
sizes can be improved by using carbon materials with pores
adapted to the size of the electrolyte ions. 3) Porous carbon
materials with various pore sizes may be combined to ach-
ieve both high energy densities due to micropores and high
power densities due to mesopores. 4) For aqueous electro-
lytes considered herein, there is no gain of energy densities
in microporous carbon materials compared with mesopores
for supercapacitors as a result of the larger hydrated ions.
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