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ABSTRACT: The field of ion transport through carbon nanotubes
(CNTs) is marked by a large variability of the ionic conductance values
reported by different groups. There is also a large uncertainty concerning
the relative contributions of channel and access resistances in the
experimentally measured currents, both depending on experimental
parameters (nanotube length and diameter). In this Perspective, we
discuss the ionic conductance values reported so far in the case of
individual CNTs and compare them with standard nanofluidic models
considering both the access and channel resistances. With a view toward
guiding experimentalists, we thus show in which conditions the access or
the channel resistance can predominate in CNTs. We explain in
particular that it is not justified to use phenomenological models
neglecting the channel resistance in the case of micrometer long CNTs.
This comparison reveals that most experimental conductance values can be explained in the framework of current nanofluidic
models by considering experimental variations of slip length and surface charge density and that just a few extraordinarily high values
cannot be accounted for even by using extreme parameter values. Finally, we discuss how to complete existing models and how to
improve the statistical reliability of experimental data in the field.

■ INTRODUCTION

Over the past 20 years, fluid and ion transport through carbon
nanotubes (CNTs) has been the subject of intense research
revealing a variety of remarkable and exotic behaviors.1−3

However, this field of research is still marked by the difficulty in
performing reliable experimental measurements, especially at
the scale of an individual nanotube, resulting in low measure-
ment statistics and a high variability in conditions and results
between different groups. For instance, Amiri et al. reported the
highest ionic conductance values to date, all CNT lengths
combined, on the order of 70−150 nS at 1 M KCl for a single
nanotube 20 μm long.4 By comparison, the highest value ever
reported by the Bocquet and Siria’s group, who studied single
CNTs that are both much wider (4−20 nm in diameter) and
much shorter (1−3 μm in length), is only 4.5 nS at 1 M KCl.5

Even more strikingly, the value measured with high reproduci-
bility by Noy’s group for single CNTs with similar diameters
(1.5 nm), but 2000 times shorter (10 nm), is only 0.77 nS at 1M
KCl,6 which is more than 2 orders of magnitude lower than the
values reported in ref 4.
On the theoretical side, there is also controversy on whether

ion transport is governed by the access resistance at the
nanotube entrance or by the channel resistance associated with
the CNT length (Figure 1a). For instance, Amiri et al.4 claimed
that 20 μm long CNTs with diameters around 1.5 nm were

mimics of biological ion channels (BICs) in that the ion
transport properties of these CNTs could be reproduced by
using only a simple model of access resistance (i.e., neglecting
channel resistance) used for certain types of BICs.7 In contrast,
most theoretical work to date8−10 considered only the channel
resistance (inverse conductance), which scales as the channel
length L, and neglected the access resistance, which depends on
the pore radius but not the pore length, because of the very high
aspect ratio of the studied CNTs. The problem is complicated
because the ionic conductance of a CNT depends not only on its
geometrical features but also on additional parameters, such as
the surface charge density charge at the CNT wall, the fluid slip
length at the CNT/water interface, and the type and number of
chemical groups at the CNT mouths.
In this Perspective, we will first graphically summarize the

ionic conductance values reported to date in the literature for
single CNTs. Then, we will discuss in which conditions it is
possible to neglect the access or channel resistance of CNTs
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based on the standard nanofluidic models describing each
contribution to the total resistance. We will thus provide
theoretical curves combining both access and channel
resistances to evidence the lowest and highest theoretically
possible values of ionic conductance through CNTs based on
the current range of reported parameter values. Finally, we will
discuss future developments important for and specific to ion
transport in CNTs, in terms of both theoretical modeling and
experimental data reliability.

■ CONFRONTING LITERATURE DATA WITH
NANOFLUIDIC THEORY

Figure 1b summarizes the ionic conductance values reported to
date in the literature for single CNTs at 1 M KCl (or 3 M if 1 M
was not available) and pH close to 7 as a function of the CNT
length L (detailed data are given in the Supporting Information).
Most measurements were based on the comparison of the ionic
conductance of the nanotube devices with that of control
devices, while other measurements were based on the current
change occurring during stochastic events of nanotube insertion
in a membrane or nanotube blockade. From a theoretical
perspective, one would expect a plateau at short lengths

corresponding to the access resistance regime and a 1/L
decrease at long lengths corresponding to the channel resistance
regime. In practice, Figure 1b shows a large spread in the
experimental data, which may partly be explained by differences
in diameters and experimental conditions. Very high values
significantly deviating from the theoretically expected trend are
particularly observed in the length range of a few tens of
micrometers, e.g., ref 4 (light green points) and ref 11 (dark
green points).
To account for the literature data, we combined the model of

access resistance, Ga
−1, generally used in nanofluidics23−25 and a

model of channel resistance, Gp
−1 (involving surface charge and

slip), commonly used for CNTs.8,17,26,27 The total resistance of
the nanotube is the sum of these two resistances in series

= +
G G G
1 1 1

p a

where κ= πG r
Lp p

2

with L and r the nanopore length and radius,

respectively, κp the KCl conductivity inside the nanopore, which
depends on the uniform surface charge density σ (supposed
fixed here), and b the slip length. We have adopted the form for

Figure 1. (a) Snapshot frommolecular dynamics simulations illustrating the two types of resistance encountered by ions during their transport through
carbon nanotubes: access resistance and channel resistance (TIP3P water model, [NaCl] = 1 M, surface charge density = −0.036 C/m2). (b)
Experimental ionic conductance G (in nS) versus the nanopore length L (in μm) reported in the literature (as data points). The curves correspond to
the model where the access resistance and the pore resistance are added in series. The radius values are r = 0.2 nm (solid line), 0.55 nm (dotted-dashed
line), and 1.55 nm (dashed line). The nominal diameter dn of the CNT is indicated (as explained in the text, a van der Waals distance of 0.2 nm was
subtracted from the nominal CNT radius to account for the effective inner radius of the CNT channel). The blue curves correspond to vanishing
surface charge density (σ = 0) and slip length (b = 0); the red (pink) curves correspond to eq 2 with σ = 0.21 C/m2 and b = 1.4 μm with rapp = r (eq 3
with rapp = r + lDu/2). The gray zone corresponds to the region delimited by these two extreme cases for the choice rapp = r. For short nanoporesG does
not depend on L, whereas it decreases as 1/L for long nanopores. With the choice rapp = r + lDu/2 this crossover occurs for L ≈ 2πr. The experimental
values were taken from Amiri et al.,4 Marcotte et al.,5 Yao et al.,6 Secchi et al.,9 Rabinovitz et al.,11 H. Liu et al.,12 Cao et al.,13 Pang et al.,14 Song et al.,15

Geng et al.,16 Yazda et al.,17 L. Liu et al.,18 Choi et al.,19 C. Y. Lee et al.,20 Tunuguntla et al.,21 and Tao et al.22
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Gp given in eqs 13 and 14 of ref 26. The access conductance isGa
= 2rappκb, which is the standard formula obtained byHall28 when
the apparent radius for the access conductance, rapp, is set equal
to the physical radius r.
This classical model for the access resistance has been

generalized, following Lee et al.,29 to the case where spatially
extended end effects close to the pore mouth arise in the
presence of a nonzero surface charge density σ on the pore wall,
which induces a sudden increase of the surface conductivity. The
access resistance has the same form as above, but with the radius
replaced by an apparent one, rapp = r + lDu/2, where the so-called
Dukhin healing length lDu = (r/2)(κs/κb) is proportional to the
ratio between the surface conductivity, κs = κp− κb , and the bulk
one, κb. The final conductance, which is probably an upper limit
for the influence of entrance effects, is therefore

π κ
=

+
π κ

κ

G
r
L 1

r

r L

2
p

2

2
p

app b (1)

which simplifies, for rapp = r, to

π κ
=

+
π κ

κ

G
r
L 1

r

L

2
p

2
p

b (2)

The crossover between the channel-dominated and access-
dominated conductivity would then take place when

< = π κ

κ
L L rc 2

p

b
and therefore depends on salt concentration

and is large for high surface charge densities. In ionic transport

models incorporating only electrostatic interactions, ≥
κ

κ
1p

b
, and

therefore in the rapp = r case, (π/2)r is a lower limit (attained at
high salt concentration) for the crossover value Lc.

For = +r r l
app 2

Du , the expression for G (eq 1) simplifies to

π κ
=

+ π
κ κ +

G
r
L 1 r

L

2
p

2
3 / 1b p (3)

This last result has the two following limiting forms:

π κ
π

κ κ

≈
+

≫

G r
L 1 2

for (low salt concentration/high surface charge density)

r
L

2
p

p b

(4)

and

π κ

κ κ

≈
+

=

πG r
L 1

for (high salt concentration/low surface charge density)

r
L

2
b

2

p b

(5)

Hence, we clearly see that when = +r rapp 2
Du (eq 3), the

effective length = π
κ κ+L r

c
2

1 3 /b p
, above which the nanopore

resistance is larger than the access one and therefore dominates
the total conductance, obeys π< <π r L r2

2 c and is therefore on

the order of r. Even if the adequacy of eq 329 based on an
apparent radius rapp remains to be confirmed for different CNT
experimental setups, we cite it for completeness and to provide
an approximate upper bound. Although this entrance effect
might be important for very short nanopores, we conclude that
with the choice = +r r /2app Du the total conductance remains

controlled by the nanopore (channel) conductance for nano-
pores with lengths a few times larger than their radius. For the
sake of completeness, we note that two other groups studied the
influence of the pore surface charge density on the access
resistance. Luchinsky et al.30 computed the total conductance
for a very short charged nanopores (BIC) and found numerically
a value about 3 times larger than the Hall one at 1 M (see Figure
10 of ref 30). Noh and Aluru31 assumed that the conductivity in
the bulk in the vicinity of the pore mouth is the same as the pore
conductivity κp. They proposed a total conductance which is
similar to eq 4. However, their value of κp is lower than the one
we propose here because they took into account electric
potential leakage and the breakdown of local electroneutrality in
the nanopore near the pore entrances. Note, however, that Noh
and Aluru recognized explicitly that their model does not fit
experimental data obtained by using CNTs.
Now, with these equations combining both access and

channel resistances in hand, we can try to frame the experimental
data from the literature. To do so, we considered two extreme
cases: (a) zero slip and no surface charge (blue curves in Figure
1b) and (b) slip length and surface charge density both
extremely high (red curves for eq 2 and pink curves for eq 3 in
Figure 1b). To choose these extreme values, we used the highest
values reproducibly reported in the literature (i.e., reported by at
least two different groups) for the slip length and the surface
charge density of carbon nanotubes: 1.4 μm for the slip
length27,32 and 0.21 C/m2 for the surface charge density.8,17

Note that it has been shown using molecular dynamics
simulations that the slip length decreases when the surface
charge density increases.33,34 Indeed, surfaces with a high charge
density are more hydrophilic, whereas a high slip length is
associated with the hydrophobic nature of the surface.
Therefore, combining the most extreme values of b and σ
independently reported in the literature (σ = 0.21 C/m2 and b =
1.4 μm) constitutes in itself an even more extreme limit. To take
into account the various CNT diameters found in experimental
literature studies (0.7−4.2 nm), we also plotted each curve
considering three different diameters: a small (0.8 nm), an
intermediate (1.5 nm), and a large (3.5 nm) diameter. With
negligible influence, but for the sake of rigorousness, we also
subtracted in each case a van der Waals distance of 0.2 nm
(corresponding to the distance between the water molecules and
the CNT wall as observed in MD simulations26,35−37) from this
nominal CNT radius. Note that this value of 0.2 nm has been
measured with two different force fields for water molecules,
namely the TIP3P26 and SPC-E36,37 models.
The gray zone in Figure 1b corresponds to the region

delimited by these two extreme cases: as clearly visible, the vast
majority of experimental data are well framed by the two
extreme cases irrespective of the choice made for rapp. This
supports the idea that the variability of experimental values in
the literature can be accounted for by variations of slip length
and surface charge density related to device fabrication (e.g.,
structural defects, adatoms, and grafted chemical groups), the
nanotube environment (e.g., charge transfer), and/or the
measurement conditions (e.g., pH). The most noticeable
exceptions are the too low values of ref 21 (white point) and
the too high values of ref 4 (light green points). The low value of
ref 21 may be explained by the very small diameter (0.8 nm) of
the studied nanotubes: in this diameter range, subcontinuum
effects (e.g., dehydration barrier, edge chemical groups, and
confined water structure) and/or dielectric exclusion38 may
significantly decrease the conductance compared with the
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nanofluidic models used for Figure 1b. However, in the case of
ref 4 (light green points), it is difficult to explain why these high
values cannot be accounted for with standard nanofluidic
models, even by using the most extreme estimates for the
parameters b and σ.
To account for these high conductance values, the authors of

ref 4 used a phenomenological model, initially developed for
BICs, considering two vestibules connected by a short narrow
charged region. For several reasons, it is ill-advised to use such a
model for micrometer long CNTs. First, the geometry is very
different since this BIC modeling assumes the charge to be
present only at the nanopore constriction and is completely
omitted in the long nanopore (thus violating electroneutrality
inside the pore). Second, the large charge, extracted a posteriori
from the model, would have imposed the use of the full
Poisson−Boltzmann approach at low salt concentration, i.e.,
≤0.1 M (see for instance refs 26 and 8), instead of the Debye−
Hückel approximation. Third, the pore diameter is fitted from eq
3 of ref 4 where the conductance is assumed to be independent
of the nanopore radius, which is unphysical because this quantity
clearly depends on the pore radius, as explained above (see eq
1). Fourth and most importantly, the model completely neglects
the channel resistance which we argue is the dominant term for
micrometer long CNTs when the pore radius is in the
nanometer range, as evidenced in Figure 1b for the physically
motived choice rapp = r + lDu/2.

■ FURTHER DEVELOPMENTS IN NANOFLUIDIC
MODELING

The basic mean-field type transport model adopted here to
study the conductance of CNTs incorporates, as is usual in this
context, nanopore (electrostatic) surface charge effects and
includes contributions from ionic electrical migration, electro-
osmosis, and fluid slip. This model does not, however, integrate
certain mechanisms that may be important in ionic partitioning
into nanopores (and have already been included at least in part
in nanofiltrationmodeling).39−41 These additional, generally ion
specific, mechanisms go beyond the commonly employed
Poisson−Boltzmann mean field theory and include steric
exclusion and ion self-energy effects.39−44

To motive the clear interest in investigating these additional
mechanisms involving physical interactions other than the fixed
charge electrostatic one (Donnan), we cite the extensive work
on specific ion effects:45,46 ions of the same charge valency do
not in general behave identically in aqueous environments. For
example, ions of the same charge do not partition into nanopores
and membranes in the same way, although the Donnan
(electrostatic) mechanism predicts that they should. It is
therefore important to include other physical interactions that
depend on the specific ion characteristics (such as size and
polarizability) to enhance our understanding of ionic transport
through nanopores. One outstanding example is the rejection of
halides by nanofiltration membranes:47 despite having the same
charge the halide anions experience very different rejections.
The Donnan (electrostatic) mechanism is clearly not the whole
story and predictive modeling can only be reached through a
thorough understanding of all the major interactions at play in
such systems.
The Born self-energy contribution depends sensitively on

ionic charge and radius as well as the dielectric mismatch48

between the nanopore-confined electrolyte and the external
reservoir (bulk) one.39,41,44 The dielectric self-energy depends
on ion charge and the dielectric mismatch between the nanopore

confined electrolyte and the surrounding medium constituted
by the CNT and its matrix39−44 (Figure 2a). Because this

external medium usually has low dielectric constant, the
dielectric self-energy contribution should be strongly repulsive
for tight CNTs. As an example, Figure 2b shows the influence of
this type of dielectric mismatch on the theoretical conductivity
in slightly charged nanopores: whereas at the mean-field level
the dashed curves show the classical behavior of the variation of
pore conductanceG(Cb) with reservoir salt concentrationCb for
a constant surface charge density σ (with a plateau controlled by
σ at low Cb and a linear bulk behavior at large Cb, as detailed in
refs 8, 9, and 25), the dielectric mismatch induces a lower value
at intermediate Cb due to dielectric exclusion.40−42 So these
effects may potentially be important, and they do have
experimentally measurable signatures: it is clear, for example,

Figure 2. (a) Picture illustrating the effect of the dielectric mismatch
between the nanopore confined electrolyte and the medium
surrounding the CNT. (b) Comparison of the theoretical conductivity
of a slightly charged cylindrical nanopore vs the salt concentration in
the reservoirsCb (blue: R = 0.7 nm, σ = 0.5mC/m2, red: R = 1.2 nm, σ =
0.3 mC/m2) using the mean-field approach (dashed lines, the black
dotted line corresponds to the bulk conductivity) and the approach
developed in ref 41, which takes into account both hard core volume
effects and dielectric exclusion (theoretically computed points, lines are
guides for the eye), but not the Born self-energy because we have
assumed that the confined and bulk electrolytes have the same dielectric
constant. The matrix (or membrane) dielectric constant is ϵ(matrix) =
2, much lower than the bulk water value ϵ(bulk) = ϵ(pore) = 78 (see
part a). Clearly these nonspecific dielectric effects lead to a substantial
decrease of the conductivity at intermediate reservoir salt concen-
trations (5 < Cb < 500 mmol/L) to values lower than in the bulk,
revealing a faster descent to the low salt concentration (good co-ion
exclusion) plateau. This kind of dielectric induced descent could
potentially be misinterpreted as being due to surface regulation charge
effects, underscoring the subtlety in disentangling the various physical
and physicochemical mechanisms at play in ionic transport through
nanopores.
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from Figure 2b that the nanopore conductivity is always higher
than the bulk one if only the Donnan mechanism is taken into
account, whereas in the presence of additional dielectric
exclusion effects, the nanopore conductivity will be lower than
the bulk one at high and intermediate bulk salt concentration
and higher at low enough bulk salt concentration (the bulk
conductivity is given by the black dotted line). At high enough
bulk salt concentration dielectric exclusion dominates even in
the presence of pore surface charge. At low enough bulk salt
concentration co-ions are excluded from the pore, and the
concentration of counterions is determined uniquely by the pore
surface charge density to satisfy overall electroneutrality. When
dielectric exclusion is present, the bulk salt concentration at
which the crossover between these two regimes takes place
provides key information about its strength. Furthermore, by
studying nanopore conductivity for different salts, such as the
halides with a common cation, it should be possible to
distinguish between dielectric exclusion, which in its simplest
form depends only on the ion valencies, and Born exclusion,
which also depends on the ion size.
More generally, the influence on conductance of a spatially

varying dielectric constant that arises in the presence of an
electrolyte confined in a nanopore needs to be further
assessed.49 Additional self-energy effects arise from Debye−
Hückel type ionic correlations related to differences in ionic
solvation between the electrolyte in the pore and in the
bulk.42−44 Furthermore, the importance of ion pairing39 and
ionic polarizability in transport through CNTs needs to be
further investigated, especially their role in nanopore con-
ductance. The role and importance of the theoretically predicted
ionic “liquid−vapor” phase separation42−44 on nanopore
conductance remains an open question and very likely requires
targeted simulation and experimental studies before clear
answers can be provided.
More sophisticated theoretical approaches that would allow

access to the confined electrolyte dielectric constant49 consist in
including explicitly the solvent (water) molecules as self-
orienting permanent dipoles.50 More work is also needed to
clarify the mechanisms of CNT surface charge generation
involving ion association and adsorption, especially of H+ and
OH− ions, and the influence of nanopore surface charge and
dielectric mismatch on both fluid slip and ionic mobility.51 We
can expect that in the near future the nature of electrolyte
transport in CNTs will be further clarified thanks to ongoing
work in these areas, a major drive that will surely lead to more
successful strategies for optimizing these industrially important
nanofluidic devices. One can also hope that substantial progress
will be made in the near future in reinforcing the links between
all-atom molecular dynamics simulations (both classical and
quantum)52 and the mesoscopic type theories used here.

■ IMPROVING THE STATISTICAL RELIABILITY OF
EXPERIMENTAL DATA

Even if the variability of the experimental parameters is a likely
source of dispersion in the experimental data, it should not
distract one from carefully reflecting on the reliability of the
experimental data and the way it is statistically evaluated. In
general, experimental data obtained with nanotube devices are
compared with those obtained with control devices prepared in
the same conditions, but without nanotubes (or with closed-end
nanotubes). The key question is then, “is there a sufficient
statistical difference between nanotube devices and control
devices so that one can reliably assign the measured values to ion

transport through the nanotube(s)?” Contrary to other fields,
such as the life sciences and most subfields of physics and
chemistry, this statistical analysis is often minimal or simply
missing in the CNT field, usually because of the difficulty in
fabricating a sufficiently large number of both nanotube and
control devices. For instance, the total number of measured
nanotube and control devices and their responses are often not
reported and compared in detail. An alternative reliability
assessment could be based on identifying an experimental
signature specific to ion transport through CNTs. An empirical
criterium quite commonly used is that the ionic conductance G
through CNTs should display a power-law dependence with
concentration, i.e., G ≈ Cα, with α close to 1/3. However, non-
nanotube systems may display a similar behavior. For instance,
Amiri et al. reported data on control devices (i.e., leaky PMMA
devices without nanotubes) displaying a power-law dependence
with α close to 1/3 (see Figure S5 in ref 4). This 1/3 dependence
should therefore not be a priori considered as a proof of ion
transport through CNTs, unless statistical evidence specific to
the studied devices (for both nanotube and control devices) is
provided. We strongly believe that a detailed statistical
comparison of the responses of nanotube and control devices
should now become standard practice for publications in the
field.

■ CONCLUSION
We have provided theoretical curves based on standard
nanofluidic theory to help experimentalists to assess (i) in
which conditions the access or channel resistance can
predominate and (ii) what the highest possible conductance
values are based on currently reported physical parameter
values. The result that the vast majority of data in the literature
can be bounded by using a large but physically reasonable range
of slip length and surface charge density values suggests that the
experimental variability of these parameters may partly, but not
only, account for the diversity of experimental values.We believe
that the path toward a better understanding of ion transport
through CNTs requires both a better assessment of these
parameters and a stronger statistical evaluation of experimental
data.
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