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In this Letter, we perform an experimental study of ionic transport and current fluctuations inside
individual carbon nanotubes (CNTs). The conductance exhibits a power law behavior at low salinity, with
an exponent close to 1/3 versus the salt concentration in this regime. This behavior is rationalized in terms
of a salinity dependent surface charge, which is accounted for on the basis of a model for hydroxide
adsorption at the (hydrophobic) carbon surface. This is in contrast to boron nitride nanotubes which exhibit
a constant surface conductance. Further, we measure the low frequency noise of the ionic current in CNTs
and show that the amplitude of the noise scales with the surface charge, with data collapsing on a master

curve for the various studied CNTs at a given pH.
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The transport of fluids at the nanoscale remains, to a
large extent, virgin territory. Over recent years, new
phenomena have been unveiled such as fast flows [1-4]
or peculiar ion transport in carbon nanotubes [5], large
osmotic power in boron nitride nanotubes [6], or high
permeation across nanoporous graphene and graphene
oxides [7-9]. Many of these phenomena remain to be
rationalized [10,11]. While the field has been explored
exhaustively on the theoretical and numerical side, there is
still a lack of experimental output, as studies in this domain
are very challenging. However, a systematic understanding
of fluidic transport within nanochannels, and in particular
the somewhat mysterious carbon materials, is a prerequisite
for gaining fundamental insights into the mechanisms at
play at the nanoscale level. A lot of hope has, indeed, been
raised by the fluidic properties of these materials with
impact on societal questions like desalination and energy
harvesting, and it is accordingly crucial to pinpoint the
physical origin of their specific behavior.

In this Letter, we explore ionic transport inside individ-
ual carbon nanotubes (CNTs) of various sizes, typically in
the tens of nanometers range. We focus, in particular, on the
ionic conductance and its dependence on salt concentra-
tion, as well as on the fluctuations of the ionic current. We
report an “unusual” scaling behavior of the conductance at
low salt concentration, which can be interpreted in terms
of hydroxide adsorption on the carbon surface. Further, the
measurements of the current noise highlight an intimate
dependence of the noise amplitude on the surface charge,
suggesting that surface adsorption plays a key role in
the low frequency behavior of ionic transport. Results are
shown to be strongly different to the response of boron
nitride nanotubes (BNNTSs), which exhibit the same crys-
tallography but radically different electronic properties.

Individual nanotubes and experimental setup.—The
individual transmembrane nanotube device consists of an
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individual nanotube inserted in the hole of a pierced silicon
nitride membrane. The methodology for fabricating these
nanosystems is similar to that reported in Ref. [6], here
extended to carbon nanotubes. Briefly, a single multiwall
nanotube is inserted inside a ~200 nm hole, previously
pierced using a focused ion beam. The insertion is performed
using a homemade nanomanipulator, which consists of
piezoinertial step motors, inside a scanning electron micro-
scope. Sealing is obtained by cracking naphthalene locally
under the electronic beam. All details of this procedure,
as well as the benchmarking steps and cross-checks, follow
those described in detail in the Supplemental Material of [6].
Carbon nanotubes used in this study are commercially
available from Sigma Aldrich (ref 659258). The transmem-
brane nanotube is then squeezed between two macroscopic
fluid reservoirs containing potassium chloride (KCI) solu-
tions of various concentrations; Ag/AgCl electrodes inside
the reservoirs were connected to an external patch-clamp
amplifier for the electrical measurements with a resolution
in the tens of picoamperes for a 5 kHz sampling rate.

Here, we performed experiments with five carbon nano-
tubes—radius R = 35 nm and length L = 1500 nm, radius
R =14 nm and length L =2000 nm, radius R = 10 nm
and length L =2500 nm, radius R =7 nm and length
L=1000nm, radius R=3.5nm and length L = 3000 nm.
Two boron nitride nanotubes, with R =15 nm and
L =800 nm, and R =25 nm length L =500 nm were
also considered for comparison.

lonic transport and scaling behavior of the conduct-
ance.—First, we measure the ionic current induced by a
voltage drop. As for the BNNTSs in [6], the current varies
linearly with the voltage in all conditions (not shown).
Figure 1 then reports the values for the conductance
G =1/AV versus the salt concentration for the various
CNTs explored. A striking observation on Fig. 1 is that the
conductance in CNTs does not exhibit a saturation at low
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FIG. 1. Conductance G = I/AV measured inside single carbon

nanotubes with various geometrical characteristics and pH.
(@ {R,L} = {35 nm, 1500 nm}, pH =6, 9, 10 from bottom
to top; (b) {R,L} = {14 nm,2000 nm}, pH =6, 9, 10 from
bottom to top; (¢) {R,L} = {10 nm,2500 nm}, pH =4;
(d) {R,L} = {3.5 nm, 3000 nm}, pH = 4, 6, 8, 10 from bottom
to top. The dashed lines are predictions according to the model in
the text, G = 2¢u(nR*/L)+/p? + =% /R?, with a surface charge
scaling with salt concentration Cg,, as £ C::l: (Cga in Mol L~
and p, = 6.0210% x C, the numerical density in m™3). See text
and Supplemental Material [15] for details.

salt concentration, as expected for a nanochannel with a
constant surface charge [10] and exhibited by BNNTs, see
Ref. [6]. Rather, a scaling behavior of the conductance with
the salt concentration is exhibited at low salt concentration,
in the form

G~ Csalt’ (1)

with an exponent close to @ = 1/3. This result echoes
similar observations by Lindsay et al. [4,12] and Forniasero
et al. [13] in CNTs. There is, up to now, no explanation for
the origin of this behavior. Descriptions in terms of fixed
surface charge or fixed potential at the walls are not able to
account for this behavior. Also, charged carboxylic groups
localized at the CNT mouth, as put forward in [14] to
explain charge exclusion, are insufficient for explaining a
finite surface conduction along the CNT.

Here, we propose a possible interpretation for this behav-
ior in terms of hydroxide adsorption at the surface of the
(rather hydrophobic) carbon nanotubes, see Supplemental
Material [15]. Adsorption of ions at the hydrophobic surface
has long been suggested, and many measurements suggest
a preferential adsorption of hydroxide ions at surfaces at
neutral and alkaline pH [16], even though the origin is

still debated. Accordingly, we assume that OH™ ions
have a preferred energy of adsorption, say {f,q, at the
carbon surface. In the context of a standard charge-regulation
model [17], the chemical potential of the OH™ ions at the
surface writes y; = kgTlog([OH™] A?) — eV, +U,qs, Where
the index s denotes the value at the CNT surface and V/ is
the electrostatic potential (4 is a microscopic normalizing
length). We neglect, here, exclusion effects between hydrox-
ide ions: this will lead to a saturation of the hydroxide
concentration at the surface to a maximum limiting value.
The surface charge |X| = [OH|, is fixed by the equilibrium
condition, y; = y;[bulk] = kT log([OH™ ], A%) This yields
|Z| :kA Xexp[gbs]’ with ¢s = evs/kBT’ kA = (KA/{/KE) IOPH’
K, = 10" the dissociation constant of water, and K 4=
exp|—U,qs/kpT] a surface adsorption constant.

This equation is complemented by the nonlinear
Poisson-Boltzmann (PB) equation for the electrostatic
potential inside the tube. A full analytical resolution is
not possible, and we reduce the discussion to its key
ingredients. A first integration of the PB equation coupled
to the surface boundary condition leads to a relationship
between the surface potential ¢b,, center potential ¢,
and the surface charge: cosh ¢, — cosh ¢y = 2/(k€gc)?,
with Zgc = (22¢5|Z])~" the Gouy-Chapmann (GC)
length, £ = e*/4nckyT the Bjerrum length, and x~! =
1/+/8xzf gp, the Debye length; p; is the salt number density
(in m~3, while the equivalent salt concentration Cyy is in
moles per liter). In the limit where the surface potential is
large and dominates over the averaged (Donnan) potential
in the tube, the PB equation leads to the simple relationship
between the surface potential and surface charge:
cosh ¢p; ~ 2(k€g¢)~2. Combining with the previous charge
regulation condition for the surface charge, exp[¢,] =
|Z|/ky (with ¢, < O for a negative surface charge), we
obtain, accordingly, the self-consistent equation for X as
(ka/2|Z|) = (n€5Z%/p,). Altogether, this predicts

kA 1/3
I~ . 2
= (k- 0.) @)

Note that we cannot exclude, at this stage, a proper covalent
bonding of —OH groups at the carbon surface, as, in the
end, the physical chemistry would lead to a qualitatively
similar dependence.

Since it is expected that, at low salt concentration, the
conductance is proportional to the surface charge [10],
therefore, this prediction explains the experimental obser-
vations in Fig. 1 and the scaling in Eq. (1). Going further,
we use the following expression for the conductance, based
on the Poisson-Nernst-Planck model for conduction, which
is adapted for confined geometries in the context of a
Donnan description [10,18]

nR* |, 3?

G = 262” L Ps + F’ (3)
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with p, the KCI concentration, e the electronic charge, y =
(g + per-) = 4.8 x 10" skg™! the KCI mobility, and
eX the surface charge density on the surface (in C/m?).
Note that, in order to keep the description to its simplest
form, we omit the electro-osmotic conductance (which
scales like X2 [10] and can be checked a posteriori to
be negligible in the present conditions). We also do not
include specific ion mobility effects at the surface [19]. We
combine this expression with a density dependent charge
X(p,), defined in line with Eq. (2) as |Z|£% = Cy(p,£3)">,
with C, a dimensionless, pH dependent prefactor.

As shown in Fig. 1, this prediction is altogether in
good agreement with the experimental data for the various
tubes and pH investigated. As shown in the Supplemental
Material [15], the constant C, extracted from the fits is
found to depend on pH as C, ~ 10°PH_ with an exponent
p~0.2-0.33 in fair agreement with the prediction
12| o k}q/ P 10PH/3 see Eq. (2). Some slight dependence
of Cy on the tube diameter remains which we cannot
explain at this stage. From the fit of C;, versus pH, one may
then get a rough estimate of the adsorption constant K,
which gives an adsorption energy U,q; = 0.6 eV: this value
is substantially smaller than covalent adsorption energies
[20] and rather suggests physisorption of hydroxide ions
at the CNT surface. This is a posteriori consistent with
our initial assumption for the reversible adsorption of
hydroxide at the CNT surface.

Current fluctuations.—The conductance measurements
show, therefore, that the CNTs exhibit a quite unusual, but
robust, surface behavior. In this context, we extend our
investigations to the current noise. Specifically, we study
the fluctuations of the ionic current as a constant voltage
drop is applied between the two sides of the tube.
Experimentally, the presence of a low frequency
(f £ 1 kHz) pink noise in the ionic current has been
repeatedly reported in solid state and biological nanopores
[21-25], but its origin has not found a satisfactory
explanation up to now. Qualitatively, such low frequency
current noise is characterized by a power spectrum S(f) «
1/f7 where f is the frequency and with y ~ 1. A convenient
way to describe such dependency is based on the long
standing Hooge’s empirical relation [26]

A H (17 2

o
with A, the low frequency noise amplitude parameter and /
the mean ionic current. According to Hooge, an (again
empirical) observation is that the noise amplitude is usually
inversely dependent on the total number of charge carriers
inside the channel N, a « 1/N, although there is no
proper explanation for this behavior.

We have analyzed the fluctuations of the noise using a
Molecular Device Axopatch 200B. The ionic current is
acquired with low pass filtering at a cutoff frequency of

S(f) (4)
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FIG. 2. Noise current power spectra for CNT with {R,L}=
{35nm,1500nm} (a) and BNNT with {R,L}={25nm,500nm}
(b), measured at pH6 and at salt concentration equal to 1 M, for
different applied voltage. Peaks in the noise at harmonics of
50 Hz are due to ac electric supply grid.

5 kHz. The current is recorded and the power spectrum
obtained with a homemade LABVIEW program. In Fig. 2,
we report the power spectra of the noise under various
imposed voltage, for both a CNT and a BNNT. These
measurements confirm the presence of a low frequency 1/ f
noise, whose amplitude Ay increases with the imposed
voltage. We plot, in Fig. 3, the amplitude versus the mean
current: as suggested by Eq. (4), we find that the noise
amplitude scales like the square of the mean (dc) current,
A H X I 2.

Varying the pH highlights, a different behavior for the
CNTs and the BNNT. As shown in Fig. 3, the noise
amplitude Ay for the CNT strongly varies with the salt
concentration at low pH, while all results for Ay follow the
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FIG. 3. Evolution of the parameter Ay with the dc ionic current

I (log-log scales). The experiments have been performed on CNT
with {R,L} = {35 nm, 1500 nm} (a) and (b) and BNNT with
{R,L} = {25 nm, 500 nm} (c) and (d), for different values of
pH [pH6, (a) and (c) and pH10, (b) and (d); see Supplemental
Material [15] for the curves at pH9. The colors of the symbols
correspond to various KClI concentration: 1073 M (blue), 102 M
(red), 10~" M (black), 1 M (green). The dashed lines have a slope
1 in log-log scales, highlighting the linear dependence of Ay
with I2.
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FIG. 4. Collapse of the noise amplitude rescaled by surface
charge, a/eX, as a function of the conductance G. The symbols
are CNT with {R,L} = {35 nm, 1500 nm} (blue); CNT with
{R,L} = {14 nm, 2000 nm} (orange); CNT with {R,L} =
{7 nm, 1000 nm} (green). (a) Results at pH6. The dashed line
has a slope equal to =2, a/ « 1/G?. (b) Results at pH9. The
dashed line has a slope equal to —1.2, @/ o 1/G'2. (c) a versus
conductance for the three CNTs at pH10 and BNNT with
{R,L} = {25 nm, 500 nm} at pH6 (red) and pH10 (violet).

same functional dependence for the largest pH. The same
behavior is observed for all CNTs with varying diameters,
but with a noise amplitude which does depend on the CNT
under scrutiny. In contrast to CNTs, the noise amplitude
for the BNNT remains insensitive to salt concentration
whatever the pH.

While this behavior is somewhat complex, we show, in
Fig. 4, that the data for the noise amplitude rescaled by the
apparent surface charge—defined as above as Zappf% =
Co(pst3)'/? with the parameter C, previously measured—
do collapse on a single curve for all the investigated
CNTs with various diameters, for pH 6 and 9. The fact
that the noise should originate in the process occurring at
the surface was proposed for some time [23]. Here, the
collapse, highlighted experimentally for various systems,
strongly supports that the origin of the low frequency
noise stems from the process involving surface charge
fluctuations.

Simple arguments allow us to get insight into the
amplitude of the low frequency noise. First, one may
assume that the low frequency noise fluctuations are linked
to the conductance fluctuations, 6G. Writing 61 = I — 1=
85G x AV, with T = GAV the mean current, then one gets
for the noise spectrum S(f)=(51%)(f)=(6G*)(f)/G* x I*.
We formally rewrite this expression as S(f) =
(6G*)/G?* x I* x F(f), with F(f) a frequency dependent
function which has the dimension of an inverse frequency.
We will not discuss further the frequency dependence
of F(f), which is found experimentally to scale like
F(f) ~ 1/ f, therefore, following the longstanding Hooge’s
relationship.

We now, rather, focus on the noise amplitude. Assuming
that the noise takes its origin in the surface charge
fluctuations, one may conjecture that (5G?) « e?(5%?).
A crucial remark, then, is that surface charge fluctuations

are intimately related to the differential capacitance of the
interface [27], €?(6%?) = kgTCg, With Cgy the differ-
ential capacitance defined as Cy = (0eX/0V), with V
the surface electrostatic potential. Within the approximated
PB framework described above, the charge eX is related
to the potential via |X|~ (k/4nfp)exp|—¢,/2], so that
Cairt = €*|Z|/2kgT in the present regime. Gathering
results, the noise amplitude Ay is predicted to scale as

Ay = ol oc%x?z, (5)
Beyond the scaling in I?, therefore, this prediction suggests
that the noise amplitude « is directly proportional to the
average surface charge: this is, indeed, in full agreement
with the collapse of our experimental data in Fig. 4 for the
various CNTs. Even the scaling like G2 is recovered for
pH6. For pHY9, we still find a rescaling with the surface
charge eX but measure a different exponent for the
conductance dependence, as a/e|X| x G with y = 1.2.
For pH10, the parameter « is found to be independent of G.
The origin of this change in exponent for higher pH is not
understood at this level of analysis.

Discussion.—In conclusion, we have presented a com-
bined study of the ionic conduction and its fluctuations
inside individual carbon nanotubes. We have shown that,
in the case of CNTs, the conductance exhibits a power law
behavior at low salinity, with an exponent close to 1/3
versus the salt concentration. This is in contrast to BNNTs
which exhibits a constant surface conductance. We have
been able to rationalize this behavior in terms of a model
accounting for hydroxide adsorption at the carbon surface.
Similar processes are likely to be at the origin of a similar
observation in smaller single wall carbon nanotubes
[5,12,13].

This analysis of the conductance is particularly useful in
order to get insights into the ionic noise through CNTs.
The measurements of fluctuations in ionic conductance
show an intimate link with the properties of the fluid-solid
interface, as highlighted by a collapse of the low frequency
noise amplitude once rescaled by the surface charge. This
demonstrates that surface effects play a key role in the low
frequency behavior of ionic transport. While the role of
the surface charge on current fluctuations had been pointed
for the high frequency regime [23], such a link is shown
here for the first time for the dominant low frequency
component. The physical origin of such a 1/f component
to the noise remains largely mysterious. The scaling
behavior measured in CNTs suggests new leads for the
understanding of these slow dynamics in terms of the
dynamics of adsorption processes at the confining surface.
Work along these lines is in progress.
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