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ABSTRACT
We have studied experimentally the electrical conductance–voltage curves of negatively and positively charged conical nanopores bathed in
ionic solutions with monovalent, divalent, and trivalent cations at electrochemically and biologically relevant ionic concentrations. To better
understand the interaction between the pore surface charge and the mobile ions, both single salts and salt mixtures have been considered.
We have paid attention to the effects on the conductance of the cation valency, the pore charge asymmetry, and the pore charge inversion
phenomena due to trivalent ions, both in single salts and salt mixtures. In addition, we have described how small concentrations of multivalent
ions can tune the nanopore conductance due to monovalent majority ions, together with the effect of these charges on the additivity of ionic
conductance and fluoride-induced negative differential conductance phenomena. This compilation and discussion of previously presented
experimental data offers significant insights on the interaction between fixed and mobile charges confined in nanoscale volumes and should
be useful in establishing and checking new models for describing ionic transport in the vicinity of charged surfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0119910

I. INTRODUCTION

The interaction between the mobile ions in aqueous
solutions and the pore surface charges is central to ionic transport in
membrane-based processes such as desalination and electrochemical
energy conversion.1–4 In addition, this interaction regulates the
electrophoresis of biological macromolecules, such as DNA,5 and
determines the ionic selectivity of the protein ion channels inserted
in biomembranes.6,7 Remarkably, the basic phenomena involved
can be analyzed by using single-nanopore membranes under
controllable laboratory conditions.8–12

We present a unified perspective of the electrical conductance
of monovalent, divalent, and trivalent cations salts in both nega-
tively and positively charged conical nanopores on the basis of recent
experimental data.12–16 Carboxylic acid groups provide the fixed

charges R–COO− of the negatively charged pore at neutral pH.17

Poly(allylamine hydrochloride) chains functionalized on the surface
of this nanopore by electrostatic attachment provide the fixed
charges R–NH3

+ of the positively charged pore.13 In the negative
pore, monovalent (Li+, Na+, and K+), divalent (Ca2+, Mg2+, and
Ba2+), and trivalent (Al3+, Cr3+, and La3+) cations (counterions) are
electrostatically attracted to the pore solution, whereas in the posi-
tively charged pore, these mobile ions (coions) are partially excluded
from this solution.

The experimental data compiled and discussed here have
been obtained at electrochemically and biologically relevant con-
centrations using biomimetic nanostructures whose high surface-
to-volume ratio enhances the interaction between the mobile ions
and the pore charges.17 Note that the cations Li+, Na+, K+, Ca2+,
and Mg2+, together with the carboxylic acid and charged amino
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residues, are typical of the ion channel proteins inserted in the cell
membrane.6 In addition, Ba2+ and La3+ are typical blockers of
biological ion channels.6,18–20

Mixtures of salts with monovalent (KCl), divalent
(CaCl2, MgCl2, and BaCl2), and trivalent (LaCl3) cations12,14

are also considered. In the last case, the screening of the nega-
tively charged pore groups by the trivalent cations can lead to
charge inversion phenomena.12,21–23 Remarkably, small amounts
of multivalent ions can tune the electric current transported by the
majority of monovalent ions.14,15,23–25 We also discuss fluoride-
induced negative differential conductance phenomena in conical
nanopores15 showing current drops with a peak-to-valley ratio of
the order of 10, together with the problem of ionic conductance
additivity.16

While excellent general reviews describing basic phenomena
and applications of nanopores have been published,10,26–28 we
believe that the compilation and discussion of our recent data
focused on ionic conductance provide new physical insights on the
interaction between fixed and mobile charges confined in nanoscale
volumes, a problem of great interest also in biophysics.5–7,29 Thus,
this outlook should be useful to establish and check new models
for describing ionic conductance in the vicinity of charged sur-
faces, a multidisciplinary problem relevant to biology, chemistry,
and physics.

II. EXPERIMENTAL NANOPORE CHARACTERIZATION

We give a brief description of the experimental system before
presenting and discussing the results obtained. A polyimide (PI)
foil (Kapton50 HN, DuPont) 12.5 μm thick irradiated at the
UNILAC linear accelerator (GSI, Darmstadt) by swift heavy ions
(Au) of energy 11.4 MeV per nucleon forms the basis of the
single-pore membrane used.30,31 The irradiated membrane track
is converted into a conical nanopore by asymmetric track-etching
procedures.30–32 Gold replicas of the resulting conical pores, SEM
images of the pore fracture, and independent pore conductance
measurements suggest pore radii in the range 10–40 nm for the
cone tip and 300–800 nm for the cone base.17,33 The negative pore
charges obtained at neutral pH values arise from the ionization
of carboxylate residues obtained during the track-etching process
(samples 1 and 4–10), leading to typical surface charge concentra-
tions between −0.1 and −1.0 e/nm2, with e the elementary charge.17

Pore functionalization with positive poly(allylamine hydrochloride)
(PAH) chains is achieved by electrostatic attachment at neutral pH,13

as shown in Fig. 1(a) (samples 2 and 3).
The current (I)–voltage (V) curves of the pore [Fig. 1(b)] and

the conductance G = I/V [Fig. 1(c)] are measured using a Keithley
6487 picoammeter-voltage source (Keithley Instruments, Cleveland,
OH).12 During the experiments, the aqueous solutions are kept at

FIG. 1. (a) Conversion of the negatively
charged to the positively charged pore
by the surface functionalization of a pos-
itively charged polyelectrolyte achieved
by electrostatic attachment.13 (b) Cur-
rent (I)–voltage (V) curves for the sample
1 of the unmodified pore and sample 2 of
the PAH-functionalized pore measured
at 100 mM KCl concentration.13 (c) The
corresponding conductance (G)–voltage
(V) curves.
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neutral pH values. Note that in this case the order of magnitude
of the hydrogen concentration (10−7M) is much lower than both
the hydrogen concentration that would correspond to the typical
pKa = 4–5 of the carboxylic acid groups at the pore surface and
the ionic concentrations used here. Similarly, the temperature T is
kept close to the laboratory ambient conditions (22 ○C) so that the
reference value T = 295 K can be taken for the experimental data.
Input potentials and output currents are measured using Ag∣AgCl
electrodes,12 with the reference electrode placed in the solution close
to the pore base. Data reproducibility was found to be good, as
shown previously.13–16 For the negatively charged pore (sample 1),
low electrical conductance is observed when the current enters the
cone base at V < 0, while high conductance is obtained when the
current enters the cone tip at V > 0.17 The opposite case corresponds
to the positively charged pore (sample 2 obtained by the func-
tionalization of sample 1). The electrical conductance G–V curves
obtained for the two pores are shown in Fig. 1(c). The symme-
try of these curves suggests an efficient conversion of the originally
negative groups into positive groups, which allows a significant
discussion of the mobile ions-pore charge interactions in the two
cases.

III. RESULTS AND DISCUSSION
A. Monovalent cations

Figure 2 gives the G–V curves obtained with the monovalent
salts LiCl, NaCl, and KCl for the two single-pore membranes of
Fig. 1. We focus our study on the high conductance regimes of the
pore samples (V > 0 for sample 1 and V < 0 for sample 2). For the
negatively and positively charged pores, the sequence of conduc-
tance qualitatively follows that of the diffusion coefficients in dilute
solutions, DK

+ = 1.957 > DNa
+ = 1.334 > DLi

+ = 1.029, in units of
10−9 m2/s for the three monovalent cations studied.6 However, the
positively charged pore shows more significant quantitative differ-
ences between the distinct cations than the negatively charged pore.
This fact suggests that the different electrical nature of the cations,
which are counterions in the case of the negatively charged pore
but coions in the case of the positively charged pore, is important.
Note also that, although the main carriers are anions rather than
cations in the positively charged pore, the fact is that concentra-
tions of the order of 100 mM are close to the effective pore charge

concentration,17 which may give moderate coion exclusion only.
Thus, a quasi-electroneutral solution of mobile ions could exist over
a significant fraction of the pore volume.

In the negatively charged pore, the cations tend to be close
to the pore surface in order to compensate for the fixed charges.
In the positively charged pore, however, they are repelled by the pore
surface and tend to reside in the approximately electroneutral solu-
tion at the pore center where the distinct ionic diffusion coefficients
result in different quasi-electroneutral solution conductions. Note
that the differences between the negatively and positively charged
pore conductances for the distinct cations may reflect also spe-
cific interactions between these cations and the different functional
groups on the pore surface.

B. Divalent cations
Figure 3 shows the G–V curves of 2:1 salts of different

divalent cations with a common anion. These cations are counterions
in the negatively charged nanopore and coions in the posi-
tively charged nanopore. Note the relatively small voltage-induced
changes and differences between the cations in the case of the neg-
ative pore with respect to the positively charged pore where the
divalent cations act as coions rather than counterions compensating
for the pore charges. In the positively charged pore, the conductance
differences are especially significant for MgCl2, corresponding to the
more hydrated Mg2+ ion in respect to the cases of Ca2+ and Ba2+.
This fact may suggest again that the small differences between ionic
diffusion coefficients are more noticeable in the bulk solution at the
center of the pore. Note again that, although the main carriers are
anions rather than cations in the positively charged pore, the coion
exclusion effect is only moderate at concentrations of the order of
100 mM,17 so that a quasi-electroneutral solution of mobile ions
should exist at the pore center.

C. Trivalent cations
The case of trivalent cations is considered in Fig. 4 for the

unmodified pore (sample 1) and a new PAH-functionalized pore
(sample 3) for three 3:1 chloride salts. The significant change
observed in the sign of the current rectification ratio for the
unmodified pore with respect to the pure KCl case included for
comparison suggests that a significant amount of trivalent cations

FIG. 2. (a) Conductance (G)–V curves of
the negatively charged unmodified pore
(sample 1) of Fig. 1 for three 1:1 salts
with different monovalent cations and a
common anion (Cl−) at 0.1 M concen-
tration. (b) G–V curves for the positively
charged pore (sample 2) of Fig. 1. The
curves were obtained from the data of
Ref. 13.
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FIG. 3. (a) G–V curves of the negatively
charged unmodified pore (sample 1)
of Fig. 1 for three 2:1 salts with differ-
ent divalent cations and a common anion
(Cl−) at 0.1 M. (b) G–V curves for the
positively charged pore (sample 2) of
Fig. 1. The curves were obtained from
the data of Ref. 13.

FIG. 4. (a) G–V curves of the neg-
atively charged pore (sample 1) and
three 3:1 salts with different triva-
lent cations and a common anion
(Cl−) at 0.1M concentration. The case
of the 1:1 KCl salt is included for
comparison. (b) G–V curves for the
positively charged pore (sample 3).
The curves were obtained from the data
of Ref. 13.

(La3+, Al3+, and Cr3+) are now located in the immediate vicinity of
the originally negative pore surface. The resulting overcompensation
of the fixed charges can convert the negative pore into a positively
charged pore [Fig. 4(a)] exhibiting similar rectification to that of the
PAH-functionalized pore [Fig. 4(b)].13

Charge inversion is usually reported for charged colloids
electrophoresis in solutions of multivalent ions,34,35 as well as in
atomic force microscopy36 and X-ray reflectivity37 measurements. In
addition, it can be detected by the changes in the ionic selectivity of
biological ion channels.19,23 Interestingly, charge inversion phenom-
ena in the presence of calcium cations were demonstrated for the
negatively charged C-terminus of a protein captured in the voltage-
dependent anion channel (VDAC) of a neutral lipid membrane,38

suggesting that charge inversion can take place at the level of a single
polypeptide chain. Charge inversion can also be studied by means of
computer simulations in strongly correlated liquids of multivalent
ions in the vicinity of charged surfaces.34,35,39–41

After considering the single salts case, Figs. 5(a)–5(f) give a
complete experimental account of the conductance observed in
negatively charged pores for salt mixtures of LaCl3 and KCl.
Remarkably, small amounts of La3+ significantly change the con-
ductance and rectification of the negative pore, suggesting again
that small concentrations (5 mM) of trivalent ions not only screen
the negative fixed charges but can also overcompensate them to
give an effectively positively charged pore. Figure 5 also shows that
adding KCl decreases the above charge reversal effect because of
the competition between the two cations for the pore charges and
the enhanced screening of the negative fixed charges, thus, giving

significant changes in the rectification ratio. A theoretical model
for the pore charge inversion in salt mixtures based on the
Nernst–Planck equations has been given previously.12 The model
provides qualitative explanations for the effect of the pore charge
overcompensation by La3+ ions.

D. Salt mixtures
Figure 6 explores the non-monotonic conductances that can be

observed in negatively charged pores and salt mixtures where the
divalent cations Mg2+, Ba2+, and Ca2+ coexist with the monova-
lent cation K+ and the common anion Cl− at pH = 7. Figure 6(a)
shows that G decreases with the concentration of MgCl2 at low
concentrations, eventually reaching a minimum. Again, this obser-
vation suggests that Mg2+ strongly interacts with the ionized car-
boxylic acid groups, and then the absolute value of the negative
pore charge decreases. On the contrary, G increases quasi-linearly
with the concentration of MgCl2 at high concentrations, suggesting
a dominant bulk conduction regime similar to that of an elec-
troneutral solution.42,43 In this case, the wide availability of mobile
ions in the pore solution effectively screens the negative pore
charges.12,17

As expected, because the pore asymmetry gives significantly
different axial concentration profiles at V < 0 and V > 0,17 no con-
ductance minimum is observed for the negative voltage V = −1 V
[Fig. 6(a), inset]. The shift of the conductance minimum to higher
concentrations when the voltage is increased from V = 1 to 2 V
[Fig. 6(a)] is also a direct consequence of the potential-
dependent concentration profiles along the axial position.17
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FIG. 5. (a) G–V curves of monovalent
and trivalent cation mixtures parametri-
cally in the LaCl3 concentration at fixed
50 mM KCl for pore sample 4. (b) The
corresponding G values as a function
of the LaCl3 concentration at two fixed
voltages V = +1 and −1 V. (c) The cor-
responding rectification current ratios r(V
= 1 V), defined as the absolute value
of I(V = 1 V)/I(V = −1 V) for positive
ratios and as I(V = −1 V)/I(V = 1 V) for
negative ratios, clearly show the charge
inversion. (d) G–V curves of monovalent
and trivalent cation mixtures parametri-
cally in the KCl concentration at fixed
50 mM LaCl3 for pore sample 4. (e) The
conductances as a function of the
KCl concentration at the two above
voltages. (f) The corresponding rectifica-
tion ratios suggest charge inversion for
all KCl concentrations. The curves were
obtained from the data of Ref. 12.

In particular, the decreased concentrations of the mobile ions give
lower conductances for V < 0 than for V > 0, as explained with detail
in Fig. 3 of Ref. 17. Note that this ionic depletion decreases the Debye
screening of the pore fixed charges.

Figure 6(b) indicates that, when the KCl concentration is kept
to 50 mM instead of 10 mM, the conductance minimum is shifted
to higher MgCl2 concentrations with respect to Fig. 6(a). In this
case, the higher KCl concentration screens more effectively the neg-
ative pore charge, so that higher MgCl2 concentrations are needed
to decrease the absolute value of the pore charge. When we change
the KCl concentration at a constant 10 mM MgCl2 [Fig. 6(b), inset],
no minimum is observed, in agreement with the fact that the
pore charge regulation is due to divalent rather than monovalent
cations.

The above results clearly show that relatively small amounts
of divalent cations can tune the effective pore charge. Remarkably,
this fact leads to a counter-intuitive effect in the surface-regulated
conductance regime where G decreases rather than increases with
the divalent cation salt concentration, as confirmed also for other
divalent cations [Ba2+ in Fig. 6(c) and Ca2+ in Fig. 6(d)]. Consis-
tent with these pore charge-based effects, Fig. 6(c) (inset) shows no

conductance minimum for the case of a neutral pore: at pH = 3 most
of the carboxylic groups are not ionized,17,31 and thus, the interac-
tion between the divalent cations and the pore charges is negligible.
Note also that the pore charge regulation of G is a robust effect
that can be observed not only with different salts [Figs. 6(a), 6(c),
and 6(d)] but also with distinct nanopores [Fig. 6(d), inset]. A
qualitative theoretical model for the pore charge regulation by multi-
valent ion mixtures, which is based on the divalent cation adsorption
and the Donnan distribution equilibria relating the external and
pore ionic concentrations, can be found in Ref. 14.

Figure 7 shows the conductance of a negatively charged pore
(sample 5) at V = 1 V in mixtures of 10 mM KCl and a wide range of
MgCl2, CaCl2, and BaCl2 concentrations, 1–200 mM. The error bars
clearly show the reproducibility and significance of the experimen-
tal conductances obtained for the divalent salts MgCl2, CaCl2, and
BaCl2 in Fig. 6. We may tentatively ascribe the opposite conductance
orders consistently observed in the low and high divalent cation con-
centration regimes to: (i) the differences in the counterion cation
hydration6,42 and (ii) the majority ion that mostly contributes to
G, either K+ or the divalent cation depending on the concentration
range.
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FIG. 6. (a) The conductances of a
negatively charged nanopore (sample 5)
at V = 1 and 2 V as a function of the
MgCl2 concentration (G–MgCl2 concen-
tration curves) at fixed 10 mM KCl. The
inset shows the conductances at V = −1
and −2 V. (b) G–MgCl2 concentration
curves for V = 1 and 2 V at 50 mM KCl
for pore sample 5. The inset shows the
G–KCl concentration curves for V = 1
and 2 V at 10 mM MgCl2 for pore sam-
ple 5. (c) G–BaCl2 concentration curve
for V = 1 V at 10 mM KCl. The inset
shows the case of pH = 3, which gives
a neutral pore, for V = 1 and 2 V for
pore sample 5. (d) G–CaCl2 concentra-
tion curve for V = 1 V at 10 mM KCl
for pore sample 5. For a different neg-
atively charged pore (sample 6) the inset
also shows a conductance minimum. In
all cases, the error bars give the mean
square deviations obtained from three
independent measurements. The curves
were obtained from the data of Ref. 14.

As to hydration, note that the Pauling radii and the water
substitution rates around the divalent cations follow the increasing
order Mg2+ < Ca2+ < Ba2+, contrary to the hydration energies
that follow the decreasing order Mg2+ > Ca2+ > Ba2+.6 Thus, the

smaller naked counterion (Mg2+) is more hydrated than the larger
naked counterion (Ba2+), which suggests that the strength of the
electrical interaction of the divalent cations with the negative pore
charge groups should increase in the order Mg2+ < Ca2+ < Ba2+.

FIG. 7. The conductances G at fixed
voltage V = 1 V for salt mixtures of
10 mM KCl and (a) 1 mM, (b) 10 mM,
(c) 100 mM, and (d) 200 mM concentra-
tions of MgCl2, CaCl2, and BaCl2 (Fig. 6,
pore sample 5). The error bars show the
mean square deviations resulting from
three independent measurements. The
curves were obtained from the data of
Ref. 14.
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FIG. 8. (a) G–V curves for the cases
LiCl/MgCl2 and MgCl2/LiCl at low (2 mM)
concentrations measured with a nega-
tively charged pore (pore sample 7).
(b) The same cases at high (100 mM)
concentrations (pore sample 7).

Accordingly, at low divalent cation concentration, the effective pore
charge concentration and then the majority ion (K+) concentration
should be higher for Mg2+ than for Ba2+. Thus, the conductance
decreases following series G(Mg2+) > G(Ca2+) > G(Ba2+) in this
low concentration regime, as observed experimentally [Figs. 7(a)
and 7(b)]. On the contrary, because of the increased Debye screen-
ing, the pore surface charges do not determine the conductance in
the high concentration regime where the divalent cation rather than
K+ is the majority ion. In the bulk conduction corresponding to the
high concentration regime, the more hydrated cation (Mg2+) is the
more retarded one due to the hydrodynamic friction with the aque-
ous media, which gives the opposite conductance order G(Mg2+)
< G(Ca2+) < G(Ba2+), as observed experimentally [Figs. 7(c)

and 7(d)]. Taking together, the above experimental facts demon-
strate that divalent cations can regulate the effective pore charge and
conductance of nanofluidic pores at low concentrations.14,43–45

In a different experimental context, it has been found that
mixtures of two electrolytes at a constant total concentration in
protein ion channels have given a minimum current for a par-
ticular mole fraction, the so-called anomalous mole fraction effect
(AMFE).46 This effect has been ascribed to coordinated single filing
effects in narrow pores6 and to the binding of divalent cations giving
depletion zones of mobile ions in wider pores.46–48

Other mixtures with a different cation are shown in Fig. 8
where new experimental data for the arrangements LiCl/MgCl2 and
MgCl2/LiCl at low (2 mM) and high (100 mM) concentrations

FIG. 9. (a) G–V curves for the halide
salts KI, KBr, KCl, and KF at 100 mM
concentration (pore sample 8). (b) The
G–V curves at low (2 mM) concentra-
tions (pore sample 8). (c) G–V curves
for NaF and KF at 100 mM concentration
for a different negatively charged pore
(sample 9). (d) G–V curves for LiF, NaF,
and KF at 2 mM concentration for pore
sample 9. The curves were obtained
from the data of Ref. 15.
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are presented. We observe that the pore conductance is maximum
when the most conductive salt (LiCl) faces the pore tip, as expected
from the generic I–V curve of Fig. 1(b). Note also the increased
screening of the pore charges by the divalent cations with respect
to the monovalent cations. The effect of the nanopore orientation
is due to the asymmetric distribution of the conical pore fixed
charges.17

E. Fluoride salts and negative
differential conductance

Recently, fluoride-induced negative differential conductance
phenomena in polyimide (PI) conical nanopores have been
reported.15 Nanoscale current drops with a peak-to-valley ratio of

the order of 10 and threshold voltages around 1 V were observed
in the single pore and multipore samples with different pore radii
and charge concentrations. The phenomena were studied for dif-
ferent salt concentrations, solvents, and cations,15 suggesting that
the negative conductance effect occurs only for F– ions and low
concentrations in the mM range. Remarkably, the threshold voltage
increased in the order VTH(LiF) < VTH(NaF) < VTH(KF) (Fig. 9),
following the inverse of the cation hydration energies.

Note that the F− ion has a small ionic radius compared with
those of the Cl−, Br−, and I− ions. This fact suggests high surface
charge density and hydration energy, and thus, a strong immobi-
lization of the neighboring water molecules in confined nanoscale
environments in the case of the F− ion. In addition, the pore tip
radius can be of the same order of magnitude as the Debye length

FIG. 10. Absolute values (in percent-
age) of the conductance ratio index
ΔI ≡ [(GKCl + GNaA) − (GNaCl + GKA)]/
[(GKCl + GNaA) + (GNaCl + GKA)] at
voltages V = 2 and −2 V for a
negatively charged pore (sample 10).
The electrolyte concentrations c0 = 5,
20, and 50 mM are considered for the
anions A− = I− (a) and (b), F− (c) and
(d), and ClO4

− (e) and (f). Data were
taken from Ref. 16.
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(about 10 nm) for 1–10 mM salt concentrations, which should
decrease the Debye screening of the pore charge. Taken together,
these conditions should compromise bulk ionic conduction, which
is characterized by an excess of water molecules in dilute free solu-
tions, in the case of the narrow pore tip, thus suggesting a mixed
pore surface and bulk conduction regime in our case.15 The mobile
cations dominate the conductance in the vicinity of the negative
pore charges that exclude anions. In the pore center, however,
bulk conduction can be dominant because the pore charges are
effectively screened by the cations. In this context, the negative dif-
ferential conductance effect should arise when the contribution of
the surface conductance is significant compared with the pore cen-
ter bulk conductance, as shown by the model results.15 Note here
that positively charged pores do not show negative conductance,15

which suggests indeed that the negatively charged pore tip acts as
a kinetic barrier for the F− ion transport. The theoretical results
based on the above two-region conductance model provided qual-
itative explanations for most of the observed phenomena, as shown
previously.15

F. Additivity of ionic conductances
Kohlrausch’s law of independent ionic migration establishes

the decomposition of the molar conductivity Λ of a dilute electrolyte
solution in ionic contributions. The relation ΛKCl + ΛNaA = ΛNaCl
+ ΛKA, where A− is an anion different from Cl−, is a consequence
of this law.49 Although Λ is a local quantity and G is an integral
property, the conductance G of a nanopore is a sum of ionic contri-
butions, and the relation GKCl + GNaA = GNaCl + GKA, which shows
some similarity with Kohlrausch’s law, may be satisfied16 because the
pore geometry factors are the same for all electrolytes.

Figure 10 suggests that the relation GKCl + GNaA = GNaCl + GKA
is indeed approximately valid because the absolute values of the rel-
ative difference index ΔI ≡ [(GKCl + GNaA) − (GNaCl + GKA)]/[(GKCl
+ GNaA) + (GNaCl + GKA)] are of the order of 1% at the individ-
ual concentrations c0 = 5, 20, and 50 mM. Note, however, that the
physico-chemical rationale of this experimental fact is different in
free electrolyte solutions and in nanopores. In the low concentra-
tion regime of Fig. 10, the anions Cl− and A− are excluded from the
negatively charged pore and only the cations K+ and Na+ signif-
icantly contribute to the ionic conduction. Therefore, the above
relation is due to the anion exclusion from pores with negative
charges and not to Kohlrausch’s law of independent ionic migration,
which applies only to free electrolyte solutions.

IV. CONCLUSIONS
Studies on the conductance of nanopores and ion channels

tend to emphasize the pore shape and negative surface charge
effects,50,51 usually focusing on salt concentration-dependent
phenomena with pure salts of monovalent ions.17,52–56 As a com-
plementary view, we have given a detailed discussion of the effects
of the cation valency on the electrical conductance of negatively
and positively charged nanopores on the basis of a compilation of
previously presented experimental data. To this end, electrochemi-
cally and biologically relevant ionic concentrations have been used
both in single salts and in salt mixtures. Thus, we believe that this
conductance-focused perspective gives significant insights into the

interaction between fixed and mobile charges confined in nanoscale
volumes and should be useful in establishing and checking new
models for describing ionic transport in the vicinity of charged
surfaces.4,40,44,55–58

The role of the valency on the transport rates of cations
acting either as pore counterions or coions, together with the voltage,
pore charge, and salt concentration effects, have been established.
For monovalent ions, the ionic diffusion coefficients dominate ionic
transport, resulting in a bulk-like conduction. For divalent cations,
however, the screening of the pore charges by the mobile ions
becomes more noticeable, suggesting a mixed surface and bulk
conduction. For trivalent cations, pore charge overcompensation
can arise.

In addition, we have discussed how small concentrations of
multivalent ions can tune the nanopore conductance because of
their electrical interaction with the pore charges, the effect of these
charges on the additivity of ionic conductances, and the fluoride-
induced negative differential conductance phenomena observed in
conical nanopores, which should have practical implications for
sensing procedures.
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