
5430 Phys. Chem. Chem. Phys., 2011, 13, 5430–5440 This journal is c the Owner Societies 2011

Cite this: Phys. Chem. Chem. Phys., 2011, 13, 5430–5440

Ion current rectification and rectification inversion in conical

nanopores: a perm-selective viewwz
Dmitry Momotenko,

a
Fernando Cortés-Salazar,

a
Jacques Josserand,

a
Shujuan Liu,

b

Yuanhua Shao
b
and Hubert H. Girault*

a

Received 19th November 2010, Accepted 11th February 2011

DOI: 10.1039/c0cp02595j

Ionic transport in charged conical nanopores is known to give rise to ion current rectification.

The present study shows that the rectification direction can be inverted when using electrolyte

solutions at very low ionic strengths. To elucidate these phenomena, electroneutral conical

nanopores containing a perm-selective region at the tip have been investigated and shown to

behave like classical charged nanopores. An analytical model is proposed to account for these

rectification processes.

Introduction

Recently, a lot of attention has been paid to the transport

properties of electrolytes in nanoscale pores and tubes. Apart

from the direct biological applications of ion transport

through biological membranes,1 nanopores and nanochannels

have found applications in a variety of separation techniques,2,3

molecule delivery devices,4 sensing systems,5,6 and have been

integrated within microfluidic chips.7 Additionally, nano-

pipettes have been applied in bionanotechnology,8 living cells

studies,9 as probes for scanning ion conductance microscopy

(SICM)10,11 for high-resolution imaging of surface topography

and to study the kinetics of ion transfer reactions at liquid–

liquid interfaces supported at the tip of nanopipettes.12 The

ion transport properties in such nanosystems and their different

applications are strongly governed by surface charge effects

and surface chemistry due to the high surface to volume ratio

in these nanostructures.

It was found that the transport of charged species within

asymmetric cone-shaped nanopores and nanopipettes exhibited

specific behavior, called ion current rectification (ICR).13 ICR

is encountered when the magnitude of the current through a

nanopore depends on the polarity of the applied biases, leading

to a non-ohmic current–voltage behavior. Such asymmetric

behavior can be observed if (a) the opening diameter of the

nanopore tip is comparable to the thickness of the electrical

diffuse layer (EDL) also called the Gouy-Chapman layer, (b) the

wall carries an excess surface charge, and (c) asymmetric

interaction between charged walls and ions in solution occurs.14

The latter condition can be fulfilled if the geometry of the pore

is non-symmetric, if there is asymmetry of the surface charge

density within the pore or if some electrolyte concentration

difference inside the pore takes place. Thereby, ion current

rectification phenomena could be found in charged conical

nanopores,14 nanochannels and pores with charge density

gradients,15 wall charge asymmetry16 or in homogenous nano-

channels with asymmetric electrolyte concentrations.17

A few mechanisms have been proposed to explain ICR. It

has been suggested that ICR could arise due to the changes of

the size of pore’s opening, caused by the applied voltage.18

Although such situation could be realized experimentally19

(with the use of an electromechanical gate, formed by DNA

oligomers, chemisorbed on the pore walls and surface of the

membrane), the most common explanation of rectification

phenomena for more conventional systems assumes inter-

actions between electrolyte ions and fixed charged groups of

the walls.

As it was proposed in a phenomenological report of

Wei et al.13 such interactions lead to the existence of a small

perm-selective region at the tip. The model considers this

region as the link between two conical zones where ionic

transport occurs inside and outside the pore. The analytical

expression for ionic fluxes shows the origin of rectification as

the asymmetry of conical regions inside and outside the pore

coupled to the perm-selectivity at the tip.

Siwy and co-workers20 proposed that rectification originates

from a ratchet mechanism based on ion trapping by the

electric potential well formed near the tip of the pore. Another
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mechanism developed by Woermann21,22 specifies that the

pore could be divided into three regions according to the

electrolyte concentration, and high- and low-conductance

states, which causes the difference in ionic currents for positive

and negative potentials, are the consequence of increasing and

decreasing ionic strength within the pore. According to this

mechanism, ICR is a result of a high selectivity of the pore

to the counter-ions of the EDL. High electric conductance

states, with higher current values, occur when a region of high

ionic strength is formed inside the pore. Lower current values

are caused by a decrease of ionic strength within the nano-

pore, which leads to a decrease of ionic conductivity and

consequently lower conductance of the nanopore.

Computations made by Cervera et al.23 and White24 have

confirmed the hypothesis that this non-ohmic current–voltage

behavior is related to the conductivity value inside the pore,

which is dependent on the ionic strength within the pore and

especially in the tip region. Thus, ICR should be strongly

governed by the tip diameter and the pore shape.25,26

An electroconvection mechanism was also proposed to

explain the diode-like behavior in porous membranes.27 It is

based on the suggestion that high-conducting states exist due

to convectional mixing, which leads to an increase in the

electrical current passing through the membrane. Such non-

gravitational convection (‘‘electroconvection’’ or ‘‘electro-osmosis

of the second kind’’) probably leads to mixing of the depletion

layer within the membrane with the adjacent region of the

bulk phase. The conclusion is that this process would be

especially effective in an electrolyte-depleted zone. However

the work was not continued and no experimental proofs

were found.

In this manuscript, we report the results of numerical

simulations of the ICR phenomenon in nanopores of conical

geometry using the finite element method (FEM). This paper

emphasizes the basic aspects of the ICR mechanism, i.e. the

origin of current asymmetry and the reasons for rectification

inversion. The observed behavior is explained with the use of

analytical and numerical models, describing perm-selective

pores. The results are validated by comparison with analytical

expressions, when possible, and with other literature data

reported.

Theory and numerical description

Basic equations

The ionic transport in electrolyte solutions can be described

with the Nernst-Planck equation (eqn (1))

Ji ¼ �Dirci �
ziF

RT
Dicirfþ civ ð1Þ

The total flux Ji of species i is described as a sum ofmass transport,

caused by diffusion �Dirci, migration �ziFDici(RT)
�1rf and

convection civ. Here Di, ci and zi specify diffusion coefficient,

concentration and charge number of species i, respectively.

F, R, T, v and f are the Faraday constant, the gas constant,

temperature, fluid velocity and the Galvani electric potential,

respectively.

The electrostatic interactions between charged species of the

electrolyte solution and a charged wall are determined by the

Poisson equation (eqn (2))

r2f ¼ � F

ee0

X
i

zici ð2Þ

where e and e0 denote the relative permittivity of the medium

and the vacuum permittivity, respectively.

The general mass transport equation can be simplified in the

case of absence of convection, so that last term of eqn (1) can

be ignored, and by assuming a steady-state regime (r�Ji = 0).

The electro-osmotic flow (EOF), which can contribute to the

flux, is neglected in this model since the relative value of EOF

is small for the considered system. Such assumption can be

applied for systems with relatively small surface charge density

and low electric field within the pore, as the contribution of the

electro-osmotic flow to ICR increases with increasing wall

charge and applied biases.24

By coupling equations eqn (1) and (2) and solving the system

with appropriate boundary conditions the spatial distributions

of the Galvani potential f and the ionic concentrations ci can

be obtained. Given the complexity of conical nanopore systems,

numerical solutions, e.g. finite-difference or finite-element

methods are often used.

FEM simulations procedure

The FEM simulations were performed using the finite element

software COMSOL Multiphysics (version 3.5a), operated on

Linux Ubuntu 8.04 platform with a four Core Mac Pro

2.66 GHz CPU and 9.8 GB of RAM. The Nernst-Planck

equations without electroneutrality and the Poisson equation

were solved in dimensional form for the given two-dimensional

axisymmetric geometries of a nanopore (Fig. 1a). Only half

of the cylindrical model was simulated. The computational

domain presented in Fig. 1a is the conically shaped axisymmetric

channel of 5 mm length, placed between two equal reservoirs of

solution. Such configuration allows the simulations of realistic

conditions of mass transport at the entrance and the exit of the

nanopore. The size of the reservoirs and the length of the

charged region outside the pore were adapted to have no

influence on the results. The simulated nanopore is charac-

terized by the radius of the tip, which was fixed to the value of

10 nm, and the half-cone angle a was set to 30.871. The cone

base radius was varied for obtaining the proper nanopore’s

semi-angle in order to study the effect of the pore geometry on

the value of ICR.

The numerical solutions of eqn (1) and (2) were performed

with the boundary conditions presented in Table 1.

In the present work, we investigate the ICR phenomenon

for aqueous solutions of KCl (with relative permittivity

e = 80), at different bulk concentrations c0. The chosen

diffusion coefficients Di of the ions were 2.0 � 10�9 m2 s�1

for both K+ and Cl�. The nanopore carries the charge density

s = �1 mC m�2. This value can be attributed to the surface

charge density of the glass or silica surfaces in contact with

highly diluted aqueous electrolyte solutions. However, the wall

charge depends also on the pH, the number of active surface

sites and the pKa of the corresponding dissociation reaction.28
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The numerical solution of the coupled Nernst-Planck and

Poisson equations was computed, assuming room-temperature

conditions. The mesh was refined down to a value of 0.5 nm at

the charged wall regions to resolve the features of a diffuse

double layer. The bias is applied as a potential difference

between two equipotentials, specified as surfaces 1 and 9 in

Fig. 1a, i.e. Df = f1 � f9.

The simulations of the perm-selective nanopore assume

absence of wall charges, but presence of a thin (0.5–100 nm)

region, where anions cannot permeate. The Nernst-Planck

equation describing an anion flux in the perm-selective subdomain

was excluded from the computations, as well as the Poisson

equation. Consequently, only the cation flux described by the

Nernst-Planck equation without electroneutrality was allowed

in the perm-selective zone.

The details of the validation procedure are given in the ESI

(see Fig. S-1).w

Results and discussion

Resistance distribution for an uncharged conical nanopore

Before dealing with the ICR phenomena, it is worth to discuss

the resistance distribution at an ideal uncharged nanopore

filled with an electrolyte solution, i.e. to consider ohmic

aspects. Outside the pore, the equipotential lines can be

considered as hemispheres centered on the origin of the z-axis

(point O in Fig. 1b). Indeed, by analogy with a microdisc

electrode, we can consider radial current distribution. Inside

the conical pore that is in fact a truncated sphere defined by a

solid angle of semi-angle a (see Fig. 1a), the equipotential lines

are also truncated sphere but centered on the ‘‘focal’’ point of

the nanopore (point F in Fig. 1b).

The resistance of the solution outside the pore can therefore

be approximated by

Ro ¼
r
2p

Z1
rtip

dr

r2
¼ r

2prtip
¼ koutr ð3Þ

where r represents the resistivity of the solution, rtip the radius

of the pore tip and kout represents the geometric cell constant

for the solution phase outside the pore. Similarly, the resistance

of the solution inside the pore is given by

Ri ¼
r
O

Z1
rtip= sin a

dr

r2
¼ r

4prtip

sin a

sin2 a
2

� �
 !

¼ kinr ð4Þ

with kin being the geometric cell constant for the solution phase

inside the pore, and O the solid angle defining the cone, and

given by

O ¼ 4p sin2
a
2

� �
¼ 2pð1� cos aÞ ð5Þ

Fig. 1 (a) Schematic representation of the computational domain

(not in a scale) of the conical nanopore, placed between two equal

reservoirs of solution. The numbers specify the surfaces with appropriate

boundary conditions, shown in Table 1. The presence of a wall charge

is marked with red. Note that only half of the pore, symmetric along

the z axis (dashed line) is simulated. Dotted lines specify the conical

shape of the nanopore and a indicates the half-cone angle. (b) An

illustration of ionic transport in a non-charged pore. Surfaces of a

truncated sphere (inside the pore) and a hemisphere (outside) are

indicated with dashed and solid lines and centered at points F and O,

respectively. The dash-dotted domain illustrates the perm-selective

plug at the tip and the arrows specify ionic fluxes.

Table 1 Boundary conditions for numerical simulations of ICR in conical nanopores

Surface Physical property

Boundary conditions

Nernst-Planck equations Poisson equation

1 Equiconcentration, equipotential Concentration, ci = c0 Electric potential, f = f1

2, 3, 7, 8 Insulating wall Insulation, �n�Ji = 0, Zero charge, n�(�e0errf) = 0
4–6 Glass wall Insulation, �n�Ji = 0 Surface charge, �n�(�e0errf) = �s
9 Equiconcentration, equipotential Concentration, ci = c0 Electric potential, f = f9

z axis Axial symmetry Axial symmetry Axial symmetry

The numbers specifying the surfaces are correlated to the schematic representation of the nanopore’s geometry shown in Fig. 1a (n denotes the

vector normal to the surface).
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Therefore the resistance inside the pore is proportional to the

one outside and this factor depends on semi-angle a values. For
a very small semi-angle of 51, the resistance for the solution

inside the pore is about 23 times larger than outside, but the

ratio drops to less than 4 for a semi-angle a = 30.871 taken as

an example for the remainder of this paper. The total resistance

for this system therefore simply reads

Rt ¼ Ri þ Ro ¼
r

2prtip
1þ cot

a
2

� �
¼ ktotr ð6Þ

As shown below, this simple model is reasonably well

corroborated by the simulation.

Gouy-Chapman diffuse layer interaction and Donnan potential

distribution in the absence of a potential bias

In the absence of an applied potential difference, the system is

at equilibrium and a constant Galvani potential (taken here as

equal to 0 V) can be observed, except in the space-charged

region where a Gouy-Chapman diffuse layer occurs. Usually,

the thickness of the diffuse layer, defined by the Debye length,

varies with the square root of the electrolyte concentration,

ranging from a few to tens of nanometres. When the pore

opening is in nanometre size, an interaction between the

diffuse layers is possible resulting in the exclusion of anions

near negatively charged walls and associated enrichment of

cations. Fig. 2 illustrates the influence of electrolyte concentra-

tion on the Galvani potential value along the central axis both

inside and outside the pore. The overlap of the Gouy-Chapman

diffuse layers causes a decrease of the Galvani potential value

near the pore tip, in a region where the electroneutrality of the

solution is broken. As the electrolyte concentration decreases,

the overlap occurs deeper into the pore away from the tip, but

also further outside the tip and the Galvani potential decreases

accordingly (dashed and doted lines in Fig. 2). At equilibrium,

a static electric field along the central axis is established by the

ion distribution, directed towards the tip from both directions,

as if concentrating the cations in the tip region. The potential

difference observed along the central axis is a Donnan potential

difference as classical observed between a perm-selective

membrane and an aqueous electrolyte.

Gouy-Chapman diffuse layer interaction and rectification in the

presence of a potential bias

When a bias, i.e. a Galvani potential difference, is applied

between the two bulk solutions, the system reaches a steady

state with a constant current flowing through the nanopore. At

high electrolyte concentrations, the diffuse layers interact only

at the very tip, and the Galvani potential distribution along

the central axis is monotonous. The electric field direction then

only depends on the polarity of the bias. It is interesting to

note that in this case the potential distribution is almost not

affected in absolute values by the bias polarity as we have:

f+(z) E �f�(z) (7)

where f+(z) and f_(z) are the potential distribution at

positive and negative biases, respectively.

At lower electrolyte concentrations, the overlap of the Gouy

Chapman layers takes place deeper into the pore, the Galvani

potential profiles present a minimum near the tip of the pore as

for the equilibrium case shown in Fig. 3, both at positive and

negative biases. As a result, the Galvani potential difference

along the z-axis still reaches negative values as shown in

Fig. 3a and b, respectively. The potential minima are almost

independent of the bias polarity, being equal to �0.03 V for

0.04 mM and �0.08 V for 5 mM, compared to �0.07 V and

�0.12 V for the equilibrium case, respectively. However, the

position of the potential minima depends on the polarity of the

bias and this is a key issue when discussing rectification

inversion (vide infra).

The current density j throughout the system is directly

proportional to the electric field E

j = sE (8)

where s is the local ionic conductivity given by

s ¼ F
X
i

cijzijui ð9Þ

with ui as the electrophoretic mobility of the species i. We shall

define a normalized ionic conductivity as the local conductivity

normalized by the bulk value. In the case of KCl solutions for

which the two ions have the same electrophoretic mobility, we

have simply:

s=sbulk ¼ cKþ þ cCl�

cbulk
Kþ
þ cbulkCl�

¼ cKþ þ cCl�

2c0
¼ Ic

c0
: ð10Þ

where Ic represents the local ionic strength. The normalized

ionic conductivity reflects the changes of local ion concentra-

tions in comparison with the bulk values. Current rectification

can be quantitatively described by defining a rectification

factor as

rðDfÞ ¼ Ið�DfÞ
IðDfÞ

����
���� ð11Þ

Fig. 2 Electrical potential distributions along the z axis of a negatively

charged nanopore in the static case (no bias applied) for different

electrolyte concentrations (1, 0.04 and 0.005 mMKCl for solid, dotted

and dashed lines, accordingly). The pore mouth is located at z = 0.
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where I(�Df) and I(Df) are the current values for negative

and positive biases, respectively.

We used finite element simulation to calculate the current

flowing through the system for different biases for a conical

pore having a fixed semi-angle of 30.871 as a function of the

electrolyte concentration, and Fig. 4 presents the variation of

the rectification factor with concentration. At very low con-

centrations, the rectification factor is smaller than unity, then

becomes larger than unity as the concentration reaches the

millimolar range before tending to unity at high concentrations.

This figure clearly shows that rectification can be inverted

when varying the electrolyte concentration. To the best of our

knowledge, this rectification inversion has not been observed

before, neither experimentally nor numerically; however,

previous reports show a decrease of the rectification ratio in

diluted electrolytes.24,25 To discuss this variation of rectifica-

tion, two limiting cases are considered.

Classical rectification

The classical rectification case observed experimentally occurs

when the concentration of KCl is high enough, e.g. 1 mM, to

keep the rectification ratio r(Df) bigger than 1 (see Fig. 4, region

a and Fig. 5a). As seen in Fig. 3, the electric potential

distribution is monotonous and the potential drop in the pore

is equal to 79% compared to 21% outside for positive biases.

The ratio of the potential drop found here to be 3.8 is quite

close to that indicated by the ratio of resistance model

described above and equal to 3.6.

As reported by many authors,22–24 for a positive bias, the

normalized conductivity within the pore is less than unity,

whereas the opposite occurs at a negative bias, the value along

the z-axis being represented in Fig. 5 and compared to the

equilibrium case. Very close to the walls an excess of positive

charges is present and the local conductivity is higher than the

bulk value. Actually, when examining the electroneutrality

condition (see Fig. S-2 in the ESI),w it is clear that electro-

neutrality is only broken close to the wall and partially at the

pore tip. Consequently, the transport number of the two ions

is equal to 0.5 in the electroneutral region, but the transport

number of potassium increases towards unity close to the

charged wall.

The passage of a steady-state electrical current results in

asymmetry of the normalized conductivity in regions that are

electroneutral both inside and outside the pore. In a positive

bias, the decrease of normalized conductivity, i.e. of ionic

strength, occurs within the pore where the geometric factor kin
is higher and this results in a very high resistance zone that

limits the overall current. Inversely, in negative bias, the

increase of normalized conductivity within the pore and a

quasi-bulk conductivity outside the pore in a zone where the

geometric factor kout is less than inside the pore results in a

higher current.

This variation of conductivity in electroneutral regions

stems from a Donnan effect associated to the presence of a

perm-selective region at the tip, as originally suggested by Wei

et al.13 To test this hypothesis, we have examined the ionic

distributions in a nanopore in the absence of charge on the

wall, but where a thin perm-selective plug is present at the tip.

Hereafter, we propose a simple analytical model of ionic trans-

port in an uncharged nanopore, which presents perm-selectivity

at the tip (see Fig. 1b). To calculate the current flowing

through such a system, one can consider the flux eqn (1) in

the absence of convection for both the cation and the anion.

As for the calculation of the resistance, truncated spherical

mass transport is assumed within the pore and a hemispherical

outside as illustrated in Fig. 1b. At steady state, at the surface

of the truncated sphere defining the perm-selective plug,

we have

Or2JKþ ¼
tþI

F
ð12Þ

where t+ indicates the transport number of the cations in the

perm-selective plug and

Or2JCl� ¼
�ð1� tþÞI

F
ð13Þ

Fig. 3 Electrical potential distributions along the z axis of the

negatively charged nanopore for different electrolyte concentrations

with a potential applied equal to (a) 0.1 V and (b) �0.1 V. Single,

dotted and dashed lines correspond to 1, 0.04 and 0.005 mM KCl

solutions, respectively. The pore mouth is located at z = 0.
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describes the anion flux, which is opposite to the current

direction.

In spherical coordinates, the flux eqn (1) therefore reads

@cKþ

@ð1=rÞ þ
cKþF

RT

@f
@ð1=rÞ ¼

tþI

OFDKþ
ð14Þ

and

@cCl�

@ð1=rÞ
cCl�F

RT

@f
@ð1=rÞ ¼

�ð1� tþÞI
OFDCl�

ð15Þ

By using the electroneutrality condition in solution (no charged

wall, c = cK+ = cCl�) and the equality of the diffusion

coefficient of K+ and Cl� (D = DK+ = DCl�), we obtain

the simple differential equation

@c

@ð1=rÞ ¼
Ið2tþ � 1Þ
2OFD

ð16Þ

To link the concentration c(r) to the potential drop, we have

@c

@ð1=rÞ ¼ ð2tþ � 1Þ cF
RT

@f
@ð1=rÞ ð17Þ

The integration of eqn (16) inside the pore from rp to the bulk

(i.e. r - N), taking into account the direction of the

current, gives

c0 � cðrpÞ ¼
ð2tþ � 1Þ

4pð1� cos aÞFDrp
ð18Þ

The potential drop within the pore is given by the integration

of eqn (17) and reads

Df ¼ � RT

ð2tþ � 1ÞF ln 1� Ið2tþ � 1Þ
4pð1� cos aÞFDc0rp

� �
ð19Þ

The resistance within the pore is then calculated by Ohm’s law

Rin ¼ �
RT

ð2tþ � 1Þ ln 1� Ið2tþ � 1Þ
4pð1� cos aÞFDc0rp

� �
ð20Þ

where rp is the radius at the solution-perm-selective plug

interface. Similarly, the resistance outside the pore where

hemispherical mass-transport occurs is given by

Rout ¼
RT

ð2tþ � 1ÞIF ln 1þ Ið2tþ � 1Þ
4pFDc0rtip

� �
ð21Þ

A permselective plug can be assumed as the zone between two

truncated spheres with radii rtip cot a and rp centered at point

F. The resistance of a plug therefore is

Rplug ¼
r
O

Zrp
rtip cot a

dr

r2
¼ r

O
tana
rtip
� 1

rp

� �
ð22Þ

where r can be approximated as the bulk value

r ¼ 1

sbulk
¼ RT

2F2Dc0
ð23Þ

All in all, the total resistance of the system is given by

Rtot ¼ Rin þ Rout þ Rplug ¼
RT

ð2tþ � 1ÞIF

ln 1þ Ið2tþ � 1Þ
4pFDc0rtip

� �
� ln 1� Ið2tþ � 1Þ

4pð1� cos aÞFDc0rp

� �	 


þ RT

4pF2Dð1� cos aÞc0
tan a
rtip
� 1

rp

� �
ð24Þ

This simple analytical approximation of ionic transport through

a conical pore having perm-selective properties at the tip

describes the current–voltage behavior of conical nanopores

with different selectivity to cations and different size of a

perm-selective zone. The variation of ionic conductivity in

accordance with the polarity of bias is also predicted by the

model and can be obtained from integration of eqn (17) inside

and outside the pore.

The model predicts an increase of the rectification ratio with

increasing perm-selectivity at the tip, i.e. with the increase of

cation transport number t+. Fig. 6a illustrates the variation of

the rectification factor with an increase of selectivity to cations

according to eqn (24). When the pore reaches an ideal perm-

selective state (i.e. t+ = 1) the rectification factor tends to a

maximal value of 3.20. Numerical simulations of a thin (0.5 nm)

perm-selective plug presented at the tip give a rectification

factor r(Df) equal to 2.14. The difference observed between

the analytical approximation and numerical simulations stems

from a different geometrical model of a perm-selective region.

In conclusion, a nanopore with a charged wall behaves as a

neutral nanopore with a perm-selective plug at the tip, with

similar variation of conductivity inside and outside the pore.

The conical shape of the pore leads to the fact that mass-

transport inside the pore is less than outside resulting in an

accumulation or depletion of cations within the tip according

to the bias polarity. Consequently, a change of ionic con-

ductivity inside and outside the pore occurs, resulting in ion

Fig. 4 Dependence of the rectification ratio r(Df) on the KCl

concentration (given on a logarithmic scale) in a negatively charged

conical nanopore. Dashed line r(Df) = 1 shows the absence of

rectification. Regions a and b on the curve correspond to the schemes

depicted in Fig. 5a and b, respectively.
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current rectification. Taking into account the formation of a

perm-selective zone at the tip and the expansion of the Gouy-

Chapman layer in diluted electrolytes, one can consider the

growth of the rectification factor in diluted solutions as the

increase of the selectivity of the pore to the counter-ions of EDL.

Inverted rectification

As shown in Fig. 4, a gradual decrease of KCl concentration

from 100 to 1 mM results in an increase of the rectification

degree, which can be attributed to the changes of perm-

selectivity of the pore. In more diluted solutions, r(Df)
decreases as observed in previous experiments25 and predicted

by theoretical analyses.24 Upon further dilution the present

study predicts an inversion of the rectification effect where the

current becomes higher at positive rather than negative biases.

To illustrate this phenomenon, we chose a concentration of

0.04 mM (see Fig. 4, region b and Fig. 5b). For such diluted

solutions, the overlap of Gouy-Chapman layers extends deeper

into the pore and this region is characterized by very high

relative conductivity values due to cation accumulation at the

very tip (Fig. 5b). According to the sign of the applied bias, the

position of the relative conductivity maximum shifts slightly

towards the tip (positive bias) or inside the pore (negative bias)

like the position of a potential well formed near the pore

opening (see Fig. 3). Consequently, in the former case, we have

higher conductivity in the narrowest part of the tip yielding

a higher current value, whereas in the latter, the high con-

ductivity zone is shifted inside yielding a lower current value

due to the presence of a more diluted solution at the tip. It is

worth to note that conductivity inside the pore being at the

high- and low-conductance states is higher than the bulk

value, as shown in Fig. 5b. Such behavior in diluted electrolyte

solutions has already been reported25,29 and is an experimental

proof that the rectification factor decreases in this case.25

The analytical model of ionic transport described above

also predicts the inversion of rectification with the growth of

the diffuse layer in diluted electrolytes. The assumption is that

the cation-enriched zone at the tip is only cation-permeable

(ideal perm-selectivity). As was discussed before, the decrease

of electrolyte concentration leads to the expansion of the

region where Gouy-Chapman layers overlap. Fig. 6b illustrates

the change of rectification factor in accordance with the

thickness of a perm-selective zone within the pore. Numerical

simulations of an uncharged nanopore which exhibits ideal perm-

selectivity at the tip region show the same trend for the

Fig. 5 Relative ionic conductivity distributions along the z axis and electric potential isovalues at the tip of the charged nanopore for positive and

negative biases of 0.1 V (solid lines) and in a static case (i.e. no bias applied, dashed lines) in (a) 1 mM and (b) 0.04 mM KCl solutions.
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rectification ratio as predicted by the analytical model, i.e. gradual

decrease of the rectification factor and even rectification

inversion when a large perm-selective plug occurs inside

thepore.

At even lower electrolyte concentrations (i.e. o0.03 mM)

the rectification factor tends to a slow increase. This observation

is unexpected from the perm-selective model described above,

as well as from the numerical simulations of a pore, possessing

ideal perm-selective properties. Despite the high-conductivity

region still appearing at the tip, considerable changes in ionic

distributions occur deeper inside the pore (see Fig. S-3 in

the ESI).w The changes of ionic conductivity far away from the

tip limit the inversion of rectification. Most likely, such

observation appears as a combination of both mechanisms,

i.e. classical ICR (as changes of perm-selectivity of the pore)

and rectification inversion (i.e. the increase of the perm-

selective region), and the value of the rectification factor is

given by the contribution from both.

Influence of the pore geometry

Rectifying properties are strongly dependent on the geometrical

parameters of the pore. As was already noted, pores with

smaller tip diameters present higher rectification values.25

Additionally, rectification is also dependent on the shape of

the pore.26 In the present study only conical nanopores were

under consideration.

In comparison with other geometrical parameters, the pore

length has minor influence on the rectification ratio value, at

least for pores of 1–10 mm length (the results are not shown).

The latter is most likely due to the fact that the rectification

phenomenon occurs mainly because of the aforementioned tip

effects. Another parameter that describes the asymmetry of

the pore is the cone semi-angle (marked as a in Fig. 1).

Interestingly, the influence of this angle on the rectification

ratio reaches a maximum that depends on the electrolyte

concentration. As shown in Fig. 7a, the inversion of the

rectification direction is possible only for pores with large

half-cone angles. Moreover, the change the rectification

properties (i.e. to inversion of ICR direction) requires larger

pore angles as higher electrolyte concentrations are employed.

The reason for such behavior could be drawn from ICR

mechanisms.

In case of classical rectification, decrease of a pore semi-

angle should result in a higher resistance of the pore. Thereby,

mass-transport rate within the pore decreases and limits the

ionic current, while resistance outside is not subjected to

considerable changes. The result is the more effective depletion

and enrichment of salt concentration observed for positive

and negative biases, respectively, and higher difference in con-

ductivities occurs. This result is predicted by the analytical

model of a perm-selective pore and can be illustrated as shown

in Fig. 7b. Pores that possess low perm-selectivity at the tip

(i.e. at high electrolyte concentrations) exhibit weak rectifying

properties in a wide range of a. The increment of a cation

selectivity leads to the increase of the rectification ratio,

especially for the pores with small semi-angles values. In other

words, the decrease of electrolyte concentration would result

in a stronger rectification reaching a maximum at small a.
However, further dilution causes growth of a perm-selective

zone which reduces the rectification factor and leads even to

inversion of the rectification direction. This change in the

rectifying properties is facilitated in a pore with large half-

cone angles, which shows in good agreement between the

model of a perm-selective pore and numerical simulations.

The rise or drop of the half-cone angle leads to a more or less

effective concentration or dilution of the cation-enriched zone

at the tip. The bigger angles ease the dilution of the high-

conductivity region at the tip, since the cone volume extends

Fig. 6 The influence of (a) cation transport number in a perm-

selective zone and (b) the thickness of a perm-selective plug on a

value of rectification factor according to the analytical approximation

of ionic transport in an uncharged conical nanopore (see eqn (24),

solid line) and results of numerical calculations of Nernst-Planck-Poisson

equations for the uncharged pore, containing perm-selective region

(dotted line). The thickness of a perm-selective zone in the analytical

model is assumed as hp = rp � rtip�cot a. The dashed line r(Df) = 1

shows the absence of rectification.
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intensively from the cone vertex to the cone base. Consequently,

the ion current value amplifies for positive biases and descends

for negative ones, and inversion of the rectification direction

occurs. The predictions of the analytical model shown in Fig. 7c

indicate the gain of rectification inversion with higher semi-

angle values and larger size of a perm-selective plug.

Even so, it was shown before that cylindrical nanotubes in

symmetric electrolyte conditions with homogenous charged

walls exhibit a linear current–voltage characteristic,30 since the

pore asymmetry is lost. Thereby, on the one hand the decrease

of the cone semi-angle is manifested in the increase of the

rectification ratio (as shown in Fig. 7b and c), and on other

hand, rectification disappears (i.e. r(Df) = 1) when the pore

reaches a tube-like shape. The combination of the effects that

increase and decrease the rectification ratio with the change of

the angle leads to the existence of a maximum on the curves in

Fig. 7a, which is not predicted by the analytical model. The

latter result appears, as changes in the Gouy-Chapman layer

by the pore geometry variations (i.e. half-cone angle) are not

considered in the analytical model. Interestingly, the investiga-

tion of rectification in conical nanofluidic funnels show a

similar trend, i.e. the increase of current at negative potentials

as compared to positive ones with the change of the angle from

20 to 51, and the loss of rectification in straight funnels.29

Influence of applied voltage

It is important to notice that the main electric field (i.e. Df�l�1,
where Df and l denotes bias and the distance between

electrodes, respectively) has almost no influence on the rectifi-

cation degree, since only the values of the electric field near the

large and small openings of the pore are important. The latter

is explained as the electrodes position with respect to each

other and the distance between cathode and anode is less

important than the applied potential difference. In other

words, the main influence on the electrical properties of the

system has the potential drop, which occurs primarily inside

the pore.

The amplification of the rectification degree by the value of

the applied voltage has been shown experimentally17 and

proven theoretically.24,26,31,32 Even so, it is worth to discuss

the influence of a potential bias on the basis of the proposed

mechanism for classical and inverted rectification.

As shown in Fig. 8, the amplification of the rectifying

properties of the pore by the value of the applied bias is different

for various pore geometries and electrolyte concentrations.

The rectification degree in pores with small a is preferably

amplified in case of high KCl concentrations, while stronger

inversion of rectification is observed for diluted electrolytes

within the pores with large half-cone degrees. Even so, the

main trend of the rectifying level enhancement remains for

pores of different geometries.

The rectification of the ion current in diluted KCl solutions

(Fig. 8a and b, dotted lines) can be discussed with the use of a

scheme shown in Fig. 5b. The mechanism depicted in the

scheme is still valid for different bias values and the effect of

the pore angle has already been discussed. The increase of the

applied voltage results in a gradual decrease of the rectification

ratio for the pores with different values of half-cone angles

(a = 30.871 and a = 11.201). The higher bias values produce

a higher electric field within the pore. Consequently, the

high-conductivity zone shifts more towards the pore mouth

(Df > 0, positive voltage) or more backwards (Df o 0,

negative voltage). As a result, the concentration and dilution

of the region enriched by K+ occur more effectively with

the higher value of the applied bias and rectification ratio

descends. As was shown in the previous section, the pores with

bigger half-cone angles demonstrate stronger inversion of

rectification.

ICR in more concentrated electrolyte solutions (Fig. 8, solid

lines) is governed mainly by the mechanism shown in a scheme

Fig. 7 Effect of the pore half-cone angle on the rectification ratio at different electrolyte concentrations. (a) The values of rectification factor

according to numerical simulations of ICR in charged conical nanopores. The solid, dotted and dash-dotted curves correspond to 0.04, 0.3 and

1 mM KCl solutions, respectively. The arrow indicates increasing electrolyte concentration. (b) Rectification ratio values in accordance with

analytical approximation of ICR in pores with different perm-selectivity at the tip (see eqn (24)). The solid, dotted and dash-dotted lines

correspond to the values of cation transport number equal to 0.51, 0.75 and 1. The size of the perm-selective plug is limited by rtip = 10 nm outside

and rtip�sin�1a inside the pore. (c) Analytical approximation of ICR in pores containing an ideal perm-selective plug (t+ = 1) of different size: 2, 5

and 10 rtip�sin�1a for solid, dotted and dash-dotted lines, respectively. The dashed line r(Df) = 1 shows absence of rectification. The rectification

factor (on b) and (c) and angle values are presented on a logarithmic scale.

Pu
bl

is
he

d 
on

 2
3 

Fe
br

ua
ry

 2
01

1.
 D

ow
nl

oa
de

d 
by

 E
C

O
L

E
 P

O
L

Y
T

E
C

H
N

IC
 F

E
D

 D
E

 L
A

U
SA

N
N

E
 o

n 
12

/0
1/

20
15

 0
7:

02
:2

5.
 

View Article Online

http://dx.doi.org/10.1039/c0cp02595j


This journal is c the Owner Societies 2011 Phys. Chem. Chem. Phys., 2011, 13, 5430–5440 5439

in Fig. 5a. The increase of the voltage in such cases leads to the

increase of the electric field, which results in a more effective

depletion (positive bias) or accumulation (negative bias) of

salt concentration within the pore. The nanopores with lower

half-cone angles rectify the ion current more effectively in this

case, as discussed.

The model of a perm-selective pore described above, predicts

similar trends for ICR dependence on the value of the potential

bias (results not shown). The increase of a perm-selective region

thickness, resulting from EDL expansion, leads to the decrease

of the rectification ratio and even inversion of the ICR direc-

tion. However, the model doesn’t predict the rectification

inversion due to the value of applied bias, as shown in Fig. 8b.

The plateau of limiting current is not observed on current–

voltage curves shown in Fig. 8c and d. As was discussed, pores

with different geometries exhibit different types of current–voltage

characteristics, depending on the ionic strength conditions.

The analytical approximation predicts similar diode-like behavior

for the perm-selective pores (see Fig. S-4 in the ESI).w

Conclusions

The work presented here describes the phenomenon of ion

current rectification in negatively charged (e.g. glass or silica)

nanopores with the emphasis on the mechanisms, which causes

diode-like behavior of such systems. The results of the numerical

resolution of the Nernst-Planck-Poisson equations show the

existence of unusual rectification behavior, i.e. rectification

inversion in diluted electrolytes, which was not observed

before neither in theoretical, nor in experimental studies. In

the present manuscript, we confirm the hypothesis that ICR

arises due to the existence of a perm-selective region within the

pore, which can be considered as a consequence of electro-

static interactions between charged walls and ionic species in

an electrolyte solution. We also develop analytical and numerical

models of ionic transport that consider aforementioned processes

at the tip of the nanopore and demonstrate the origin of

classical and inverted rectification as a consequence of perm-

selectivity of the pore opening. In addition, the influence of the

Fig. 8 Dependence of the rectification ratio on the value of applied bias for the pores with different half-cone angles (30.87 and 11.201). (a), (b)

Numerical simulations of ICR in charged nanopores. The solid and dotted lines represent curves for 1 and 0.04 mMKCl, respectively. The dashed

line r(Df) = 1 shows absence of rectification. (c), (d) Corresponding current–voltage characteristics of the pores with different semi-angles equal to

(c) 30.871 and (d) 11.201. The current is normalized to the anodic current value at +0.1 V.Pu
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pore geometry and applied potential bias is investigated

and discussed in terms of the proposed model of a perm-

selective pore.
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