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a b s t r a c t 

Rectified current-voltage curves were observed by micro-hole voltammetry in various concentrations of 

sodium ion electrolyte for transport through a micro-hole and a cationic exchange membrane (Nafion). 

Data suggest a linear current-concentration relation, implying electric migration-control. The rectification 

is observed as difference in current-potential slopes at positive and at negative applied voltages. The 

voltammograms are analyzed quantitatively in the context of Ohm’s law as a function of both the geom- 

etry of the micro-hole and of the entire cell. The conductivity in the direction of the ion transport from 

the micro-hole to Nafion, corresponding to the lower conductance (closed diode), is proportional both 

to the cross-section area of the micro-hole and to the inverse micro-hole length. This is consistent with 

control by electro-migration within the micro-hole. In contrast, the conductivity in the opposite cation 

transport direction (open diode) is almost independent of the micro-hole geometry but varies with the 

length of the glass tube of the cell. The current-potential slope is consistent with the value calculated for 

the NaCl concentration and the geometry of the measurement cell. Under these conditions, the micro- 

hole is filled with a high concentration of NaCl as the flux of Na + from the Nafion to the hole, and the 

high concentration causes the migration current larger that the current in the opposite direction. Conse- 

quently, the rectification ratio can be enhanced by careful design of both (i) the cell geometry including 

ion-exchange membranes and (ii) the micro-hole geometry rather than nano-scaled chemistry in holes. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Voltammetry through a nanopore [1–7] , a polymer-brush

oated cone-pore [8] , and conical nano-pores [9–11] has been

hown to result in rectified current-voltage curves, which can be

elated to models for ion channels in living cell membranes. The

ectification effects can be industrially applied to electrochemical

ensors [3] , for desalination [12–16] , and for power generation by

alt concentration gradient systems [17] . Some efforts have been

ade to enhancing the rectification ratio by paying specific atten-

ion to an increase in asymmetry in shape and functionalization

n pores. These include geometrical asymmetry by patterning of

ylindrical capillaries [ 10 , 18 , 19 ], chemical modification by charg-

ng sites [ 9 , 11 ], selection of materials of pores [ 6 , 20–22 ], specific

oltage control [23] , and modification of materials of ionic poly-
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er films [ 6 , 24–26 ]. Improving the rectification ratio is important

or future application of ionic diodes. 

The ionic rectification through an asymmetrically ionomer-

oated micro-hole has been explained in terms of two phenom-

na: (a) geometric hindrance of the ion transport through the hole

or the closed state of the diode associated with localized elec-

rolyte depletion and (b) the localized accumulation of electrolyte

iving a highly concentrated ion transport region close to the ion-

xchange membrane for the open state of the diode [ 21 , 27 , 28 ].

n addition, microscopic explanations have often been proposed

n terms of “gates” linked to the potential distribution caused by

pecifically adsorbed ionic moieties in the double-layer or on pore

alls [29–35] . Although the concept of “gates” is readily under-

tood, it cannot be applied easily to experimental results in a quan-

itative manner. Whichever is the dominant rectification mecha-

ism, an asymmetric feature needs to be installed [ 7 , 15 , 24–26 , 33–

8 ] in a membrane cell based on pore geometry, heterogeneous

istribution of ion-associated moieties on pore walls, and/or asym-

etric attachment of a semi-permeable membrane on either side

https://doi.org/10.1016/j.electacta.2020.136839
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2020.136839&domain=pdf
mailto:jchen@u-fukui.ac.jp
https://doi.org/10.1016/j.electacta.2020.136839
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Fig. 1. Illustrations of the structure of the cell (A), the magnified hole (B), and (C) 

the illustrative circuit of the potentiostat for the sense electrode. 
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of a micro-hole. The ionic rectification has also been observed for

a device composed of a nanopipette coated with surfactants [36–

40] , which may be included here in terms of geometric asymmetry

within pipettes. The rectification has also been found asymmetric

nanopores and nanoslots in the context of hydrodynamics [41] . It

has been elucidated to be molecular instability in hydrodynamic

vortex [ 42 , 43 ], and hence belongs to a category different from the

conventional electrochemical behavior. 

Quantitative analysis of experimental voltammograms requires

a physical model based on electric migration in the light of design-

ing ionic rectifiers with improved pore and cell geometry. If the ex-

perimental current is controlled with electric migration of ions in

a straight pipe with the cross section area A and length L , the cur-

rent for the mono-valent cation caused by the voltage V between

the two ends of the pipe is expressed by I = ( F 2 D / RT ) cVA / L [44] .

Here D and c are the diffusion coefficient and the concentration of

the moving cation, respectively. Since this equation demonstrates

the proportionality of I to V , it obviously agrees with the experi-

mental results in each half domain of V ( V > 0 or V < 0). However,

it fails to express the following properties: 

(i) rectification, i.e., dependence of the conductance, I/V , on signs

of V , 

ii) geometrically asymmetric variables, and 

ii) ionically interactive variables, including ionic properties on the

pore wall. 

Property (i) has been partially solved by introducing the depen-

dence of c on V , e.g. c = [in solution bulk] for V < 0 and c = [in a

cation-semipermeable membrane] for V > 0 [45] . However, strong

cation-exchange membranes such as Nafion can retain molar or-

der of magnitude of the concentration in milli-molar salt solu-

tion in the bulk. Then, the rectification ratio should be up to ap-

prox. 10 0 0 times. Unfortunately, experimental results have demon-

strated only typical rectification ratio in the order of 10 times. Al-

though property (ii) has been recognized empirically, it may in-

clude some other complicated asymmetric features rather than

only the asymmetric hole. Property (iii) may result from chemi-

cal intuition rather than from geometric features relevant to the

electric migration. 

In order to clarify problems (i) and (ii), it is necessary to ex-

amine conditions of the electric migration in detail by paying at-

tention to the proportionality of I not only to V but also to A ,

1/ L , and c . Unfortunately, the dependence on the geometry has

not yet been examined in detail, to our knowledge. We should ex-

tend our discussion to location-dependence of V, c , and D , includ-

ing the asymmetry. This work deals with detailed examination of

the electric migration through micro-holes with several diameters

and lengths by use of Nafion film as a cation exchange membrane.

It is shown that in addition to the micro-hole geometry the cell

geometry needs to be considered when optimizing the rectification

ratio. 

2. Experimental 

The construction of the cell is shown in Fig. 1 (A). Two glass

pipes 11.5 mm in inner diameter with ground glass flanges were

faced with each other, sandwiching a Nafion film, a pin-holed

polyethylene terephthalate (PET) film, and a thin rubber film with

a clamp for a ball joint. The Nafion film 0.18 mm thick was pur-

chased from Sigma-Aldrich and was immersed in concentrations

of salt for the voltammetric run for one day before voltammetric

use. The PET film was drilled commercially with a laser to 10, 20,

30 and 50 μm in diameter. The rubber film worked as avoiding

leak of solution. The Nafion film was pressed on the PET film with

a vice. 
The working electrode and the counter electrode were plat-

num coils. Potential was detected with a sense electrode and a

eference electrode, both of which were silver wires covered with

esin except for tips. The tip was coated with AgCl as a local sen-

or of voltage against the other tip. Taking potential differences

voided fluctuation of compositions of AgCl and concentrations of

l −. The current was supplied between the working electrode and

he counter electrode, whereas the voltage difference was detected

ith the sense electrode and the reference electrode by means

f the four-electrode system by use of a potentiostat, Compactstat

Ivium, Netherlands). 

The resistance of the water-saturated Nafion film was estimated

y the ac-impedance technique in the four-electrode system. Two

latinum wires were pressed so tightly on the film that the con-

act did not interfere current supply, whereas two potential sensing

gCl-coated Ag wires were located between the two Pt wires at a

iven distance. 
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Fig. 2. Typical pore-voltammograms under the 0.1 mM NaCl solution (b) with and 

(a) without the Nafion film at voltage scan rate 50 mV s − 1 . The hole geometry 

was 100 μm long and 20 μm in diameter. 
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Fig. 3. Variation of the conductance for (A) V < 0 and (B) V > 0 with the hole 

dimension, A h / L h , in [NaCl] = 0.1 mM, where different marks denote different di- 

ameters. Plots (a) and (b) are, respectively, without and with Nafion film. 
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. Results and discussion 

Typical pore-voltammograms with and without Nafion are

hown in Fig. 2 , from which we can identify some key features: 

(i) Voltammograms without Nafion show an ohmic line passing

through the origin for all V . 

ii) For data recorded with Nafion for V > 0 V and V < 0 V each

side show a different slope in the current-voltage line. 

ii) The current-voltage slope of the line for V > 0 V is larger than

that for V < 0 V. 

v) There are only minor scan rate- ( v ) and potential direction-

dependencies in the current-voltage curves for 0.01 < v <

0.15 V s −1 . 

These types of observation have been commonly reported also

y other researchers for various combinations of ionic exchange

embranes, geometric structure of pores, the chemical features of

alls of pores, and different kinds of transferring ions. Item (i), i.e.

hm’s law, demonstrates the control of ionically electric migration.

lthough the linearity of items (ii) and (iii) supports partially the

lectric migration, it fails to explain significant feature (iii). More

xplanations are required. 

We first examine the voltammograms for V < 0. Electric migra-

ion occurs not only in the pore but also possibly in the solution

ulk, depending on geometry of a passage of transferring ions as

ell as on the ionic solution composition with low concentration.

he resistance of the pore, of the Nafion film, and of the solution

an be regarded as a series combination in the geometric struc-

ure. Each contribution of the resistance will be examined in turn.

irstly, we tried to estimate the conduction of the Nafion film, and

easured voltammograms of the cell separated with and without

he Nafion film in 1 M NaCl solution without the PET film. Both

he voltammograms observed with/without Nafion film were al-

ost identical with only 2% difference in current, indicating that

he Nafion film should have a negligibly small effect on the overall

esistivity for pore voltammograms. We evaluated the conductivity

f the water-permeated Nafion film by ac-impedance, as described

n the experimental section. The Nyquist plots for some separa-

ions of the electrodes showed lines, of which intercept to the real

art axis provides the resistance. The resistances were proportional

o the electrode separation with the coefficient of determination

.999. The slope provided the resistivity 0.18 � m 

−1 , which should

e equal to 1/ λNa c for the molar ionic conductivity of Na + , λNa . If

takes the value of aqueous solution, 5.0 × 10 −3 S m 

2 mol −1 ,
Na 
he slope provides c = 1.1 M, which makes the resistance of the

afion film negligibly smaller than the total cell resistance. 

The second possibility of the electric migration lies in the hole

f the PET film. The current density by electric migration of a

ono-valent ion with concentration c passing through the pore

n length L can be represented by j = ( F 2 D / RT ) cV h / L , where V h 

s the voltage applied between inlet and outlet of the hole. The

erm F 2 D / RT is expressed by the molar ionic conductivity, λ, by the

ernst-Einstein equation. When the observed current density is in

eneral assumed to be a sum of the fluxes of the cation and anion,

he current through the hole under the charge neutral condition is

ewritten as 

 = A ( λ+ + λ−) cV h /L (1) 

This equation indicates that the conductance should be propor-

ional to A , 1/ L, and c . Fig. 3 (A) shows dependence of conductance,

 ( = I / V ), for V < 0 on A h /L h (b) with and (a) without the Nafion

lm, where A h and L h are the cross section area of the hole and

ts length. Here G n is the conductance for V < 0. Both the plots are

pproximately linear and converge for small diameters. However,

he lines did not pass through the origin, which may indicate leak-

ge currents. We indeed observed 0.01–0.02 μS even for the hole-

ree PET film. This residual conductance may be caused by leaking

urrent through the edge of the two ground glass flanges. There-

ore, this amount of residual conductance was subtracted from the

bserved conductance for the evaluation of the true conductivity.

he slope of plot (a) (without Nafion) was 2.5 times larger than

hat of plot (b) (with Nafion). The former may be due to trans-

ort of both Na + and Cl −, corresponding to ( λ+ + λ- ) c . In contrast,

he Nafion film can hinder transport of Cl −, and hence the conduc-

ance is given by λ+ c . The ratio ( λ+ + λ- )/ λ+ calculated for biblio-

raphic values of λ+ = 5.0 × 10 −3 S m 

2 mol -1 and λ- = 7.5 × 10 −3 

 m 

2 mol -1 agrees with the experimental value 2.5. However, the
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Fig. 4. Variations of 1/G p with L c / A c at c b = 1 mM for (a) without and (b) with the 

Nafion film for the hole with L h = 0.05 mm and the diameter 0.05 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Dependence of the resistance for V > 0 on the inverse of the bulk concen- 

tration at the hole 0.05 mm in diameter and 0.1 mm in length. 
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agreement may be a result of several complications because the

dynamic blocking of the Nafion film includes some phenomena

other than electrostatic interaction. Fig. 3 (B) shows the conduc-

tance obtained from the slopes of the voltammograms for V > 0,

where G p is the conductance for V > 0. The non-linear relation im-

plies invalidity of the electric migration through the hole. 

The third possibility of the migration results in ions of bulk

solution, which can be measured from voltammograms without

the PET or the Nafion film. The voltammograms exhibited behav-

ior consistent with Ohm’s law, the slope of which was 0.83 μS for

c = 0.1 mM. If A and L in Eq. (1) are replaced by, respectively, the

inner area of the glass tube, A c , and the approximate distance, L c ,

between two sensing electrodes (S and R in Fig. 1 (A)), the calcu-

lated values of λ+ cL c and ( λ+ + λ- ) cL c are 0.36 μS and 0.89 μS

for L c = 72 mm, respectively. The latter is close to the slope (0.83

μS) without the PET or Nafion, indicating that the cell geometry

would control G p . The total resistance between the two electrodes

can be regarded as a series combination of the resistance of the

hole and that of the cell. The hole resistance with the Nafion is

controlled only by the cation because the anion is blocked by the

Nafion film, whereas that without the Nafion is both by the cation

and the anion. In contrast, the resistance of the cell is determined

by the both ions. As a result, we can express the total resistances

without and with Nafion as 

(
G p 

−1 
)

noNaf 
= ( L h / A h ) / c b ( λ+ + λ−) + ( L c / A c ) / c b ( λ+ + λ−) (2a)

(
G p 

−1 
)

Naf 
= ( L h / A h ) / c + λ+ + ( L c / A c ) / c b ( λ+ + λ−) (2b)

where c b is the concentration of NaCl in the bulk, and c + is the

concentration of Na + at the interface between the Nafion film and

the solution in the hole. We measured the I-V curves for some val-

ues of L c at a given value of A c . Fig. 4 shows the variation of ob-

tained G p 
−1 against L c / A c , (a) without and (b) with the Nafion film.

The values of the slopes were common (82 �m) to (a) and (b),

whereas the theoretical value of 1/ c b ( λ+ + λ- ) is 80 �m. The eval-

uation of the common value as well as the agreement with the

theoretical value indicates that the carrier of the current should

be both ions. The ratio of the intercepts was 77, which may equal

c + λ+ /{ c b ( λ+ + λ- )}, according to Eq. (2). Then we have c + / c b = 190

or c + = 0.19 M for c b = 1 mM of our experimental value. The en-

hancement of the concentration is caused by the supply of Na + 

from the Nafion film by the cationic flow by the cell-geometric mi-

gration. 
We plotted 1/ G p against 1/ c b in Fig. 5 . The plot except for the

owest concentration (triangle in Fig. 5 ) was proportional to 1/ c b .

he proportionality may apparently suggest ( L h / A h )/ c + λ+ ≈ 0 from

q. (2). However, the zero-intercept indicates the proportionality of

 + to c b . In other words, the supply of Na + from the Nafion film to

he hole increases with c b . 

. Conclusions 

The large ( V > 0, open diode) and the small ( V < 0, closed

iode) conductance of the rectified micro-hole voltammograms are

ontrolled by electric migration effects in both (i) the cell geometry

nd (ii) the micro-hole geometry, respectively. The open diode cur-

ent is mostly independent of micro-hole geometry but increases

ith the ionic concentration in the bulk. The resistance in the

icro-hole is not a rate-determining factor because the high con-

uctance is supported by the locally high concentration of Na + 

upplied from the Nafion film (accumulation). A loss of Na + in

afion film can be replenished from the bulk solution in order

o maintain electroneutrality. In contrast, the closed diode conduc-

ance for V < 0 is controlled within the micro-hole geometry and

he concentration of the solution bulk, as predicted from the con-

entional electric migration laws in a cylindrical micro-hole. There-

ore, overall the rectification ratio can be enhanced by design of

oth (i) the cell geometry (area of a cell tube and an electrode

istance) and (ii) the micro-hole geometry. These insights will be

mportant for device optimization, especially when designing ef-

ective ionic rectifier systems for desalination. Briefly speaking, the

ectification effects can be explained in terms of physical variables,

.e. difference in limiting conductances for V > 0 and V < 0. Although

ur elucidation of rectification effects does not include a concept of

olecular behavior in the hole, any ionic interaction on molecular

cale is not always excluded. 
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