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Abstract: Micro-hole voltammetry exhibiting rectified current-voltage curves was performed in
hydrochloric acid by varying the lengths and the diameters of the micro-holes on one end of which
a Nafion film was mounted. Some voltammetric properties were compared with those in NaCl
solution. The voltammograms were composed of two line-segments, the slope of one segment being
larger than the other. They were controlled by electric migration partly because of the linearity
of the voltammograms and partly the independence of the scan rates. Since the low conductance
which appeared in the current from the hole to the Nafion film was proportional to the cross section
area of the hole and the inverse of the length of the hole, it should be controlled by the geometry
of the hole. The conductance of the hydrogen ion in the Nafion film was observed to be smaller
than that in the bulk, because the transport rate of hydrogen ion by the Grotthuss mechanism was
hindered by the destruction of hydrogen bonds in the film. In contrast, the conductance for the
current from the Nafion to the hole, enhancing by up to 30 times in magnitude from the opposite
current, was controlled by the cell geometry rather than the hole geometry except for very small
holes. A reason for the enhancement is a supply of hydrogen ions from the Nafion to increase the
concentration in the hole. The concentration of the hydrogen ion was five times smaller than that of
sodium ion because of the blocking of transport of the hydrogen ion in the Nafion film. However,
the rectification ratio of H* was twice as large as that of Na™.

Keywords: rectified pore-voltammograms of HCL; electric migration; cationic exchange membrane;
blocking of ion transport by Nafion; Grotthuss mechanism

1. Introduction

Voltammetry through a micro-hole [1-7] has exhibited rectified current-voltage curves, which can
be industrially applied to electrochemical sensors [3], to desalination [8-12], and to power generation
resulting from salt concentration gradient [13]. A key condition for the rectified voltammograms is
asymmetry [6,7,11,14-28] of geometry and functionalization in pores. The asymmetry has been realized
by patterning of cylindrical capillaries [14,15,24], chemical modification on walls of holes [16,17],
selection of materials of pores [6,18-20], specific voltage control [21], and a nanopipette coated with
surfactants [25-28]. A macroscopic concept of the rectification is composed of (i) geometric obstacle of
the ion transport through the hole in the closed state and (ii) the localized accumulation of electrolyte
owing to ion-exchange membrane in the open state [19,29,30]. A concept from the microscopic
viewpoints is a gate linked to the potential distribution in the double-layer or on pore walls [31-37]
as well as molecular instability in a hydrodynamic vortex [38,39].

We are interested in a macroscopic explanation of the pore-voltammograms. Pore-voltammograms
are composed of two line-segments with different slopes. The linearity of the voltammograms suggests
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Ohm’s law, or electric migration as a rate-determining step. If the migration occurs in a straight pipe
with the cross section area A and length L, the current for the mono-valent cation caused by the voltage
V between the two ends of the pipe is expressed by [40]

I=AcVA/L (1)

where c is the concentration of the moving cation, /\(: FI;_%)) is the molar conductivity of the ion, and D
is the diffusion coefficient. The rectification means that AcA/L should vary with the voltage (V > 0
or V < 0) [41]. Our aim is to explore the dependence of AcA/L on V. The term AcA/L is composed
of the geometric variable, A/L, and the ionic one, Ac. The dependence of the conductance on the
geometric variable was examined by varying A and L of holes as well as the distance (L) between two
electrodes in the cell [42]. Then, the current of Na™ from the hole to the Nafion was proportional to
A/L of the holes, implying the migration-control in the holes. In contrast, the current in the opposite
direction was inversely proportional to L. of the whole cell on the assumption of enhancement of the
concentration from the Nafion. The separation of the functions of AcA/L into A/L and Ac explained the
rectification quantitatively.

The role of Ac arises from the interaction of the cation and the cationic exchange membrane.
The significance of the interaction can be demonstrated by use of cations other than Na*. A cation
distinguished clearly from Na® is hydrogen ion, in that the diffusion coefficient is ten times larger than
that of Na*. We expect a rectification ratio (the ratio of the high conductance to the low one) of hydrogen
ion to be ten times larger than that of Na™. The expectation will be examined here by changing A/L
of the holes and the cells at some concentrations of HCI for micro-hole voltammograms. We predict
that transport of hydrogen ion in a Nafion film is suppressed with highly ionic circumstances of high
concentrations of H" and —SO;~ in the film which destruct hydrogen bonds in the film, called the
Grotthuss effect. The suppressed conductance may be taken as a quantitative degree of the destruction.

2. Materials and Methods

A polyethylene terephthalate (PET) film was drilled commercially with a laser beam to 10, 20,
30, and 50 pm in diameter. A tight contact of the PET film with the Nafion film (Sigma-Aldrich)
0.18 mm thick was the key to obtaining not only reproducible voltammograms but also suppression of
voltammetric hysteresis. It was challenged by employing an air-pumped pressure or a vice for the two
overlapped films, by heating the films up to a temperature less than each melting point, by applying
adhesive resign between the two films, and by inserting Nafion-dissolved solution into the hole to
evaporate the solvent. The last technique has been used conveniently. However, it was not suitable for
our experiments of controlling accurately the Nafion thickness and the length of the hole, because the
Nafion solution penetrated in the hole uncontrollably. The successful technique was to apply the
pressure with a vice. The double film was bent manually until it was separated owing to the difference
in the stresses, as shown in Figure 1C. When bent angles were close to thirty degrees, the reproducible
voltammograms were obtained empirically.

The construction of the cell and its magnification are shown in Figure 1A,B, respectively [42].
Two glass pipes with ground glass flanges were faced with each other, sandwiching a Nafion film,
a pin-holed (PET) film, and a thin rubber film by means of a clamp for a ball joint. The Nafion was
immersed in salt solution for the voltammetric run in one day before voltammetric use. The rubber
film avoided leaking of solution.

The working electrode and the counter electrode were platinum coils. Potential was measured
with a sense electrode and a reference electrode, both of which were silver wires covered with AgCl
as a local sensor of voltage. Only a small part on the wire tip was exposed to a solution by coating
AgCl with resign. The current was supplied between the working electrode and the counter electrode,
whereas the voltage was obtained with the sense electrode and the reference electrode by means of
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the four-electrode system by use of a potentiostat, Compactstat (Ivium, Eindhoven, The Netherlands),
at20+ 2 °C.

(A)

Figure 1. Illustrations of the structure of the cell (A), the magnified hole (B), and (C) photograph of the
artificially bent double film composed of the PET and the Nafion film pressed with a vice.

In order to estimate the conduction of the Nafion film, we measured voltammograms of the cell
separated with and without the Nafion film in 1 M HCI solution without the PET film. Both the
voltammograms observed with/without Nafion film were almost identical with only 2% difference in
current, indicating that the Nafion film should have a negligibly small effect on the overall resistivity
for pore voltammograms.

3. Results and Discussion

Figure 2 shows hole-voltammograms of 0.1 mM HClI solution (a) with and (b) without the Nafion
film. Since the H*-typed Nafion had 0.18 () m in Section 2, the resistance near the hole with the
geometric parameter Ap/Ly = 50 um is 3.6 k(), where Ay, is the cross section area (=mtri? for the radius
r, of the hole) and Ly, is the length of the hole. This causes 14 mV voltage shift in voltammograms
at our maximum current 4 pA (Figure 2). The voltammograms had less hysteresis with a decrease
in the scan rates. The voltammograms showed a decrease in hysteresis with a decrease in the scan
rates. When we take a degree of the hysteresis as the ratio of the difference between the largest and
the smallest currents to the middle current at V = 1.5V, the degrees were 0.30, 0.18, and 0.09 for
v = 0.10, 0.05, and 0.01 V-s~1.The voltammogram without Nafion (b) exhibited a line through the
origin—i.e., obeying Ohm'’s law. In contrast, the Nafion film caused the rectified current-voltage curve,
of which peculiarity was revealed in the slope for V > 0. The linearity in domains for V> 0or V <0
also supports Ohm'’s law. The former conductance was 30 times larger than the latter.
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Figure 2. Typical pore-voltammograms in 0.1 mM HClI solution (a) with and (b) without the Nafion
film at the scan rate 0.1 V-s~1. The hole geometry was 50 pm long and 50 um in diameter. The arrow
means the direction of the voltage scan.

First, we examined variations of the conductance with Ay /Ly, by altering the diameters of the holes
and thickness of the PET film when no Nafion film was equipped. Figure 3a,c show the dependence
of the conductance G obtained from the slope of the voltammogram on Ay /Ly,. The linearity for both
(a) HCl and (b) NaCl solutions indicates that the hole works as a cylindrical, homogeneous conductance,
which can be expressed by

G = (Ap/Lp )(As +A-) 2

where ¢}, is concentration of HCl or NaCl in the bulk, and A and A_ are ionic molar conductivities of the
cation (H* or Na*) and the anion (C17), respectively. The slope of the line for HC] was larger than that
for NaCl because of Ay > An,. The conductance of HCl is predicted to be caused both by H" and C1~,
whereas that of NaCl is by Na* and CI~. By use of bibliographic values of Ayy = 35 X 1073 S m? mol ™,
ANa =5.0x 1073 Sm?2 mol~!, and Ay = 7.5 X 1073 S m2 mol~!, we obtain the ratio
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Figure 3. Variations of the conductance in (a, ¢) 0.1 mM HCl and (b, d) 0.1 mM NaCl solution with the
hole dimension, Ay/Ly,, in (a, c) the absence and (b, d) presence of the Nafion film.

150

This is the same as the experimental ratio of the slopes in Figure 3a,c. The intercept in Figure 3 can
be attributed to leakage of penetrated ions through the ground glass flanges at the edge of the cell [42].
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Next, the mounting of the Nafion film bent the linear voltammograms at V = 0 drastically to exhibit
two line-segments, as shown in Figure 2. It largely enhanced the slope for V > 0, whereas it slightly
decreased the slope for V < 0. Figure 3b,d show the dependence of the conductance G for V < 0 on Ap/Lp.
The Nafion film decreased G, from G without the Nafion film (a, ¢), common to HCI and NaCl solutions.
The decrease in G, can be readily explained by the hindrance of the charge-carrying anion (CI7)
owing to the immobilized sulfonic moiety of Nafion. Since the hindrance is represented quantitatively
by the replacement of A 4+ A_ by A, the ratio becomes rg = A/ANa, of which the bibliographical value
is 7.0. The experimental value from Figure 3 (the ratio of the slope of (d) to (c)) was 2.5. The difference
in the values means the transport of hydrogen ion is hindered with the Nafion film, or that its rate of
hydrogen ion in the Nafion is smaller than that in the solution. When we replace Ay in the bulk by
AH-Nafion in the Nafion—i.e., Af-Nafion/AHNa = 2.5—we can evaluate AfNafion = 13 X 1073 S m? mol L.
This value is rewritten to the diffusion coefficient D = 3.4 X 107> cm? s~! through A = F2D/RT. This effect
can be explained in terms of hindrance of the Grotthuss mechanism [43—45], in which hydrogen ion
diffuses through the hydrogen bond network via formation and cleavage of covalent bonds. The highly
ionic atmosphere in Nafion film destructs hydrogen bonds to decrease the extraordinarily large value
of the diffusion coefficient of hydrogen ion.

We examined quantitatively a degree of the Grotthuss effect by determining diffusion coefficients
of hydrogen ion in various concentrations of NaCl solution including 1 mM HCl by cyclic voltammetry.
The cathodic peak for the reduction of H* was observed at —0.6 V vs. Ag|AgClin cyclic voltammograms
at the platinum disk electrode 1.6 mm in diameter. The peak currents were proportional to the
square-roots of the scan rates, v, less than 0.1 V s71. Unfortunately, the diffusion coefficient cannot
be determined unambiguously from the slope of the proportionality because the slope depends on
whether the reduction obeys sequential or concomitant mechanisms of the two-electron reduction [46,47].
We assume that the reduction current density obeys the sequentially one-electron transfer through
Jp = 0.446 ¢, F (UDapF/RT)l/ 2 for the apparent diffusion coefficient D,p. Since we are interested in only
the slope of I}, vs. v, any mechanism is satisfied. Values of D,p were plotted against concentration of
NaClin Figure 4. They were kept constant for [NaCl] < 1.4 M but decreased at the higher concentrations.
This is the hindrance of the Grotthuss effect. The variation in Figure 3 demonstrated that the D-value
in the Nafion film decreased by one third from the bulk. Comparing this fact with Figure 4 indicates
that salt effect in the Nafion film should be stronger than that in 6 M in bulk.
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Figure 4. Dependence of the apparent diffusion coefficient of hydrogen ion obtained from the cathodic
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peak currents by cyclic voltammetry at ¢, = 1 mM on concentrations of NaCl solutions. The inset is the
cyclic voltammogram of 1 mM HCl at v = 0.01 Vs~
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The interesting voltammetric behavior lies in line-segment for V > 0 of which conductance,
Gp, is much higher than G, for V < 0. Figure 5 shows plots of G, against Ap/Ly, in the common
concentration of HCl and NaCl solutions. The values of G, for A/Ly, <40 pm are almost proportional to
An/Ly, whereas those for Ap/Ly, > 40 um tend to a constant. These variations of HCI are similar to those
of NaCl. The proportionality for Ay/Ly, <40 um indicates that the conductance should be controlled by
the hole geometry, as is for Gy. Since transport of CI~ is blocked with the immobilized sulphonate ions
of the Nafion film [48], the conductance is provided by only the cation in the hole—i.e., A+ c;—where c,
is the concentration of the cation in the hole. The ratio of the slope for HCI to that for NaCl is
expressed by

16 = Gp,ua1/Gp Nacl = AHCH/ANaCNa 4)
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Figure 5. Variations of the conductance, Gp, for V > 0 with the hole dimension, Ay/Ly, in (a) 0.1 mM
HCI and (b) 0.1 mM NaCl solution.

If cy and cn, take a common value, rg becomes Ap/An, = 7.0 bibliographically. However,
the experimental ratio was ca. 5 from Figure 5 in spite of some ambiguity of the plot. The low
experimental value can be explained in terms of the hindrance of transportation of the hydrogen ion in
the Nafion film. However, it is not 2.5 for G, in Figure 3. There is complication in alteration of cy,
discussed later.

Constancy of Gp for Ap/Ly > 40 um in Figure 5 does not specify any controlling step by the
geometry. According to the previous report [42], values of G, of NaCl have been controlled by the
migration through the glass cell rather than the hole in which the cation concentration is enhanced
by a supply from the Nafion film. In order to examine the migration control in the glass cell other
than the hole, we obtained voltammograms for some distances between two Ag|AgCl electrodes for
the given hole geometry in the constant domain of Gy, in Figure 5. Figure 6 shows variations of the
cell resistance (1/Gp) with the cell geometric parameter, L./Ac, where L. is the distance between the
two voltage-sensing electrodes and A is the cross section area of the glass cell (see Figure 1A of [43]).
The plots show a linear variation, of which intercept can be assigned to resistances of the hole and the
Nafion film in series. Thus, the total resistances without and with Nafion are expressed as

(Gp DnoNat = Ln/An)co(A+ + A-) + (Le/Ad)/en(Ar + A-) ©)

(Gp INat = Li/An)esAs + (Lo/Afep(As + A-) (6)
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Figure 6. Variations of 1/Gp with L¢/Ac for (a, c) HCl and (b, d) NaCl solution of ¢, = 0.1 mM with (a, b)
and without (c, d) the Nafion film in the hole 0.05 mm in diameter and 0.05 mm in length.

The values of the slopes for HCl (a, c) were almost common (23 (Om) (the right scale being different
from the left one), and those for NaCl (b, d) were also common (82 (Om). The theoretical values of
1/cp(A+ + A-) for HCl and NaCl are, respectively, 24 and 80 Qm. The agreement of the experimental
values with the theoretical ones indicates that the carrier of the current should be combinations
of {H" and C17} and {Na* and Cl7}. The ratios of the intercepts were 35 for HCl and 79 for NaCl,
which equal ¢4 A4 /{c,(A+ + A=)}, according to Equations (5) and (6). Then, we have c,= 0.043 M for
HCl and c+= 0.2 M for NaCl at ¢, = 1 mM. The enhancement of ¢, from ¢}, is caused by the supply of
Na* and H* from the Nafion film by the cationic flow by the cell-geometric migration. The amount of
the supply of H* is the one-fifth of that of Na* because of the hindrance of the Grotthuss mechanism.

One question is whether the evaluation of cyy/cng = 0.043/0.2 = 0.21 at the mouth of the hole on
the Nafion side is valid only for the concentration (c,, = 1 mM) in Figure 6 or not. It can be solved by
examining concentration dependence of G,. We examined the dependence of G, on ¢y, and plotted
the resistance (1/Gp) against the concentrations in Figure 7 for some combinations of hole geometry.
Most points except for the lowest concentration fell on a line. As a result, the concentration of H* in
the hole suppled from the Nafion is proportional to ¢, or cyy/cN, = 0.21 valid for 0.1 mM < ¢p, < 3 mM.
The proportionality has been recognized in other researchers’ data [49], although a small value of an
intercept was found.

T BTN

M 1 1 M
0 0.2 L 0.14 0.6
Cp, /' mM
Figure 7. Dependence of the resistance for V > 0 on the inverse of the bulk concentration at hole

geometry with Ay/Ly, = (filled circles) 42.5, (triangles) 19.6, (squares) 79.5, and (inverse triangles) 157 pm
in the range from ¢, = 0.1 to 3 mM.
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Another question is which out of Na* or H" can provide a larger rectification ratio (Gp/Gn).
The hindrance of the transport of H* affects both G, through cyy = 0.2cn, >> ¢p at the mouth of
the hole near the Nafion and G, through Ay Nafion = An/3 in the Nafion. This relation seems to
provide (Gp/Gn)H < (Gp/Gn)Na- Our results—rg = 2.5 for V < 0 and rg = 5.0 for V > 0—indicate that
(Gp/Gn)r = 2(Gp/Gn)na- The twice as large rectification ratio is provided by the transport rate of H in
the hole ten times larger than that of Na™.

4. Conclusions

Our method of examining the hole-voltammograms is to discuss the parameter, A,c;A/L, of the
electric migration. We compare the hole-voltammetric conductance of HCI with that of NaCl, and take
the ratio as rG = Gpcl/Gnacl- The ratio without Nafion is rg = 3.4 = (A + Acp)/(ANa + Ac1) owing to the
participation both in the cations and C1™. This value agrees with the bibliographically calculated value.
The Nafion film divides a linear voltammogram into two line-segments divided at V = 0. G, for V <0,
the current flowing from the hole to the Nafion, is controlled by the hole geometry Ay/L}, as well as
Atcp. CI7 does not contribute to the conductance because of blocking of CI” by the immobilized —SO3™.
Then, the ratio is bibliographically g = Ap/AN, = 7.0, whereas the experimental value is 2.5 owing to
the suppression of transport of H* in the Nafion film by the destruction of hydrogen bond or hindrance
of the Grotthuss mechanism.

Gp for V > 0 in the opposite direction of the current is controlled by the cell geometry Ac/L. as
well as A;cy in the hole. The concentration in the hole, c;, is supplied from the Nafion film so that
0.2 M for Na* and 0.043 M for H*. The lower concentration of H* is ascribed to the hindrance of the
Grotthuss mechanism. The rectification ratio (G,/Gn) of H' is twice as large as that of Na* because the
transport rate of H* in the hole is ten times larger than that of Na*.

Author Contributions: Conceptualization, K.J.A.; Methodology, L.L.; Validation, J.C., K.J.A.; Formal analysis,
L.L.; Investigation, L.L.; Resource, ].C.; Writing-original draft preparation, L.L.; Writing-review and editing, K.J.A;
Visualization, L.L.; Supervision, J.C.; Project administration, J.C.; Funding acquisition, J.C.; All authors contributed
equally to this manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Zhang, H.C; Tian, Y.; Jiang, L. Fundamental studies and practical applications of bio-inspired smart
solid-state nanopores and nanochannels. Nano Today 2016, 11, 61-81. [CrossRef]

2. Slouka, Z.; Senapati, S.; Chang, H.C. Microfluidic systems with ion-selective membranes. Annu. Rev.
Anal. Chem. 2014, 7, 317-335. [CrossRef]

3. Miles, B.N.; Ivanov, A.P; Wilson, K.A.; Dogan, E; Japrung, D.; Edel, ].B. Single molecule sensing with
solid-state nanopores: Novel materials, methods, and applications. Chem. Soc. Rev. 2013, 42, 15-28.
[CrossRef] [PubMed]

4. Koo, HJ.; Velev, O.D. Ionic current devices-Recent progress in the merging of electronic, microfluidic,
and biomimetic structures. Biomicrofluidics 2013, 7, 031501. [CrossRef] [PubMed]

5. Wang, D.; Wang, G. Dynamics of ion transport and electric double layer in single conical nanopores.
J. Electroanal. Chem. 2016, 779, 39-46. [CrossRef]

6. Rong, Y,; Song, Q.; Mathwig, K.; Madrid, E.; He, D.; Niemann, R.G.; Cameron, PJ.; Dale, S.E.; Bending, S.;
Carta, M.; et al. pH-induced reversal of ionic diode polarity in 300 nm thin membranes based on a polymer
of intrinsic microporosity. Electrochem. Commun. 2016, 69, 41-45. [CrossRef]

7. Guo, W,; Tian, Y,; Jiang, L. Asymmetric ion transport through ion-channel-mimetic solid-state nanopores.
Acc. Chem. Res. 2013, 46, 2834-2846. [CrossRef]

8.  Madrid, E.; Cottis, P; Rong, Y.; Rogers, A.T.; Stone, ].M.; Malpass-Evans, R.; Carta, M.; McKeown, N.B.;
Marken, F. Water desalination concept using an ionic rectifier based on a polymer of intrinsic microporosity
(PIM). J. Mater. Chem. A 2015, 3, 15849-15853. [CrossRef]


http://dx.doi.org/10.1016/j.nantod.2015.11.001
http://dx.doi.org/10.1146/annurev-anchem-071213-020155
http://dx.doi.org/10.1039/C2CS35286A
http://www.ncbi.nlm.nih.gov/pubmed/22990878
http://dx.doi.org/10.1063/1.4804249
http://www.ncbi.nlm.nih.gov/pubmed/24404020
http://dx.doi.org/10.1016/j.jelechem.2016.05.018
http://dx.doi.org/10.1016/j.elecom.2016.05.019
http://dx.doi.org/10.1021/ar400024p
http://dx.doi.org/10.1039/C5TA04092B

Electrochem 2020, 1 408

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Gao, J.; Guo, W,; Feng, D.; Wang, H.; Zhao, D.; Jiang, L. High-performance ionic diode membrane for salinity
gradient power generation. J. Am. Chem. Soc. 2014, 136, 12265-12272. [CrossRef] [PubMed]

Zhu, X.; Hao, J.; Bao, B.; Zhou, Y.; Zhang, H.; Pang, ].; Jiang, Z.; Jiang, L. Unique ion rectification in
hypersaline environment: A high-performance and sustainable power generator system. Sci. Adv. 2018,
4, eaaul665. [CrossRef]

Han, J.; Bae, C.; Chae, S.; Choi, D,; Lee, S.; Nam, Y,; Lee, C. High-efficiency power generation in hyper-saline
environment using conventional nanoporous membrane. Electrochim. Acta 2019, 319, 366-374. [CrossRef]
Putra, B.R.; Madrid, E.; Tshwenya, L.; Arotiba, O.A.; Marken, F. An AC-driven desalination/salination system
based on a Nafion cationic rectifier. Desalination 2020, 480, 114351. [CrossRef]

Jia, Z.; Wang, B.; Song, S.; Fan, Y. Blue energy: Current technologies for sustainable power generation from
water salinity gradient. Renew. Sustain. Energy Rev. 2014, 31, 91-100. [CrossRef]

Liu, Y.; Yobas, L. Cylindrical glass nanocapillaries patterned via coarse lithography (>1 pm) for biomicrofluidic
applications. Biomicrofluidics 2012, 6, 046502. [CrossRef]

Cheng, L.]J.; Guo, L.J. Nanofluidic diodes. Chem. Soc. Rev. 2010, 39, 923-938. [CrossRef]

Bearden, S.; Simpanen, E.; Zhang, G. Active current gating in electrically biased conical nanopores.
Nanotechnology 2015, 26, 185502. [CrossRef]

Wang, L.; Zhang, H.; Yang, Z.; Zhou, J.; Wen, L.; Li, L.; Jiang, L. Fabrication of hydrogel-coated single
conical nanochannels exhibiting controllable ion rectification characteristics. Phys. Chem. Chem. Phys. 2015,
17, 6367-6373. [CrossRef] [PubMed]

McKeown, N.B.; Budd, PM. Exploitation of intrinsic microporosity in polymer-based materials.
Macromolecules 2010, 43, 5163-5176. [CrossRef]

Madrid, E.; Rong, Y.; Carta, M.; McKeown, N.B.; Malpass-Evans, R.; Attard, G.A.; Clarke, T.J.; Taylor, S.H.;
Long, Y.T.; Marken, F. Metastable Ionic Diodes Derived from an Amine-Based Polymer of Intrinsic
Microporosity. Angew. Chem. 2014, 126, 10927-10930. [CrossRef]

Madrid, E.; Buckingham, M.A.; Stone, ].M.; Rogers, A.T.; Gee, W.].; Burrows, A.D.; Raithby, PR.; Celorrio, V.;
Fermin, D.J.; Marken, E Ion flow in a zeolitic imidazolate framework results in ionic diode phenomena.
Chem. Commun. 2016, 52, 2792-2794. [CrossRef]

Li, T.; He, X.; Yu, P; Mao, L. Nonlinear dependence of the ion current rectification factor on bias voltage in
conical nanopipettes. J. Electroanal. Chem. 2016, 779, 106-111. [CrossRef]

Wang, Y.; Wang, Z.; Su, Z.; Cai, S. Stretchable and transparent ionic diode and logic gates. Extrem. Mech. Lett.
2019, 28, 81-86. [CrossRef]

Tshwenya, L.; Arotiba, O.; Putra, B.R.; Madrid, E.; Mathwig, K.; Marken, F. Cationic diodes by hot-pressing
of Fumasep FKS-30 ionomer film onto a microhole in polyethylene terephthalate (PET). J. Electroanal. Chem.
2018, 815, 114-122. [CrossRef]

Xiao, K; Xie, G.; Zhang, Z.; Kong, X.Y,; Liu, Q.; Li, P; Wen, L.; Jiang, L. Enhanced Stability and Controllability
of an Ionic Diode Based on Funnel-Shaped Nanochannels with an Extended Critical Region. Adv. Mater.
2016, 28, 3345-3350. [CrossRef]

Wei, C.; Bard, A].; Feldberg, S.W. Current rectification at quartz nanopipet electrodes. Anal. Chem. 1997,
69, 4627-4633. [CrossRef]

Hu, K,; Wang, Y.; Cai, H.; Mirkin, M.V.; Gao, Y.; Friedman, G.; Gogotsi, Y. Open carbon nanopipettes
as resistive-pulse sensors, rectification sensors, and electrochemical nanoprobes. Amnal. Chem. 2014,
86, 8897-8901. [CrossRef]

Yan, E; Yao, L.; Yang, Q.; Chen, K.; Su, B. Ionic current rectification by laminated bipolar silica isoporous
membrane. Anal. Chem. 2018, 91, 1227-1231. [CrossRef]

Yin, X.; Zhang, S.; Dong, Y.; Liu, S.; Gu, J.; Chen, Y.; Zhang, X.; Zhang, X.; Shao, Y. Ionic current rectification
in organic solutions with quartz nanopipettes. Anal. Chem. 2015, 87, 9070-9077. [CrossRef] [PubMed]
Mathwig, K.; Aaronson, B.D.; Marken, F. Ionic transport in microhole fluidic diodes based on asymmetric
ionomer film deposits. ChemElectroChem 2018, 5, 897-901. [CrossRef]

He, D.; Madrid, E.; Aaronson, B.D.; Fan, L.; Doughty, ].; Mathwig, K.; Bond, A.M.; McKeown, N.B.; Marken, F.
A cationic diode based on asymmetric Nafion film deposits. ACS Appl. Mater. Interfaces 2017, 9, 11272-11278.
[CrossRef] [PubMed]

Karnik, R.; Duan, C.; Castelino, K.; Daiguji, H.; Majumdar, A. Rectification of ionic current in a nanofluidic
diode. Nano Lett. 2007, 7, 547-551. [CrossRef]


http://dx.doi.org/10.1021/ja503692z
http://www.ncbi.nlm.nih.gov/pubmed/25137214
http://dx.doi.org/10.1126/sciadv.aau1665
http://dx.doi.org/10.1016/j.electacta.2019.07.005
http://dx.doi.org/10.1016/j.desal.2020.114351
http://dx.doi.org/10.1016/j.rser.2013.11.049
http://dx.doi.org/10.1063/1.4771691
http://dx.doi.org/10.1039/B822554K
http://dx.doi.org/10.1088/0957-4484/26/18/185502
http://dx.doi.org/10.1039/C4CP05915H
http://www.ncbi.nlm.nih.gov/pubmed/25649179
http://dx.doi.org/10.1021/ma1006396
http://dx.doi.org/10.1002/ange.201405755
http://dx.doi.org/10.1039/C5CC09780K
http://dx.doi.org/10.1016/j.jelechem.2016.04.028
http://dx.doi.org/10.1016/j.eml.2019.03.001
http://dx.doi.org/10.1016/j.jelechem.2018.03.027
http://dx.doi.org/10.1002/adma.201505842
http://dx.doi.org/10.1021/ac970551g
http://dx.doi.org/10.1021/ac5022908
http://dx.doi.org/10.1021/acs.analchem.8b04639
http://dx.doi.org/10.1021/acs.analchem.5b02337
http://www.ncbi.nlm.nih.gov/pubmed/26218167
http://dx.doi.org/10.1002/celc.201700464
http://dx.doi.org/10.1021/acsami.7b01774
http://www.ncbi.nlm.nih.gov/pubmed/28287696
http://dx.doi.org/10.1021/nl062806o

Electrochem 2020, 1 409

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Xiao, K.; Chen, L.; Zhang, Z; Xie, G.; Li, P; Kong, X.Y.; Wen, L.; Jiang, L. A Tunable Ionic Diode Based on a
Biomimetic Structure-Tailorable Nanochannel. Angew. Chem. Int. Ed. 2017, 56, 8168-8172. [CrossRef]

Liu, G.C.; Gao, M.].; Chen, W.; Hu, X.Y.; Song, L.B.; Liu, B.; Zhao, Y.D. pH-modulated ion-current rectification
in a cysteine-functionalized glass nanopipette. Electrochem. Commun. 2018, 97, 6-10. [CrossRef]

Liu, G.C,; Chen, W.; Gao, M.].; Song, L.B.; Hu, X.Y.; Zhao, Y.D. Ion-current-rectification-based customizable
pH response in glass nanopipettes via silanization. Electrochem. Commun. 2018, 93, 95-99. [CrossRef]
Khalid, W.; Abbasi, M.A.; Ali, M.; Ali, Z.; Atif, M.; Trautmann, C.; Ensinger, W. Zinc ion driven ionic
conduction through single asymmetric nanochannels functionalized with nanocomposites. Electrochim. Acta
2020, 337, 135810. [CrossRef]

Ali, M.; Ramirez, P.; Nasir, S.; Cervera, J.; Mafe, S.; Ensinger, W. Tetraalkylammonium Cations Conduction
through a Single Nanofluidic Diode: Experimental and Theoretical Studies. Electrochim. Acta 2017,
250, 302-308. [CrossRef]

Cervera, ].; Ramirez, P.; Mafe, S.; Stroeve, P. Asymmetric nanopore rectification for ion pumping, electrical
power generation, and information processing applications. Electrochim. Acta 2011, 56, 4504—4511. [CrossRef]
Chang, H.C.; Yossifon, G., Demekhin, E.A. Nanoscale electrokinetics and microvortices:
How microhydrodynamics affects nanofluidic ion flux. Annu. Rev. Fluid Mech. 2012, 44, 401-426. [CrossRef]
Yossifon, G.; Chang, Y.C.; Chang, H.C. Rectification, gating voltage, and interchannel communication
of nanoslot arrays due to asymmetric entrance space charge polarization. Phys. Rev. Lett. 2009,
103, 154502. [CrossRef]

Sorbello, R.S. Microscopic driving forces for electromigration. MRS Online Proc. Libr. Arch. 1996,
73-81. [CrossRef]

Putra, B.R.; Aoki, K.J.; Chen, J.; Marken, F. Cationic Rectifier Based on a Graphene Oxide-Covered Microhole:
Theory and Experiment. Langmuir 2019, 35, 2055-2065. [CrossRef]

Aoki, KJJ.; Liu, L.; Marken, F; Chen, J. Rectification effects of Nafion-backed micropore-voltammograms by
difference in migrational modes. Electrochim. Acta 2020, 358, 136839. [CrossRef]

de Grotthuss, C.J.T. Sur la décomposition de 1’eau et des corps qu’elle tient en dissolution a 1’aide de
I'électricité galvanique. Ann. Chim. 1806, 58, 54-73.

Gileadj, E.; Kirowa-Eisner, E. Electrolytic conductivity—The hopping mechanism of the proton and beyond.
Electrochim. Acta 2006, 51, 6003-6011. [CrossRef]

Pauliukaite, R.; Juodkazyté, J.; Ramanauskas, R. Theodor von Grotthuss” Contribution to Electrochemistry.
Electrochim. Acta 2017, 236, 28-32. [CrossRef]

Zhang, H.; Aoki, K.; Chen, ]J.; Nishiumi, T.; Toda, H.; Torita, E. Voltammetric Determination of Both
Concentration and Diffusion Coefficient by Combinational Use of Regular and Microelectrodes. Electroanal
2011, 23, 947-952. [CrossRef]

Aoki, K;; Toda, H.; Yamamoto, J.; Chen, J.; Nishiumi, T. Is hydrogen gas in water present as bubbles or
hydrated form? J. Electroanal. Chem. 2012, 668, 83-89. [CrossRef]

Unnikrishnan, E.K.; Kumar, S.D.; Maiti, B. Permeation of inorganic anions through Nafion ionomer membrane.
J. Membr. Sci. 1997, 24, 133-137. [CrossRef]

Putra, B.R.; Karpiniska, K.S.; Kudta, P; Yin, H.; Boswell, J.A.; Squires, A.M.; Da Silva, M.A.; Edler, K.J.;
Fletcher, PJ.; Parker, S.C.; et al. Bacteriophage M13 Aggregation on a Microhole Poly(ethylene terephthalate)
Substrate Produces an Anionic Current Rectifier: Sensitivity toward Anionic versus Cationic Guests.
ACS Appl. Bio Mater. 2019, 3, 512-521. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/anie.201704137
http://dx.doi.org/10.1016/j.elecom.2018.09.017
http://dx.doi.org/10.1016/j.elecom.2018.06.015
http://dx.doi.org/10.1016/j.electacta.2020.135810
http://dx.doi.org/10.1016/j.electacta.2017.08.078
http://dx.doi.org/10.1016/j.electacta.2011.02.056
http://dx.doi.org/10.1146/annurev-fluid-120710-101046
http://dx.doi.org/10.1103/PhysRevLett.103.154502
http://dx.doi.org/10.1557/PROC-427-73
http://dx.doi.org/10.1021/acs.langmuir.8b03223
http://dx.doi.org/10.1016/j.electacta.2020.136839
http://dx.doi.org/10.1016/j.electacta.2006.03.084
http://dx.doi.org/10.1016/j.electacta.2017.03.128
http://dx.doi.org/10.1002/elan.200900603
http://dx.doi.org/10.1016/j.jelechem.2012.01.013
http://dx.doi.org/10.1016/S0376-7388(97)00193-2
http://dx.doi.org/10.1021/acsabm.9b00952
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

