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ABSTRACT 

Inspired by the functioning of cellular ion channels, pore-based structures with nanoscale 

openings, have been fabricated and integrated into ionic circuits, e.g. ionic diodes and transistors, 

for signal processing and detection. In these systems, the nonlinear current responses arise either 

because asymmetric nanopore geometries break the symmetry of the ion distribution, creating 

unequal surface charge across the nanopore, or by coupling unidirectional electron transfer 

within a nanopore electrode. Here, we develop a high-performance redox cycling-based 

electrochemical diode by coating an asymmetric ion-exchange membrane, i.e. Nafion, on the top 

surface of a nanopore electrode array (Nafion@NEA), in which each pore in the array exhibits 

one or more annular electrodes. Nafion@NEAs exhibit highly sensitive and charge-selective 

electroanalytical measurements due to efficient redox cycling reaction, the permselectivity of 

Nafion, and strong confinement of redox species in the nanopore array. In addition, the top 

electrode of dual electrode Nafion@NEAs can serve as a voltage-controlled switch to gate ion 

transport within the nanopore. Thus, Nafion@NEAs can be operated as a diode by switching 

voltages applied to the top and bottom electrodes of the NEA, leading to a large rectification 

ratio, fast response times, and simplified circuitry without the need for external electrodes. By 

taking advantage of closely spaced and individually addressable electrodes, the redox cycling 

electrochemical diode has the potential for application to large-scale production and 

electrochemically-controlled circuit operations which go well beyond conventional electronic 

diodes or transistors. 
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Nanoscale electrochemistry, nanopore electrode arrays, redox cycling, ionic diode, Nafion, 
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Biological voltage-gated ion channels couple ion transport to electrochemical potential 

transfer, two important phenomena that support the function of higher organisms.1-3 Modeling 

this behavior, ion transport at fabricated nanoscale architectures has attracted a great deal of 

interest, especially with the development of powerful nanofabrication techniques for complex 

nanostructures.4-8 When the size of nanochannels or nanopores approaches the thickness of the 

electrical double layer, unusual transport phenomena, which deviate from conventional 

macroscopic transport theory, are observed.9-12 Following the seminal work by Stein et al. on the 

relation of ion transport to the surface charge of a nanochannel,13 a number of ion-based devices, 

e.g. ionic diodes,14-17 transistors,18-20 and integrated circuits,21, 22 were fabricated and studied. 

These iontronic devices possess the ability to regulate ion flow in direction and magnitude, thus 

amplifying weak input signals into large output signals.23 Typically, iontronic devices take 

advantage of one of two approaches to break the symmetry of the ion distribution – either by 

fabricating an asymmetric nanopore or by modulating the charge on the inner wall of the 

nanopore.24-26 In recent years, electrodes have also been embedded in the nanopore to efficiently 

modulate the electrostatic interaction between the ions and the nanopore at low threshold 

voltages.27-29 All of these approaches are non-Faradaic, involving no direct electron transfer, 

since the ions used are typically inert salts. 

Electrochemical rectifiers represent an alternative type of iontronic device where the 

current rectification arises from unidirectional electron transfer.30, 31 The basic principle of the 

electrochemical rectifier relies on modification of the electrode surface with a redox moiety, like 

a polymer film or a tethered redox probe, allowing freely diffusing redox species to transfer 

electrons in one direction, while inhibiting current flow in the opposite direction.32-34 

Electrochemical rectifiers based on self-assembled monolayer (SAM) modified electrodes usually 
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exhibit better unidirectional electron transfer characteristics than polymer modified electrodes, 

with defect-free SAMs achieving high rectification ratios by minimizing unwanted 

electrochemical reactions which can arise near defects.35-37  

In order to further increase the rectification ratio, Mayer et al. proposed a generator-

collector electrode system based on an interdigitated electrode array (IDEA), to regenerate the 

redox species through redox cycling.38 However, the collection efficiency of the IDEA, as well as 

recently reported thin-layer electrodes,39 is typically less than that achieved at nanoscale 

electrodes.40-43 Thus, we have developed and characterized a nanopore-based redox cycling 

system, i.e. nanopore electrode arrays (NEAs), where individually addressable ring and disk 

electrodes are vertically embedded into nanopores, thus exploiting transport characteristics not 

possible at the micro- or macroscale.44, 45 Systematic investigation of surface charge and nanopore 

geometry effects on mass transport and electron transfer within nanopores reveal very high 

selectivity due to ion accumulation46-48 and membrane permselectivity.49 In addition, we recently 

reported voltage-gated nanoparticle transport and controlled electrode collisions inside NEAs.50 

Thus, it is natural to exploit these phenomena to construct iontronic devices which couple ion 

transport to electrochemical phenomena. 

In the present work, a redox cycling-based electrochemical diode was fabricated in a 

hierarchically organized structure by coating a Nafion membrane on top of a NEA 

(Nafion@NEA), thereby integrating the asymmetric ion transport characteristics of Nafion into 

the redox cycling system. As a widely used cation-exchange membrane, Nafion efficiently 

transports cations but strongly excludes anions, allowing the membrane to selectively target 

cations for electroanalytical sensing.51-54 In addition, NEAs constitute a powerful nanopore-

confined dual-electrode system to support redox cycling reactions, a common strategy to amplify 
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current signals by cyclically coupled reduction and oxidation reactions occurring at two closely 

spaced and individually addressable electrodes.44, 55 Thus, the intrinsically asymmetric 

Nafion@NEA structures facilitate rapid exchange of cationic redox species into the NEAs for 

highly efficient redox cycling. The Nafion@NEAs exhibit excellent selectivity, as demonstrated 

by comparison of Ru(NH3) 6
3+ and Fe(CN)6

3- redox cations and anions. The transport of redox 

species within the nanopore may also be controlled by the nanopore-embedded annular 

electrodes, leading to a facile mechanism to modulate the direction and magnitude of current 

flow. These characteristics may be combined under the right conditions so that the 

Nafion@NEAs function as low-voltage (driving potential < 0.5 V) diodes by directly connecting 

the top and bottom electrodes of the NEAs in a two terminal configuration. This redox-cycling 

based diode works at frequencies up to 1 Hz at a rectification ratio of 75 and is stable for > 100 

cycles. The simplified electrical configuration and the capacity to integrate several individually 

addressable devices on a single chip supports the development of miniature iontronic circuits 

which are suitable for large-scale production and potential applications in nanofluidic logic 

operations. 

 

RESULTS AND DISCUSSION 

Nafion@NEA Characterization. The Nafion@NEA device shown schematically in 

Figure 1(A) has a Nafion membrane - with pores of average diameter, d ~ 1-2 nm, presenting 

negatively charged sulfonate groups54- tightly bonded on top of the NEA structure. It allows 

cations to cross the membrane, while rejecting anions. In this design, the Nafion membrane 

controls access of charged redox species to the NEA, where redox cycling reactions subsequently 

occur between the top ring and bottom disk electrodes. When connecting the top and bottom 
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electrodes in a two-terminal configuration, the current through the NEA is significantly increased 

in one direction and suppressed in the opposite direction, leading to a redox cycling-based diode, 

Figure 1(B). 

Figure 1(C) depicts an electrochemical chip holding 8 NEA devices together with the 

Nafion membrane on top. As-spun Nafion membranes with thicknesses 100-400 nm were 

transferred to the top of the NEA wafer using thermal release tape, Figures S1 and S2, 

Supporting Information, SI. The resulting Nafion membrane coats the tops of the NEAs 

conformally without cracks or defects. In order to observe the NEA coated with the Nafion 

membrane by SEM, we show the edge of the Nafion film on a Nafion@NEA device in Figure 

1(D), clearly illustrating that the nanopores are highly ordered at large scale and that the NEAs 

are conformally coated by the Nafion membrane. Each NEA device consists of a 100 m x 100 

m array with a 460 nm pitch, giving a pore density of ca. 5.5 pores/m2, or ~ 5.5 x 104 

electrochemically addressable nanopores total. In order to observe the multilayer structure of the 

Nafion@NEAs, one particular Nafion@NEA device was milled by focused ion beam (FIB). As 

shown in the cross sectional SEM image, Figure 1(E), the conical nanopores exhibit top and 

bottom diameters of 200 nm and 150 nm, respectively. In the vertical direction, the NEAs 

present a metal-insulator-metal (MIM) stack, with the thickness of each layer being ~100 nm. 

The Nafion membrane which seals the opening of the NEA is evident at the top. 

After confirming the structural integrity of the Nafion membranes, we characterized the 

permselectivity of the Nafion@NEA structure by comparing the electrochemical behavior of 

Ru(NH3)6
3+ and Fe(CN)6

3- redox probes. Because it is a cation exchange membrane, the 

negatively charged Nafion is expected to allow only Ru(NH3)6
3+ to pass through the membrane 
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and undergo redox cycling reaction in the NEA. Figure 2(A) shows typical cyclic 

voltammograms (CVs) of 1 mM Ru(NH3)6
2+ and 1 mM Fe(CN)6

4- in 1 M KCl obtained from 

NEA structure by fixing the top ring electrode of the NEA at a reducing potential for each redox 

species while the bottom electrode was swept. The anodic and cathodic limiting currents were 

collected from the bottom and top electrodes, respectively, at the most positive potential applied 

to the bottom electrode. The collection efficiency, i.e. the ratio of the two limiting currents, was 

typically ca. 98%. The current measured under redox cycling conditions between two working 

electrodes (generator-collector, GC mode) is amplified, amplification factor (AF) of 25, 

compared to one working electrode, non-GC mode, as shown in Figure S3(A), SI. The CVs of 

both species change significantly in the presence of the Nafion membrane, as shown in Figure 

2(D). The limiting currents of Fe(CN)6
3- (iFe(CN)6

3-) are largely suppressed while the limiting 

current of Ru(NH3)6
3+ (iRu(NH3)6

3+) is ~6-fold larger than the corresponding limiting current shown 

in Figure 2(A). The measured ratio of iRu(NH3)6
3+ to iFe(CN)6

3- is over 3000. Similarly, the AF of 

Ru(NH3)6
3+ in a Nafion@NEA structure under the same experimental conditions is ca. 200 with 

a collection efficiency over 99.7%, Figure S3(B), SI. This further enhancement is likely due to 

the confined geometry of the Nafion@NEA architecture that increases the efficiency of redox 

cycling.  

In order to confirm the effect of Nafion permselectivity on the electrochemical signals, 

finite element analysis was performed using COMSOL Multiphysics to calculate the 

concentration profiles of both redox species within the NEAs and Nafion@NEA structures. For 

NEAs, the simulated concentration profiles for Ru(NH3)6
3+, Figure 2(B), and Fe(CN)6

3-, Figure 

2(C), are almost the same, consistent with the experimental data which show almost has no 

selectivity between cations and anions at high concentration of supporting electrolyte (1 M KCl). 
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In contrast, the concentration profiles of Ru(NH3)6
3+, Figure 2(E), and Fe(CN)6

3-, Figure 2(F), 

are dramatically different in the Nafion@NEA structure, with Ru(NH3)6
3+ being strongly 

accumulated, while Fe(CN)6
3- is depleted from the nanopore. The simulated CVs for both 

species, Figure S4, SI, confirm the experimental CVs. Finally, we characterized the relationship 

between the permselectivity of charged species by preparing Nafion membranes with different 

thicknesses by varying the speed of spin coating. As the Nafion becomes thicker, iRu(NH3)6
3+ 

increases, while iFe(CN)6
3- decreases, Figure S5, SI. 

Another factor affecting the experimental performance of Nafion@NEAs is the ionic 

strength. In particular, it is pertinent to ask whether the vast discrepancies in limiting currents 

observed in Figure 2(D) arise solely from the Nafion membrane or whether ionic strength-

induced depletion layer effects in the NEA could play a role.  Experiments described to this point 

were performed in 1 M KCl, so to make the comparison, experiments were repeated on an 

uncovered NEA structure at 1 mM KCl.  As shown in Figure S6, SI, there is little effect on 

either limiting current, iRu(NH3)6
3+ or iFe(CN)6

3-, at lower ionic strength.  Previous studies in uncovered 

NEAs had shown that the surface charge of nanopore dominates ion transport due to enlarged 

Debye screening lengths at low ionic strength,47-48 while little effect was observed at high (>1 M) 

ionic strengths. Thus, the vast discrepancies observed between Ru(NH3)6
3+ and Fe(CN)6

3- in the 

Nafion@NEA system can be assigned almost exclusively to the permselective characteristics of 

Nafion, making it possible to preconcentrate target molecules and subsequently detect them 

efficiently at high ionic strength, a condition where the electrochemical detection of bio-analytes 

is often performed - e.g. [NaCl] is roughly 150 mM in physiological conditions.  

Voltage-Gated Nanopore. Since Nafion serves as an efficient permselective membrane 

to control entry of different charged species into the NEA, the question arises as to whether it is 
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possible to add a further level of control on ion transport inside the NEA. Previously, we showed 

that the top ring electrode can gate the transport of nanoparticles into an electrochemical 

nanopore.50 Following the same concept, two opposite situations were considered: the top 

electrode fixed at either an oxidizing (e.g. + 0.1 V) or a reducing potential (e.g. - 0.5 V) for 

Ru(NH3)6
3+ (E0

Ru(NH3)6
3+ = - 0.13 V vs. Ag/AgCl). The bottom electrode was then swept between + 

0.1 V and - 0.5 V, and the resulting CVs obtained from 1 mM Ru(NH3)6
3+ in 1 M KCl solution 

within NEAs or Nafion@NEAs are shown in Figure 3. For the CVs from NEAs, the limiting 

currents from CVs obtained with oxidizing and reducing potentials on the top electrode are 

almost the same, Figure 3(A). However, in a Nafion@NEA structure the limiting current 

obtained from the ETE = -0.5 V CV is roughly 6-fold larger than the limiting current obtained 

when ETE = +0.1V, Figure 3(B). Again, we tested the effect of ionic strength, Figure S7, SI, and 

found very little difference over the range 1mM – 1 M.  Subsequently simulations were carried 

out for ETE = +0.1V and -0.5V for both an uncovered NEA and Nafion@NEA, Figure S8, SI. 

The simulations clearly show no current asymmetry for the uncovered NEA, but consistent with 

the experiment in Figure 3(B), a ~5-fold asymmetric current response for ETE = +0.1V and -0.5V 

in the Nafion@NEA structure.  These experiments and simulations clearly establish an additional 

current asymmetry associated with the potential applied to the top ring electrode in the nanopore, 

which supplements the asymmetry derived from the permselectivity of the Nafion membrane.  

Next, we investigated how the potential of the top electrode, ETE, affects the current 

response in Nafion@NEAs. In this experiment, the bottom electrode was swept in the range, EBE 

= + 0.1 V to - 0.5 V, while the top was fixed at different potentials, ranging from – 1.0 V to + 0.5 

V. Each data point in Figure 4(A) represents the limiting current experimentally recorded from 

the bottom electrode, acquired either at the sweep termination at EBE = - 0.5 V (yellow) or EBE = 
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+ 0.1 V (blue), while the top electrode was fixed at the potential indicated on the x-axis. In both 

cases, minimal response is observed when the potentials EBE and ETE are both reducing, point (B) 

in Figure 4(A), or both oxidizing, point (E) in the figure.  In contrast, maximum limiting 

currents are observed when EBE and ETE are on opposites sides of the equilibrium potential.  

However, there is a clear asymmetry between the maximum limiting current for EBE > ETE - blue 

curve, points (F) through (G) – and EBE < ETE - yellow curve, points (C) through (D).   

These observations can be understood as a combination of voltage gating and redox 

cycling effects. Independent of the bottom electrode potential, CVs obtained with positive ETE 

values serve to discriminate against uptake of cations (gate closed condition).  Thus, limiting 

currents obtained under these conditions are either small (point (D) in Figure 4(A) with EBE and 

ETE on opposites sides of Eeq) or zero (point (B) with EBE and ETE on the same side of Eeq).  The 

small limiting current observed when ETE is positive of Eeq and EBE is negative of Eeq likely arise 

from redox cycling of the small number of cationic Ru(NH3)6
3+ species admitted to the nanopore 

under these gate-closed conditions.  Similarly, and also independent of the bottom electrode 

potential, CVs obtained with negative ETE values serve to facilitate the uptake of cations (gate 

open condition). Thus, much larger limiting currents are obtained under these conditions, points 

(F) through (G) in Figure 4(A) with EBE and ETE on opposites sides of Eeq, these arising from 

redox cycling of the enhanced number of cationic Ru(NH3)6
3+ species admitted to the nanopore 

under gate-open conditions. Finally, independent of the larger redox species population at 

negative ETE values, no current is observed, point (E), when EBE and ETE are both positive.  Thus, 

both electrodes contribute to the redox cycling behavior, while the top electrode alone controls 

the magnitude of cation uptake into the NEA nanopores. Overall, the clear current rectification 

represented by the behavior in Figure 4(A) results from both the permselectivity of the Nafion 
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membrane as well as the potential applied to the top (gate) electrode, ETE. 

Redox Cycling-Based Diode. The asymmetric current responses from Nafion@NEA 

structures suggest using the device as a redox cycling-based electrochemical diode. The 

preceding measurements all utilized four electrodes, with external reference and counter 

electrodes supplementing the two working electrodes. To simplify operation, we asked whether it 

would be possible to use only the top and bottom electrodes of the Nafion@NEA in a  two-

terminal configuration. The potential advantage compared to previously reported asymmetric 

nanopore or electrochemical rectifier approaches is that with 8 pairs of Nafion@NEAs patterned 

on one chip, it may be possible to assemble and connect them as a single monolithic signal 

processing unit to achieve an iontronic integrated circuit. 

In Figure 5(A), we compare three different diode configurations for NEAs (left panel) 

and Nafion@NEAs (right panel). Each configuration represents a different combination of two 

electrodes.  In the left panel, the cathodic current obtained with the top and bottom nanopore 

electrodes connected (red) is several times larger than the comparable responses obtained when 

either the bottom (orange) or top (blue) electrodes are used individually. The close spacing and 

high collection efficiency of the two terminals in the BE-TE configuration (GC mode) are largely 

responsible for the large, redox-cycling based current, while the peak-shaped curves obtained for 

the other two configurations (non-GC mode) indicate the depletion of redox species at the 

nanopore electrode surface. Furthermore, there is negligible difference between CVs obtained in 

the three- and two-electrode configurations (Figure S9, SI). In the right panel of Figure 5(A), 

the current response of the BE-TE two-electrode configuration is much larger than the current 

response for the other two configurations. Comparing all configurations in both panels, the BE-

TE configuration in the Nafion@NEA exhibits the smallest hysteresis, which is a necessary 



  

 

12 

condition for fast diode response. Furthermore, in this configuration a large cathodic current is 

observed at an onset potential of – 0.2 V, while a much smaller anodic current is obtained. 

Importantly, this unidirectional current flow occurs in a low-voltage window, comparable to 

electronic diode operation.  

In order to boost the rectification performance of Nafion@NEAs, we investigated two 

further factors that contribute to rectification, i.e. analyte concentration and ionic strength. 

Figure 5(B) shows how analyte concentration affects rectification. The rectification ratio (RR) is 

defined as the ratio of the current at -0.5 V (i-0.5 V) to the current at + 0.5 V (i+0.5 V), i.e. RR = i-0.5 

V/ i+0.5 V. Both i-0.5 V (blue) and i+0.5 V (orange) increase going to higher analyte concentrations. 

However, the faster increase of the cathodic current with analyte concentration above 100 M 

means that RR increases rapidly as well, reaching a maximum value of 76 for 10 mM 

Ru(NH3)6
3+ in 1 M KCl. To understand the effect of the magnitude of the analyte charge on the 

rectifying current, we investigated different ratios of Ru(NH3)6
3+ to Ru(NH3)6

2+, ranging from 

1:0, 1:1 to 0:1 (Figure S10, SI), as well as a completely different redox pair, e.g. Fc0/+ (Figure 

S11, SI).  

We also explored the ionic strength dependence of the rectifying current of 

Nafion@NEAs. Figure 5(C) shows i-0.5 V, i+0.5 V, and RR obtained from 1 mM Ru(NH3)6
3+ in 

KCl solution of varying concentrations, ranging from 0.1 mM to 1 M. Previously, we 

demonstrated that Ru(NH3)6
3+ accumulates strongly inside NEAs due to overlapping surface 

double layers at low ionic strength, typically M and below. Below 100 mM, both anodic and 

cathodic currents from 1 mM Ru(NH3)6
3+ show modest decreases with increasing electrolyte 

concentration becomes higher. However, the cathodic current increases significantly at 1 M KCl, 

leading to an increase of RR to a maximum value of 34 for 1 mM Ru(NH3)6
3+ in 1 M KCl. 
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Diode Operation. Having demonstrated current rectification in Nafion@NEAs and 

identified the experimental conditions under which it is maximized, the natural next step is to 

explore operating the device as a redox cycling-based electrochemical diode. Figure 6 shows the 

current response from multiple potential steps applied across the bottom and top electrodes. The 

current response was obtained for 1 mM Ru(NH3)6
3+ in 1 M KCl solution as a function of time 

by applying potential steps of different magnitudes, ranging from ±0.1 V to ±0.5 V, for 5 cycles 

at 0.1 Hz, Figure 6(A). Small anodic current and cathodic currents are observed when the 

applied potential pair is ±0.1 V, Figure 6(A) inset, since the formal potential of Ru(NH3)6
3+ is -

0.13 V. For larger potential excursions, larger cathodic currents are observed, beginning at ±0.2 

V. The cathodic current then increases monotonically at larger potential excursions, as does the 

RR, which maximizes at RR = 67 at ±0.4 V.  

Another important parameter to characterize diode behavior is the switching time 

between forward and reverse bias conditions, which ultimately limits the frequency bandwidth. 

Most iontronic diodes exhibit relatively slow responses ( > 5 s). The Nafion@NEA diode 

studied here displayed faster current decays, permitting bandwidths in excess of 1 Hz, Figure 

6(B). The temporal response of ion-based electrochemical diodes is ultimately limited by ion 

transport, which dictates the length of time needed to reach an equilibrium ion distribution. In the 

Nafion@NEAs, the diffusion time (d) between electrodes spaced by 100 nm gap is ~ 7.5  s 

based on Dox ~ 6.7 x 10-6 cm2 s-1 for Ru(NH3)6
3+. Thus, rapid diffusion between two closely-

spaced electrodes allows the redox species to quickly return to an equilibrium distribution inside 

the NEA, leading to a more rapid response.53, 56 In Figure 6(B), we indeed observed fast current 

decay, reaching steady state in     s in both directions.  Finally, the stability of 

Nafion@NEA was tested. As shown in Figure 6(C), the Nafion@NEAs are very stable – 
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showing no measurable decay in performance over 100 10-s cycles, leading to an operation time 

of >1000 s.  

 

CONCLUSIONS 

In summary, we developed a hierarchically-organized redox cycling-based 

electrochemical diode by coating defect-free Nafion membranes of thickness 100-400 nm on the 

top of a nanopore electrode arrays (Nafion@NEA). Nafion membranes function as efficient 

molecular sieves, allowing only cations to be transported into the interior volume of the NEA 

while repelling anions. In addition, the top ring electrode of dual electrode NEAs was shown to 

be competent to control ion transport for subsequent redox cycling reaction inside Nafion@NEA 

structure, i.e. switching between “gate open” and “gate close”. We further simplified the electrical 

connection by using the top electrode and bottom electrode of NEAs in a two-terminal 

configuration, in which the structure exhibited strong rectification and functioned as an 

electrochemical diode. Together these results establish a high-performance redox cycling-based 

electrochemical diode with a low operation voltage, fast response and good stability. One would 

expect that other electrochemical diodes, e.g. using the transport of negatively charged species, 

could be produced with the same approach. To illustrate this principle, we are developing 

electrochemical diodes that incorporate stimulus-responsive materials, thus achieving ion 

rectification modulated by external stimuli. We believe that the design of the iontronic diode 

described here will serve to guide the fabrication of miniaturized active devices for potential 

applications of next-generation iontronics. 

 

METHODS 
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Chemicals and Materials. Nafion 117 solution (~5% in a mixture of lower aliphatic 

alcohols and water), hexaammineruthenium(III) chloride (Ru(NH3)6Cl3), 

hexaammineruthenium(II) chloride (Ru(NH3)6Cl2), potassium ferricyanide(III) (K3Fe(CN)6), 

ferrocene (Fc), ferrocenium hexafluorophosphate (FcPF6), and potassium chloride (KCl) were 

obtained from Sigma-Aldrich, U.S. and used as received without purification. Deionized (DI) 

water (  18 M cm) purified using a Millipore Milli-Q system was used to prepare all aqueous 

solutions for electrochemical measurements. All analyte solution were prepared by dissolving 

calculated amount of redox species into aqueous KCl . Single-side thermal release tape 

(REVALPHA) was received from Nitto Denko Corporation. PDMS reservoirs were prepared by 

the procedures listed in the data sheet of Dow Corning Sylgard 184 silicone elastomer kit.  

Device Fabrication and Characterization. The Nanopore electrode arrays (NEAs) were 

fabricated by sequential photolithography, metal deposition, nanosphere lithography and multistep 

reactive ion etching processes, following previously published procedures from this laboratory.44, 

55 The Nafion membrane was formed on pre-cleaned silicon (Si) wafer by spin-coating 5% Nafion 

117 solution at speeds ranging from 500 to 4000 rpm for 60 s. The thickness of Nafion membranes 

were measured by a Filmetric F20 as illustrated in Figure S1, SI. As-spun Nafion membranes 

together with Si (Nafion@Si) were heated at 60 ºC for 30 min to evaporate the remaining solvent. 

Then, thermal release tape (TRT) was used to cover the top of the Nafion@Si substrate, i.e. 

TRT@Nafion@Si. Nafion together with TRT (TRT@Nafion) was easily peeled from Si by 

immersing the TRT@Nafion@Si substrate in DI water. Afterwards, the TRT@Nafion was rinsed 

with DI water, blown by dry N2 gas and subsequently placed on a low power O2 plasma-treated 

NEA device. Finally, the TRT@Nafion@NEA was heated at 120 ºC for 30 s to release the TRT 

from the surface of Nafion@NEAs and then was kept at this temperature for 1 h to tightly bond 
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the Nafion membrane to the NEA device (details of Nafion transfer are shown in Figure S2, SI). 

SEM images of Nafion@NEA were acquired by a FEI-Helios Dual Beam FIB at an accelerating 

voltage of 5 kV. 

Electrochemical Measurements. Cyclic voltammetry (CV) was performed on a CHI 

bipotentiostat (CH Instruments, Model 842C), where the first and second working electrodes were 

connected to the bottom disk and top ring electrode of the NEA device, respectively. Platinum (Pt) 

wire and Ag/AgCl electrodes were used as counter and reference electrodes, respectively. During 

electrochemical measurements, the Pt wire and Ag/AgCl electrodes were immersed in a 100 L 

solution inside a PDMS reservoir, covering the center region (6 mm in diameter) of the 

Nafion@NEA device. In all CV measurements, the top electrode was held at a constant potential, 

while the potential of the bottom electrode in the array was scanned at 100 mV s-1, unless otherwise 

specified. For the electrochemical measurements and diode operation in the two electrode 

configuration, the bottom and top electrodes were connected to the working and reference/counter 

electrodes, respectively. 
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Figure 1. Schemes and SEM images of asymmetric Nafion-coated nanopore electrode arrays, 

Nafion@NEA. (A) Schematic illustration of Nafion@NEA, where Nafion (light blue) acts as a 

cation exchange membrane to allow cations (red spheres) to pass through, while rejecting anions 

(green spheres), for subsequent redox cycling inside the NEA. (B) The Nafion@NEA acts as a 

redox cycling-based diode when using the top and bottom electrodes are operated in a two 

terminal configuration. (C) Photo of an electrochemical diode wafer consisting of 8 NEA devices 

and covered by a Nafion membrane (green). (D) Tilted SEM image near the edge of the Nafion 

film, indicating that the Nafion conformally coats the NEA. Scale bar is 2 m. (E) Cross-

sectional SEM image showing the stacked metal (disk)-insulator-metal (ring) (MIM) structure in 

the vertical direction, as well the well-sealed Nafion at the top. Scale bar is 400 nm. 
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Figure 2. Electrochemical behavior of Nafion@NEAs. (A) and (D) are cyclic voltammograms 

(CVs) of 1 mM Ru(NH3)6
3+ (red) or 1 mM Fe(CN)6

3- (green) in 1 M KCl obtained at an open (no 

Nafion) NEA (A) and a Nafion@NEA (D). All CVs were obtained by sweeping the bottom 

electrode, while fixing the top electrode at a reducing potential. (B) and (C) present 

concentration profiles obtained from finite element simulations of Ru(NH3)6
3+, (B), and 

Fe(CN)6
3-, (C), within an uncovered NEA. (E) and (F) show similar simulated concentration 

profiles of Ru(NH3)6
3+, (E), and Fe(CN)6

3-, (F), obtained for a Nafion@NEA structure. The 

simulations are carried out at the experimental conditions marked by arrows in (A) and (D). 
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Figure 3. Asymmetric current response from Nafion@NEAs. CVs of 1 mM Ru(NH3)6

3+ in 1 M 

KCl from an uncovered NEA, (A), and Nafion@NEA, (B). For both panels, the currents are 

shown for ETE = + 0.1 V (yellow) and ETE = - 0.5 V (blue). The insets schematically illustrate the 

potential polarity marked by the arrows in (A) and (B).  
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Figure 4. Voltage-gated ion transport in Nafion@NEAs. (A) Limiting current magnitudes 

obtained from CVs of 1 mM Ru(NH3)6
3+ (E0 = -0.30 V vs. Ag/AgCl) in 1 M KCl at the bottom 

electrode. Limiting currents were obtained at EBE = + 0.1 V (blue, positive sweeps) or – 0.5 V 

(yellow, negative sweeps), while ETE was fixed at different values, ranging from – 1.0 V to + 0.5 

V. The blue and yellow rectangles denote the voltage threshold range for ion gating. (B) to (G) 

are simulated concentration profiles calculated for the corresponding voltage conditions, (B) 

through (G), in panel (A) representing closed, partially open, and fully open conditions.  
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Figure 5. Behavior of Nafion@NEAs in the two-electrode configuration. (A) Comparison of 

CVs from three different two-electrode configurations implemented either in uncovered NEAs 

(left panel) or Nafion@NEAs (right panel). In configuration 1 (red), the bottom electrode (BE) 

and the top electrode (TE) constitute the two terminals, while BE/external Ag/AgCl electrode 

(orange) are connected as two terminals in configuration 2, and TE/external Ag/AgCl electrode 

(blue) are connected in configuration 3. (B) Cathodic (blue) and anodic (orange) currents 

obtained from Ru(NH3)6
3+ at varying concentrations in 1 M KCl in Nafion@NEAs, at - 0.5 V 

and + 0.5 V vs. Ag/AgCl, and corresponding rectification ratios (green bars). Error bars represent 

the standard deviation over 7 independent devices. (C) Cathodic (blue) and anodic (orange) 
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currents obtained from Ru(NH3)6
3+ in varying background electrolyte concentrations in 

Nafion@NEAs, at - 0.5 V and + 0.5 V vs. Ag/AgCl, and corresponding rectification ratios. Error 

bars represent the standard deviation of 4 devices. 
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Figure 6. Diode operation of Nafion@NEA. (A) Chronoamperometric plots for 1 mM 

Ru(NH3)6
3+ in 1 M KCl from a Nafion@NEA when switching the potential between oxidizing 

(from + 0.1 V to + 0.5 V) and reducing (from - 0.1 V to - 0.5 V) potentials for 5 cycles. (Inset, 

Expanded current scale for 1 cycle). (B) Response of Nafion@NEAs, when switching the 

potential between + 0.5 V and – 0.5 V at 1 Hz. (C) Stability of a Nafion@NEA over 100 cycles. 

The initial 5 cycles and the last 5 cycles are shown for comparison.  
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