Redox Cycling in Individually Encapsulated Attoliter-Volume Nanopores

Seung-Ryong Kwon®*, Kaiyu Fu®*, Donghoon Han®, and Paul W. Bohn¢

*Department of Chemical and Biomolecular Engineering, University of Notre Dame, Notre Dame, Indiana 46556,
United States

"Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556, United States
“Department of Chemistry, The Catholic University of Korea, Bucheon-si, Gyeonggi-do 14662, Republic of Korea
dCorresponding Author. Email ppohn@nd.edu

*Seung-Ryong Kwon and Kaiyu Fu contributed equally to this work.

Note: The authors declare no competing financial interest.



ABSTRACT
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Redox cycling electrochemistry in arrays of individually encapsulated attoliter-
volume (¥ ~ 10 aL) nanopores is investigated and reported here. These nanopore
electrode array (NEA) structures exhibit distinctive electrochemical behaviors not
observed in open NEAs, which allow free diffusion of redox couples between the
nanopore interior and bulk solution. Confined nanopore environments, generated by
sealing NEAs with a layer of poly(dimethylsiloxane), are characterized by enhanced
currents—up to 250-fold compared with open NEAs—owing to effective trapping of the
redox couple inside the nanopores and to enhanced mass transport effects. In addition,
electrochemical rectification (ca. 1.5-6.3) was observed and is attributed to ion
migration. Finite-element simulations were performed to characterize the concentration
and electric potential gradients associated with the disk electrode, aqueous medium, and
ring electrode inside the nanopores, and the results are consistent with experimental
observations. The additional signal enhancement and redox-cycling-based rectification
behaviors produced in these self-confined attoliter-volume nanopores are potentially
useful in devising ultrasensitive sensors and molecular-based iontronic devices.
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INTRODUCTION

In the past few decades, fabrication technologies have greatly advanced, making possible the
evolution of electrochemical structures from micro- to nano- even to the sub-nanoscale, enabling
the manufacture of highly efficient energy conversion/storage devices (e.g., batteries,! ™ super-
capacitors,** and solar fuel cells®”) as well as ultrasensitive bio/chemical sensors.® ' One
common strategy to enhance the performance of electroanalytical methods is to reduce the
size of the electrode, that is, ultra-microelectrodes, or nanoelectrodes, replacing conventional
macroscale electrodes.!"'?> Besides enhanced mass transport, nanoelectrodes exhibit additional
benefits arising from confined geometries that can constrain redox species in the vicinity of the
electrode surface.'>!3 For example, thin-layer electrochemical cells, comprising parallel aligned
electrodes with nanometer-scale gaps between them, have been employed in redox cycling
paradigms where successive redox reactions across the nanogap amplify the output current. For
example, Lemay and co-workers have determined fast electron-transfer kinetics based on rapid
redox cycling of electrochemically active species traveling across a nanoscale gap between
parallel electrodes.'® Mirkin and co-workers have pushed this approach to its limit—successfully
detecting characteristic electrochemical behavior of single molecules trapped in nanometer-wide
thin-layer cells, providing information on mass transfer, electron-transfer kinetics, and double-
layer effects.!”

Understanding ion transport in relation to nanoscale electrodes is of particular importance in
designing efficient energy conversion systems and electroanalytical platforms. At the
macroscale, electrochemical measurements are generally carried out in the presence of
supporting electrolyte (SE) to minimize solution resistance and screen electric fields.'® On
the other hand, if the distance between electrodes is <100 nm, electric double-layer (EDL) fields
are a critical determinant of ion transport even at high SE concentrations owing to increasing size
of the Debye length (Ap) relative to the interelectrode distance.!®** Hence, the contribution of ion
migration to the potential-derived mass transport should be carefully assessed. White and co-
workers measured non-canonical steady-state peak-shaped voltammograms at low ionic strength,
which was attributed to the effects of unscreened fields on ion transport,?' and they also
exploited the EDL field to enhance redox cycling.?? In our laboratory, we demonstrated a
strategy for faradaic signal amplification by exploiting the transport properties of ions inside
densely packed arrays of nanopore-confined recessed ring-disk electrodes.?** In the absence of
supporting electrolyte, lowering the concentration of redox-active species (e.g., Ru(NH3)s>*
below 1 mM) increases the Debye length, Ap, away from the charged pore surface, becoming
comparable to the nanopore radius and leading to massive (200-fold) increases in faradaic
current, which were determined to result from a combination of ion enrichment and migration
effects.?* Furthermore, by modifying the surface charge of the nanopores at low ionic strength,
we were able to discriminate faradaic signals arising from redox-active species of different
charges.?

An important limitation of these previous nanopore electrode array (NEA) experiments is
that molecules could potentially escape the nanopore and be lost to the experiment. This is not
problematic at large concentrations, but when the average pore occupancy drops near the single-
molecule level (i.e., npore ~ 1), then the impact on the experimental signal reaches a digitization
threshold. To address this issue, here, we study the behavior of attoliter-volume-confined NEAs



with individual pore volumes of ~10 aL. In addition to highly efficient redox cycling, extra
enhancement of faradaic currents arises from enhanced mass transport in the self-confined
attoliter-volume nanopores. Finite-element simulations confirm the voltammogram response and
provide detailed information regarding the spatial distribution of electric potential and
concentration gradients inside the nanopores.

In addition to the useful mass transport effect, we also observe rectification. Previous studies
of electrochemical rectification have employed multiple redox centers and/or modification of one
electrode with a self-assembled monolayer (SAM) in order to achieve a nonlinear current
response. For example, Mayer and co-workers devised a molecular transistor using interdigitated
generator collector electrode arrays in which the collector was modified with a ferrocene-
terminated SAM.2® Similarly, Kwak and co-workers developed an electrochemical rectifier using
a ferrocene-terminated SAM and soluble redox species incorporated into a thin-layer cell.?”
Recently, our laboratory reported asymmetric Nafion-coated NEAs as a redox-cycling-based
diode.?® Here, we demonstrate a strategy for rectifying electrochemical currents by manipulating
ion migration without surface modification or multiple redox species. The rectified current
response is dominated by contributions of ion migration, as confirmed by simulations, and the
rectification ratio can be controlled by simply adjusting the ionic strength.

RESULTS AND DISCUSSION

Densely packed (5.5 pores um ?) NEAs were fabricated using a combination of nanosphere
lithography (NSL) and reactive ion etching (Figures 1 and S1, Supporting Information (SI)).
Silicon nitride (SiNx, 100 nm) layers were interleaved between metal electrode layers to provide
electrical insulation between the Au electrode layers, and SiO; (100 nm) was deposited on
top to provide a hydrophilic surface and facilitate nanopore filling. The resulting NEAs exhibit
significantly amplified currents, compared to single-electrode nanopores, due to rapid cycling of
redox species between top and bottom electrodes in each nanopore.

Individually sealed attoliter-volume (13 alL) nanopores were fabricated into arrays in order to
investigate the electrochemical behavior of redox species confined within the nanopores (Figure
1). After filling, a 5 mm thick poly(dimethylsiloxane) (PDMS) layer (ca. 1.5 x 1.5 cm?) was
placed over the NEA and gently pressed using a customized micrometer.?” The PDMS capping
layer confines redox species to the nanopore volume, with redox cycling reactions occurring
between the nanometer-spaced internal electrodes. Once the NEAs were sealed by the PDMS
cap, enhanced currents were observed in the two-electrode configuration, with enhancement
increasing with scan number. Simultaneously, diode-like nonlinear current response was also
observed when the experiments were carried out at low ionic strength. Below, we will
demonstrate that these observations originate from ion migration coupled to enhanced mass
transport.

Redox Cycling on Open NEAs.

To provide a basis for comparison, the electrochemical performance of NEAs was
characterized employing both three- and four-electrode configurations as a function of redox
species and supporting electrolyte concentrations with the pores open to the surrounding
solution, allowing free exchange. Initially, 50 mM each of K3Fe(CN)s and K4Fe(CN)g, was
studied electrochemically in 2 M KNOs. These experiments were conducted using either the
bottom (disk) or top Au (ring) electrode (hereafter BE and TE, respectively) as the working



electrode (WE), whereas the other electrode was left at open-circuit potential. In this
nongenerator collector (non-GC) mode, both BE and TE produced comparable current (~1.8
1A), as expected based on their similar electrode areas (Figure S2). The calculated current in
non-GC mode was 0.76 uA based on the equation for a recessed electrode:°

. ATFCpDa?
L= (1)
4L + ma

where F is Faraday constant, Cy is the bulk concentration of Fe(CN)s*~ or Fe(CN)s*™ (50 mM), D
is the diffusion coefficient (7.0 x 107° cm?/s), a is the equivalent radius of the array of
nanoelectrodes (56 um), and L is the depth of the nanopores (300 nm). The difference between
the experimental and calculated values may partially result from slightly overetched gold disk
surfaces, leading to electrode areas larger than the geometric area.?* Next, GC-mode, that is,
redox cycling, experiments were implemented in the open-pore geometry by holding TE at +0.5
V and sweeping the potential of BE from +0.5 to —0.3 V vs Ag/AgCl. Under these conditions,
Fe(CN)e*~ is reduced to Fe(CN)e* when Egg approaches —0.3 V. Fe(CN)¢*™ then diffuses to TE,
where it is reoxidized to Fe(CN)¢>~. Because the disk (BE) and ring (TE) electrodes are separated
by only 100 nm, a significant enhancement in current, ~39%, was achieved compared to
operation in non-GC mode (Figure 2a). The simulated cyclic voltammograms (CVs) are in good
agreement with experimental observations (cf. Figure 2b) when accounting for the ~55 000
nanopores used to produce the experimental voltammograms, while 7 two-dimensional
nanopores were employed in the simulations. Simulations also produced GC-mode currents
enhanced by a factor of 24 over the non-GC result.

Next, we performed cyclic voltammetry on 100 mM Fe(CN)s** in the absence of SE. As
shown in Figure 2c¢, a significant current enhancement, ~30x%, was also observed in the four-
electrode configuration in comparison with non-GC mode, although the GC-mode enhancement
was somewhat lower than that in 2 M KNOs. Notably, E” of Fe(CN)e**" in the absence of SE
shifts negative by ~110 mV, implying that reduction of Fe(CN)¢>~ in the absence of SE is less
energetically favorable, which may be attributed to the requirement for counterions (K*) to
stabilize the highly charged state, thus resulting in the shift in E” at low ionic
strength.?! Simulated CVs show a trend similar to that of the experimental results, with 22x
current enhancement (Figure 2d).

When the concentration of Fe(CN)¢**~ was further reduced to 10 mM in the absence of SE,
E% remained approximately the same (Figure 2¢). However, both anodic and cathodic currents
were inhibited, with GC mode/non-GC mode currents of 0.17 #A/0.062 uA, yielding a small
(2.7x) redox-cycling-based enhancement. Extrapolating from the limiting current at 100 mM
Fe(CN)s**~ in 2 M KNO3 shown in Figure 2a, we would expect a GC-mode current of ~6 uA.
The suppressed redox cycling current is attributed principally to electrostatic repulsion between
Fe(CN)e** and the charged electrodes. In addition, the electron-transfer rate constant is known
to vary substantially with ionic strength.>?73* Bond and co-workers demonstrated that the
electrochemical behavior of Fe(CN)s** at low ionic strength is strongly affected by diffuse
double-layer effects as posited here, that is, electrostatic interactions.

In order to further illuminate these effects, we performed finite-element simulations for 10
mM Fe(CN)s**" in the absence of SE using the same rate constant (k, 0.08 cm/s) used for
simulation of 100 mM Fe(CN)s** in 2 M SE. The resulting simulations (Figure S3) show



electrochemical responses that are very different than the experimental observations (Figure 2e),
as would be expected if the value of k was different at low ionic strength. In support of this
hypothesis, simulations for k£ = 0.04 and 0.002 cm/s for 100 and 10 mM Fe(CN)¢** in the
absence of SE, respectively, produce simulated CVs (Figure 2f) that are similar to experimental
results (Figure 2e), supporting the interpretation that the current at low ionic strength is affected
by ion screening effects.

Redox Cycling on Open NEAs in Two-Electrode Configuration.

Next, we studied the electrochemical response of a NEAs in a two-electrode configuration
using BE and TE as working and reference electrodes, respectively, without external reference or
counter electrodes. Figure 3a shows that 100 mM Fe(CN)s**™ in 2 M KNOs exhibited about half
of the GC current compared to the four-electrode configuration, that is, a 14x redox cycling
enhancement. In addition, a slight asymmetry (25.0 and —23.5 ¢A for anodic and cathodic
currents at +£0.4 V) in currents was observed. When concentrations of reduced and oxidized
species (e.g., 50 mM Fe(CN)¢*~ and Fe(CN)s*") are initially equal, the TE reference is expected
to have zero overpotential if the response is Nernstian, and the ready accessibility of the TE to
the bulk solutions should tend to hold the potential of TE near E”. Thus, the slightly asymmetric
current response is likely due to electrostatic interactions of the redox species with BE and
possibly natural convective flow caused by density differences between KzFe(CN)s and
K4Fe(CN)g.*¢

Voltammetry of 100 mM Fe(CN)¢**" in the absence of SE was similar to that in the presence
of 2 M KNO;, albeit with a slight decrease in current in both potential directions and a small
rectification (i.e., R = ia/ic = 1.3, Figure 3c). However, at 10 mM Fe(CN)s**", the current
decreased further, and R increased to 2.2 at +0.4 V (Figure 3e), clearly indicating the
influence of ion migration, particularly at low ionic strength. Simulated voltammograms
produced rectification ratios R = 0.97, 1.15, and 1.49 at 100 mM Fe(CN)¢** in 2 M KNO3, 100
mM Fe(CN)s** without SE, and 10 mM Fe(CN)¢*4~ without SE, as shown in Figure 3b,d,f,
respectively. As described above, the decrease in current largely arises from variation in k& and
rectification from diffuse double-layer effects, which were observed in the three-electrode
configuration, just as in the three- and four-electrode configurations.

In the conventional four-electrode configuration described above, cyclic voltammetry was
conducted with two working electrodes, including counter and nonpolarizable reference
electrodes. The potentials applied to both working electrodes are precisely controlled relative to
the reference electrode, so that the potential of the bulk solution potential is generally considered
to be 0 V against the reference potential.'® However, the two-electrode experiment just described
uses two polarizable gold electrodes (BE and TE) without an external reference. Thus, the
solution potential is not held at 0 V against the reference potential. Hence, it is important to
specify the potential of the solution at the plane of electron transfer (PET), Eso1, while sweeping
Egr against Ete because the potential difference of BE or TE with respect to solution at the PET
determines the driving force for electron transfer. For example, the overpotential (#gg) applied to
BE is given by eq 2:%

nBe = Ege — Ete — Esol — E” )

where E% is 0 V in the two Au electrode configuration due to equal concentrations of reduced
and oxidized forms initially.



Finite-element simulations were performed to further characterize the open nanopore
condition (Figure S4). As predicted, 100 mM Fe(CN)s** in 2 M KNO; (Figure S4b) exhibits
solution potentials close to the Etg reference potential (i.e., 0 V), even at Egg =+0.4 V. In
addition, the solution potential profiles are nearly constant from the PET of BE (0 nm) to TE
(181 nm), indicating that the potential drop occurs almost entirely within the Helmholtz layer at
BE (i.e., 0.6 nm from the surface of BE). Thus, ion migration effects should be negligible for 100
mM Fe(CN)s** in 2 M KNO:s. In contrast, as the ionic strength is reduced, first to 100 mM
Fe(CN)e** (Figure S4c) and then to 10 mM Fe(CN)e**~ (Figure S4d), both in the absence of
SE, the solution potentials vary more strongly with Egg. Therefore, both current rectification and
the significantly suppressed current observed at lower ionic strength can be attributed to a
combination of ion migration effects and sluggish electron-transfer kinetics.

Redox Cycling on Closed NEAs.

Physically segregating the internal volume of the nanopores by capping with PDMS dictates
that all such experiments must be two-electrode experiments and are thus subject to the
considerations discussed in the previous section. Surprisingly, we observed that, independent of
initial concentration, as soon as the NEA was capped, the current began to increase with
accumulated scans (Figure S5). Then once the current had reached the maximum value, it rapidly
decreased, dropping eventually to a negligible current. It should be noted that higher viscosity
solutions took longer to go through this cycle of increasing—then decreasing—current. In
comparison to open NEAs (Figure 3a), an additional 6.8% increase in cathodic current was
observed in capped NEAs (Figure 4a).

To explore the origin of the additional current enhancement in the closed NEAs, simulations
were performed. As shown in Figure S6, simulations reveal only small current enhancements on
closed, compared to open, NEAs. This small current enhancement is attributed to more efficient
trapping of the redox species inside the self-confined nanopores. For comparison, redox cycling
in the four-electrode configuration shown in Figure 2a produces currents that are substantially
enhanced, indicating that redox cycling occurs at high efficiency, even though the redox species
can freely diffuse in/out of open NEAs.

There are several possibilities that could give rise to the increasing, then decreasing, current.
At long times, the collapse of the current is likely due to solution evaporation, which ultimately
eliminates solution contact between BE and TE. There is precedent for considering evaporation
from small confined volumes over time. For example, Walt and co-workers generated individual
femtoliter reaction chambers with a PDMS capping layer, similar to the one used here, for their
studies of single-enzyme activities and enzyme-linked bio-assays.?® Their mechanical sealing
method allowed reaction times typically up to 30 min limited by solution evaporation through the
silicone. In the confined NEA system studied here, this would result in a current collapse when
sufficient solution evaporates to eliminate the solution path between BE and TE, thereby
bringing redox cycling to a halt.

Before the collapse, however, there is a clear and monotonic increase in the magnitude of the
current with increasing scan number (time). Because the number of redox species confined to the
pore does not change, and certainly does not increase with time, the changing current magnitude
cannot result from a change in the number of redox-active species. This leaves only transport
effects. Thus, we hypothesize an evaporation process that produces a spatially nonuniform liquid
distribution (e.g., a meniscus) that dramatically alters the nature of transport between BE and TE,
enhancing the rates of electron transfer in the process.



Figure 4b shows CVs with 100 mM redox couple in the absence of SE on the closed NEAs.
Analogous to the open NEAs shown in Figure 3c, a slightly rectified signal is observed, with R =
1.30, the same value obtained in open NEAs. When we compared the highest anodic current at
Ege = +0.4 V between the closed and open NEAs, a 7.9x enhancement was observed for closed
NEAs. Interestingly, the anodic currents, ca. 170 yA in Figure 4a, are similar to or without SE,
whereas the cathodic current at Egg = —0.4 V is more inhibited in the absence of SE (ca. 120 A
in Figure 4b) than in the presence of SE (ca. 160 yA in Figure 4a). Again, this is likely due to
electrostatic repulsions between the negatively charged redox species and BE. Accentuating this
trend, Figure 4c shows a current that is enhanced by 135x% in the closed NEAs compared to open
NEAs (cf. Figure 3e) when the redox species concentration decreases from 100 to 10 mM.

In contrast, the rectification ratio R = 1.36 in the closed NEAs is somewhat smaller than the
ratio, R = 2.2, in open NEAs. The smaller degree of rectification in the closed NEAs may arise
from an increase in ionic strength inside the nanopores as the solution evaporates. Thus, the ion
migration contribution to current is reduced, and the total current is predominantly governed by
diffusion. Furthermore, the electron-transfer rate constant, 4, also depends on ionic strength,
increasing at higher ionic strength and leading to higher currents.

Manipulation of Rectified Redox Cycling Current.

Inspired by the nonlinear, rectified i—F behavior at low ionic strength, we examined whether
electrochemical rectification could be controlled by lowering the concentration of the redox
couple. Three different 1 mM Fe(CN)s*4~ solutions were prepared at 0, 0.01, and 2 M KNO:.
GC-mode current responses showed up to 24x enhancement with increasing SE concentration in
the four-electrode configuration (Figure S7). Neither current enhancement based on redox
cycling nor faradaic current in non-GC operation was observed in the absence of SE owing to
sluggish electron-transfer kinetics at low ionic strength. Figure 5 shows voltammograms of 1
mM Fe(CN)s**~ obtained using the two-electrode configuration at 0, 0.01, and 2 M SE on both
open and closed NEAs. Surprisingly, open NEAs exhibited very little response in the absence of
SE (Figure 5a), presumably because at low ionic strength the negatively charged nanopore
surfaces repel negative redox species, thereby reducing faradaic signals.? Given that Ap for 1
mM Ks4Fe(CN)s*>*~ without SE is estimated to be 3.4 nm, current might be affected by the
surface charge to a small extent. However, it is more likely that the substantial decrease in
current stems from the polarizability of the top Au reference electrode in the two-electrode
configuration as well as alternating solution potential.

Once the NEAs are sealed with PDMS, the increasing-then-decreasing current behavior is
observed, leaving only a small capacitive current (see Figure S8 for the case of | mM
Fe(CN)s**"). However, although the overall magnitude of the current increases with increasing
SE (cf. Figure 5d—f), the GC-mode enhancement and rectification ratio increase in the opposite
sense, that is, with decreasing SE. Anodic current enhancements, 4%, 73x, and 250%,
respectively, were obtained in closed NEAs as the ionic strength decreased from 2 to 0.01
to 0 M. At the highest current value shown in Figure 5d, a substantially amplified and rectified
nonlinear i—V response is exhibited with R = 6.3. The great enhancement (250-fold for
anodic current) and strong electrochemical rectification arise from the ion migration and the
mass transport effects that accompany solution evaporation from confined nanopores, as
discussed above. As evidenced by the simulated CVs, when electrochemical analysis is
performed using the two-electrode system, the solution potential tends more toward Eg as ionic



strength increases. At 10 mM SE, faradaic signals from the open array increase slightly (Figure
5b), whereas the closed array exhibits a significant increase in current, 73, and a rectification
ratio, R =2.9. When 2 M KNOs is used as SE with 1 mM Fe(CN)s**", redox cycling current is
recovered on the open NEAs (Figure 5c), and the closed NEA exhibits anodic current enhanced
by 4x and a smaller rectification ratio, R =1.5. Thus, the nonlinear, rectified i—V responses
present in nanometer-spaced nanopore electrode arrays can be successfully manipulated by
controlling the migration effect through the SE concentration.

CONCLUSION

Here, we investigate cycling of redox species taking place in arrays of attoliter-volume
individually encapsulated nanopores. The capped NEAs exhibit distinctive electrochemical
phenomena, which are not observed in open nanopore arrays, where redox species can freely
diffuse between one nanopore and the bulk solution or the adjacent nanopores. In the closed
NEAs, additional current enhancement beyond that resulting from simple redox cycling, 4—250%,
was achieved depending on ionic strength. In addition, we were able to manipulate the
rectification ratio by controlling ion migration contributions to mass transport. Both the
migration effect and variable electron-transfer kinetics influence the degree of electrochemical
rectification and current in closed NEAs.

The additional current enhancement observed in physically capped nanopores suggests that
current amplification beyond redox cycling may be useful for ultrasensitive chemical sensing.
Furthermore, the successful manipulation of electrochemical rectification by means of ion
migration is promising as a means of realizing molecule-based iontronic devices with actively
controlled, that is, diode- or transistor-like electrical functionality. Typically, micro/nanofluidic
diodes rely on asymmetric ion transport of inert electrolytes, for example, exploiting nonfaradaic
current across charged conical nanopores.*~* However, the electrochemical rectification
explored here is derived from direct faradaic reactions of redox species that undergo rapid redox
cycling between electrodes with nanometer-scale separations, making highly amplified currents
intrinsically accessible. Moreover, by taking advantage of nanopore structures presenting
nanogap electrodes, current rectification can be controlled simply by varying ion migration
effects without the need to modify the electrode surface. Thus, the present study on confined
NEAs not only provides fundamental insights into nanoscale electrochemistry but also
suggests applications in molecular iontronics and ultrasensitive sensors.

METHODS

Chemicals and Materials.

Potassium ferricyanide(IIl) (K3Fe(CN)g), potassium ferrocyanide(Il) (K4Fe(CN)g), potassium
nitrate (KNO3), and polystyrene latex beads (0.46 ym in mean diameter) were purchased from
Sigma-Aldrich (USA) and used as received. Poly(dimethylsiloxane) monomer and curing agent
were obtained from Dow Corning (USA). All aqueous solutions were prepared using deionized
water (18.2 MQ cm, Millipore Milli-Q system) for electrochemical measurements.

Device Fabrication and Characterization.

NEASs were fabricated according to previously reported procedures from this laboratory.3%+



Briefly, the bottom and top electrodes of NEAs were patterned by metal deposition (UNIVEX
450B, Oerlikon), photolithography, and wet etching on precleaned glass slides (Glass D, Applied
Microarrays, Inc.). An insulating layer of silicon nitride (SiNx) between TE and BE as well as a
passivation layer of SiO> on the top surface were deposited through plasma-enhanced chemical
vapor deposition (PECVD 790, Plasma-Therm). Thereafter, a monolayer of polystyrene (PS)
beads with an average diameter of 460 nm was formed at an air—liquid interface and then
transferred to the glass slide by slow emersion through the interface. Subsequently, the size of PS
beads was reduced to ca. 250 nm by a short O; plasma etch (Plasmatherm 790, 100 W). Next, a
chromium-based nanoporous mask was deposited on the top of the glass slide, after which the PS
beads were removed by immersion into chloroform or acetone. Afterward, a square pattern was
defined by photolithography to limit the region (100 um x 100 um) of the NEAs to the
intersection area of the bottom and top electrodes. Finally, NEAs were produced by transferring
the pattern through the template using multistep reactive ion etching (Plasmatherm 790). During
etching, each upper layer acts as the etch mask for the layer below it. For example, the Cr layer
protects the SiO» layer, the SiO; protects the Au layer, efc. The scanning electron microscopy
(SEM) images of NEAs were acquired by a FEI-Helios dual-beam focused ion beam at an
accelerating voltage of 5 kV. Prior to imaging, all samples were sputter-coated with 2.5 nm
iridium to avoid surface charging. The cross-sectional SEM images were acquired by depositing
a protective Pt layer on the selected region of NEAs and gradually slicing the tilted sample with
a focused ion beam.

Fabrication of Self-Encapsulated NEAs.

In order to create self-encapsulated NEAs, a roughly 5 mm thick PDMS layer was prepared
from PDMS monomer and curing agent (10:1) and then cut into a small square piece with an
area of ca. 1.5 x 1.5 cm?. The square piece of PDMS layer was placed onto the surface of NEAs,
which were prefilled with redox solution. Then, the PDMS layer was pressed gently against the
NEA using a customized micrometer until the NEA device was completely closed.
Electrochemical measurements were initiated immediately after mounting the confined NEAs.

Electrochemical Measurements.

All electrochemical measurements were conducted using a CHI842A electrochemical
workstation (CH instruments, USA) in the presence of equal concentration of reduced
(Fe(CN)6*") and oxidized (Fe(CN)e*") redox species. For non-GC mode operation, a three-
electrode configuration was employed using either ring (TE) or disk (BE) gold (Au) as the
working electrode, a platinum wire counter electrode, and a leak-free reference electrode
(Harvard Apparatus, USA). For GC mode operation, both ring and disk Au electrodes were used
as working electrodes with the platinum counter and the leak-free reference electrode in a four-
electrode configuration. When the NEAs were capped by PDMS, the disk Au (BE) was used as
working electrode, and the ring Au (TE) was used as a quasi-reference/counter electrode.

Simulation of Electrochemical Analysis.

Finite-element simulations were conducted using COMSOL Multiphysics (version 5.3) for redox
cycling electrochemistry of Fe(CN)s**~ to predict potential and concentration profiles between
the two gold electrodes inside nanopores. As the nanopore array consists of ~5.5 x 10* pores

on 100 x 100 um?, it was not possible to simulate the entire nanopore structure. Instead, two-
dimensional geometry (1 x 1 mm?) was used including seven nanopores, as shown in Figure S9.



The diffusion coefficients for Fe(CN)¢*~, Fe(CN)s*", K*, and NOs~ were set at 7.26 x 10710, 6.67
x 1071°,1.957 x 107, and 1.902 x 107 m? s, respectively.

The model employed in this study is similar to a previous report.?! Typically, the “transport
of diluted species” and “electrostatics” modules were employed in time-dependent mode. The
Nernst—Planck equation was used to solve the mass transport of all species in the solution phase
in the 2-D domain:

dc; N . ﬁ .
E —_ DZVCZ RT chlvq) (3)

where D;, c;, and z; are the diffusion coefficient, the concentration, and the charge of the species
i, respectively. F'is Faraday’s constant, and O is the electric potential. The left term indicates the
diffusion flux, and the right term is associated with migrational flux. The covection flux was
ignored in the simulation because all electrochemical measurements were performed in static
solutions. The electric field was calculated using the Poisson equation

V2g = £ (4)

€€

where & 1s the vacuum permittivity and ¢ is the electrolyte dielectric constant; p is the space
charge density calculated by the following equation:

p=FY zCi (5)

1

The Butler—Volmer equation was used to determine electron-transfer kinetics
jo = K°cq exp|(1— @)= (E — E*)| - k®, exp [-a = (E - E)] (6)

where £° is the standard rate constant, @ = 0.44 is the transfer coefficient,** and E and E”’ are the
potentials applied to the electrode and the formal potential, respectively.

It is assumed that the plane of electron transfer occurs at 0.6 nm from the electrode surface,
which is the thickness of the Helmholtz layers, and ¢ was set to be 6 within the Helmholtz layer
and 80 for the bulk solution. The surface charge of SiO> and SiNy layers was set to —1 mC/m?.
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Figure 1. (a) Schematic illustration of attoliter-volume-confined NEAs sealed with a
poly(dimethylsiloxane) capping layer. (b) Representative ion distributions altered by the polarity
of the bottom (working) vs top (reference) electrode. (c) Simultaneous current enhancement and
rectification with increasing number of potential scans reflect ion migration and enhanced mass
transport inside the NEAs. The left and right schemes of panel (b) depict the situation at negative
and positive potentials in panel (c), respectively.



Experiment
(@) eo] ~~acre
AN
404 N\
Z 20 >
b NN
% 0 Non-GC (BE) -
<
o
5 -20-
o
-40
-60- GC (BE)
04 02 00 02 04 06
Potential (V)
40
(c) ~
\\
204 \
3 S
= 0
o
S
O -20-
-40- L} L} L} T
0.4 -0.2 0.0 0.2 0.4
Potential (V)
0.3
(e) \
0.2 N\
AN
< 01 R TRl
€
2 001 /
-
o
-0‘1 /_
0.2 v v y . ’
04 -02 00 02 04 06
Potential (V)

Figure 2. Experimental (a,c,e) and simulated (b,d,f) voltammograms of 100 mM Fe(CN)s
(a,b) Electrolyte is 100 mM Fe(CN)**~ +2 M KNO;3 ; (¢,d) 100 mM Fe(CN)6** only, i.e., no
other SE; and (e,f) 10 mM Fe(CN)s*#~ only. Black: non-GC mode operation, in which BE was
used as working electrode and TE was left at open-circuit potential (three-electrode system).
Red: GC-mode, in which both BE (solid line) and TE (dashed line) were employed as working
electrodes (four-electrode system); TE was held at ~0.45 V for oxidation of Fe(CN)s**", and the
potential of BE was swept at a scan rate of 0.1 V s™!. Rate constants I = 0.08 (b), 0.04 (d), and
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Figure 3. Experimental (a,c,e) and simulated (b,d,f) voltammograms on open NEAs obtained
using BE as working and TE as reference electrode without external reference or counter
electrodes: (a,b) 100 mM Fe(CN)6**" in 2 M KNOs ; (¢,d) 100 mM Fe(CN)s**~ with no SE; (e,f)
10 mM Fe(CN)g**~ with no SE. Scan rate was 0.1 Vs! .
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Figure 4. Experimental voltammetric responses of (a) 100 mM Fe(CN)s**" in 2 M KNOj3; (b)
100 mM Fe(CN)s**" in the absence of SE; and (c) 10 mM Fe(CN)s** in the absence of SE. All
measurements were performed in closed arrays with a PDMS cladding layer, and only the
maximum current response is shown; see Figure S5 for the full sequence of voltammograms. In
all experiments, BE and TE were used as working and reference electrodes in a two-electrode
configuration, and the scan rate was 0.1 Vs,
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Figure 5. Voltammetric responses of 1 mM Fe(CN)¢**" in (a,d) 0; (b,e) 0.01 M; and (c,f) 2 M
KNO:s using the two-electrode configuration in either open (a—c) or closed (d—f) NEAs. Only
maximum current responses are displayed for the closed arrays. The scan rate was 0.1 Vs,
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Figure S1. (a) SEM image of nanopore electrode arrays (NEAs) at 52° tilt; (b) an expanded view
of the NEAs at 35° tilt. (¢) Cross-sectional SEM image of the array showing the vertical layered

structure of the nanopores.
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Figure S2. Non-GC mode voltammograms of 100 mM Fe(CN)¢*4~ in 2 M KNOj in the open
pore configuration. Either BE (black) or TE (red) was used as the working electrode in a three-

electrode configuration (Pt wire counter, Ag/AgCl reference). Potential was swept at 0.1 V s!.
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Figure S3. Simulated CVs of 10 mM Fe(CN)4*>*~ in the absence of SE using a rate constant, 0.08

cm/s, appropriate for 2 M KNO;. TE (black curve) was held at +0.5 V, while Eg (red) was

swept between +0.5 and —0.3 V vs. Ag/AgCl at 0.1 V s'..

S3



(@) asonm
400] |
350910,
300] \\
250/ TE |
| \ e -0.4 V
200 ) \ —-02V
150 SiNx \\ =l
100 04l . : =
50 BE : 0 50 100 150 200
2200 0 - Distance from BE (nm)
0.4 0.4
(c) (d) N

0.2 0.2

S =

S 0.0 S 0.0

g g r

o —o04v| © ——-04V

& 0.2 —-02v| B g2 — 02V

—ovV —0V
—0.2V e 0.2
_0 4 T T T |_04V '0.4 T T T 1—04V
0 50 100 150 200 0 50 100 150 200
Distance from BE (nm) Distance from BE (nm)

Figure S4. Simulated potential profiles from the plane of electron transfer at BE, i.e. 0.6 nm
from the electrode surface, to that at TE along with the red line in (a). Inset legends indicate the
potential applied to BE relative to TE, i.e. 0 V vs. the external circuit potential. (b) 100 mM
Fe(CN)¢** in 2 M KNOjs; (¢) 100 mM Fe(CN)g*# in the absence of SE; (d) 10 mM Fe(CN)g¥4+

in the absence of SE.
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Figure S5. Consecutive voltammograms obtained from: (a) 100 mM Fe(CN)g¥# in 2 M KNOs;

(b) 100 mM Fe(CN)g** in the absence of SE; and (¢) 10 mM Fe(CN)g** in the absence of SE.

The numbers denote the order in which the CVs were obtained, with the last number in each

panel indicating a voltammogram obtained after the current response was lost. Each

voltammetric set consists of 4~6 potential cycles. The scan rate was 0.1 V s°..
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Figure S6. Simulated voltammograms of: (a) 100 mM Fe(CN)s** in 2 M KNO3, (b) 100 mM

Fe(CN)g** in the absence of SE; and (¢) 10 mM Fe(CN)s** in the absence of SE. Black and red

curves were obtained in open and closed pore geometries, respectively.
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Figure S7. Experimental voltammograms of 1 mM Fe(CN)¢¥4 with: (a) 0 M; (b) 0.01 M; and (c)
2 M KNO:;. Black curves result from non-GC operation, in which BE is the working electrode in
a 3-electrode configuration. Red curves denote GC mode operation using both BE and TE as
working electrodes in a 4-electrode configuration (straight line: BE, dashed line: TE); TE was

held at +0.4 V while the potential of BE was swept at a scan rate of 0.1 V s
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Figure S8. Voltammogram of 1 mM Fe(CN)¢¥*~ in the absence of SE showing capacitive

response after the solution in the sealed nanopore array evaporates.
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