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ABSTRACT: Ion permselectivity can lead to accumulation in
zero-dimensional nanopores, producing a significant increase in
ion concentration, an effect which may be combined with
unscreened ion migration to improve sensitivity in electrochemical
measurements, as demonstrated by the enormous current
amplification (∼2000-fold) previously observed in nanopore
electrode arrays (NEA) in the absence of supporting electrolyte.
Ionic strength is a key experimental factor that governs the
magnitude of the additional current amplification (AFad) beyond
simple redox cycling through both ion accumulation and ion
migration effects. Separate contributions from ion accumulation
and ion migration to the overall AFad were identified by studying
NEAs with varying geometries, with larger AFad values being achieved in NEAs with smaller pores. In addition, larger AFad
values were observed for Ru(NH3)6

3/2+ than for ferrocenium/ferrocene (Fc+/Fc) in aqueous solution, indicating that
coupling efficiency in redox cycling can significantly affect AFad. While charged species are required to observe migration
effects or ion accumulation, poising the top electrode at an oxidizing potential converts neutral species to cations, which
can then exhibit current amplification similar to starting with the cation. The electrical double layer effect was also
demonstrated for Fc/Fc+ in acetonitrile and 1,2-dichloroethane, producing AFad up to 100× at low ionic strength. The
pronounced AFad effects demonstrate the advantage of coupling redox cycling with ion accumulation and migration effects
for ultrasensitive electrochemical measurements.
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Nanotechnology offers great possibilities for electro-
chemical sensing by enabling the fabrication of
electrochemical devices with precise, controlled,

nanometer-scale geometries, thus greatly expanding the
repertoire of electrochemical experiments that exhibit nanoscale
effects.1−5 One important nanoscale effect arises when the
interfacial electric fieldscharacterized by the electrical double
layer (EDL) thickness or Debye length, λD,

6,7 which determines
transport and redox reaction kinetics of charged species at an
electrode−solution interface8−12become large enough to
interact with the surroundings. In a typical voltammetric
measurement with excess supporting electrolyte (SE), λD is
typically ∼1 nm. Accordingly, ion migration effects resulting
from the electric-field-driven ion transport are negligible at
macroscopic electrodes, and diffusion is the dominant
contribution to mass transport.13−15 At low ionic strength,
however, a significant depletion zone forms, accompanied by a
sizable electric field, and if two electrodes are sufficiently close
that their EDLs overlap, ion migration can contribute

significantly to mass transport and thus to faradaic
currents.9,10,16−20 As a result, currents can be enhanced or
diminished depending on the charge of the redox-active species
and whether the electrode reaction increases or decreases
it.10,17,21,22

In the absence of supporting electrolyte, a redox species at 1
μM exhibits λD ∼ 200 nm, as determined from the Debye−
Hückel approximation,6,7 which is only a small fraction of the
diffusive boundary layer for a macroscopic planar electrode.23

However, in nanoscale dual-electrode structures, λD can be
comparable to the interelectrode distance, and the overlapping
EDLs can cause the redox dynamics at the two electrodes to be
strongly coupled.11,24−26 This concept has been exploited by
White and co-workers, who studied ion transport in nanogap
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electrochemical cells in redox cycling (RC) mode,27−31 which
relies on the cycling of redox species locally between two
electrodes.11,24 As a result of ion generation and depletion on
two biased electrodes, an electric field is established that affects
the transport of charged species, tending to move them toward
the oppositely charged electrode. In addition, the movement of
the charged species can be affected by any iR drop across the
top and bottom electrodes.
On the other hand, nanopores or nanochannels may also

exhibit overlapping EDLs, leading to screening or enrichment
of ions to balance the surface charge and maintain charge
neutrality.32−37 Due to the high surface-to-volume ratio of these
nanostructures, permselectivity effects result in ion accumu-
lation that can increase local ion concentrations by orders of
magnitude, as demonstrated by electrical conductance14,35 and
fluorescence measurements.34,38 Although nanopore electrodes
and their arrays have been widely employed for electrochemical
sensing,2,3,39 this enormous ion enrichment effect has not been
purposefully exploited to enhance faradaic currents. Indeed, the
nanopore electrodes with controllable surface charge have been
reported to increase the current of oppositely charged ions but
decrease those of the same charge.40−42 Observed current
enhancements at single nanopore electrodes are modest,
equivalent to only a small fraction of the ions accumulated
within the nanopores.40−43 This is because the ions
accumulated inside the nanopores are insufficient to provide
a steady-state response since the diffusive boundary layer at a
single electrode is typically of micrometer dimensions in
voltammetry.
In contrast, redox cycling between closely spaced dual

generator and collector electrodes relies mainly on the localized
concentration of the redox species.26−28,30,44 By incorporating
this principle, we recently demonstrated that it is possible to
significantly improve measurable current by producing an
additional current amplification factor (AFad), up to 100-fold,
for Ru(NH3)6

2/3+ in the absence of SE in a nanopore electrode
array (NEA) with 100 nm interelectrode spacing.25 In the
absence of supporting electrolyte, the ionic strength is low and
is determined entirely by the redox-active species. Overlapping
EDLs from the generator and collector electrodes augment the
permselectivity of the nanopores to produce significant AFad, an
effect that is attributed to the combined effects of ion migration
and ion accumulation,25 although the electric fields from the
electrodes and nanopore surface do not act strictly
independently.
In the present work, the underlying mechanism of this

additional current amplification and its applicability to other
systems is addressed by posing and answering several
fundamental questions, including the following: (1) What are
the relative contributions of the ion migration and ion
accumulation effects? (2) Do similar effects occur for other
cations? (3) Do the initial redox species have to be charged in
order to observe AFad? (4) Can substantial AFad values be
obtained in organic solvents? In order to differentiate ion
migration and ion accumulation effects without fully decoupling
the interactions of the electric fields, a simplified model was
employed to characterize the behavior of NEAs with constant
interelectrode spacing but different pore diameter, d, by
assuming that (1) migration effects are relatively insensitive
to d and (2) the nanopore charge density is inversely
proportional to d.36,45 The applicability of the NEA/EDL
effect to other cations with different charge was studied using
ferrocene/ferrocenium, Fc/Fc+, as a model redox system. While

previous studies showed that charge is required to observe
either accumulation or migration effects in nanopores, it was
not found to be necessary in the NEA geometry. Indeed, by
holding the top electrode at an oxidizing potential, neutral
species, such as ferrocenedimethanol, can be preoxidized and
produce similar AFad values as Fc

+. Voltammetry in nonaqueous
solvent was also investigated using ferrocene (Fc) dissolved in
acetonitrile and dichloroethane.

RESULTS AND DISCUSSION
Nanopore electrode arrays, consisting of annular top and
bottom electrodes separated by a nanometer-scale dielectric,
were fabricated using a combination of metal evaporation,
photolithographic patterning, nanosphere lithography (NSL),
and reactive ion etching (RIE), as described previously.25,44

The diameter, d, of the pores in the NEA was controlled by the
size of the spheres used to define the NSL pattern and the time
of the subsequent RIE exposure. Figure 1 illustrates the
fabrication of the NEAs and scanning electron microscopy
(SEM) images of the arrays at two different magnifications.

Effect of Ionic Strength. Ionic strength has been
demonstrated to govern the effects of ion migration and ion
accumulation in nanopores, altering the limiting current (ilim) in
voltammetry upon the removal of SE.11,19,46,47 Cyclic
voltammetry (CV) with varying SE concentration was
performed for Ru(NH3)6

3+ on an NEA with a pore diameter
of 300 nm in redox cycling mode by holding the top and
bottom electrodes at oxidizing and reducing potentials for
Ru(NH3)6

3/2+, respectively. As shown in Figure 2, a decrease in
limiting current was observed at all Ru(NH3)6

3/2+ concen-
trations with increasing KCl (background electrolyte) concen-
tration. This observation can be attributed to the fact that both
ion migration and ion accumulation effects become smaller
with increasing ionic strength and shorter Debye length, λD. At
higher ionic strengths, K+ ions compete with Ru(NH3)6

3/2+ to
compensate the negatively charged nanopore surface, thereby
decreasing the concentration of Ru(NH3)6

3/2+ in the pores (ion
accumulation effect). On the other hand, ion migration

Figure 1. Schematic diagram showing the fabrication of the NEA
device after layer-by-layer deposition and NSL (a) and after the
multistep RIE process (b). Colors are used to represent different
layers: black (glass slide), yellow (Au), blue (SiNx or SiO2), and
purple (polystyrene sphere or Cr). SEM image of the NEA at 30°
tilt with d ∼ 300 nm (c) and a magnified view (d).
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facilitates the movement of Ru(NH3)6
3+ to the bottom

electrode (cathode) for its reduction, which is the rate-limiting
step for ion transport and redox cycling. Thus, as the ionic
strength increases, shielding effects increase, reducing the ion
migration contribution to mass transport of the redox-active
moieties. Both effects interact additively to reduce the
voltammetric response and resulting current with increasing
ionic strength.
At 1.0 μM Ru(NH3)6

3+, a combination of these two effects
leads to a ∼280-fold increase of AFad, obtained by comparing
the limiting current obtained in the absence of SE (iASE, 200
nA) and that obtained in 1.0 M KCl (iSE, 0.7 nA).

=
i
i

AFad
ASE

SE (1)

The AFad obtained here is 2.8× larger than that previously
observed (∼100×) on a similar nanopore electrode array.25

This is likely the result of smaller nanopores in the NEA, which
produce a larger accumulation effect and resulting current
amplification. It is interesting to note that this accumulation
process, indicated by the increase of limiting current with scan
number, can be observed for measurements at low ionic
strength25 (see Figure S1, Supporting Information, SI). At
higher Ru(NH3)6

3+ concentration, smaller AFad values are
observed because the larger analyte concentration produces a
higher ionic strength in the absence of SE and correspondingly
smaller ion migration and accumulation effects.
Contributions from Ion Migration and Accumulation.

The strong dependence of AFad on pore size suggests a way to
separate the contributions from ion migration and ion
accumulation to the overall additional current amplification

based on the assumptions mentioned above. The Debye length,
λD, corresponding to Ru(NH3)6

3+ solutions in the range of 1−
100 μM is 150−15 nm in the absence of SE,6 values which are
comparable to the interelectrode distance, h = 100 nm, and
pore diameter, d = 300 nm. As a result, both ion migration and
accumulation can potentially contribute to the current
enhancement due to the overlapping EDLs. Migration effects
should depend primarily on the distance between top and
bottom electrodes, which was held constant at 100 nm in this
study. Ion accumulation, on the other hand, depends strongly
on the pore diameter, d, and can be characterized by
equilibrium ion concentration in nanopore, Ce

45

σ
= + = +

*−C C C C
dN Ze

10
2

e 0 s 0
3 s

A (2)

where C0 and Cs are the contribution of ions from bulk solution
and charged surface to Ce, respectively, σs* is the surface charge
density, and Z is the charge of the ionic species.
In order to differentiate the contributions from ion migration

and ion accumulation, AFad values were obtained from
electrode arrays with different pore diameters, d, and compared.
Figure 3 illustrates the dependence of AFad on pore diameter.

As expected, AFad decreases with increasing d at all three
Ru(NH3)6

3+ concentrations, which is attributed primarily to
decreasing accumulation and a smaller resulting Ce. Since the
current amplification is the combination of ion migration
(AFm), which is considered to be independent of d, and ion
accumulation (AFa), the additional amplification factor (AFad)
is given by

= ×AF AF AFad m a (3)

If we assume that the limiting current obtained in the redox
cycling mode is proportional to localized ion concentration, Ce,
the contribution of ion accumulation can be expressed using
the ratio of the ion concentration inside the pores and bulk
solution

= = +
C
C

k
d

AF 1a
e

0

s

(4)

where = σ− *
k 10

N ZeCs
3 2 s

A 0
is invariant under constant measurement

conditions. AFad can then be rewritten as

Figure 2. (a) Cyclic voltammograms of 10 μM Ru(NH3)6
3+ in the

presence of 0 mM (black), 0.3 mM (red), 1 mM (blue), 3 mM
(green), 10 mM (purple), and 100 mM (cyan) KCl. Current at the
bottom electrode (solid) and top electrode (dashed). Triangular
waveform is applied to the bottom electrode at a scan rate of 100
mV/s, while the top electrode is maintained at +0.1 V vs Ag/AgCl.
(b) Limiting current of CVs obtained from Ru(NH3)6

3+ at 1 μM
(black), 10 μM (blue), and 100 μM (red) concentration as a
function of ionic strength.

Figure 3. Additional current amplification (AFad) obtained for
Ru(NH3)6

3+ solutions at 1 μM (black circle), 10 μM (red square),
and 100 μM (blue triangle) concentration as a function of pore
diameter. A scan rate of 100 mV/s was used for all CV
measurements. Solid lines represent fits of the data to eq 5.
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In an array with a sufficiently large pore diameter, migration
becomes the dominant contribution since ion accumulation is
negligible (i.e., ks ≪ d). The data in Figure 3 are fit to eq 5, and
the recovered values of AFm and AFa for a d = 300 nm NEA are
given in Table 1. Reasonable agreement of the experimental

data with the proposed model justifies the use of these
assumptions to identify the contributions of ion migration and
accumulation to the overall current amplification. Although the
electric fields on electrodes and within nanopores can interact
with each other at low ionic strength, their coupling is not large
enough to affect the individual contributions of ion migration
and accumulation.
AFm is ∼6 for 1 μM Ru(NH3)6

3+, which is larger than typical
values reported on planar macroscopic electrodes for ions of
the same charge.16,22 We attribute the difference to the open
nanopore geometry of the array. Diffusion of redox-active
species to the bottom electrode is the rate-limiting step for
redox cycling because the top electrode is more accessible to
bulk solution. Therefore, the migration effect that facilitates
transport of Ru(NH3)6

3+ ions to the negatively charged bottom
electrode significantly enhances the efficiency of redox cycling,
resulting in a larger migration contribution than that obtained
from a macroscopic electrode with a distant reference electrode.
While both AFa and AFm decrease with the increase of
Ru(NH3)6

3+ concentration, AFa decreases more dramatically
because the smaller λD and resulting EDL affect permselectivity
and ion transport to the nanopore more strongly than transport
between the electrodes.
Effect of Ion Charge. Previous studies have demonstrated

that ion migration effects in voltammetry and ion accumulation
in nanopores depend strongly on the charge of the redox-active
species.13,14,16,38 To understand how ion charge affects AFad,
ferrocenium (Fc+), a singly charged cation, was used as the
analyte. Figure 4 shows the results of ilim obtained from
different Fc+ concentrations in aqueous solution in the presence
and absence of 0.1 M KCl. Similar to the results obtained for
Ru(NH3)6

3+,25 three distinct regions of behavior that depend
on the ionic strength are observed for the measurement of Fc+

in the absence SE. At high analyte concentration (region III),
there is little difference between the behavior with and without
SE since the ionic strength is high whether or not there is SE.
At 3 μM < C0 < 100 μM (region II), iASE is obviously larger
than iSE and changes only slightly with C0. This is attributed to a
combination of ion accumulation and migration effects
resulting from partially overlapping EDL, which counteracts
the decrease of electroactive Fc+ concentration, leading to a
slow change of ilim. As C0 is further decreased below 3 μM, a
quasi-linear response is observed (region I). This is consistent
with the results of Ru(NH3)6

3+ and can be attributed to ion
competition and a relatively constant migration effect due to
the completely overlapping EDL.25 The AFad value obtained in

region I is ∼10, which is smaller than the approximate 100-fold
effect obtained for Ru(NH3)6

3+ but higher than the values
reported previously for singly charged ions measured on
macroscopic planar electrodes or in ultrathin layer cells.21,22

Since Fc+ is reduced to a neutral species, ferrocene (Fc), which
is not accumulated in the nanopores, redox cycling of Fc+/Fc is
coupled less efficiently than the Ru(NH3)6

3/2+ system, in which
both redox partners are accumulated. This difference is more
obvious at low C0, where ion competition is no longer
negligible because Fc+ is a weaker competitor than Ru-
(NH3)6

3/2+ for accumulation on the negatively charged
nanopore surface. Nevertheless, this current amplification is
significantly larger than that produced on a macroscopic planar
electrode, demonstrating the advantage of using the NEA
architecture for exploring the EDL effect.
At high concentration region (C0 > 100 μM), ilim deviates

significantly from a linear response, exhibiting obviously smaller
currents than that expected in the presence or absence of SE.
This may be ascribed to the low solubility of ferrocene in
aqueous solution, resulting in the formation of solid ferrocene
from the reduction of Fc+, as evidenced by the peak-shaped CV
response obtained at C0 ≥ 300 μM (see Figure S2, SI).
Since the electric field affects only the transport of charged

species, ion migration and accumulation are exclusively
observed for ionic species.14,16,36,38 In a nanopore array with
dual electrodes, it is possible to preoxidize a neutral species to a
cationic species on the top electrode to enable the ion
accumulation and migration effect. In order to demonstrate this
concept on NEAs, ferrocenedimethanol (FcDM) was used as
the redox-active species. Figure 5 shows the results obtained
with relatively negative (ET = 0 V) and positive (ET = +0.5 V)
potentials applied to the top electrode. In the presence of SE,
no obvious differences are observed for ilim obtained at ET =
+0.5 V and ET = 0 V, which is consistent with previous results
reported on similar RC electrode geometries and thin-layer
cells.30,44,48 Consistent with previous observations for redox
cycling measurements,19,27,44 a larger charging current is seen
for the bottom electrode than for the top electrode held at
constant potential. The hysteresis effect is more severe in the
presence of SE (0.1 M KCl) which supports the charging
process. In addition, an offset reduction current (∼6 nA) is
observed at the top electrode held at 0 V (red dash), which is
not collected by the bottom electrode. This is likely due to a

Table 1. Ion Accumulation (AFa) and Ion Migration (AFm)
Contributions to AFad for a d = 300 nm NEA

[Ru(NH3)6
3+] 1 μM 10 μM 100 μM

AFa 43.4 10.2 1.8
AFm 6.4 5.1 2.4
AFad 284 57 7

Figure 4. Limiting current of cyclic voltammograms of aqueous
solutions of ferrocenium as a function of concentration in 0.1 M
KCl (black) and in the absence of SE (red) measured at 100 mV/s.
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combination of irreversible impurities in the FcDM and
dissolved oxygen from the atmosphere. In the absence of SE,
ilim at ET = 0 V is ∼1.5-fold larger than those measured in the
presence of SE, indicating a small contribution from ion
accumulation and migration. On the other hand, at ET = +0.5 V
ilim is 10-fold higher than that obtained at ET = 0 V in the
absence of SE. This current amplification and resulting AFad are
comparable to that produced using Fc+ as the analyte (Figure
4) and are assigned to a combination of both ion accumulation
and ion migration effects. By holding the top electrode at an
anodic potential, conversion of FcDM to its oxidized form
(FcDM+) enables its enrichment by ion accumulation in the
nanopores and facilitates its transport to the bottom electrode
due to ion migration.
Effect of Solvent. To explore whether voltammetry in

organic solvents shows migration and accumulation effects
similar to those observed in aqueous solutions, we examined
the changes in ion transport upon the removal of SE in
acetonitrile.9,47 Eliminating the SE could be advantageous for
voltammetry in nonaqueous solutions because supporting
electrolytes suitable for organic solvents are typically expensive
and plagued by problems of low solubility.10 Ion permselec-
tivity has been observed in nanopores in organic systems,
producing limiting currents that depend strongly on SE
concentration.40,41 In order to investigate the voltammetry of
NEAs at low ionic strength in an organic solvent, ferrocene
(Fc) in acetonitrile was used as a model system. As illustrated
in Figure 6, ilim obtained in the presence of tetrabutylammo-
nium hexafluorophosphate (TBAPF6) responds linearly to the
Fc concentration and shows negligible dependence on the
potential of top electrode (ET). In the absence of the TBAPF6
SE, relatively negative potentials at the top electrode (ET = 0 V)
produce ilim (1.5−2×) slightly larger than that obtained in the
presence of SE, which is likely due to a small contribution of
ion accumulation and ion migration.
In contrast, much more pronounced effects are observed

when an oxidizing potential (ET = +0.6 V) is applied to the top
electrode, producing a much larger ilim compared to that
obtained in the presence of SE, especially at low Fc

concentrations. Increases in AFad as large as 100-fold were
observed at C0 < 10 μM as a result of both accumulation of Fc+

generated at the top electrode (ET = +0.6 V) as well as
migration enhancing transport of Fc+ to the bottom electrode.
The accumulation process is also supported by a transient effect
observed in CV measurements of Fc at low ionic strength with
ET = +0.6 V, similar to that observed for charged species,
Ru(NH3)6

3+ (see Figures S1 and S3, SI). The dependence of
ilim on ET is identical to that observed in the aqueous solution
(Figure 4). The AFad obtained in acetonitrile is larger than that
observed in aqueous solution, an observation that can be
explained by fewer competing ions in acetonitrile. In particular,
ionic interferences arising from CO2 dissolution (producing H+

and HCO3
−) and K+ leaking from the reference electrode are

less likely to occur in organic solvent. Low ionic strength
measurements were also performed with Fc/Fc+ in 1,2-
dichloroethane, which produces similar AFad (∼100) at C0 =
0.1 μM (see Figure S4, SI). These results suggest that the
overlapping EDL effect in the NEA geometry combined with
redox cycling can deliver enhanced voltammetric measurements
in organic systems, eliminating the need for SE, while providing
even higher sensitivity.

CONCLUSIONS
Redox cycling in nanopore electrode arrays in the absence of
SE yields additional current amplification, AFad, up to 280-fold,
which is attributed to a combination of ion migration and ion
accumulation resulting from overlapping EDLs. Separate
contributions from ion accumulation and ion migration to
the overall AFad were identified by studying NEAs with varying
geometries. Larger AFad values are achieved in NEAs with
smaller pores because they support higher ion accumulation. In
addition, larger AFad values are observed for Ru(NH3)6

3/2+ than
for Fc+/Fc in aqueous solution, suggesting that coupling
efficiency in redox cycling, which relies on charge and solubility
of the redox couple, can significantly affect AFad. While charged
species are required to observe migration effects or ion
accumulation, poising the top electrode at an oxidizing
potential converts neutral species to cations, which can then
exhibit current amplification similar to starting with the cation.

Figure 5. (a) Cyclic voltammograms at a scan rate of 100 mV/s for
an aqueous solution of 0.1 mM ferrocenedimethanol in the
presence of 0.1 M KCl with ET = 0 V (red) and ET = 0.5 V
(black) vs Ag/AgCl. (b) Cyclic voltammograms in the absence of
SE with ET = 0 V (green) and ET = 0.5 V (blue) vs Ag/AgCl.
Current measured at bottom electrode (solid) and top electrode
(dashed).

Figure 6. Limiting currents obtained from voltammograms of
ferrocene in acetonitrile as a function of concentration in 0.1 M
TBAPF6 (triangles) with ET = 0 V (black) and ET = +0.6 V (red)
and in the absence of SE (squares) with ET = 0 V (blue) and ET =
+0.6 V (green). A scan rate 100 mV/s was used for all CV
measurements, and all potentials are referenced to Ag/AgCl.
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The EDL effect was also demonstrated for Fc/Fc+ in
acetonitrile and 1,2-dichloroethane, producing AFad up to
100× at low ionic strength. The fact that large AFad values are
observed in the NEA geometry with different redox pairs, NEA
dimensions, ionic strengths, and solvents demonstrates the
universality of the phenomenon at the nanoscale and the
advantages of nanopore electrodes for coupling the EDL effect
with redox cycling to produce ultrasensitive electrochemical
measurements at low ionic strength. The strategy employed
here eliminates the need for the addition of SE in voltammetry
and also achieves 1−2 orders magnitude higher sensitivity.
Although the model systems described here all used cationic
species in negatively charged nanopores, similar EDL effects
and AFad are expected for anodic species in positively charged
pores.

EXPERIMENTAL SECTION
Device Fabrication. The NEAs were fabricated using a procedure

modified slightly from the one described previously.44,49 Briefly, layer-
by-layer deposition was used to create the NEAs, which consist of two
200 nm thick Au film electrodes (top and bottom) separated by 100
nm of SiNx and covered with a 200 nm layer of SiO2. Polystyrene (PS)
spheres and Cr film were used to define the pattern for reactive ion
etching (RIE). The pore diameter, d, was controlled by the size of PS
spheres, and they were reduced in diameter in a subsequent RIE step.
NEAs with d = 300 nm were used for all the experiments, except in the
studies of pore size dependence, which were controlled accordingly
(see SI). Upon removing the PS spheres with chloroform, the SiO2,
top Au, and SiNx layers of the device were etched using a multistep
RIE process. A schematic diagram of the array before and after RIE
and SEM images of the NEA are given in Figure 1. The array size is
typically 100 μm × 100 μm.
Electrochemical Characterization. Cyclic voltammetry experi-

ments were conducted on a CHI bipotentiostat (842c, CH
Instruments Inc.) using a platinum wire and a Ag/AgCl electrode as
auxiliary and reference electrodes, respectively. In all CV measure-
ments, the top electrode is held at a constant potential (RC mode) or
floating (non-RC mode), while the potential of the bottom electrode is
scanned at 100 mV/s. Limiting current obtained from the bottom
electrode is used for the figures and discussion.
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