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ABSTRACT An array of nanoscale-recessed ring-disk electrodes was fabricated
using layer-by-layer deposition, nanosphere lithography, and a multistep reactive
ion etching process. The resulting device was operated in generator—collector

mode by holding the ring electrodes at a constant potential and performing cyclic
3—/4—

voltammetry by sweeping the disk potential in Fe(CN), solutions. Steady-

state response and enhanced (~10x) limiting current were achieved by cycling Potential

the redox couple between ring and disk electrodes with high transfer/collection efficiency. The collector (ring) electrode, which is held at a constant
potential, exhibits a much smaller charging current than the generator (disk), and it is relatively insensitive to scan rate. A characteristic feature of the
nanoscale ring—disk geometry is that the electrochemical reaction occurring at the disk electrodes can be tuned by modulating the potential at the ring
electrodes. Measured shifts in Fe(CN)s>"*~ concentration profiles were found to be in excellent agreement with finite element method simulations. The
main performance metric, the amplification factor, was optimized for arrays containing small diameter pores (r < 250 nm) with minimum electrode spacing
and high pore density. Finally, integration of the fabricated array within a nanochannel produced up to 50-fold current amplification as well as enhanced
selectivity, demonstrating the compatibility of the device with lab-on-a-chip architectures.
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n the last two decades, micro/nanoelectrode

systems have been extensively studied

for electrochemical analysis' ¢ and
biosensing’ '° because of several well-
established advantages, such as fast re-
sponse times, small capacitive currents,
and enhanced steady-state voltammetric
response compared to macroelectrode
systems.'’ To extend the benefits of ultra-
microelectrode behavior, electrode ensem-
bles or arrays®>>'2~'> are commonly used to
enhance faradaic currents, while retaining most
of the other benefits of using a single micro/
nanoelectrode. An interesting example is the
interdigitated electrode array (IDA),'%'316-20
where two electrodes are configured as
closely spaced parallel bands, such that con-
centration profiles of redox species overlap,
allowing the species generated at one elec-
trode to be efficiently collected at a neigh-
boring electrode. The resulting redox
cycling (RC) effect, although most widely
studied in IDAs,'>">%19=22 can also be ob-
served in other geometries with closely
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spaced electrodes, such as triple band ele-
ctrodes,>** thin layer cells,'®**?% and the
recently developed ring/plane-recessed disk
electrodes.?7 32

The RC effect, arising from the operation
of these devices in generator—collector (GC)
mode,">?? is crucial as both a test of theory
and for practical applications. In addition to
enhanced faradaic currents, selectivity is also
improved in devices using the RC effect
because in a well-designed experiment only
the current from the targeted reversible redox
analyte is amplified.'®'>3! Furthermore, small
charging currents can be achieved at collector
electrodes held at a constant potential,’>
allowing for fast scan cyclic voltammetry
(CV) measurements. GC geometries have
been used to determine the diffusion coef-
ficients of redox species based on electro-
chemical time-of-flight response®*** and
to investigate electrochemical reaction
mechanisms by monitoring the lifetime
of electrogenerated intermediates.?'2%3032
Similar strategies using the RC effect have
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also been employed for selective detection of target
analytes based on differences in redox reversibi-
lity.'192531 Reversibility is obviously a key require-
ment in these experiments, with irreversible redox
processes not being observable because the initial
redox species is not regenerated at the collector
electrode.'®® Alternatively, by setting the generator
electrode at an appropriate potential, irreversible re-
dox species can be depleted before diffusing to the
collector®' In both instances, reversible target mol-
ecules can be detected from the collector electrode
signal without interference from irreversible species in
the sample.

Importantly, improved performance can be achie-
ved by decreasing the interelectrode distance of the
devices'9%>273132 pacause smaller electrode spacing
produces higher collection efficiency and current am-
plification, leading to higher sensitivity and selectivity.
In addition, devices with reduced size are compatible
with lab-on-a-chip devices characterized by small
sample volumes, a critical criterion for measurements
of mass-limited samples. While photolithography can
produce electrodes with micrometer-scale spacing,
fabrication of devices with nanometer-scale features
usually requires electron-beam lithography,>'3'#193¢
which is costly, low-throughput, and time-consuming.

In this study, arrays of recessed ring-disk electrodes
with nanoscale interelectrode distances are fabricated
using layer-by-layer deposition followed by nano-
sphere lithography®*” (NSL) and a multistep etching
process. Similar approaches have been used to fabri-
cate micrometer-scale devices*®2?738~% with recessed
band-disk electrodes inside a single cavity, character-
ized and applied to biosensing by Fritsch and
co-workers. In addition, Compton et al. fabricated,
characterized, and theoretically studied micrometer-
scale arrays of ring-recessed disk electrodes.?%%?3032
The plane-recessed disk array electrodes®®*" have also
been constructed and applied to the detection of
pyrocatechol and dopamine in the presence of inter-
ferences. These studies demonstrate some promising
advantages of the ring-disk geometry and suggest
that shrinking electrode size and interelectrode spac-
ing to the nanoscale could further enhance device
performance.

Here, we report a robust procedure for the fabrica-
tion of an array of recessed ring-disk electrodes with
both electrode size and spacing at the nanometer
scale. Arrays with varying insulator thickness and pore
density were fabricated and characterized by cyclic
voltammetry employing the disks and rings as gen-
erator and collector electrodes, which are swept and
held at a constant potential, respectively. The effect of
design parameters on the collection efficiency, current
amplification, and conversion ratio are all reported
here. To understand the influence of collector potential
on reactions at the generator, finite element method
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simulations are performed and compared with experi-
mental results. In order to evaluate performance in a
confined geometry and explore its utility for lab-on-a-
chip applications, the device was studied in both open
and nanochannel-confined geometries. The nano-
channel-confined geometry produces higher collec-
tion efficiency, current amplification, and selectivity for
GC operation compared to the open geometry.

RESULTS AND DISCUSSION

Current Amplification in Generator—Collector Mode. In the
fabrication approach used here, electrodes are em-
bedded in zero-dimensional nanopores, where inter-
electrode distance is controlled by the thickness of the
insulator separating the two electrodes (viz. Figure 1).
Thin (~100 nm) films of SiN, deposited by plasma-
enhanced chemical vapor deposition provide excellent
electrical isolation of the two working electrodes. NSL
is used for patterning because of its simplicity and its
capability to produce ordered arrays of electrodes with
controllable size and spacing.>*” Pore size is controlled
by the diameter of the polystyrene spheres used to
template NSL, and pores are etched through to the
underlying Au layer by a multistep reactive ion etching
(RIE) process, thus producing an array of nanometer-
scale recessed ring-disk electrodes.

SEM images of the nanofabricated electrode array
are shown in Figure 1, from which an average radius (r)
of the nanopores containing the ring/disk electrodes is
determined to be 234 + 12 nm with an interelectrode
spacing of ~1.0 um (d). In this electrode geometry
(d ~ 4r), diffusion zones of the individual disk electrodes
exhibit substantial overlap (see Figure S2, Supporting
Information), and the electrode array is expected
to behave like a planar electrode with an area equal
to that of the entire array,*' that is, 50 um x 50 um.

Figure 1. (a) Schematic diagram showing the macroscopic
layout of the device and (b) ring-disk geometry in the
nanopores. (c) SEM image of the array at 52° tilt; (d)
magnified view for a single electrode at 52° tilt.
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Figure 2. Comparison of GC and non-GC mode cyclic vol-
tammograms of 1 mM Fe(CN)>~ solution on a high density
array with a 200 nm insulator separating the ring and disk
electrodes. (a) Non-GC mode: ring electrodes are floating,
and disk electrodes are swept at 100 mV/s (black) and
5 mV/s (red). (b) GC mode: disk (solid) and ring (dashed)
current for ring electrodes held 0.5 V and disk electrodes
swept at 100 mV/s.

This predicted behavior can be compared against the
cyclic voltammograms (CVs) of the disk electrode array
shown in Figure 2a, which were measured in 1.0 mM
KsFe(CN)g and 2.0 M KClI with the ring electrodes
floating. As seen in Figure 2a, CV measurements at
100 mV/s produce a transient response with a slow
decay of the faradaic current plateau. At a scan rate of
5 mV/s, a pseudo-steady-state response with limiting
current of 9.3 nA was observed. This behavior is in good
agreement with that of a recessed microelectrode with
size of 50 um x 50 um and a recessed depth of 0.6 um
(see Figure S3, Supporting Information). A limiting
current of ~8.1 nA is estimated from the expression
for current at a recessed microelectrode***
47nFDCr?

=—31 1
4H + 7ry )

lim

where n is the number of electrons transferred, D is the
diffusion coefficient, C is the bulk concentration, H is
the recessed depth, and r, (28 um) is the apparent
radius of the microelectrode. The small discrepancy
between the observed current and that calculated
from eq 1 is likely the result of edge effects, which
enhance the signal from electrodes at the periphery of
the array, resulting in an increase in actual electrode
area relative to the estimated geometric area.

Figure 2b shows the CV responses of the electrode
array at 100 mV/s in GC mode, where the potential of
the ring (collector) electrodes is maintained at 0.5 V.
Quantitatively reproducible voltammetry is observed
at both generator and collector electrodes with a
limiting current of 95 nA, which is ~10 times larger
than the current collected at the disk electrode with
the ring electrodes floating (non-GC mode). This strong
current amplification is attributed to redox cycling
of the electroactive species between generator and
collector electrodes. The RC effect depends strongly on

the collection efficiency, ®, with which the collector
electrodes collect species generated at the gen-
erator.”® Under the conditions of Figure 2b, the collec-
tion efficiency of the ring electrodes, ®,, is

(I)r = .E ()
Idc
where i, , and ig are the anodic and cathodic limiting
currents at the ring and disk electrodes, respectively.
Using eq 2, @, = 0.98 was obtained from the results
shown in Figure 2b.

Effect of Ring Electrode Potential. In the preceding
experiments, the collector (ring) electrodes are held
at an anodic potential, E= 0.5V vs Ag/AgCl, in order to
oxidize the Fe(CN)¢*~, generated at the disk electrodes,
back to Fe(CN)s>~, which then diffuses back to the disk
electrodes for re-reduction. This diffusion-controlled
electrochemical loop enables the RC behavior, which is
the principal goal of constructing these nanoscale-
recessed ring-disk arrays. Although it is most common
to effect GC mode measurements with the collector
regenerating the initial species (in this case, Fe(CN)s>"),
modulation of the ring electrodes to more cathodic
potentials can also be useful in order to differentiate
two or more different electroactive species,>>3'**
to mitigate interferences,'®'?*! or to determine fast
electron-transfer kinetics.*> Accordingly, the effect of
the ring electrode potential on the CV response of the
disk electrodes was investigated both experimentally
and theoretically.

Experimental CV scans on the fabricated array and
finite element simulations on an array of 10 recessed
ring-disk electrodes, shown in Figure 3a,b, are in good
agreement, both in shape and potential dependence.
When the fixed potential of the ring electrodes is 0.5 V
(black curve in Figure 3a), the anodic current is col-
lected at the rings and the cathodic current is collected
at the disks in the cathodic region of the disk potential,
ca. —0.1 to 0.25 V vs Ag/AgCl. As shown in Figure 3b,
similar behavior is observed in the simulation for an
array of 10 recessed ring-disk electrodes. The disk
current of a single electrode (~0.074 nA) derived from
Figure 3b can be scaled up by a factor of ~1530to be in
line with experimentally observed current from the
entire array. This scaling factor is close to the number of
pores, ~2000, with the remaining discrepancy likely
resulting from edge effects, which are accentuated in
the simulation.

Conversely, when the fixed potential of the ring
electrodes is set at the relatively cathodic value of
—0.1 Vvs Ag/AgCl (blue curves in Figure 3a,b), cathodic
current is collected at the rings and anodic current is
collected at the disks in the anodic region of the disk
potential, ca. 0.25 to 0.5 V vs Ag/AgCl. Finally, poising
the ring electrodes at the intermediate potential of
0.25 V vs Ag/AgCl (red curves in Figure 3a,b) yields
intermediate behavior with anodic (cathodic) current
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Figure 3. (a) Ring potential dependence of voltammetric response of 1 mM Fe(CN)s>~ solution on a high density array with
200 nm insulator. Disk electrodes are swept at 100 mV/s, and ring electrodes are held at 0.5 V (black), 0.25 V (red), and —0.1 V
(blue); disk current (solid) and ring current (dashed). (b) Finite element simulated CV response of an array of 10 electrodes in
1 mM Fe(CN)¢>~ solution on a high density array with 200 nm insulator with the ring electrode held at 0.5 V (black), 0.25 V
(red), and —0.1 V (blue). (c—e) Concentration profiles of Fe(CN)s>~ in adjacent pores with a radius of 250 nm taken from
simulations of an array of 10 electrodes. The height of the insulator layers (gray) and the ring electrode (yellow) is 200 nm.

collected at the rings (disks) with the disk potential in
therange of —0.1t0 0.2 V and cathodic (anodic) current
collected at the rings (disks) with the disk potential in
the range of 0.3 t0 0.5 V. A crossover region is observed
when the disk potential is in the range of 0.2 to 0.3 V.
The current is much larger for a collection of single
nanoelectrodes, which operate under radial diffusion,
than for the high density electrode array, in which
overlapping diffusion zones produce behavior ap-
proaching that of a planar electrode. An increase in
relative cathodic current offset is also seen in experi-
ments with low density nanopore arrays (data not
shown), supporting the interpretation that diffusion
zone overlap is the main reason the current offset
decreases.

In agreement with previous results,** only cathodic
current is observed at the disk electrodes when ring
electrodes are held at the oxidative potential of 0.5 V.
This is further confirmed by the calculated concentra-
tion profile of Fe(CN)s>~ in the nanopore shown in
Figure 3c. Only oxidized species are available to the
disks because the rings rapidly oxidize all Fe(CN)*~
generated at the disks. When the ring electrodes are
held at 0.25 V, near E.q, both anodic and cathodic
currents are observed at the disks. The concentration
profile of Fe(CN)s>~ for Eyjng = 0.25 V and Egig = 0.5 Vis
shown in Figure 3d. The rings do not consume all the
Fe(CN)¢*~ produced, leaving both species available
for oxidation and reduction at the disks. When the
ring electrodes are held at —0.1V, current at the disks is
mostly anodic since Fe(CN)g3~ is depleted at the rings,
as seen in Figure 3e. Experimentally, a constant offset
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of ~9 nA is observed for the cathodic current at the
rings, which is approximately 5—10 times higher than
the current of the disks at —0.1V, a difference that could
result from the asymmetry of the electrode geometry;
that is, the Fe(CN)s>~ can more easily access the rings
than the disks even when both electrodes are held at
—0.1 V. Also, this offset current is similar in magnitude
to that observed for disk electrodes in the non-GC
configuration (cf. Figure 2a). The constant current offset
is the steady-state current achieved by poising the ring
electrodes at a constant reducing potential, causing the
array to act as a single planar electrode.

For the same geometrical reason, the collection
efficiency of the disks @4 is expected to be smaller
than that of the rings, ®,. ®4 can be estimated by
holding the disks at 0.5 V while sweeping the potential
of the rings or by using the limiting disk and ring
currents in Figure 3 when the rings are held at —0.1 V.
In both cases, Fe(CN)¢*~ generated at the rings is col-
lected by and oxidized at the disks, with @4 then being
determined by

Dy = 92 3)

Irc
where ig, and i, are the anodic and cathodic limiting
currents at the disk and ring electrodes, respectively.
4 =0.92 was obtained from the results (blue curves) in
Figure 3a. Using the method proposed by Tabei et al.,'>
the number of redox cycling events, N, is directly
related to the current amplification and is given by

1

Ne = ——— 4
=T o, (4)
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TABLE 1. Effect of Array Parameters on Device Performance

electrode separation (nm) o, Dy AF° Ny n
100 0.98 091 123 12.5 0.98
200 0.98 0.90 7.8 83 0.9
300 0.96 0.84 5.2 55 0.97
300 (low density’) 074 034 14 14 067

“ Amplification factor, defined by the ratio of the cathodic current in GC and non-GC
modes. * Low density refers to an electrode array containing ~15 electrodes
occupying the same area as a high density array containing ~2000 electrodes.

For the device described, ®, = 0.98 and ®4 = 0.92,
yielding N, = 10.2, consistent with current amplification
of 11.5, calculated directly from the limiting currents of
the cyclic voltammograms.

For IDAs, the influence of one electrode on the re-
sponse of its neighbors is quantified through a shielding
factor.'** In this study, this effect is estimated more
directly by the ratio of the electroactive species from
bulk solution being converted (oxidized or reduced) to
its conjugated redox form before reacting at the disks.
For Fe(CN)¢>~, the conversion ratio, 7, which quantifies
the reduction of Fe(CN)s>~ to Fe(CN)¢*~ at the ring
electrodes, is given by

n = Id,a (5)

id Jtot

where iy, is the anodic current and igor = lig,c] + |iaal is
the sum of the cathodic and anodic current at the disk
electrodes when thering electrodes are held at —0.1 V. A
high conversion ratio is useful for selective detection or
the depletion of interfering species. A value of 0.99 was
obtained from the CV results (solid blue curve)
in Figure 3a, which could improve selectivity 100-fold
when using the rings to deplete an irreversible redox
interference.

Effect of Insulator Thickness and Electrode Density. The
electrode separation, that is, the distance between
the disk and ring electrodes, which is governed by the
insulator thickness, is a major determinant of device
performance, as summarized in Table 1. Collection effi-
ciency decreases at both ring and disk electrodes with
increasing insulator thickness, with the dependence of
@, being stronger than that of ®,. This observation is
likely due to species generated at the rings taking longer
to diffuse to the disks as the electrode separation
is increased, thus increasing the probability that the
species will diffuse into bulk solution and be lost to RC.
This effect is less significant for species generated at the
disks because species generated at the disks must diffuse
past the rings to get to bulk solution.

N, depends strongly on both collection efficiencies,
and since both decrease with increasing electrode
separation distance, N,. also decreases. This depen-
dence on electrode separation is consistent with the
current amplification factor, AF, which agrees well with
the calculated values of N,..
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Figure 4. Scan rate dependence of voltammograms of
0.1 mM Fe(CN)¢*>~ solution on a high density array with
200 nm insulator. Disk electrodes are swept at 10 mV/s
(black), 100 mV/s (red), and 1000 mV/s (blue), and ring
electrodes are held at 0.5 V; disk current (solid) and ring
current (dashed). (Inset) Capacitive current as a function of
scan rate for disk (solid) and ring (dashed) electrodes.

It is interesting to note that the conversion ratio is less
sensitive to changes in electrode separation distance.
This is likely due to the fact that both reduced and
oxidized forms of the redox couple share the same
diffusional path and are affected by the electrode
separation distance in the same way. Hence, changes
in electrode separation do not significantly affect the
ratio of the two redox forms reaching the disk electrodes.

As discussed above, an array of recessed ring-disk
electrodes exhibits a distinct CV response compared
to a single recessed ring-disk electrode. The effect of
electrode density on the properties of the device was
investigated by conducting the same measurements
on devices with ~15 pores in a 50 um x 50 um area
(viz. Table 1). It can be seen that collection efficiency,
amplification factor, and conversion ratio are all re-
duced for isolated electrodes, relative to arrays with
overlapping diffusion zones. Arrays are characterized
by higher collection efficiency because species gener-
ated in one nanopore could be collected by electrodes
in an adjacent nanopore. For the same reason, larger
conversion ratios can be obtained in high density
electrode arrays since neighboring ring electrodes
can facilitate the depletion (conversion) of the species
from the bulk solution before they reach the disks. The
influence of the electrode density on the array perfor-
mance is also consistent with simulation results (Table
S1, Supporting Information). While low density arrays
are used in applications where it is desirable to avoid
overlapping diffusion zones, this is not necessary for
the nanoscale-recessed ring-disk array used in GC
mode, which exhibits steady-state waves at both gen-
erator and collector, regardless of electrode density at
all experimental time scales studied here.

Scan Rate Dependence. The scan rate dependence of
CV measurements of devices operated in GC mode is
shown in Figure 4. Steady-state voltammetric response
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is obtained at both the generator and the collector
electrodes at all scan rates between 10 and 1000 mV/s.
A useful characteristic property of GC mode operation
is the small charging current at the constant potential
collector (rings)."®'® On the other hand, charging
current at the generator (disks) is obviously much more
susceptible to changing scan rate (inset of Figure 4).
It should be noted that a small, scan-rate-dependent
charging current (dashed line, Figure 4 inset) is ob-
served at the ring electrodes, even though they are
held at constant potential. This observation is attrib-
uted to imperfect insulation between the ring and disk
electrodes which leads to charge leakage and the small
charging current observed on the ring electrodes. The
charging current at the collector is ~10-fold smaller
than that at the generator at 1000 mV/s, demonstrat-
ing that the collector signal is better poised for high
scan rate operation.

Integration of the Array in a Nanochannel. One important
goal of this study is to study the applicability of the
fabricated device to lab-on-a-chip systems, in which
integrated micro- or nanofluidic channels allow for
intelligent control over analyte delivery. Amperometric
measurements within a confined geometry such as
micro- or nanochannels can be challenging'®3*¢ be-
cause the diffusive boundary layer arising from the small
channel height can depress the faradaic signal, leading
to diminished steady-state voltammetric response. To
investigate the application of the nanoscale array for
measurements inside a confined geometry, a channel of
200 nm depth, 25 um width, and ~5 mm length was
integrated with the nanoelectrode array, and the result-
ing 25 um x 50 um recessed ring-disk electrode array
was characterized by cyclic voltammetry.

Figure 5 shows CV measurements conducted in
both GC and non-GC modes in the nanofluidic channel.
In non-GC mode, a transient, peak-shaped curve with
both oxidation and reduction currents is observed,
which, after normalizing for differences in array size,
yields a much smaller current magnitude than that for
the open array shown in Figure 2a. The lower current is
attributed to depletion of Fe(CN)¢>~ from the channel
due to the limited rate of diffusion to the channel
opening. The confined geometry of the channel also
slows the diffusion of Fe(CN)g*~ generated on the disk
electrodes away from the array, leading to an oxidative
peak, which is not observed in the open channel
geometry.

In GC mode, Figure 5b, steady-state waves are
observed, which are similar to those obtained in the
open geometry (cf. Figure 2b). In addition, there is no
obvious decrease in the limiting current if the size of
the array is taken into account, indicating that the
redox cycling effect and the performance of the array
are not significantly affected by the channel geometry.
Interestingly, higher values (~0.99) of collection effi-
ciencies and conversion ratio are also obtained for
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Figure 5. Cyclic voltammograms using an array integrated
with a nanochannel. The CVs were measured in 1T mM
Fe(CN)¢>~ solution on a high density array with a 200 nm
insulator. Disk electrodes are swept at 100 mV/s. (a) Ring
electrodes disconnected (non-GC mode); (b) ring electrodes
held at 0.5 V (black) or —0.1 V (red). Disk current (solid) and
ring current (dashed).

measurements in the nanochannel. For example,
N,c ~ 50 is obtained in the nanochannel configuration,
in agreement with current amplification factor,
AF ~ 63, derived from the limiting (44 nA) and peak
currents (0.7 nA) in Figure 5. A higher conversion ratio
is useful when the rings are used for depletion of
interference or selective detection of two species with
different redox potential. Thus, these results demon-
strate that nanoscale-recessed ring-disk arrays can be
used for amperometric measurements in microchannel-
and nanochannel-confined geometries without dimin-
ishing the steady-state response. Therefore, integrating
these devices within nanochannels should provide
access to amperometric measurements with improved
sensitivity and selectivity.

CONCLUSIONS

A simple, massively parallel scheme employing NSL
for producing complex arrays of coupled nanoscale
working electrodes is described. The arrays of recessed
ring-disk electrodes fabricated in this way display
nanoscale interelectrode spacings which allow redox
cycling of the electroactive species between ring and
disk electrodes, producing amplified steady-state
currents. When operated in the generator—collector
mode, dramatic improvements in electrochemical per-
formance can be realized relative to non-GC operation.
Both experiments and simulations show that modula-
tion of the potential at the ring electrodes, which
yields a conversion ratio >0.97 over a broad range
of conditions, can control the reaction at the disk
electrodes. High collection efficiency and small charg-
ing current at the collector electrode point the
way to obtaining lower detection limits in electro-
analytical experiments, and they also allow measure-
ments at high scan rate. In addition, the combination
of high electrode density and small insulator thickness
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improves device performance. Integration with a
nanochannel further enhances collection efficiency,
conversion ratio, and measurement selectivity, while

EXPERIMENTAL SECTION

Nanoarray Fabrication. A detailed fabrication procedure for the
array of nanoscale-recessed ring-disk electrodes is given in the
Supporting Information. Briefly, the device is constructed via
layer-by-layer deposition of Ay, silicon nitride/silicon dioxide,
polystyrene nanospheres, and Cr followed by multistep reactive
ion etching (RIE). A schematic diagram of the macroscopic
layout, cross section, and SEM images of the array is given in
Figure 1. The arrays fabricated by this NSL approach cover an
area of 50 um x 50 um and typically contain ~2000 nanopores
(or ~15 pores in the low density array) of ~500 nm diameter
and ~1.0 um spacing. For the nanochannel-confined measure-
ments, a 5 mm long, 25 um wide, 200 nm high channel was
constructed directly on top of the recessed ring-disk array. This
was achieved by coating the substrate with 200 nm silicon
nitride, patterning by photolithography, and etching with RIE.
A piece of PDMS with two wells separated by ~5 mm was
aligned with, and sealed to, the nanochannel under an optical
microscope. After being sealed with a PDMS top layer, the
nanochannels were filled with solution under vacuum.

Electrochemical Characterization. Cyclic voltammetry (CV) ex-
periments were conducted on a CHI bipotentiostat (840c, CH
Instruments Inc.) using a platinum wire and a Ag/AgCl electrode
as auxiliary and reference electrodes, respectively. In all CV
measurements, the potential of the disk electrodes is swept,
and the ring electrodes are held at a constant potential (GC
mode) or disconnected (non-GC mode).

Simulations. Finite element simulations were performed
in COMSOL Multiphysics version 4.3. An array of 10 nanopores
was simulated in a 2D geometry, consisting of 10 recessed
disk electrodes (r = 250 nm), a 200 nm thick insulating layer,
a 200 nm thick ring electrode layer, and a 200 nm high top
insulator layer. The domain above the pores was drawn suffi-
ciently large (w = 600 um, h = 400 um) to avoid interference
from boundaries, and the mesh was refined both within the
nanopores and in the region just above the pores to avoid
misleading results. Time-dependent simulations were per-
formed using 122,148 geometric elements. Details of the
simulations are given in the Supporting Information.
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