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ABSTRACT: In canonical electrochemical experiments, a
high-concentration background electrolyte is used, carry-
ing the vast majority of current between macroscopic
electrodes, thus minimizing the contribution of electro-
migration transport of the redox-active species being
studied. In contrast, here large current enhancements are
achieved in the absence of supporting electrolyte during
cyclic voltammetry at a recessed ring-disk nanoelectrode
array (RRDE) by taking advantage of the redox cycling
effect in combination with ion enrichment and an
unshielded ion migration contribution to mass transport.
Three distinct transport regimes are observed for the
limiting current as a function of the concentration of redox
species, Ru(NH,)s**/3*, revealed through the strong
dependence of ion transport on ionic strength. Behavior
at low analyte concentrations is especially interesting. In
the absence of supporting electrolyte, ions accumulate in
the nanopores, resulting in significantly increased current
amplification compared to redox cycling in the presence of
supporting electrolyte. Current enhancements as large as
100-fold arising from ion enrichment and ion migration
effects add to the ~20-fold enhancement due to redox
cycling, producing a total current amplification as large as
2000-fold compared to a single microelectrode of the same
total area, making these RRDE arrays interesting for
electrochemical processing and analysis.

he sensitivity of chip-based analytical devices using

amperometric detection is governed, in part, by the
mass transport of analytes to the electrode surface, which, in
turn, dictates the magnitude of the measurable current.
Compared with macroelectrodes, microelectrodes exhibit
enhanced mass transport and higher current density due to
radial diftusion. The diffusion-controlled limiting current, I, in
voltammetry at a microdisk electrode with radius, r, is

I, = 4nFDCr (1)
where n is the number of electrons transferred, D is the
diffusion coefficient, F is Faraday’s constant, and C is the bulk
concentration of the redox-active species. A dual electrode
configuration operating with redox cycling (RC) represents an
attractive geometry to enhance the measurable current and,
thus, the sensitivity of amperometric detection.’™ In RC
experiments, mass transport to the electrode surface does not
depend directly on analyte diffusing from bulk solution, but
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rather on the regeneration and cycling of a redox couple
between two closely spaced electrodes. The cycling of redox
species multiplies the electron transfer reaction, resulting in
current amplification that depends strongly on the spacing of
the two electrodes. For example, the limiting current obtained
for a thin-layer cell (TLC) geometry with radius of r and
interelectrode distance of h is given by*

ar*nFDC
Ly = ——
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Combining egs 1 and 2 yields an amplification factor due to
redox cycling (AFpc) for a TLC compared to a single
microelectrode of the same size,
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As indicated by eq 3 and demonstrated previously, a TLC
with electrode pairs can generate substantially amplified current
as the interelectrode distance, h, shrinks to the nanoscale.*®
Although optimization of the electrode geometry by decreasing
h and/or increasing r could produce a higher AFg, fabricating
such devices remains challenging.

Equation 2 reveals that the I, in a given device relies directly
on the diffusion coeflicient, D, which governs the rate at which
molecules move between two electrodes and the number of
resulting redox events. However, eq 2 is valid for conditions
where diffusion dominates, and electromigration contributes
negligibly to mass transport, since the measurements are
performed in the presence of a large concentration of
supporting electrolyte (SE).* In contrast, at low ionic stren%th,
ion migration can contribute significantly to mass transport.”
This effect occurs because the Debye length, A, depends on
ionic strength, so at low ionic strength the electric field extends
from the electrode surface into the bulk of solution, which can
either promote or impede the movement of ions to the
electrode surface.'”™'* The enrichment of Ru(NH,)¢**/?" in the
negatively charged nanopores to maintain electroneutrality, a
phenomenon that has been widely observed in nanopores and
nanofluidic channels at low ionic stren%th, could also contribute
to the observed current amplification.”>~"> Enhanced currents
have been observed at low ionic strength on a single
microelectrode, producing a several-fold increase in Iy, for
the reduction of cationic species or oxidation of anionic species
in the absence of SE.”® In this study, we explore how migration
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effects, in combination with ion enrichment at nanopore-
confined electrodes, might be further exploited to enhance
mass transport in a dual electrode system exhibiting the RC
effect, resulting in additional current amplification. Migration
effects are expected to be larger in dual electrode systems,'®
since the electric field established across the two electrodes can
drive the movement of ions, at least in one direction, speeding
up the redox cycling events.

An array of recessed ring-disk electrodes (RRDE) with
interelectrode distance, h = 150 nm, was fabricated, as shown in
Figure 1, using a previously developed procedure.>'” Figure 2
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Figure 1. (a) Schematic diagram showing the macroscopic layout of
the recessed ring-disk electrode array. (b) Cross section view of the
array. The colors represent different layers: gray, glass slide; yellow,
Au; red, SiN,; and pink, SiO,. (c) SEM image of the array at 50° tilt.
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Figure 2. Cyclic voltammograms of 1 mM Ru(NH;)¢>* on the RRDE
array obtained by scanning the disk electrodes. Black curves: [KCl] =
0.1 M, ring electrodes floating, disk current multiplied by S. Blue
curves: [KCl] = 0.1 M, ring electrodes held at 0.1 V. Red curves: no
SE, ring electrodes held at 0.1 V. Ring current (solid) and disk current
(dashed). All potentials stated vs Ag/AgCl reference.

shows the voltammograms of 1 mM Ru(NH,)¢*" in 0.1 M KCl
solution measured at the disk electrodes on the RRDE array.
The limiting current, I, obtained on the disk electrodes with
the ring electrodes left floating (non-RC mode) and held at 0.1
V (RC mode) were 57 and 1120 nA, respectively, yielding an
AFpc of ~20. This AFy¢ is larger than the previously obtained
AFpc of ~10 obtained using Fe(CN)/* on a RRDE array.5
The higher collection efficiency is likely due to the larger RC
number obtained with the larger electrode array used in this
study (see Figure S1 and Table S1 in Supporting Information
(SD).

Cyclic voltammetry of 1 mM Ru(NH,)s** without SE
produces an ~50% increase in Iy, viz. Figure 2. This additional
current enhancement, AF,, is attributed to ion migration and
nanopore-based ion enrichment and is quantified by
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where I, ... and I, . are the limiting currents obtained in RC
mode in the absence and presence of SE, respectively. Both ion
migration and jon enrichment effects, and the resulting AF,q,
depend strongly on the ionic strength, since it determines the
extension of the electric field and the degree of electrostatic
screening, as characterized by the Debye length, Ap,t®

I &,ekT
K ‘31‘2 > szi2 (5)

where € and g, are the relative electric permittivity of the
solvent and permittivity of vacuum, respectively, k is the
Boltzmann constant, T is the temperature, e is the elementary
charge, and C, and z; are the concentration and charge of ion i,
respectively. The inverse Debye length, k, is introduced to
characterize charge screening through the dimensionless group
Kh.

The results of investigations on different concentration of
Ru(NH;)¢*" (C,) and Ap, calculated using eq S, are shown in
Figure 3. In the presence of SE, I, .. changes linearly with C,,
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Figure 3. Limiting ring current of voltammograms of Ru(NH;)¢*" as a
function of concentration in 0.1 M KCI (blue) and in the absence of
SE (red). Black curve: value of 1/kh calculated at the corresponding
Ru(NH;)** concentration in the absence of SE.

but in the absence of SE three distinct regions can be observed
in the Iy, . vs Cp plot. In region I, there is negligible difference
between Iy, and Iy, ; in region II, Iy, ... plateaus; and in
region III, it decreases again, but at substantially higher values
than Iy, . at corresponding values of C,.

Finite element calculations were performed to better
understand the experimental observations and the role of
migration in the observed current enhancement. The
calculations account for the diffusion, migration and electro-
chemical reaction of jons at a single recessed ring-disk
nanoelectrode pair. Calculated currents show a similar three-
region dependence of I, ... on Cy, consistent with the value of
Ap changing with C, relative to the interelectrode (disk-to-ring)
distance, h (150 nm) (Figure S4).

The observed and simulated behaviors can both be
understood in terms of the dimensionless group, kh. At C, >
3 mM (region L, Figures 3 and S4), the migration contribution
is negligible since kh > 1; accordingly, the I, .. is nearly the
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same as I, . and changes approximately linearly with C,. At 3
UM < Cy < 3 mM (region II), Iy, . is larger than I, and
decreases only slightly with decreasing C,, indicating larger
AF,4 due to larger migration/ion enrichment contributions. In
this region, kh &~ 1. The decrease of k (increase of Ap) with
decreasing C, leads to a larger migration contribution and faster
movement of ions between the ring and disk electrodes. The
mass transport that determines Iy, ... relies on both the number
of ions within the interelectrode volume and their rate of
movement between ring and disk electrodes. Hence, an
increase in the migration component and ion enrichment
produced upon decreasing C, partly counteracts the effect of
reduced ion concentration in bulk solution, resulting in the
relatively flat I, ... in region IL In region III (C, < 3 uM),
Ljimse again exhibits a linear response with C,. Since xh < 1
throughout region III, the electric field is relatively concen-
tration independent. Thus, the migration contribution to ion
transport becomes relatively independent of C, in this region.
In addition, at low ion concentration, competitive ions, such as
H" due to dissolution of CO, and K" leaking from the reference
electrode, could be large enough to perturb the ion enrichment,
thereby decreasing the accumulation of Ru(NH,)s**/*". As a
result, Ij;;, .. responds to the concentration of redox species.

The typical AF,4 obtained in region III is around 100, which
is much higher than the values reported previously for a single
electrode”® and an ultrathin-layer cell.'® This difference can be
attributed to a large migration effect due to a nanoscale value of
h and ion enrichment in the nanopore geometry. At small h, the
electric field established between the positively charged ring
and negatively charged disk electrodes speeds transport of
Ru(NH,)*" ions to the disk electrodes. The same electric field
obviously impedes Ru(NH,)s** ions moving toward the ring
electrodes, but to a smaller degree. Clearly, the mass transport
of ions to the disk electrodes is the crucial limiting factor for the
redox cycling reaction on the array. This observation is
supported by the smaller collection efliciency obtained on
disk electrodes than on ring electrodes demonstrated
previously® and reproduced here, viz. Table S1. Another key
factor contributing to a larger AF, 4 obtained at lower Cj is the
accumulation of Ru(NH;)¢**/*" ions in the nanopores, as
indicated by increasing I, with the scan number in CV
measurement of 1 uM Ru(NHj;),** solution in the absence of
SE, viz. Figure 4. This phenomenon occurs only in the absence
of SE and is more prominent at low C, (see SI), thus leading to
a higher AF,4 at lower C,,.

The combination of an AF,q & 100 and AFpc =~ 20 gives a
total amplification AF,; = 2000, compared to measurements
on a single electrode of the same total area in the presence of
SE. We note that the migration effect, ion enrichment, and their
resulting AF 4 rely strongly on the charge of the ionic species,
which has been demonstrated previously.”®'* Indeed, AF,4 is
much smaller for measurement of neutral ferrocenemethanol
compared to Ru(NH,;)s** on the RRDE array (data not
shown). In future applications, this charge dependence of AF 4
could be used to improve the selectivity of voltammetric
measurements to distinguish between species in different
charge states.

In conclusion, we have demonstrated that ion enrichment
and the ion migration contribution to mass transport in a
nanoscale RRDE array are enhanced in the absence of SE,
resulting in a current amplification as large as 2000-fold. Three
distinct regions were observed in the dependence of I, on
analyte concentration in the absence of SE, these being largely
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Figure 4. Repeated cyclic voltammograms of 1 yM Ru(NH;)¢**
scanned at the disk electrodes of an RRDE array, with ring electrodes
at 0.1 V, in the absence of SE: ring current (solid) and disk current
(dashed). (Inset) Variation of limiting current with the scan number:
ring current (black) and disk current (red).

determined by the dimensionless factor xh, which dictates the
degree of overlap between the electric double layers of the
nanopores and that of adjacent electrodes and thus the degree
to which ion enrichment and ion migration enhance current.
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Discussion of the experimental setup, collection efficiency and
current amplification of the array, variation of limiting ring
current with scan number, and finite element calculations. This
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