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Ion selective redox cycling in zero-dimensional
nanopore electrode arrays at low ionic strength†

Kaiyu Fu, a Donghoon Han, b Chaoxiong Maa and Paul W. Bohn *a,b

Surface charge characteristics and the electrical double layer (EDL) effect govern the transport of ions

into and out of nanopores, producing a permselective concentration polarization, which dominates the

electrochemical response of nanoelectrodes in solutions of low ionic strength. In this study, highly

ordered, zero-dimensional nanopore electrode arrays (NEAs), with each nanopore presenting a pair of

recessed electrodes, were fabricated to couple EDL effects with redox cycling, thereby achieving electro-

chemical detection with improved sensitivity and selectivity. These NEAs exhibit current amplification as

high as 55-fold due to the redox cycling effect, which can be further increased by ∼500-fold upon the

removal of the supporting electrolyte. The effect of nanopore geometry, which is a key factor determining

the magnitude of the EDL effect, is fully characterized, as is the effect of the magnitude and sign of the

charge of the redox-active species. The observed changes in limiting current with the concentration of

the supporting electrolyte confirm the accumulation of cations and repulsion of anions in NEAs present-

ing negative surface charge. Exploiting this principle, dopamine was selectively determined in the pres-

ence of a 3000-fold excess of ascorbic acid within the NEA.

Introduction

Molecular transport and reactions within structures with nano-
meter size confinement can improve electrochemical analyses
yielding enhanced sensitivity in a miniaturized platform.1–3

Recently, the rapid development of nanofabrication techniques
has enabled the design and construction of advanced nano-
structures which can exploit the transport of charged mole-
cules under nanoscale confinement and with nanometer-scale
control of the electric field.4,5 For example, the integration of
electrodes with nanostructures allows electrochemical
measurements to be conducted on small length and volume
scales with enhanced mass transport, negligible iR drop, and
small charging currents, thus enabling fast scan rates.6–8

Among the universe of nanoelectrode architectures, nano-
pore-based electrodes are especially interesting, because they
mimic biological nanopores embedded in cell membranes,
and because they can effectively utilize the special properties
of ion transport near charged surfaces and molecular inter-
actions within ultrasmall volumes.9–11 Glass nanopore electro-
des12,13 and solid-state nanopores,14,15 for example, have been

used to observe chemical and biochemical processes, e.g. DNA
translocation16,17 and protein adsorption/desorption,18,19 with
single molecule sensitivity. Synthetic nanopores not only
approach the small size of biological nanopores but also
exhibit multiple functionality, for example after chemical
modification,20,21 thus allowing in situ observation by fluo-
rescence microscopy22,23 and electrochemical imaging.24,25

One unique characteristic of nanopore electrodes is that mole-
cules can be trapped in the nanostructure and their transport
and reactivity can be controlled by the strong intrinsic electric
field inside the pore.26,27 These principles can be used to sim-
plify and enhance electrochemical analysis and enable the
integration of nanoscale lab-on-a-chip devices.28–30 However, it
is crucial that mass transport in these confined nanostructures
be well-understood in order to realize miniaturized high sensi-
tivity electrochemical sensing platforms.

The surface charge of nanopores and nanochannels has
been shown to be a key governing factor controlling the trans-
port of ionic species.31,32 It has been widely observed that
counterions are accumulated, while co-ions are repelled, in a
manner determined by the charge density of the nanopore
surface, the ionic strength in the solution (as measured
through the Debye length, κ), and the pore/channel size, d.33,34

The surface charge can thus be used to manipulate ion distri-
butions and improve the ion selectivity in nanochannels.35,36

It has also been found that the surface charge can significantly
alter electrochemical behavior at nanopore electrodes by con-
trolling mass transport.13,37 The exterior and interior surfaces
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of nanopores can be chemically modified to produce the
desired charge, which then enables the pore to serve as an ion
gate to modulate the transport of redox molecules by adjusting
the solution pH. Recently, White and coworkers demonstrated
this idea in a nanogap electrochemical cell by investigating the
transport of redox molecules in solutions with low electrolyte
concentrations by measurements and simulations of the con-
centration distribution and voltammetric behavior within the
nanochannel.38,39

While electrical double layer (EDL) effects alone at nano-
electrodes lead to increases in faradaic currents, we have pre-
viously demonstrated that combining EDL effects with redox
cycling at nanopore electrode arrays (NEAs) can produce an
additional current amplification as large as ∼100-fold.40,41 Ion
accumulation in negatively charged NEAs is the dominant con-
tribution to this significant current amplification. Herein, we
explore EDL effects in zero-dimensional recessed ring-disk
electrode NEAs, viz. Fig. 1(A), for selective electrochemical
detection, focusing in particular on how the geometry of the
nanopore and the charge of the species combine to determine
accumulation or repulsion of redox species in nanopores. The
dependence of the EDL effect on the NEA geometry is investi-
gated by varying the nanopore size and the depth to which the
electrode is recessed in the nanopores using Ru(NH3)6

3+ as a
model analyte. Smaller nanopores and thicker SiO2 spacer
layers lead to a stronger EDL effect, which facilitates ion
accumulation. The voltammetry of four representative analytes
with different redox-variable charge states is evaluated on the

NEAs at different ionic strengths. The results confirm the
screening of anions and accumulation of cations. Exploiting
this concept, the selectivity for electrochemical determination
of dopamine (DA) in the presence of a negatively charged inter-
ferent, ascorbic acid (AA), was determined to be ∼3000 fold.

Experimental section
Chemicals and materials

Hexaammineruthenium(III) chloride ([Ru(NH3)6]Cl3), ferroce-
nium hexafluorophosphate (FcPF6), potassium hexacyano-
ruthenate(II) hydrate (K4[(Ru(CN)6)]), sodium anthraquinone-2-
sulfonate (AQMS), dopamine (DA), ascorbic acid (AA), and pot-
assium chloride (KCl) were obtained from Sigma-Aldrich and
used as received. Deionized (DI) water (18 MΩ cm) purified
using a Millipore Milli-Q system was used to prepare all
aqueous solutions for electrochemical measurements.

Device fabrication

NEAs with a recessed ring-disk geometry were fabricated using
a combination of photolithography, layer-by-layer metal depo-
sition, nanosphere lithography (NSL), and reactive ion etching,
similar to previously reported procedures.42 The macroscale
layout of the device is shown in Fig. 1(B). The nanopore elec-
trode arrays (150 μm × 150 μm) are defined at the intersection
of top and bottom electrode layers. Plane view and cross-sec-
tional SEM images of the nanopore electrode arrays are given
in Fig. 1(C) and (D), respectively. Here the thickness of the
layers from top to bottom are 100–500 nm (SiO2), 100 nm (Au),
60 nm (SiNx) and 100 nm (Au). The spacing and diameter of
the nanopores were controlled by varying the size of poly-
styrene nanospheres used in NSL and the exposure time to O2

plasma etching, respectively.42 The SiO2 thickness was con-
trolled by the time of plasma-enhanced chemical vapor depo-
sition (PECVD).

Modeling and calculations

The voltammetric response of Ru(NH3)6
3/2+ and Ru(CN)6

4/3−

redox cycling in NEAs was modeled using finite element simu-
lation software (COMSOL Multiphysics 5.2). Briefly, the mass
transport was described by the Nernst–Planck equation,

@Ci

@t
¼ ∇ �Di ∇Ci þ ziF

RT
Ci∇Φ

� �
ð1Þ

where F is the Faraday’s constant, R is the gas constant, T =
298.15 K is the absolute temperature, Φ is the electric poten-
tial, and Di, Ci and zi are the diffusion coefficient, concen-
tration, and charge of the species i (Ru(NH3)6

3/2+, Ru(CN)6
4/3−,

K+, Cl−).
Poisson’s equation was used to calculate the electric

potential

∇ 2Φ ¼ ρ

ε0εR
ð2Þ

Fig. 1 (A) Schematic diagram showing the layout of nanopore electrode
arrays (NEAs), with each nanopore containing a recessed ring-disk elec-
trode pair in the vertical direction (inset). (B) Photo of an electro-
chemical chip holding 8 pairs of dual-electrode sensor arrays. (C) Plane
view and (D) side view SEM images of NEAs. The white, black and grey
layers in (D) indicate gold, SiNx, and SiO2, respectively.
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where ε0 and εR are the permittivity of space and the dielectric
constant of the medium, respectively. The space charge
density, ρ, in eqn (2) is determined by the concentration of
charged species in the solution via,

ρ ¼ F
X
i

ziCi ð3Þ

Combining eqn (1)–(3) produces the Poisson–Nernst–
Planck equations, which govern molecular transport and elec-
tric field strength in the NEA geometry.

A model NEA of 10 nanopores was simulated in a 2D geo-
metry, consisting of recessed disk electrodes, a 60 nm thick
insulating layer, a 100 nm thick ring electrode layer, and a top
insulator layer of variable thickness. The pore size and pore
spacing used in the simulations were 250 nm and 300 nm,
respectively. The domain above the pores was drawn
sufficiently large (w = 1000 μm, h = 1000 μm) to avoid inter-
ference from boundaries, and the mesh was refined both
within the nanopores and in the region just above the pores to
provide sufficient resolution. Details of the computational
methods used in the simulations can be found in the ESI.†

Characterization

Scanning electron microscopy (SEM) images were obtained by
using a FEI-Helios Dual Beam FIB at an accelerating voltage of
5 kV. Prior to SEM imaging, all samples were sputter-coated
with 2.5 nm iridium to avoid surface charging. Cyclic voltam-
metry (CV) was performed on a CHI bipotentiostat (CH
Instruments, Model 842C). The top and bottom electrodes of
the NEAs were operated as first and second working electrodes,
respectively. All potentials are reported vs. Ag/AgCl at 300 K,
unless noted otherwise. During electrochemical measure-
ments, the Pt wire counter and Ag/AgCl reference electrodes
were immersed in a 200 μL solution inside a PDMS reservoir.
In all CV measurements, the top electrodes were either held at
a constant potential (GC mode) or disconnected (non-GC
mode), while the potential of the bottom electrode in the array
was scanned at 100 mV s−1.

Results and discussion
NEA fabrication and redox cycling behavior

The nanopore electrode arrays (NEAs) with a recessed ring-disk
dual electrode structure are shown schematically in Fig. 1(A).
The NEAs were fabricated using previously reported pro-
cedures,42 such that each device consisted of 8 pairs of indivi-
dually addressable dual-electrode NEAs as shown in Fig. 1(B).
Each of the 8 arrays measured 150 μm × 150 μm with pore den-
sities ranging from 10 pores per μm2 to 0.04 pores per μm2.
Fig. 1(C) shows a plane view SEM image of a typical NEA. In
the arrays, each nanopore housed a 100 nm Au top ring elec-
trode separated by a 60 nm insulating SiNx layer from the
bottom Au disk electrode, as shown in the SEM cross section
image in Fig. 1(D).

Cyclic voltammetry (CV) was conducted on the NEAs to test
the efficiency of redox cycling using the bottom disk as the
generator electrode and the top ring as the collector. Fig. 2(A)
shows the CV of 1 mM Ru(NH3)6

3+ in 0.1 M aqueous KCl on
NEAs with a pore size (Dp) of ∼250 nm and a pore spacing (Sp)
of 300 nm. In these experiments the bottom electrode was
swept from −0.4 V to 0.1 V, while the top electrode was held at
+0.1 V (GC mode) or allowed to float (non-GC mode). The lim-
iting currents (iL) obtained from the GC mode and non-GC
mode were 1.49 μA and 27 nA, respectively, yielding an amplifi-
cation factor from redox cycling, AFRC = 55. The collection
efficiency, determined by the ratio of the collector (top), iC, to
generator (bottom), iG, current, was ≥99%. The high collection
efficiency and strong resulting current amplification can be
attributed to the architecture of the NEAs. First, the generator
is surrounded by a collector electrode ∼60 nm away within a
small diameter nanopore, meaning that reaction products
from the bottom electrode can be efficiently captured by the

Fig. 2 (A) Cyclic voltammograms of 1 mM Ru(NH3)6
3+ on the NEAs

obtained by sweeping the bottom electrode while holding the top elec-
trode at 0.1 V either with (blue) or without (red) 0.1 M KCl, or floating
the top electrode in 0.1 M KCl (black). Top electrode (solid) and bottom
electrode currents (dashed) displayed. (Inset) Magnified CV obtained
with the top electrode floating. (B) Experimental (solid) and simulated
(open) limiting currents obtained in GC-mode for different concen-
trations of Ru(NH3)6

3+ with 0.1 M KCl (blue) or without KCl (red).
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ring electrodes before diffusing into the bulk. In addition, the
small inter-electrode distance allows rapid transport of redox
species between the two electrodes.

Furthermore, iL obtained on the NEAs in the absence of the
supporting electrolyte (red curve in Fig. 2(A)) shows a ∼70%
increase relative to that obtained in 0.1 M KCl. Both ion
accumulation and migration inside NEAs have been shown to
contribute to this additional current amplification.40 At
sufficiently low ionic strength, the thickness of the EDL is
comparable to the nanopore in size, resulting in EDL overlap.
At sufficiently low ionic strength, the surface charge of the
nanopores cannot be completely screened by the counter-ions
resulting in a strong coupling to the transport of the charged
redox species. In the absence of the supporting electrolyte, the
EDL effect depends entirely on the analyte concentration
which determines the ionic strength and the resulting Debye
length. Of course, the Debye length and the EDL are also influ-
enced by the surface charge density inside the nanopores, but
the commonly employed methods to control surface charge,
e.g. pH control by a buffer system, are precluded by the need
to keep the ionic strength low.

Limiting currents obtained with varying concentrations of
Ru(NH3)6

3+ in the presence (iSE) and absence (iASE) of the sup-
porting electrolyte (SE) are given in Fig. 2(B). Consistent with
theory, in 0.1 M KCl iSE depends linearly on the analyte con-
centration over the entire concentration range, 100 nM to
10 mM. However, while iASE agrees well with iSE at high,
>1 mM, analyte concentration, significant differences are
observed below 1 mM, an effect which can be attributed to the
increasing EDL overlap as the concentration is lowered. At the
lowest concentration (lowest ionic strength), 0.1 μM, iASE is
∼500 fold larger than iSE. Accumulation of cationic Ru(NH3)6

3+

in the permselective nanopores is the major contribution to
this additional current amplification with unscreened ion
migration also playing a smaller role.41 Simulated limiting cur-
rents from NEAs of 10 nanopores were calculated and scaled
by the ratio of experimental to simulated pores = 22 500 for
comparison with experimental iL values. As shown in Fig. 2(B),
the simulated limiting currents from Ru(NH3)6

3+ in the pres-
ence of KCl (blue, open symbols) agree very well with the
experimental data (blue, solid symbols). In the absence of KCl,
the simulated limiting currents (red, open symbols) also repro-
duce the experimentally observed deviation from linearity with
a concentration of Ru(NH3)6

3+.

Effect of NEA geometry on ion transport

Conductance experiments in nanochannels and nanopores
have shown that the EDL effect and resulting ion accumulation
or screening depend on the size of the channel.35,36 The
dependence of the EDL effect on voltammetry in the NEA geo-
metry was investigated using Ru(NH3)6

3+ in the absence of SE.
Fig. 3(A) shows the normalized iL obtained at varying concen-
trations of Ru(NH3)6

3+ in the absence of SE obtained on the
NEAs with three different pore diameters. Similar to the
results in Fig. 2, iL changes linearly with the concentration of
Ru(NH3)6

3+ at high concentrations (>1 mM) independent of

Dp. Deviations from linearity are observed below 1 mM for all
three Dp values, with the largest non-linearities being observed
for the smallest Dp values, as expected based on the ion
accumulation effect. The strong dependence on the pore dia-
meter arises, because the surface charge to pore volume ratio
is larger for smaller pores. Accordingly, ion accumulation and
the EDL effect increase with decreasing pore size.
Consequently, Fig. 3(A) shows that the NEAs with a Dp of
300 nm produce a ∼10-fold larger iL than NEAs with a Dp of
5 μm, consistent with the behavior of ion transport in
nanochannels.35

To further elucidate the effect of nanopore geometry on ion
accumulation, the distance by which the ring-disk electrode
pair was recessed from the bulk solution was investigated by
varying the thickness (Tp) of the top SiO2 layer and conducting
the voltammetry of Ru(NH3)6

3+ in the absence of SE. As shown
in Fig. 3(B), stronger EDL effects and larger iL values are
observed in NEAs with larger Tp values. The magnitude of iL
increases almost 10-fold as Tp changes from 100 nm to
500 nm at concentrations ≤1 μM Ru(NH3)6

3+. However, in the
high concentration range, iL for NEAs with Tp = 500 nm was
slightly smaller than for those with Tp values of 300 nm and

Fig. 3 Normalized limiting current as a function of concentration of
Ru(NH3)6

3+ in the absence of KCl obtained from NEAs with different
pore sizes, Dp, (A), and top SiO2 spacer layer thickness, Tp (B).

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 5164–5171 | 5167



100 nm. This is likely due to the conical shape of the nano-
pores, i.e. the effective electrode area of NEAs with a Tp of
500 nm is smaller than NEAs with smaller Tp values, resulting
in a smaller current.

Effect of analyte charge

To further characterize the role of the negatively charged
surface in ion transport, reversible redox species of different
charge states were investigated on the NEAs at varying ionic
strengths. The CVs of Ru(NH3)6

3+, ferrocenium (Fc+), anthra-

quinone-2-sulfonate (AQMS−), and Ru(CN)6
4− are given in

Fig. 4. The half wave potentials (E1/2) of these redox species are
also listed in Table S1.† In all measurements, the top electrode
was fixed at the oxidation (reduction) potential of the reduced
(oxidized) member of the redox pair, while the bottom elec-
trode was swept at 100 mV s−1. Under these experimental con-
ditions (pH 7), the charges of the redox species and their
corresponding electrochemical reactions are

RuðNH3Þ63þ þ e� ! RuðNH3Þ62þ ð4Þ

Fcþ þ e� ! Fc ð5Þ

RuðCNÞ64� � e� ! RuðCNÞ63� ð6Þ

AQMS� � e� ! AQMS ð7Þ
Fig. 5 shows the limiting currents of the CVs of these redox

pairs as a function of SE concentration in the range [KCl] =
1 μM to 1 M. Fig. 5(A) shows that iL of Ru(NH3)6

3+ at 10 μM
and 100 μM increases with decreasing SE concentration.
Comparison of iASE to iSE indicates ∼9- and ∼27-fold current
increases for Ru(NH3)6

3+ at 100 μM and 10 μM, respectively.
This result is consistent with the data in Fig. 2 and previous
observations,41 since the ionic strength at 10 μM Ru(NH3)6

3+ is
smaller than that of 100 μM Ru(NH3)6

3+ in the absence of SE.
The simulations (blue, open symbols) reproduce the trend that
positive analytes produce a larger current signal with decreas-
ing ionic strength. A similar trend is observed for Fc+/Fc with
changing ionic strength, indicating 5- and 6-fold current
increases respectively at 100 μM and 10 μM, in the absence of
SE, Fig. 5(B). The smaller current enhancement in the Fc+/Fc

Fig. 4 Cyclic voltammograms on NEAs for the four redox systems used
in this work with a sweep rate of 100 mV s−1. Current was normalized to
the steady-state current.

Fig. 5 Experimental (solid) and simulated (open) limiting currents obtained from four redox pairs at two different redox species concentrations (red,
100 μM and blue, 10 μM) as a function of KCl concentration. The redox systems used were (A) Ru(NH3)6

3+, (B) Fc+, (C) Ru(CN)6
4−, and (D) AQMS.
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system at low ionic strength, relative to Ru(NH3)6
2/3+ likely

reflects the fact that Fc+, but not Fc is accumulated in the
negatively charged nanopores, confirming the key role of
charge interactions in the ion accumulation effect.

The dependence of the ion accumulation effect on the
negatively charged surface was further confirmed by conduct-
ing the CVs of anions, Ru(CN)6

4−, Fig. 5(C), and AQMS−, Fig. 5(D).
In contrast to the behavior of the positively charged redox
pairs, the iL values of both ions decrease with decreasing SE
concentration, which is expected, since these anionic reactants
are repelled by the negatively charged nanopore surface. These
results are also consistent with ion screening effects observed
in nanochannels and in nanopore-confined electrodes.13

Again, the magnitude of the ionic charge of the redox couples
plays an important role in the ion screening effect, as evi-
denced by the larger decrease of iL for Ru(CN)6

4−/3− than for
AQMS0/− upon the removal of SE. The iL of 10 μM Ru(CN)6

4−/3−

decreases more than 100-fold with decreasing SE concen-
tration, while the decrease is only 2.8-fold for AQMS0/−.

These results strongly indicate a dominant role for ion
permselectivity in determining the electrochemical behavior of
nanopore-confined recessed ring-disk electrode pairs. Despite
the fact that ion migration effects, impurities in the redox
system, and variation of the nanopore surface charge density
due to adsorption may confound the observed iL values, the
results in Fig. 5 reflect both distinct EDL effects and strong
charge dependence of the voltammetry of anionic and cationic
redox pairs when measured in NEAs.

Selectivity of NEAs

The above results demonstrate the capacity of NEAs to respond
differentially to ions of different charge. In order to test
whether this property of NEAs can be used for selective detec-
tion of redox species based on their charges, dopamine, DA,
and ascorbic acid, AA, were used as model species. DA (pKa =
8.86) and AA (pKa = 4.17) are dominantly positively and nega-
tively charged, respectively, at pH 7, and thus would be
expected to exhibit different EDL effects on the NEAs. As
expected, Fig. 6(A) shows that iL of DA increases with decreas-
ing KCl concentration, exhibiting a 3.7-fold larger current in
the absence of SE than at the highest KCl concentration. This
value is smaller than that obtained for Ru(NH3)6

2/3+, which is
consistent with the smaller charge of the DA redox couple. In
addition, ion accumulation effects might also be reduced at
very low KCl concentrations due to adsorption of DA.43

The resulting iL values of DA and AA as a function of KCl
concentration are given in Fig. 6(B). In contrast to the behavior
of DA with decreasing ionic strength, the iL of AA drops as the
KCl concentration decreases, which can be attributed to the
screening effect of the negative nanopore surface on the AA
anion at pH 7. Also, the iL obtained for AA is much smaller
than DA at 1 M KCl. This is attributed to the irreversibility of
the AA which precludes the redox cycling effect and current
amplification.44 Taking the concentration of the two redox
species into account, the selectivity of DA versus AA is roughly
200-fold at 1 M KCl. This selectivity is further amplified by the

EDL effect with decreasing KCl concentration, reaching
3000-fold at 1 μM KCl. These results confirm that ion screen-
ing effects on NEAs may be employed to differentiate analytes
based on their charge, demonstrating that electrochemical
selectivity can be enhanced significantly when coupling EDL
effects with redox cycling of the target analyte, and further
establishing NEAs as a promising platform for electrochemical
sensing.

Conclusion

In summary, the combination of electrochemical redox cycling
and surface charge-dominated ion accumulation within NEAs
produces a large ion selectivity for differently charged redox
species at low ionic strength. The NEAs used here consist of
stacked metal–insulator–metal electrode structures with well-
controlled nanopore size and spacing. In these structures
current signals are amplified by redox cycling between the
recessed ring-disk electrode pairs, and the current can be

Fig. 6 (A) Cyclic voltammograms of 100 μM DA with different concen-
trations of KCl, including 1 μM (red), 1 mM (blue) and 1 M (black). Top
(ring) electrode current (solid) and bottom (disk) electrode current
(dashed). (B) Limiting currents obtained from 100 μM DA (red) and
1500 μM AA (blue) as a function of KCl SE concentration.
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further enhanced by decreasing the concentration of the sup-
porting electrolyte, or operating without any supporting elec-
trolyte at all. This additional signal enhancement in the
absence of SE is attributed to ion accumulation (permselectiv-
ity) effects within the nanopores of the NEAs. The geometric
parameters of NEAs, e.g. pore size and spacing as well as
recess depth of the electrode pairs, were carefully tuned to
investigate the dependence of ion transport on the nanopore
geometry. We found that smaller and more recessed nano-
pores capture cationic redox species like Ru(NH3)6

3+ more
efficiently, resulting in higher limiting currents. Redox pairs
with charges of different magnitudes and signs show comple-
tely different responses upon decreasing the SE concentration
– NEAs tend to screen negatively charged species and trap posi-
tively charged redox pairs. Finally, the strong ion accumulation
effect observed in these NEAs was used in a proof-of-concept
to improve the detection selectivity of the neurotransmitter
dopamine in the presence of a predominant electrochemical
interference from ascorbic acid. The combination of redox
cycling and ion accumulation in this system contributes to a
∼3000 fold ion selectivity for detection of dopamine.
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