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Redox feedback mechanisms can be exploited in
electroanalytical detection right to the limit of single molecules
being observed. The process relies on anode and cathode
being placed extremely close together to minimize diffusion
time. In addition to the more complex and expensive
nanofabrication tools, there are attempts of “benchtop”
micro-gap and nano-gap fabrication to exploit deposition and
etch reactions in the assembly. An overview is given
summarizing recent methodology development and emerging
applications in electroanalysis. One important implication of a
very close anode-to-cathode distance is migration of ions in a
strong electric field when no electrolyte is used, leading to ion
accumulation and a change in signal amplification. Phenomena
of this type and geometry/functional implications are
considered.
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Introduction

Confining electroanalytical detection to the small vol-
ume of a micro- or nano-channel cavity leads to many
advantages compared to conventional macroscopic sens-
ing methods: smallest sample volumes can be handled,
and sensing elements can be integrated in microfluidic
lab-on-a-chip analytical platforms. Importantly, minia-
turized electrochemical transducers can be extremely
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sensitive when 7wo individually addressable electrodes
are integrated (see Figure 1). By biasing these two elec-
trodes at the respective oxidation and reduction poten-
tials of a reversible electrochemically active analyte (or
indeed at oxidation and reduction potentials that lead to
redox cycling even for chemically irreversible reactions),
this species can undergo repeated oxidation and reduc-
tion reactions. This method leads to a great amplifica-
tion of the Faradaic current contributed by each analyte
molecule. The current is limited by the time 7 of analyte
diffusion in between the two electrodes 7= 4%/2D (D: dif-
fusion coefficient). This time and the detected current
scale (inversely) quadratically with the inter-electrode
distance /; thus, reducing the inter-electrode distance to
the nano-scale may lead to a several thousand-fold in-
crease in signal.

This amplification principle has been utilized in thin-
layer cell electrochemistry more than fifty years ago [1];
more recently, the application of micro-structuring tech-
nology [2] for the fabrication of electrochemical trans-
ducers has led to the first nano-gap thin-layer cell in
2007 [3°]. In addition to current amplification by redox
cycling, micro- and nano-cavity dual-electrode devices
share the characteristic of a geometric confinement of analyte
molecules, i.e., they are “trapped” in between the elec-
trodes at least for a short period of time as opposed to the
case of “open” interdigitated [4] electrode configurations.
The research in nano-gap electrochemical devices was
originally motivated by increasing the sensitivity toward
all-electrical detection of single molecules [5,6]; these de-
vices also enabled stochastic mesoscopic sensing due to
small numbers of confined molecules [7], and they have
been used for biosensing [8,9] and orthogonal sensing in
combination with optical microscopy [10]. All of these de-
velopments have all been reviewed recently [11-20].

"The fabrication of electrochemical transducers with inter-
electrode distances in the nano- and low micro-meter
range typically requires complex lithographical fabri-
cation techniques [2,21] in the cleanroom. However,
recently several different fabrication techniques have
emerged, enabling often a much more straightforward
manufacturing approach. Also, typical redox cycling ex-
periments were conducted under the condition of a high
concentration of background electrolyte to avoid the com-
plex influence of a Debye double layer at a length scale
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Figure 1
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Schematic of a dual-electrode configuration for efficient redox cycling
of reversible electrochemically active molecules. Analytes (such as
ferrocene) in solution are repeatedly oxidized and reduced as they
diffuse in a space confined by two electrodes separated by a distance h
of tens of nanometers up to several micrometers. The high rate of
electron transfer reactions leads to a highly amplified Faradaic current
of each analyte molecule.

similar to inter-electrode distances. Recently though, mi-
gration in an electrical field in combination with electron-
transfer reactions was explored in electrolyte-free envi-
ronment. In this opinion article, we review these two as-
pects of nano-/micro-scale electrochemical transducers:
novel fabrication techniques, and electrical migration ef-
fects in miniaturized dual-electrode configurations.

Fabrication technologies for
nano-/micro-scale dual-electrode
transducers

Although nanofabrication tools are powerful and ad-
vanced (see lithography techniques employed in the
CMOS chip industry) there are opportunities for lost cost
fabrication tools including 3D- and inkjet printing and
electrodeposition. Microfabrication has been successfully
applied for nano-channel devices [3°] and for large arrays
of recessed dual-ring electrodes [22]. The latter approach
has also successfully been coupled to single molecule
photo-electrochemistry by inserting the transparent array
into a spectrometer [10]. These are exceptional achieve-
ments and pionecering attempts to explore stochastic in-
formation obtained from single molecule events. How-
ever, for the detection of single molecule information the
sample volume needs to be small and therefore the con-
centration of analyte relatively high. In order for redox cy-
cling to be useful in amplification of ensemble electroana-
lytical signals a larger sample volume needs to be probed,
which suggests the use of large arrays or dual-plate de-
vices with a relatively large area.

Attempts to develop electrodeposition processes to grow
dual-electrode sensors (by connection or disconnection

methods [23]) were hampered by the awkward electrode
geometries generated under these conditions. Much im-
proved current amplification effects were found when de-
veloping dual-plate electrode sensors [24°°,25].

Figure 2 shows the fabrication principle with two gold
plated glass slides being pressed together and sealed with
an epoxy layer. After slicing off the end and back-etching
with Piranha solution, a microtrench is exposed. The
inter-electrode gap can be between 1 to 50 pm and the
depth of the trench (etching time-dependent) has a sig-
nificant effect on enhancing the amplified currents. De-
vices have been produced for gold—gold [27], platinum—
platinum [28], and boron-doped diamond-boron-doped
diamond configurations [29]. The depth of the mi-
crotrench has an interesting effect on the redox processes.
Due to one side of the microtrench being open and ex-
posed to the solution phase oxygen can diffuse in. But
the oxygen levels deplete within the microtrench (due to
consumption at the electrode surface) and within a depth
about 3-5 times the inter-electrode spacing oxygen can be
considered depleted and the conditions become anoxic
[30]. Accordingly, the chemistry of redox cycling changes
locally. In particular, for the case of voltammetric detec-
tion of HS™ it can be observed that depletion of oxygen
changes the redox cycle chemistry and the current re-
sponse.

New types of templates have emerged for example based
on nano-sphere aggregates [31], and these can be em-
ployed also in controlling the gap between two flat elec-
trode surfaces (dual-plate). Park ez /. [24°°] have shown
that silica beads can be used as spacer components to
separate two flat electrodes by a very well defined gap.
Figure 3 shows the assembly principles and typical scan-
ning electron micrographs.

A very powerful emerging fabrication tool for electro-
chemical devices is 3D- and inkjet printing [18,32°°,33].
In order to harness inkjet printing in the development
of generator—collector clectrode assemblies Adly ez al.
[32°°] suggested a five-step strategy (Figure 4). Initially,
the gold and carbon contacts are generated. Then a pas-
sive layer leaves gold exposed. A polystyrene (PS) beads
layer defines the nano-gap, and a carbon electrode is
printed on top. The assembly is open through a porous
carbon electrode to the outside electrolyte solution. When
scanning the potential of the carbon electrode and fixing
the underlying gold electrode, well-defined generator—
collector current responses are obtained, for example
for a 0.5 mM ferrocenedimethanol solution (Figure 4D).
A similar concept has recently also been developed based
on platinum leaf electrodes with sufficient micron-sized
porosity to allow electrolyte through a track-etch mem-
brane spacer [34]. A sandwich Pt-membrane-Pt was
sealed into polymer with one of the Pt leaf electrode open
to the electrolyte solution.
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Figure 2
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(A) Schematic drawing of a dual-electrode assembly resulting in two gold electrodes with epoxy separator. (B) Piranha etch solution allows a trench to
be exposed for electrochemistry. (C) Qil filling the trench allows redox cycling experiments at the oil|water interface. (D) A typical scanning electron
micrograph and photographic image of the gold-gold dual-plate microtrench electrode. Copyright 2013 Wiley. Used with permission from Ref. [26].

Figure 3
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Schematic drawing of the assembly process (A-E) of bead-separated dual-plate electrode systems. Below: schematic drawing indicating the redox
cycling process and scanning electron micrographs showing beads as separators. Reprinted from Ref. [24°®], Copyright (2016), with permission from
Elsevier.
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Figure 4

Bottom electrode
Substrate
Silver Gold
B / S 1|
—
Substrate —
|
* Passivation
Carbon

N
-

v

Beads _l
A e

Carbon

(top electrode)

o R =i

| Carbon |

A
R 2

Substrate
e ﬁ; e

400
200

-200

Current [nA]
o

-400

-600

0.0 0.2 0.4 0.6 0.8

Potential [V]

(A) Schematic drawing of an inkjet printed nano-gap electrode. (B) Assembly schematic. (C) Scanning electron micrograph of the nano-gap electrode
in cross-sectional view. (D) Voltammetric response (scan rate) for aqueous 0.5 mM ferrocenedimethanol showing carbon electrode (black; scanning

potential) and gold electrode (red; fixed potential) currents. Reproduced from Ref. [32
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Published by the Royal Society of Chemistry.

Migration effects for nano-/micro-scale
dual-electrode transducers at low electrolyte
concentration

Most measurements and experiments employing micro-
fabricated dual-clectrode devices were conducted under
the condition of a high concentration of background elec-
trolyte. This condition was chosen to characterize the de-
vices without the complex influx of an electric field and
migration of ions, and — in the case of nano-channel de-
vices — to prevent a feared mechanical collapse of the gap
between the opposing electrodes due to electrostatic at-
traction. In such a geometry, a typical potential difference
of 0.5 V across a 100 nm distance corresponds to a strong
electric field of £ =5 MV/m.

For several reasons migration at electrolyte-free condi-
tions is an exciting topic to explore: 1) microfabricated
inter-electrode distances approach the Debye length of
the electrical double layer; therefore, nano-gap trans-
ducers can be an ideal system to study ion transport
close to charged surfaces. 2) Electrical migration can lead
to a more efficient transport toward the electrode sur-
face, which increases the Faradaic current per molecule
[35] and, thus, leads to an increase in sensitivity which

is highly beneficial in single-molecule electroanalysis. 3)
Electrostatic effects can lead to an additional boost in cur-
rent amplification by accumulation of ions [36].

Migration takes place within the Debye length Ap of the
electrical double layer, which, at low electrolyte concen-
trations, can extend considerably into the nano-channel.
Ap is given as [37]

1)

Here ¢,¢¢ is the electric permittivity, #g the Boltzmann
constant, 7"the temperature, ¢~ the elementary charge, Va
the Avogadro constant, (; the concentration and z; the
charge number of ions 7. Therefore, a 100 mM concentra-
tion of monovalent electrolyte reduces the Debye length
to 1 nm at both electrode surfaces (negligibly small com-
pared to a 100 nm inter-electrode distance), but Ap in-
creases to 30 nm for a 100 pM monovalent electrolyte
or analyte concentration, spanning 60% of a 100 nm high
nano-channel. An expected increase in the Faradaic lim-
iting current can be directly estimated by comparing the
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Prototypical schemes of reactions and migration of ions in nano-gap transducers. A) Left: reduction (top) and oxidation (bottom) of an
electrochemically active molecule with z=0, 1 at a high electrolyte concentration. Right: electric potential U across the nano-channel. B)
Electrolyte-less condition of z=2, 3 leading to a current amplification due to migration (dashed arrows) of 3+ ions to the bottom electrode [42°°,44].
C) Electrolyte-less condition of z=1, 2 leading to a reduction in Faradaic current as 1+ ions are repelled and depleted at the bottom electrode [45°°].
D) Anticipated electrolyte-less condition of z= 41 leading to a strong current amplification as transport of both ions is aided by migration. The insets
sketch the change (blue — red) in cyclic voltammograms when removing the background electrolyte, recorded at a sweeping bottom electrode.

electrophoretic and diffusive travelling times of an ana-
lyte ion across the nano-gap. The mobility pe, approxi-
mated by [38] p. = Zj—DT, (¢: molecular charge), leads to a
migration velocity of a typical analyte ion such as oxidized
ferrocenedimethanol of e » £ ~ 10 cm/s, i.e., a migration
time of 1 ps across a 100 nm distance. This value com-
pares favorably to a longer diffusion time of (100 nm)?/2D
~ 10 ps.

The diffusional-migrational transport in an electrolyte-
less thin-layer cell was first modeled by Hyk and Stojek
39] and others [40,41]. In a first experimental study by
the Bohn group, Ma ez al. [42°°] demonstrated an increase
in redox cycling current of 50% for a Ru(NHj)s3 2+
analyte due to increased migration in a recessed ring-
disk electrode geometry (4 =150 nm). Ru(NH;)e3" trans-
port to electrodes is enhanced, while the transport of
Ru(NHj3)s?" is impeded, but to a smaller degree (sece
Figure 5B, Figure 5 compares different migrational ef-
fects). It was observed that the enhancement of the lim-
iting current increases with lower analyte concentrations
as the double layer starts to extend significantly. More-
over, an additional effect was observed: ions accumulate
in the nano-channel, i.e., positive (z = +3) analyte ions
move into the nano-channel to counterbalance negatively
charged electrode surfaces in order to maintain elec-
troneutrality [43]. Both effects together lead to a high en-
hancement factor of approximately 100 when comparing
the limiting current of redox cycling obtained in absence
and presence of supporting electrolyte.

Xiong et al. showed that cyclic voltammograms under
electrolyte-less conditions in nano-gap devices exhibit

cee

a more complex shape [45°°]: the limiting current of
FcTMA™/?* (in acetonitrile) decreases at lower electrolyte
concentrations as FCTMAT is repelled from the anode
and depleted (see Figure 5¢). Increasing the oxidation po-
tential beyond the onset of the diffusion-limited plateau
to higher overpotentials leads to a decrease in current as mi-
gration repels FCTMA™ stronger. A reduction of the limit-
ing current by migration was also suspected for redox cy-
cling in a nonpolar medium, in which very low electrolyte
dissociation can lead to a large Debye length even at a
high salt concentration [46].

In nano-pore electrode arrays, ring electrodes can lead to
ion permselectivity as all analytes passing into the pore
have to react at this ring electrode before passing on into
the pore which is closed by a bottom electrode [47]. In
combination with a small pore size, this effect can lead
to an enormous accumulation and current amplification.
Such accumulation has also been used for selective sens-
ing [48] and also occurs in nano-cavities with only a single
clectrode.

In addition to studies at lithographically fabricated elec-
trodes, experimental work at benchtop-fabricated elec-
trode systems has been reported under conditions of
no/low intentionally added electrolyte. Recent data has
been reported for dual-plate micro-gap electrodes indi-
cating that electrolyte effects remain small compared to
other types of effects [49]. In fact, the dual-plate elec-
trode configuration may be useful for electroanalysis un-
der conditions where supporting electrolyte levels fluctu-
ate. Another intriguing application has been suggested for
a dual-plate Au/Pt electrode system separated by 37 nm
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with porous silicon nitride filling. Due to the close prox-
imity of the electrodes effective water splitting (into H,
and O;) was possible in pure distilled water [50°].

Conclusion and outlook

Benchtop fabrication of electroanalytical sensor devices
with redox feedback amplification is possible down to
sub-micron dimensions and it offers a novel strategy to
suppress interference signals while amplifying signals
due to low concentration and/or for short-lived species.
Although some examples of redox amplification sensing
are now reported, there is likely to be a much wider range
of potential applications. Aspects of chemical reactivity
in nano-gaps will be very interesting to explore in more
detail. Chemical reactions that occur under high electric
field conditions are known for example at bipolar polymer
interfaces [51] and in bipolar electrochemistry in general
[52], and a wider variety of similar field-driven reactions
may be possible also under dual-plate nano-gap electro-
chemical conditions. Furthermore, the time scale for re-
actions coupled to diffusion from anode to cathode can
be extremely fast to allow new types of electro-organic
or synthetic dual-plate processes without adding support-
ing electrolyte. In all of these cases electric field and mi-
gration phenomena are important when high field gra-
dients are combined with resistive media and high cur-
rents. Electric field and migration effects can be detri-
mental to the overall device performance. In nano-gap
and micro-gap devices, however, field and migration ef-
fects may also be advantageous (diffusion-migration cur-
rents can be increased; double layer effects allow analyte
accumulation, conditions of high electric field can act cat-
alytically, etc.). When performing experimental work with
nano- and micro-gap devices it is advisable to always per-
form sets of experiments with a different concentration
and/or different type of electrolyte to avoid/identify these
effects.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o Paper of special interest
ee Paper of outstanding interest.

1. Anderson LB, Reilley CN: Thin-layer electrochemistry:
steady-state methods of studying rate processes. J.
Electroanal. Chem. 1959 1965, 10(4):295-305.

2. Rassaeil, Singh PS, Lemay SG: Lithography-based
nanoelectrochemistry. Anal. Chem. 2011, 83(11):3974-3980.

3. Zevenbergen MA, Krapf D, Zuiddam MR, Lemay SG: Mesoscopic

e concentration fluctuations in a fluidic nanocavity detected by
redox cycling. Nano Lett. 2007, 7(2):384-388.

First report on microfabricated nanogap transducers.

4. Dawson K, O’Riordan A: Electroanalysis at the nanoscale. Annu.
Rev. Anal. Chem. 2014, 7(1):163-181.

5. Zevenbergen MA, Singh PS, Goluch ED, Wolfrum BL, Lemay SG:
Stochastic sensing of single molecules in a nanofluidic
electrochemical device. Nano Lett 2011, 11(7):2881-2886.

6. Kang S, Nieuwenhuis AF, Mathwig K, Mampallil D,
Kostiuchenko ZA, Lemay SG: Single-molecule electrochemistry
in nanochannels: probing the time of first passage. Faraday
Discuss 2016, 193:41-50.

7. Zevenbergen MAG, Singh PS, Goluch ED, Wolfrum BL, Lemay SG:
Electrochemical correlation spectroscopy in nanofluidic
cavities. Anal. Chem. 2009, 81(19):8203-8212.

8. Wolfrum B, Zevenbergen M, Lemay S: Nanofluidic redox cycling
amplification for the selective detection of catechol. Anal.
Chem. 2008, 80(4):972-977.

9. Rassaei L, Mathwig K, Kang S, Heering HA, Lemay SG: Integrated
biodetection in a nanofluidic device. ACS Nano 2014,
8(8):8278-8284.

10. Han D, Crouch MG, Fu K, lll Zaino LPZ, Bohn PW:
Single-molecule spectroelectrochemical cross-correlation
during redox cycling in recessed dual ring electrode
zero-mode waveguides. Chem. Sci. 2017, 8(8):5345-5355.

11. Nadappuram BP: Nanofluidic devices for electroanalytical
applications. Nanofluidics 2016, 41:99.

12. Mathwig K, Aartsma TJ, Canters GW, Lemay SG: Nanoscale
methods for single-molecule electrochemistry. Annu. Rev. Anal.
Chem. 2014, 7(1):383-404.

13. Singh PS, Lemay SG: Stochastic processes in electrochemistry.
Anal Chem 2016, 88(10):5017-5027.

14. Krause KJ, Mathwig K, Wolfrum B, Lemay SG: Brownian motion
in electrochemical nanodevices. Eur. Phys. J. Spec. Top. 2014,
223(14):3165-3178.

15. Mathwig K, Albrecht T, Goluch ED, Rassaei L: Challenges of
biomolecular detection at the nanoscale: nanopores and
microelectrodes. Anal. Chem. 2015, 87(11):5470-5475.

16. Mathwig K, Chi Q, Lemay SG, Rassaei L: Handling and sensing
of single enzyme molecules: from fluorescence detection
towards nanoscale electrical measurements. ChemPhysChem
2016, 17(4):452-457.

17. Rinklin P, Mayer D, Wolfrum B: Electrochemical Nanocavity
Devices: Springer Series on Chemical Sensors and Biosensors
(Methods and Applications). Berlin, Heidelberg: Springer; 2017.

18. Wolfrum B, Katelhén E, Yakushenko A, Krause KJ, Adly N,
Hiske M, Rinklin P: Nanoscale electrochemical sensor arrays:
redox cycling amplification in dual-electrode systems. Acc.
Chem. Res. 2016, 49(9):2031-2040.

19. Kostiuchenko ZA, Glazer PJ, Mendes E, Lemay SG: Chemical
physics of electroactive materials-the oft-overlooked faces of
electrochemistry. Faraday Discuss 2017, 199:9-28.

20. Xu W, Zaino LP, Bohn PW: Electrochemically modulated
luminescence in nanophotonic structures: Luminescence in
Electrochemistry: Springer; 2017:79-104.

21. Zafarani HR, Mathwig K, Sudhdélter EJ, Rassaei L:
Electrochemical amplification in side-by-side attoliter nanogap
transducers. ACS Sens. 2017, 2(6):724-728.

22. Han D, Zaino LP, Fu K, Bohn PW: Redox cycling in
nanopore-confined recessed dual-ring electrode arrays. J.
Phys. Chem. C 2016, 120(37):20634-20641.

23. Dale SE, Marken F: Electrochemistry within nanogaps.
Electrochem. Nanoelectrochem 2013, 12:132-154.

24. Park S, Park JH, Hwang S, Kwak J: Bench-top fabrication and
ee electrochemical applications of a micro-gap electrode using a
microbead spacer. Electrochem. Commun. 2016, 68:76-80.
Fabrication of large area microgap electrodes by using bead spacers to

separatedseparate the electrodes.

25. Hammond JL, Gross AJ, Estrela P, Iniesta J, Green SJ,
Winlove CP, Winyard PG, Benjamin N, Marken F: Cysteine-cystine
redox cycling in a gold-gold dual-plate generator-collector
microtrench sensor. Anal. Chem. 2014, 86(14):6748-6752.

26. Dale SEC, Chan Y, Bulman Page PC, Barnes EO, Compton RG,
Marken F: A gold-gold oil microtrench electrode for

Current Opinion in Electrochemistry 2018, 7:15-21

www.sciencedirect.com


http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0001
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0001
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0001
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0002
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0002
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0002
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0002
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0003a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0003a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0003a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0003a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0003a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0004
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0004
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0004
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0005
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0005
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0005
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0005
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0005
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0005
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0006
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0007
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0007
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0007
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0007
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0007
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0007
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0008
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0008
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0008
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0008
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0009
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0009
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0009
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0009
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0009
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0009
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0010
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0010
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0010
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0010
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0010
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0010
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0011
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0011
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0012
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0012
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0012
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0012
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0012
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0013
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0013
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0013
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0014
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0014
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0014
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0014
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0014
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0015
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0015
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0015
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0015
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0015
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0016
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0016
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0016
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0016
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0016
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0018
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0019
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0019
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0019
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0019
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0019
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0020
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0021
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0021
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0021
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0021
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0021
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0022
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0022
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0022
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0022
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0022
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0023
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0023
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0023
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0024a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0024a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0024a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0024a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0024a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0025
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026

27.

28.

29.

30.

31.

32.

Nano-/microgaps: benchtop fabrication and migration effects Marken and Mathwig 21

liquid-liquid anion transfer voltammetry. Electrophoresis 2013,
34(14):1979-1984.

Angel Montiel M, Iniesta J, Gross AJ, Thiemann T, Marken F:
Generator-collector voltammetry at dual-plate gold-gold

microtrench electrodes as diagnostic tool in ionic liquids.
Electroanalysis 2016, 28(5):1068-1076.

Dale SE, Vuorema A, Sillanpaa M, Weber J, Wain AJ, Barnes EO,
Compton RG, Marken F: Nano-litre proton/hydrogen titration in
a dual-plate platinum-platinum generator-collector electrode
micro-trench. Electrochim Acta 2014, 125:94-100.

Gross AJ, Marken F: Boron-doped diamond dual-plate
microtrench electrode for generator-collector
chloride/chlorine sensing. Electrochem. Commun. 2014,
46:120-1283.

Harvey HM, Gross AJ, Brooksby P, Downard AJ, Green SJ,
Winlove CP, Benjamin N, Winyard PG, Whiteman M, Hammond JL,
et al.: Boron-doped diamond dual-plate deep-microtrench
device for generator-collector sulfide sensing. Electroanalysis
2015, 27(11):2645-2653.

Karaji¢ A, Reculusa S, Ravaine S, Mano N, Kuhn A: Miniaturized
electrochemical device from assembled cylindrical
macroporous gold electrodes. ChemElectroChem 2016,
3(12):2031-2035.

Adly NY, Bachmann B, Krause KJ, Offenhausser A, Wolfrum B,
Yakushenko A: Three-dimensional inkjet-printed redox cycling
sensor. RSC Adv. 2017, 7(9):5473-5479.

Rapid fabrication of carbon microgap electrodes by three-dimensional
inkjet printing.

33.

34.

35.

36.

37.

38.

39.

Adly N, Feng L, Krause KJ, Mayer D, Yakushenko A,
Offenhausser A, Wolfrum B: Flexible microgap electrodes by
direct inkjet printing for biosensing application. Adv. Biosyst.,
vol 12017 1600016.

Zafarani HR, Rassaei L, Sudholter EJR, Aaronson BDB, Marken F:
Generator-collector electrochemical sensor configurations
based on track-Etch membrane separated platinum leaves.
Sens. Actuators B Chem. 2017.
https://doi.org/10.1016/j.snb.2017.09.110.

Oldham KB, Marken F, Myland JC: Theory of unsupported,
steady-state, nernstian, three-ion, twin-electrode,
voltammetry: the special case of dual concentration
polarization. J. Solid State Electrochem. 2016, 20(11):3083-3095.

Lu J, Zhang B: Electrostatic ion enrichment in an ultrathin-layer
cell with a critical dimension between 5 and 20 nm. Anal. Chem.
2017, 89(5):2739-2746.

Stojek Z: The electrical double layer and its structure:
Electroanalytical Methods. Berlin, Heidelberg: Springer; 2010:3-9.

Von Smoluchowski M: Zur kinetischen Theorie der Brownschen
Molekularbewegung und der Suspensionen. Ann. Phys. 1906,
326(14):756-780.

Hyk W, Stojek Z: Thin and ultra-thin layer dual electrode
electrochemistry: theory of steady-state voltammetry without
supporting electrolyte. Electrochem. Commun. 2013,
34:192-195.

40.

41.

42.

Fan L, Liu Y, Xiong J, White HS, Chen S: Electron-transfer
kinetics and electric double layer effects in nanometer-wide
thin-layer cells. ACS Nano 2014, 8(10):10426-10436.

Cao Z, Peng Y, Voth GA: lon transport through ultrathin
electrolyte under applied voltages. J. Phys. Chem. B 2015,
119(24):7516-7521.

Ma C, Contento NM, Bohn PW: Redox cycling on recessed
ring-disk nanoelectrode arrays in the absence of supporting
electrolyte. J. Am. Chem. Soc. 2014, 136(20):7225-7228.

First experimental report of enhanced redox cycling in microfabricated
devices by migration and ion accumulation.

43.

44,

45.

Stein D, Kruithof M, Dekker C: Surface-charge-governed ion
transport in nanofluidic channels. Phys. Rev. Lett. 2004,
93(3):35901.

Chen Q, McKelvey K, Edwards MA, White HS: Redox cycling in
nanogap electrochemical cells. The role of electrostatics in
determining the cell response. J. Phys. Chem. C 2016,
120(31):17251-17260.

Xiong J, Chen Q, Edwards MA, White HS: lon transport within
high electric fields in nanogap electrochemical cells. ACS Nano
2015, 9(8):8520-8529.

Thorough experimental study of migration effects and comparison to
finite element simulations.

46.

47.

48.

49.

50.

Mathwig K, Zafarani HR, Speck JM, Sarkar S, Lang H, Lemay SG,
Rassaei L, Schmidt OG: Potential-dependent stochastic
amperometry of multiferrocenylthiophenes in an
electrochemical nanogap transducer. J. Phys. Chem. C 2016,
120(40):23262-23267.

Ma C, Xu W, Wichert WR, Bohn PW: lon accumulation and
migration effects on redox cycling in nanopore electrode
arrays at low ionic strength. ACS Nano 2016, 10(3):3658-3664.

Fu K, Han D, Ma C, Bohn PW: lon selective redox cycling in
zero-dimensional nanopore electrode arrays at low ionic
strength. Nanoscale 2017, 9(16):5164-5171.

Montiel MA, Iniesta J, Gross AJ, Marken F: Dual-plate gold-gold
microtrench electrodes for generator-collector voltammetry
without supporting electrolyt. Electrochim Acta 2017,
224:487-495.

Wang Y, Narayanan SR, Wu W: Field-assisted splitting of pure
water based on deep-sub-debye-length nanogap
electrochemical cells. ACS Nano 2017, 11(8):8421-8428.

Report of water splitting in electrochemical nanogap devices under
electrolyte-less conditions.

51.

52.

Wang Q, Wu B, Jiang C, Wang Y, Xu T: Improving the water
dissociation efficiency in a bipolar membrane with
amino-functionalized MIL-101. J. Membr. Sci. 2017,
524:370-376.

Loget G, Zigah D, Bouffier L, Sojic N, Kuhn A: Bipolar
electrochemistry: from materials science to motion and
beyond. Acc. Chem. Res. 2013, 46(11):2513-2523.

www.sciencedirect.com

Current Opinion in Electrochemistry 2018, 7:15-21


http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0026
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0027
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0027
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0027
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0027
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0027
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0027
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0028
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0029
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0029
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0029
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0030
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0031
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0031
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0031
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0031
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0031
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0031
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0032a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0033
https://doi.org/10.1016/j.snb.2017.09.110
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0034
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0034
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0034
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0034
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0035
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0035
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0035
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0036
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0036
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0037
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0037
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0038
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0038
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0038
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0039
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0039
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0039
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0039
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0039
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0039
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0040
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0040
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0040
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0040
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0042a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0042a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0042a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0042a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0042
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0042
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0042
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0042
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0043
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0043
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0043
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0043
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0043
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0045a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0045a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0045a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0045a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0045a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0045
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0046
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0046
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0046
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0046
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0046
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0047
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0047
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0047
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0047
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0047
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0048
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0048
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0048
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0048
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0048
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0050a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0050a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0050a
http://refhub.elsevier.com/S2451-9103(17)30141-2/bib0050a
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0050
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0050
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0050
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0050
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0050
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0050
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0051
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0051
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0051
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0051
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0051
http://refhub.elsevier.com/S2451-9103(17)30141-2/sbref0051

	Nano- and micro-gap electrochemical transducers: Novel benchtop fabrication techniques and electrical migration effects
	 Introduction
	 Fabrication technologies for nano-/micro-scale dual-electrode transducers
	 Migration effects for nano-/micro-scale dual-electrode transducers at low electrolyte concentration
	 Conclusion and outlook
	 References and recommended reading


