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INTRODUCTION



2 1. INTRODUCTION

1.1. ELECTROCHEMICAL SENSORS

LECTROCHEMICAL sensing is one of the most attractive detection techniques in dif-

ferent areas such as industrial [1, 2], clinical [3-6], environmental [7, 8] analyses;
mainly owing to its fast response time, high selectively and sensitivity and ease of minia-
turization for analytical systems [9-11]. These sensors work according to electrochemi-
cal measuring techniques, e.g, cyclic voltammetry and amperometry [12]. These tech-
niques are powerful measurement methods in redox-active species studies. In the cyclic
voltammetry (CV) technique, the potential of the working electrode is continuously swe-
eping - respect to the solution’s potential - with a defined scan rate according to a trian-
gular wave, while the electrode current is recorded. The voltammogram depends on the
electrode size as will be discussed more in the following sections. In the amperometry
technique, the working electrode is biased to a constant potential and the resulting cur-
rent is measured in time [13-15]. In these approaches the measuring faradaic currents
are then proportional to the flux of molecules that react per unit time at the working
electrode and accordingly to the analyte concentration [16, 17]. Hence, the mass trans-
fer rate of the analytes toward the electrode surface limits the measured current and
consequently the detection limit of the electrochemical sensor [17].

1.2. MASS TRANSFER

Mass transfer, i.e. the ion movements from one location to the other in a solution, can
be caused by three individual modes or processes: diffusion, migration and convection.
Diffusion is the ion movements as a result of the chemical potential gradient (i.e., the
concentration gradient) in a solution; charged ion movements as a result of the applied
electric field is migration and convection is the ion movements as a result of the solution
moving such as stirring or forced laminar/turbulent flow of the solution. The Nernst-
Planck equation represents these three modes and is given in equation 1.1 for the one-
dimensional mass transfer studies:

0Ci(x) z;F 0p(x)
Jilx) = =Di= —ﬁDici‘g—x+ Civ(x) (L.1)
S ~ Y. ”  Convection
Diffusion Migration

Where J;(x) is the flux of species i (mol s"'cm™) at distance x from the electrode surface,
0C;(x)
]

D; is the diffusion coefficient (cm?s™), -

X, 0‘55? is the potential gradient, z; and C; are the charge (dimensionless) and concen-

tration (mol cm™) of species i, respectively, and v(x) is the velocity (cm s™') with which
a volume element in solution moves along the axis (perpendicular to the electrode sur-
face).

Throughout this thesis, the migrational and convectional components of the mass
transfer are neglected (unless otherwise stated); by the addition of an inert electrolyte
(supporting electrolyte) and conducting the measurements under stagnant condition.
Hence, diffusion is considered as the only mass transport mode.

Applying Fast Scan Cyclic Voltammetry (FSCV) method - where as in the CV method
the potential of the working electrode is linearly scanned, but now with much higher
scan rates (in the kHz or even MHz range) [18, 19] - can overcome the mass transport

is the concentration gradient at distance
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rate limitation as pointed above. In this method, as long as the sweep rate frequency of
the electrode dominates the diffusion, the sensitivity (measured current) is not limited

by the mass transfer rate toward the electrode surface. However, a large capacitive back-

ground current and electrode fouling (caused by irreversible adsorption of impurities or

oxidation by products) are the two major drawbacks of FSCV method [20, 21]. Employ-

ing the microelectrodes is another approach to address the mass transport limitation

in electrochemical measurement techniques, which will be described in the following

section.

1.3. DIFFUSION MODES: FROM MACRO TO MICRO ELECTRODES
Depending on the size of the electrode, mainly two diffusion regimes exist: planar (macro-
electrode) and radial (microelectrode). Bard [14] defined a microelectrode as an elec-
trode having at least one dimension smaller than 25 ym. There is also a more general
definition for a microelectrode; an electrode with the size smaller than the scale of the
diffusion layer developed in the experiments (0 >r; § is diffusion layer thickness and r is
the radius of the electrode). Considering a spherical diffusion field rather than a planar,
Fick’s second law becomes [14],

2
0Co(r, b _D {0 Col(r, 1) EOCO(“ t)} (1.2)

ot ar? roor
Where Cp and Dy are the surface concentration and diffusion coefficient of species O,

respectively and r is the radial distance from the electrode center. The boundary condi-
tions are then,

Co(r,00=Co™ (r>rp) (1.3)
lim Co(r, 1) =Co” (1.4)
Co(ro,t)=0 (£>0) (1.5)

where ry is the radius of the electrode and Cp* is the bulk concentration. Solving the
equation to obtain the diffusion current, yields to,

1 1
iq(t) = nFADoCQ* | ————— + — 1.6
a(®) 0C0" | rDan * 7e (1.6)

Which can be rewritten as,

*

iq(spherical) =iq(linear) + w (1.7)

0

It is seen in equation 1.7 that for the microelectrodes, the second term adds to the cur-
rent which is expected for macroelectrodes. At a macroelectrode, diffusion to or from
the electrode surface happens in a planar mode (figure 1.1A and C). In this case the dif-
fusion at the edges of the macroelectrode - which is actively to the point and makes large
mass transport rate at the edges - is negligible compare to the planar diffusion contribu-
tion over the entire electrode area. However, by reducing the size of the electrode to
micro or even smaller the edge effect makes an impact on the diffusion mode - changes
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Figure 1.1: Planar (A, C and E) and spherical (B, D and F) diffusion modes in a macroelectrode and micro-
electrode and related CVs. (A) and (C) showing a planar diffusion mode with the concentration profile near
a macroelectrode surface (3 mm in diameter) in a 1 mM reduced form solution of an assumed redox active
system. (B) and (D) showing a radial (spherical) diffusion mode with the concentration profile near a micro-
electrode surface (10 um in diameter) in a 1 mM reduced form solution of an assumed redox active system.
(E) and (F) representing the CVs for a macroelectrode (3 mm in diameter) and a microelectrode (10 pm in
diameter) respectively.

from planar mode to radial (spherical) - which consequently affects the mass transport
(figure 1.1B and D). Hence the current density is higher in microelectrods compare to
macroelectrodes. Other advantages of using microelectrodes are a lower background
current (due to the smaller electrode area), fast response time and the ability to be appli-
cable in small sample volumes [22]. Changing the electrode size to micro, and accord-
ingly changing the diffusion mode, can also influences the shape of the voltammogram
[23]. As shown in figure 1.1, the peak shape behavior voltammogram for macroelectrode
(1.1E) is changed to a sigmoidal behavior for the microeletrode (1.1F).

Placing two microelectrodes (or an array of microelectrodes) close to each otherin a
way that their diffusion fields overlap, introduces new powerful analytical devices known
as dual-electrode sensors [24]. These kind of sensors will be discussed in more detail in
the following sections.
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Figure 1.2: (A) Illustration of a redox reaction on an electrode surface and (B) the redox cycling mechanism
between two closely spaced electrodes.

1.4. DUAL- ELECTRODE SENSORS AND REDOX CYCLING

A conventional electrochemical measurement setup consists of a working electrode, a
reference electrode and a counter electrode. By biasing the working electrode into an
appropriate potential versus the reference electrode the redox active species available
in the electrochemical cell will be reduced/oxidized at the working electrode surface. In
this setup each species contributes only once in the redox reaction and gain/lose one
or a couple of electrons on the electrode surface (depends on the species valency) and
there is a need for diffusion of the new redox active species from the bulk to the electrode
surface (figure 1.2A); Hence the current is limited by the mass transport rate toward the
working electrode surface as discussed above. Also the electrical detection limit of the
instruments (i.e. considering diluted solution of the redox active species) confines the
sensitivity of this setup [25, 26]. The current can be greatly enhanced by placing a second
electrode (dual-electrode sensor) in a close proximity to the first [27], in a way that their
diffusion fields overlap. Hence the events at each electrode can be affected by the other
one; The oxidized/reduced species from an electrode reach to the adjacent electrode
where the species can reduced/oxidized back to the initial state. The repeated, succes-
sive oxidation and reduction of analyte molecules at these two electrodes provide the
required charge amplification (figure 1.2B). This process is called redox cycling which
allows each redox active species to oxidize and reduce several times and so enhances the
detection sensitivity [26].

For the first time Reilly and coworkers [28, 29] introduced the redox cycling approach
and Fan and Bard extended this toward single molecules detection [30]. Reilly used
a cylindrical section of the solution bounded by two parallel plane electrode faces. A
precision micrometer controlled the distance between the electrodes [29, 31]. A Teflon
collar, was pressed onto the micrometer spindle hold the sample solution between the
electrodes and the Teflon collar (figure 1.3). Fan and Bard [30] created a nanogap by ap-
proaching a Pt-Ir tip to a conductive substrate within nanometer scale using a scanning
electrochemical microscope (SECM). Small tip electrode of nanometer dimension sur-
rounded by insulating sheath, provides confinement of the molecules between the tip
and the conductive surface, as illustrated in figure 1.4.

In recent years, by improving the nanofabrication techniques, there is considerable
interest in developing robust dual-electrode sensors with a nanometer scale gap be-
tween the electrodes. The nanogap devices provide the selective and sensitive detec-
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Figure 1.3: Schematic illustration of two parallel plane electrodes at close distance controlled by a precise
micrometer as proposed by Reilly [29, 31].

P
[ L
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Figure 1.4: Schematic illustration of a scanning electrochemical microscope working in redox cycling mode as
proposed by Fan and Bard [30].
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tion tools for analytical and bioanalytical applications [32, 33]. These devices lead to
fundamental studies and experiments such as investigations on Brownian motion at the
nanoscale and single molecule detection [34-36].

1.5. PRINCIPLE OF REDOX CYCLING

Dual-electrode systems provide powerful tools in electroanalytical studies [24, 37]. A
generator-collector electrode system consists of two independent working electrodes;
In these systems usually one electrode is sweeping in a defined potential range to ox-
idize/reduce the desired species and the other one is kept at a fixed potential to re-
duce/oxidize the produced species to another species (usually to the initial one) [24],
thus the redox active species sequentially shuttle multiple times between the two elec-
trodes [27] and hence the obtained current is amplified. The potential or the current at
each electrode is controlled separately and the resulting steady-state flux of electroactive
species is inversely proportional to the distance separating the two electrodes [30]. Pre-
viously Anderson and Reilley presented an equation for estimating the limiting current
for two planar electrodes separated by a thin layer of fluid [28],

| nFADC
- Z

(1.8)

where I is the limiting Faradaic current for two planar electrodes in close distance of z, n
is the number of transferred electrons per redox active species, A is the overlapping area
of the two electrodes, D the diffusing constant and Cis the bulk concentration of species.

By applying appropriate potentials on the generator and the collector electrodes,
only one redox couple can selectively be cycled between the electrodes, which gives an
opportunity to selectively detect it in a mixture with other redox active species. This as-
pect make these devices as a useful tool for selective detection for target analyte based on
difference in redox reversibility [38-41]. Redox cycling can provide a strong tool in the
biosensing area, where there is a need for a fast, sensitive, selective analytical method
[42—44]; Such as contamination sensing [45]; determining physical molecular properties
such as diffusion coefficient [33, 46] and single molecule detection [47, 48].

There are different approaches and methods toward the fabrication of redox cycling
devices [24, 39, 49-51]. Interdigitated electrodes (IDE) are one class of redox cycling elec-
trodes [52, 53]. IDEs consist of two sets of comb-shaped electrodes where the teeth of
each set are aligned between the teeth of the another (figure 1.5) [24].

Recessed ring-disk electrode arrays, where each pore contains a disk electrode at the
bottom and a ring electrode on the top which are separated by an insulation layer, forms
another type of redox cycling devices. Here the top electrode faces the electrolyte directly
and the bottom electrode is achievable via the pore opening in the top electrode and the
insulating layer [39, 54].

Another type of redox cycling devices are thin layer cells which consist of two planar
electrodes separated by a thin layer of liquid [32]. In recent years Marken et al. described
a simple method for fabrication of dual-plate systems assembled by placing a thin epoxy
layer between two electrodes (figure 1.6) [55]. Within this simple and low cost fabrica-
tion method they performed many fundamental studies, such as nitrite detection [9],
ion transfer at liquid-liquid interfaces [56]. As equation 1.8 indicates, reducing the gap
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Figure 1.5: Schematic illustration of Interdigitated electrodes (IDE).

\
J

/
N,

Electrode

Electrode

Figure 1.6: Schematic illustration of dual-electrode junction assembly proposed by Marken et al. [55].

between the electrodes enhances the efficiency of these devices. Owing to the advances
in nanofabrication techniques, reducing the electrodes gap to the nanometer scale is
achievable. Pioneering work on nanogap electrodes produced via lithography has been
reported by Lemay and coworkers [57]. In nanogap electrochemistry experiments the
volume of liquid between the two electrodes plays the role of a small volume, which can
go down to femtoliters of the desired species [44], depends on the gap geometry. Most of
developed designs for nanogap redox cycling devices are based on several steps of suc-
cessive photo/e-beam lithography and evaporation and sputtering different metal/oxide
layers [32, 42, 58].

The proposed nanogap device by Lemay (1.7) consists of a sandwich structure of
three evaporated metal layers; a bottom electrode, a sacrificial chromium layer and fi-
nally the top electrode. For each layer separate patterning procedure is needed which is
done by photo or e-beam lithography. Next the whole structure is covered by an insula-
tion layer (such as SiO) and followed by the dry etching process. The access holes are
created through the insulation layer to the chromium layer. Finally, by etching away the
chromium layer the nanogap is created. Hence, the thickness of the chromium layer de-
fines the electrodes gap. A detailed fabrication method is presented by Zevenbergen et
al. [58]. This geometry with some modifications has been used by many researchers for
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B sio, Pt

Figure 1.7: Schematic illustration of nanogap device assembly proposed by Lemay et al. [58].

different purposes [44, 59, 60]. These kind of nanogap sensors considered as powerful
analytical devices used for a variety of applications such as biosensing and contamina-
tion sensing [26, 44]

The advantages of the redox cycling devices are not only limited to an improvement
of the sensor sensitivity by amplification of faradic currents, but also in the current study
we use the nanogap sensors for new applications. We use the nanogap sensors for deter-
mination of molecular properties such as diffusion coefficient as a function of specific
oxidation states of redox couples. Furthermore we show that these sensors are able to si-
multaneously detect several redox active species separately and overcome interference
in electrochemical response. The method relies on modulating the potentials of both
electrodes in a way that each species is separately detected.

The fabrication of the above mentioned nanogap devices requires several steps of
consecutive e-beam or photolithography, depositions, and dry etching, making the over-
all process rather complex [61]. Hence, in the first place considering the need for more
sensitive sensing devices, there is a demand for new nanogap sensors which are sim-
pler to fabricate. Second, the sensitivity of any thin layer cell sensor is increased by
reducing the gap size between the two electrodes. However, considering the technical
fabrication limitations making the nanogap smaller than couple of tenth nm is chal-
lenging in the above mentioned nanogap devices. Finally making the nanogap device
with the other electrode materials beyond platinum or gold is not achievable. In this
thesis we aim to develop more straightforward method with less complicated fabrica-
tion procedures, possible variation of electrode materials, further reduction of the inter-
electrode distance, increasing its sensitivity and reducing the active volume in nanogap
sensors. Moreover, the new proposed nanogap geometry in this thesis allows direct ac-
cess of optical detection methods either from the top or through a transparent substrate
using an inverted microscope, thus enabling direct observation of combined optical-
electrochemical molecular properties. Improving the sensor response time is another
achievement of the new introduced sensor here compared to the previous sensors.

1.6. THESIS OUTLINE

The objective of this thesis is to investigate the unique advantages of applying dual-
electrode (nanogap) sensors and also study and introduce new designs and fabrication
procedures of such a systems for analytical applications. The upcoming chapters of the
thesis are arranged as follows:

Chapter 2: Interference or crosstalk of coexisting redox species, i.e. other species




10 1. INTRODUCTION

than the desired one can participate in the redox reactions and reduces the selectivity of
the detection technique. We have addressed this limitation by using nanogap devices.
New strategies for selective sensing of three different redox species in a nanogap sensor
are reported. The approach relies on the modulation of the electrode potentials to define
aspecific potential windows between the two working electrodes. Consequently, specific
detection of each redox species is achieved.

Chapter 3: In this chapter a nanogap sensor is employed to investigate the physi-
cal properties of multi ferrocenylic compounds, 2,3,4- triferrocenylthiophene and 2,5-
diferrocenylthiophene, such as diffusion coefficient as a function of the oxidation states
of a specific redox couple as well as the faradaic current generated per molecule in an
nonpolar media. The Stochastic Amperometry method was employed in these studies.

Chapter 4: Numerical simulation are applied to design and optimize the geometry
of new electrochemical sensors before following the sophisticated, expensive fabrica-
tion procedures (trial and error). Simulating the applied conditions (such as applied
potential) in a desired sensor can also reveal more insight into the underlying physi-
cal phenomena (such as diffusion and concentration profile around the electrodes and
through the nanochannel as a function of potential efc.). In this chapter a new design
for nanogap sensors working based on the redox cycling is introduced. The proposed
device consists of two closely spaced side-by-side electrodes which work under redox
cycling conditions. By using finite element simulations, the effects of different geomet-
ric parameters on the redox cycling signal amplification are investigated. Results allows
optimizing the sensor performance of the devices for fabrication.

Chapter 5: In this chapter the proposed new nanogap sensor (chapter 4) is fabri-
cated. The new nanogap sensor consists of two side-by-side gold electrodes placed at a
70 nm distance and encompassing a 20 attoliter nanogap volume. Experimental voltam-
metry results are compared to the simulated results from finite element analysis.

Chapter 6: In this chapter a novel, simple and low cost method for the fabrication
of microjunction electrodes is presented. The device consists of platinum leaves, with
micron-sized pores, separated by a porous track etch membrane spacer. It is shown that
the device can be employed in generator-collector mode.
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MODULATING SELECTIVITY IN
NANOGAP SENSORS

Interference or crosstalk of coexisting redox species results in overlapping of electrochem-
ical signals, and it is a major hurdle in sensor development. In nanogap sensors, redox
cycling between two independently biased working electrodes results in an amplified elec-
trochemical signal and an enhanced sensitivity. Here, we report new strategies for selec-
tive sensing of three different redox species in a nanogap sensor of a 2 fL volume. Our
approach relies on modulating the electrode potentials to define specific potential win-
dows between the two working electrodes; consequently, specific detection of each redox
species is achieved. Finite element modeling is employed to simulate the electrochemi-
cal processes in the nanogap sensor, and the results are in good agreement with those of
experiments.

This chapter is based on the following publication:

H.R. Zafarani, K. Mathwig, S.G. Lemay, E.J.R. Sudhélter and L. Rassaei, ACS SENSORS 2016, 1,1439-1444 [1].
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2.1. INTRODUCTION

ELECTIVE detection of redox species is important in various fields such as pharmacy
S [2-4], pathology [5, 6], health [7-9] and environmental monitoring [10, 11]. Inter-
ference or crosstalk of coexisting compounds leads to the overlap of electrochemical
responses and is one major drawback of these techniques; frequently encountered, it
impedes simultaneous detection of species and limits the selectivity of electrochemical
sensors [12, 13]. Thus, many research efforts have been devoted to overcome this hurdle,
for example, by electrochemically pretreating of electrodes [14]; using different electrode
materials [15]; modifying electrodes with organic compounds [16, 17], polymers [18, 19],
or nanoparticles [11, 20, 21]; adding complexing agents to the solution [22]; or by using
a combination of these methods [23, 24].

Sensing redox species using dual electrodes benefits from amplified electrochemical
signals and enhanced sensitivity while the contribution from the background current is
minimized [25, 26]. In such systems, one electrode is biased at the reduction poten-
tial and the other at the oxidation potential. Here, the redox-active species undergo
successive oxidation and reduction reactions as they travel by diffusion between these
closely spaced electrodes. Hence, the Faradaic current is amplified and the sensitivity
is enhanced. Interdigitated electrodes (IDE) — as one of the well-known classes of dual
electrode systems — have been widely used in different studies [27-29]. IDEs consist of
a pair of comb-shaped opposing electrodes with interlocking teeth in which each set of
electrodes can be independently biased.

A newer type of dual electrode systems is the electrochemical nanofluidic devices
which consist of two planar parallel electrodes closely spaced (<100 nm) from each other
in a nanofluidic channel [30-32]. The interferences in these nanogap devices [30, 33, 34]
have mainly been eliminated by biasing one electrode at the potential that consumes the
interference while the other electrode is swept to quantify the target analyte [35, 36]. The
nanogap is depleted from interfering irreversible redox species and the signal for the an-
alyte is insensitive to the interfering species. However, this method only eliminates the
response from interfering irreversible redox species. Therefore, a more versatile tech-
nique is required to overcome the interferences from reversible redox species in these
nanogap Sensors.

In the present chapter, we introduce a new method to selectively detect three re-
versible redox species in the nanogap sensors. The method relies on modulating the
potentials of both electrodes in a way that each species is separately detected. We imple-
ment this method for the simultaneous detection of these three species in three different
ways unique to dualelectrode sensors: (a) by cyclic voltammetry and varying the fixed
potential of the second working electrode; (b) by differential cyclic voltammetry (DCV)
[37, 38]; and (c) by potential step chronoamperometry. Finite element analysis (COM-
SOL Multiphysics) is employed to model the electrochemical processes in the nanogap
sensor and compare with those of experiments.

2.2. EXPERIMENTAL SECTION

Chemicals: 1,1’-ferrocene dimethanol, Fc(MeOH),, hexaammineruthenium(III) chlo-
ride, Ru(NHj3)gCls, and potassium iodide, KI, as electroactive model compounds; potas-
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Figure 2.1: (A) Schematic view of the nanogap device. (B) Optical micrograph of a nanogap sensor (top view).
(C) Image of nanogap sensor.

sium chloride, KCl, and standard chromium etchant were purchased from Sigma- Aldrich.
All solutions were freshly prepared in Milli-Q water with 1 M KCI as supporting elec-
trolyte and the experiments were carried out at room temperature.

Nanogap Device Fabrication: Nanogap devices were fabricated on a silicon wafer
covered with 500 nm thermally grown SiO,, employing several lithography steps and
evaporation as previously reported [31]. In brief, a nanogap device consisted of a plat-
inum bottom electrode of a 22 um by 3 um surface area and a top electrode of 10 um
by 9 um. A 70-nm-thick sacrificial chromium layer between these two electrodes de-
fined the volume of the nanochannel. The whole device was covered in a 500 nm sili-
con oxide/silicon nitride passivation layer in which access holes to the chromium layer
were dry etched. Before measurements, the chromium layer was etched away using
chromium etchant leaving behind a nanogap sensor. A schematic and optical micro-
graph of a nanogap device are presented in figure 2.1.

Electrochemical Measurements: Electrochemical experiments were carried out us-
ing a Keithley 4200 parameter analyzer with two source measurement units (SMUs). The
SMUs were used as voltage source and current detection elements to separately bias
both electrodes and measure faradic currents. A commercial Ag/AgCl electrode (BASi
Inc.) was used as a reference, positioned in a reservoir on top of the nanogap device
(Figure 2.2).

Numerical Methods: Two-dimensional finite element analysis was carried out us-
ing COMSOL Multiphysics to simulate the electrochemical processes in the nanochan-
nel with conditions similar to those for the experimental measurements [39]. Assuming
a highly concentrated supporting electrolyte and an unstirred solution, diffusion was
considered as the only mass transport mechanism in the nanogap sensor as described
by Fick’s second law:
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Figure 2.2: (A) Schematic view of the electrochemical measurements setup. (B) and (C) Image of electrochem-
ical measurements setup.
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Here, C; and D; are the concentration and diffusion coefficient of a redox species j, re-

spectively. The currents are defined based on Butler-Volmer kinetics [40]:

i =F[Cokf—CRkb] (2.2)
—aF(E—Eh)
kf=koel mT 2.3)
(l—a)F(E—EhJ
kp=koel—®T ] (2.4)

Here, iis the current, ko is the mass transfer coefficient, a the charge transfer coefficient,
Fthe Faraday constant, E the electrode potential, Ej, the redox potential of the redox cou-
ple, krand kj are the forward (reduction) and backward (oxidation) rate constants of a
redox reaction, Ris the gas constant, T the temperature, cp and cg are the concentration
of oxidized and reduced species, respectively.

Table 2.1 lists constants used in the simulations, including diffusion coefficients D
and redox potentials (vs. Ag/AgCl), Ej, for the Fc(MeOH),, KI and Ru(NHj3)gCls redox
couples. An identical rate constant k, and transfer coefficients a were assumed for all
species.

2.3. RESULTS AND DISCUSSION

Amplification Factor: Figure 2.3 shows the cyclic voltammograms obtained from the
redox cycling of 0.33 mM 1,1’-ferrocene dimethanol in 1 M potassium chloride in the
nanogap sensor. The inset in this figure presents the cyclic voltammogram obtained in
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Table 2.1: Parameters used in the simulation processes [31, 38, 41-43]

Dreveory,  6.7x10710m?/s a 0.49

Dr- 2.05x 107 9m?/s F  96485.34 C/mol
Dpyniye  75x10710m?/s R 831J/K
Eh,FC(MEOH)z 0.26 V vs. Ag/AgCl T 298 K

Ep 0.54Vvs. Ag/AgCl  k, 0.06m/s

Ep, runtgr -0-16'V us. Ag/AgCl

T T T T
Top electrode
I — Bottom electrode
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Figure 2.3: Cyclic voltammogram of 0.33 mM Fc(MeOH); in 1 M KCI solution. The top electrode was swept
between 0 and 0.5 V (vs. Ag/AgCl) ata 10 mVs™! scan rate while the bottom electrode was kept at 0 V. The inset
figure shows a cyclic voltammogram in single mode; the top electrode was swept vs. Ag/AgCl while the bottom
electrode was kept floating.

single mode: only the top electrode was swept and the bottom electrode was left float-
ing. Identical measurements were carried out for Ru(NH3)sCls and KI (see figure S1
in the Supporting Information). Comparing the limiting currents in these two modes,
Tqual! Isingle, leads to an amplification factor of 170 corresponding to a gap height of 74
nm according to equation 2.5 [34]:

nFADC
[=—/—"——"
z

where I is limiting Faradaic current for two planar electrodes in close distance, n is the

number of electrons transferred in the redox reaction, A is the overlapping area between

the two electrodes, and z is the distance between the electrodes, i.e., the nanochannel
height.

Tuning Electrodes’ Potentials for Separate Detection of Each Species: Conventional

electrochemical measurements suffer from poor selectivity, because, in a mixture of var-

(2.5)
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Figure 2.4: Cyclic voltammetry of a mixture of 0.33 mM Ru(NH3)6%*, 0.33 mM Fc(MeOH); and 0.33 mM I” in a
1 M KCl solution. The top electrode is swept between -0.33 and 0.8 V at a scan rate of 10 mVs™! and the bottom
electrode potential is fixed at (A) -0.3V, (B) 0V, and (C) 0.4 V. Arrows (A) indicate the scan direction.

ious reduced (or oxidized) electroactive species having different standard redox poten-
tials, all species are simultaneously oxidized (or reduced) when a high (or low) enough
electrode potential is applied. The interferences caused this way complicate the inter-
pretation of the results as the electrooxidation (or electro-reduction) current for the re-
dox species with the highest oxidation (or lowest reduction) potential is superimposed
by the signals from the other redox species.

Nanogap sensors not only allow amplifying the electrochemical signals of redox species,
but also open up the possibility to prevent such interferences. The two working elec-
trodes in the nanogap sensor are independently biased and, thus, they enable selective
electrochemical reactions of specific redox couples. Selective detection is achieved by
defining the potentials of the two electrodes in a way in which only the target species
undergoes redox cycling. Simultaneously, interfering species are also reduced or oxi-
dized but they do not undergo redox cycling, and therefore, the signal of these species is
not amplified.

Figure 2.4 shows cyclic voltammograms for a mixture of 0.33 mM Ru(NH3)g3*, 0.33
mM Fc(MeOH); and 0.33 mM I” in a 1 M KCl solution. Varying the bottom electrode po-
tential to certain fixed potentials leads to a separate detection of these species in specific
potential ranges. Here, the top electrode is swept between -0.33 and 0.8 V (vs. Ag/AgCl)
while the potential of the bottom electrode is kept at -0.3, 0, and 0.4 V, respectively.

In figure 2.4A, the potential of the bottom electrode is set at -0.3 V. As presented, the
potential of the top electrode is scanned from -0.3 V, and the first current plateau cor-
responds to redox cycling of RU(NH3)63+/ 2+ jons (En = -0.16 V) without any interference
from the other two species; the second current plateau relates to the combined redox cy-
cling of Fc(MeOH),%"*! (Ey, = 0.26 V) and Ru(NH3)¢>*/?* ions. The third current plateau
associates with the redox cycling of I" (E,, = 0.54 V) and the previous two species. The
redox reactions of the species are as follows:

Fc(MeOH), = Fc(MeOH)»" + e~ (2.6)

Ru(NH3)g> + e = Ru(NH3)g>" 2.7
r=1/2l,+e 2.8)
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Once the potential of the bottom electrode is changed to 0 V (see figure 2.4 B), the inter-
ference and the contribution of Ru(NH;z)g3*/?* ions on redox cycling of Fc(MeOH),%/*!
and I” disappears. As presented in this figure, here, redox cycling of Ru(NH3)¢>*/?* oc-
curs in the potential window of -0.3 to -0.16 V. For potentials above -0.16 V, Ru(NHj)g3+/2+
ions exist in the oxidized form and cannot undergo redox cycling anymore. Hence, their
contribution to the redox cycling currents of Fc(MeOH),%”*! and I is eliminated. This
allows detection of the signal of Fc(MeOH),?*! (second current plateau) without any
Ru(NH3)53+/ 2+ interference in this potential range. Notwithstanding, the third current
plateau still suffers from the interference of Fc(MeOH),%*!, and the redox cycling cur-
rent of I” is superimposed by Fc(MeOH),%/*!. In order to resolve this issue, the potential
of the bottom electrode is next set at 0.4 V (Figure 2.4C). Here, for potentials above 0.26'V,
only I can undergo redox cycling (third current plateau) and the signal is free from any
interferences of both Fc(MeOH),%*! and Ru(NH3)g3*/2*. Note that at potentials above
0.26 Vin figure 2.4C, Fc(MeOH) 20/ +1is constantly oxidized at both electrodes, but it does
not undergo redox cycling; this leads to a negligible current contribution (resulting to a
deviation of 0.16%) compared to the amplified redox cycling current.

Using equation 2.5 and the constants in Table 2.1, the expected limiting currents are
estimated to be 11 nA, 9 nA, and 30 nA for Ru(NH;3)g3*/2*, Fc(MeOH),%*! and I, re-
spectively, in good agreement with those obtained from experimental measurements
(see figure 2.4). The 30 nA oxidation current obtained for I" (also presented in figure
2.4C) indicates that this process is overall a one-electron transfer reaction in agreement
with previous reports [44-46]. The hysteresis observed during the oxidation of iodide is
caused by a pronounced desorption of iodide ions from the electrode surface during the
forward scan and subsequent adsorption after the potential reversal [47].

Differential Cyclic Voltammetry of Redox Species in the Nanogap Sensor: We em-
ploy the method of differential cyclic voltammetry [38] to directly visualize the separate
sensing of all species in a single potential sweep. Here, the potentials of both electrodes
are simultaneously swept with a constant offset. We define various potential windows of
10 mV, 25 mV, 50 mV, and 100 mV between the two working electrodes in the same mix-
ture solution of 0.33 mM Fc(MeOH)3, 0.33 mM Ru(NH3)g and 0.33 mM I” in 1 M aqueous
KCI. Once these potential windows are defined, a clear peak current is obtained for each
redox species. The peak potential for each species corresponds to its redox potential.

Figure 2.5 shows the redox cycling currents obtained as a function of the mean poten-
tial between the top and bottom electrodes and a clear separation of all species. Due to
the simultaneous sweep of both electrodes, the resulting currents have a differential na-
ture. The peak currents at the half-wave potential of each species correspond to AI/AE
as well as to the species’ concentration. As shown in figure 2.5, a narrower potential win-
dow leads to a lower current but a better separation of species. For example, for a poten-
tial window of 10 mV, a peak current of 1.12 nA is obtained for Fc(MeOH),%+! species,
while for a 100 mV potential window, the current peaks at 7.8 nA. However, the full width
at half-maximum (fwhm) increases from 92 mV for a 10 mV potential window to 125 mV
for a 100 mV potential window. Therefore, a wider potential window limits how well the
redox species are separated; the baseline distance between Fc(MeOH)ZO/ +1 peak and ad-
jacent peaks is decreased by applying a wider potential window. The widest potential
window that can be applied depends on the difference in the redox potentials of species.
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Figure 2.5: Differential cycling voltammetry in the nanogap sensor. The top and bottom electrodes are swept
(vs. Ag/AgCl) at a scan rate of 10 mVs ! with a constant potential difference ranging from 10 mV to 100 mV. The
limiting currents are shown as a function of mean potential between the two electrodes.

For example, the largest potential window for separate detection of Fc(MeOH),%/*! and
I” is 280 mV corresponding to Ej, ;- — Ej, reveor), = 280 mV (more details are presented
in figure S2 in the Supporting Information).

Chronoamperometric Detection of Redox Species in the Nanogap Sensor: In the
voltammetry schemes described above, the discriminatory power of specific electrode
biases for both electrodes is shown in a direct way. However, the separate detection of
analytes plays out its full advantage in chronoamperometric sensing with fixed poten-
tials, in which redox waves of potential interfering species are not visible. We employed
chronoamperometry in the nanogap sensor. Here, the device is filled with a mixture of
0.4 mM KI and 0.6 mM Fc(MeOH), in 1 M KCl solution. A constant potential of 0.4 V
vs. Ag/AgCl is applied to the top electrode while the potential of the bottom electrode is
stepped between 0.1 and 0.4 V and then between 0.4 and 0.7 V (see figure 2.6).

Once the potential of the bottom electrode is stepped to 0.1 V, Fc(MeOH), under-
goes redox cycling (first two steps) without any interference from I". Here, Fc(MeOH);, is
constantly oxidized at the top electrode and reduced at the bottom electrode. Similarly,
when the bottom electrode potential is stepped to 0.7 V, I" ions undergo redox cycling
without any interference from Fc(MeOH),%’*!. I~ is constantly oxidized at the bottom
electrode and reduced at the top electrode. At the same time, Fc(MeOH),%*! is con-
stantly oxidized at both top and bottom electrodes, but since they cannot undergo redox
cycling, their contribution to the current for I” is negligible (resulting in a deviation of
0.3%). These results are in good agreement with those obtained from cyclic voltamme-
try. The long transient time for I” is due to the dynamic adsorption at the Pt electrode
surfaces [47-49].

Numerical Analysis: Figure 2.7 shows the comparison of cyclic voltammetry as well
as differential cyclic voltammetry of 0.33 mM Ru(NH3)g3*, 0.33 mM Fc(MeOH), and 0.33
mM I” in 1 M KCI for experimental measurements and finite element simulation results.



2.3. RESULTS AND DISCUSSION 25

40 T T T T~ T T T T T T T

| —— Top electrode

Bottom electrode
20 .

L

‘=
<
o
= -20 0.8 ey .
BT
z
= 04
-40 |3 H —— Top electrode 7]
2 02 —— Botiom electrode|
90950 700 760200 250 300 360
-60 time (s) A R S
0 50 100 150 200 250 300 350

time (s)

Figure 2.6: Chronoamperometry results obtained for a mixture of 0.6 mM Fc(MeOH); and 0.4 mM Kl in 1 M
KCl solution. The inset shows the applied potentials as a function of time. The top electrode is kept at constant
potential of 0.4 V and the bottom electrode is stepped to 0.1, 0.4, or 0.7 V.

60 | I—Top electrode : ; il el Top électrode ! ) j j ]
—— Bottom electrode I —— Bottom electrode
401 — Top elecirode (simulated) ] 12 [~ Top electrode (simulated) i
—— Bottom electrode (simulated 8 — Bottom electrode (simulated)
’ + \ A i
S 20 = ] 2 4 f
E e °r ]
£ 1E of i
:
8 -20 40 “4r E
-8F 4
-40 4
A2k 4
-60 E 16 F 4
1 1 ] L 1 1 L L 1 L 1 L
-0.2 0.0 0.2 04 0.6 0.8 -0.2 0.0 0.2 04 0.6 08
Potential (V) Potential (V)

Figure 2.7: (A) Comparison of cyclic voltammograms (at a scan rate of 10 mVs™') of a mixture of 0.33 mM
Ru(NH3)63+, 0.33 mM Fc(MeOH)2 and 0.33 mM I” in 1 M KClI (see also figure 2.4A) with those numerical
results. Arrows indicate the scan direction. (B) Comparison of experimental and simulated differential cyclic
voltammetry (at a scan rate of 10 mVs’l) of a potential window of 100 mV (see also figure 2.5).
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Figure 2.7A presents the simulated data and its comparison with experimental cyclic
voltammograms; here, the top electrode potential is swept between -0.33 and 0.8 V (vs.
Ag/AgCl) and the bottom electrode potential is kept at -0.3 V. Figure 2.7B presents differ-
ential cyclic voltammograms for the potential window of 100 mV for both experimental
and modeled results. As depicted, simulated data match well with experimental data.
However, a hysteresis is observed experimentally for the oxidation and reduction of I~
due to pronounced adsorption of I" [47], which has not been considered in the simula-
tions.

2.4. CONCLUSION

We proposed a novel strategy for the separate detection of redox active species in nanogap
sensors and implemented it in three ways: first, by tuning the electrode potentials only
desired species undergo redox cycling; hence, the obtained current is free of any inter-
ferences (shown for both cyclic voltammetry and chronoamperometric measurements).
Second, by defining a potential window between the two electrodes and simultaneously
sweeping them, each species can individually undergo redox cycling. Third, by chronoam-
perometry specific concentrations can be monitored without interference by using a
matching potential window. A good agreement was obtained between the experimental
and simulation results. The techniques introduced in this study may lead to new ways
for the selective detection of redox species in nanogap devices.
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2.5. SUPPORTING INFORMATION

Herein, we present individual cyclic voltammograms of selected electroactive model com-
pounds (I" and and Ru(NH3z)s>*) in the nanogap sensor (Figure S1). Figure S2 shows the
simulated differential cyclic voltammograms in the nanogap with different potential win-
dows. Here, we investigated the effect of the potential window on peak separation of redox
species in differential cyclic voltammetry.
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Figure S1: Cyclic voltammetry of individual species. (A) CV0of0.33 mM I” in 1 M KCl solution. The top electrode
was swept from 0.4 to 0.8 V (vs. Ag/AgCl) ata 10 mVs! scan rate while the bottom electrode was fixed at 0 V,
(B) CV of 0.33 mM Ru(NH3z)g3* in 1 M KCl solution. Top electrode was swept from -0.33 to 0 V at a 10 mVs™!
scan rate while the bottom electrode was fixed at 0 V. The insets shows CVs in single mode. Here, only the top
electrode was swept and the bottom electrode was kept floating.

As shown in figure S1A, the characteristic peak current signal of I” is presented in
both cyclic voltammograms recorded in dual mode and in single mode.
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Figure S2. Modelled differential cycling voltammetry in the nanogap sensor. The top and bottom electrodes
are swept with a constant potential difference ranging from 10 mV to 400 mV. The limiting currents are shown
as a function of the mean potential between the two electrodes.

Figure S2 presents the simulated differential cyclic voltammograms in the nanogap
sensor with different potential windows. Increasing the potential window between the
two electrodes from 200 mV to 300 mV leads to the overlapping of the peak currents for
Fc(MeOH);, and I"; hence, selectivity is lost.






POTENTIAL-DEPENDENT
STOCHASTIC AMPEROMETRY OF
MULTI FERROCENYL THIOPHENES
IN AN ELECTROCHEMICAL
NANOGAP TRANSDUCER

In nanofluidic electrochemical sensors based on redox cycling, zeptomole (102) quanti-
ties of analyte molecules can be detected as redox-active molecules travel diffusively be-
tween two electrodes separated by a nanoscale gap. These sensors are employed to study
the properties of multi ferrocenylic compounds in nonpolar media, 2,3,4- triferrocenyl
thiophene and 2,5-diferrocenyl thiophene, which display well-resolved electrochemically
reversible one-electron transfer processes. Using stochastic analysis, we are able to deter-
mine, as a function of the oxidation states of a specific redox couple, the effective diffusion
coefficient as well as the Faradaic current generated per molecule, all in a straightforward
experiment requiring only a mesoscopic amount of molecules in a femtoliter compart-
ment. It was found that diffusive transport is reduced for higher oxidation states and that
analytes yield very high currents per molecule of 15 fA.

This chapter is based on the following publication:

K. Mathwig, H.R. Zafarani, ].M. Speck, S. Sarkar, H. Lang, S.G. Lemay,L. Rassaei and O.G. Schmidt, The Journal
of Physical Chemistry C, 2016, 120, 23262-23267 [1].
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3.1. INTRODUCTION

HERE is great interest in miniaturized electrochemical sensors for their ease of inte-
T gration in lab-chip applications, highly sensitive detection, the requirement of only
the smallest sample volumes, direct electrical signal transduction, and cost effective-
ness when standard microfabrication is employed [2-9]. We previously reported on elec-
trochemical nanogap sensors which allow sensitive analysis in femtoliter detection vol-
umes [10]. In these systems, electrochemically active analyte molecules shuttle by diffu-
sion between two electrodes embedded in the roof and ceiling of a nanochannel (figure
3.1). Thereby, the molecules undergo redox cycling, i.e., they are repeatedly oxidized
and reduced at the opposing electrodes at kilohertz frequencies. In this way, each ana-
lyte contributes a current of several thousand electrons per second, resulting in a high
intrinsic signal amplification (as compared to a single-electrode configuration in which
amolecule reacts only once).

Nanogap sensors are currently rare in their ability to perform stochastic amperomet-
ric sensing [11]. Only a small number of molecules are present in a very limited detection
volume, even at high analyte concentrations. Therefore, the system can be described as
a mesoscopic regime instead of a continuum: All molecules undergo a random Brow-
nian walk and diffuse in and out of the nanofluidic channel and a coupled reservoir.
This results in pronounced fluctuations of the molecular number density in the detec-
tion volume [12]. These fluctuations are reflected in the recorded electrical current; they
can directly be probed amperometrically. Molecular-level information is then collected
from fluctuations in current-time traces. In particular, diffusion coefficients as well as
specific dynamic adsorptivities were determined by analysis of the amplitude [13] and
frequency spectrum [14, 15] of current fluctuations.

To date, nanogap sensors have exclusively been employed for the detection of archety-
pical organometallic or metal-organic compounds such as ferrocenes [16, 17] or catechol
derivatives [8, 18, 19]; experiments were limited to conditions of a polar solvent (water
or acetonitrile), a high concentration of fully dissociated background electrolyte, and
analytes with typically only one possible electron-transfer process.

In the present chapter, we extend the application of nanogap sensors and stochastic
amperometry to more complex analytes under less polar conditions. Within this context,
ferrocenyl substituted thiophenes represent suitable molecules for such investigations,
because the thiophene building block allows an easy functionalization with redox-active
transition-metal-containing entities, and the resulting compounds are able to show sev-
eral well-resolved one-electron transfer processes [20-25]. Furthermore, these hetero-
cyclic systems are of interest regarding their potential application in molecular electron-
ics or thiophene-based intrinsic conducting polymers (ICP) [25-36].

The nanogap geometry enables the determination of diffusion coefficients of these
compounds as a function of specific oxidation states of redox couples. We were able to
identify a trend of decreased diffusive transport for higher oxidations states. Moreover,
we found that the analytes yield the highest currents per molecule for a three-electron
transfer process.



3.2. EXPERIMENTAL SECTION 37

b) _
:;i:;g: @ Pt electrodes
° /_“f o
@) O'{-S 0 [o
o
% o \1_3 e 70 nm

Figure 3.1: (a) Top-view optical micrograph of a nanofluidic electrochemical sensor. (b) Schematic cross sec-
tion of the device and principle of operation of a nanogap sensor. Analyte molecules undergo redox cycling
between the two electrodes. For different electrode potentials, redox cycling occurs between different oxida-
tion states, and different numbers of electrons (1-3) are exchanged at each transfer process.

3.2. EXPERIMENTAL SECTION

Chemical Reagents and Nanofluidic Device Fabrication: 2,5-diferrocenyl thiophene
(2,5-Fcy-°C4H,S) and 2,3,4-triferrocenyl thiophene (2,3,4-Fc3-°C4HS) were synthesized
in a Pd-promoted Negishi C,C cross-coupling reaction of 2,5-dibromothiophene or 2,3,4-
tribromo-thiophene with ferrocenyl zinc chloride, as reported previously [22, 37-39]. As
electrolyte, an 0.1 M solution of tetrabutylammonium tetrakis- (pentafluorophenyl)borate
was used, whereby [N"Buy][B-(CsFs5)4] was prepared by metathesis of lithium tetrakis
(pentafluorophenyl) borate etherate (Boulder Scientific) with tetrabutylammonium bro-
mide according to a published procedure and enhanced by a filtration step of the crude
product through a pad of silica using dichloromethane as solvent [40].

Electrochemical nanogap devices were fabricated by cleanroom microfabrication on
an oxidized silicon wafer substrate as described previously [41]. They consist of a 5 um
wide, 10-20 ym long, and 70 nm high nanochannel in silicon oxide/silicon nitride; the
roof and ceiling of the channel are Pt electrodes. The length and width of the nanochan-
nel are defined by photolithography; the nanoscale height is defined by evaporation of a
sacrificial Cr layer sandwiched between two Pt layers, which were also defined and fabri-
cated by photolithography and electron-beam deposition, respectively. After these three
metal deposition steps, the structure was buried in a SizN4/SiO; passivation layer by
plasma-enhanced chemical vapor deposition. Access holes were subsequently plasma-
etched into this layer to connect the nanodevice to a fluidic reservoir. Just before an
experiment, the nanochannel was released by a selective wet-chemical etch of the sac-
rificial Cr layer (Cr etchant Selectipur, BASF). A micrograph and schematic view of a
nanofluidic electrochemical device are shown in figure 3.1.

Electrochemical Instrumentation and Experimentation: Using a home-built po-
tentiostat setup, two sensitive operational amplifiers (Femto DDCPA-300) were sepa-
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rately connected to the top and bottom electrodes of a nanofluidic device. The amplifiers
were LabView-controlled and used as current meters and voltage sources (figure 3.1B).
A micromanipulator was used to position a reservoir in polydimethylsiloxane (PDMS)
on top of the access holes. After the wet-etch of the chromium layer, the etchant was
replaced by sulfuric acid (Sigma-Aldrich), prepared as a 0.5 M solution in Milli-Q wa-
ter, and both Pt electrode surfaces were cleaned by repeatedly sweeping their potential
between -0.15 and 1.2 V versus a Ag/AgCl reference electrode (BASi inc.) placed in the
Teservoir.

The PDMS reservoir was then replaced by a reservoir machined in polytetrafluoro-
ethylene and connected to the nanochannel via an O-ring (fluorinated propylene mono-
mer, 0.5 mm inner diameter). The reservoir and nanochannel were filled with the analyte-
containing dichloromethane solution, and a double-junction Ag/Ag* reference electrode
(BASi inc.) was immersed into the reservoir. This reference electrode was constructed
from a silver wire inserted into a Luggin capillary with a Vycor tip containing a solution
of 0.01 M [AgNO3z] and 0.1 M of the supporting electrolyte in acetonitrile. This Luggin
capillary was inserted into a second Luggin capillary with Vycor tip filled with a 0.1 M
supporting electrolyte solution in dichloromethane. The whole setup was shielded from
interference in a Faraday cage.

3.3. RESULTS AND DISCUSSION

Cyclic Voltammetry: Cyclic voltammograms (CVs) of 2,5-diferrocenyl thiophene and
2,3,4 -triferrocenyl thiophene (1 mM in 0.1 M [N"Buy][B(CgF5)4] in dichloromethane)
recorded at a Pt ultramicrodisk electrode (UME; BASi inc.) with a diameter of 10 um are
shown in figure 3.2. In a stepwise oxidation, the analytes exhibit two (or three, respec-
tively) well-resolved electrochemically reversible one-electron transfer processes with
equal heights of the current steps. This is in good agreement with previous results [37].

By determining the magnitude of the steady-state currents, we estimate the diffusion
coefficients, D, of the fully reduced species to be 1.08 x 1072 m?/s for 2,5-Fc,-°C4H,S
and 0.96 x 1072 m?/s for 2,3,4-Fc3-°C4HS. [Diffusion coefficients (D) were estimated by
i = 4nFcDr, where i is the height of a current step, n the number of exchanged electrons,
F Faraday constant, c the analyte concentration, and r the electrode radius [42]].

Cyclic Voltammetry in a Nanogap Device: Figure 3.3 shows voltammograms of both
thiophene compounds recorded in a nanochannel device. The steps are not entirely
as pronounced as for the measurements using the UME, which is most likely caused
by the finite rate for heterogeneous electron transfer, as has been reported earlier for
other redox couples [43]. Nonetheless, all electron-transfer processes are clearly re-
solved. In these measurements, one electrode was kept constant at 0 V, while the other
electrode was swept with respect to the reference electrode. The curves depict the oxida-
tion current at one electrode and the reduction current at the other working electrode.
This means that the molecules undergo redox cycling with one, two, or three electrons
per molecule being exchanged during each process. While in the device, each analyte
molecule undergoes about 60 000 transfer processes per second. This leads to a consid-
erable amplification of the current detected per molecule.

A difference in the measurements compared to the cyclic voltammetry at the UME
is that the height of the current steps is reduced for an increasing magnitude of applied
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Figure 3.2: Cyclic voltammograms of 2,5-diferrocenylthiophene (left) and 2,3,4-triferrocenylthiophene (right)
detected in dichloromethane solutions (1 mM) at a Pt ultramicroelectrode with a diameter of 10 um (support-
ing electrolyte 0.1 M [N"Buy4][B(CgF5)4]).

potentials or oxidation states, respectively, as indicated by the gray bars in figure 3.3.
This effect cannot be explained by a reduced diffusion coefficient of oxidized molecules
or an effectively reduced diffusion due to dynamic adsorption; as such, a reduction is
equilibrated by exchange (increase) in local concentration with the bulk reservoir [44].

We believe that the shape of the cyclic voltammograms recorded in the nanochannel
is dictated by the finite rate for heterogeneous electron transfer, as has been reported
earlier for other couples [43]. We estimated the electrochemical rate constants ky. As
shown in the dashed lines in figure 3.3, the forward sweeps of the CVs were fitted to the
Butler-Volmer expression for thin layer cells [43], using a superposition of j one electron
reactions:

20r3

iB)=) —> ,

j=1 1+exp[—f(E—Ej0)]+ﬁexp[—(l—a)f(E—Ejo)]
j

[im

(3.1)

Here ij;,,j are limiting currents for the individual waves, Eja formal potentials, a the
transfer coefficient, z = 70 nm the nanochannel height, and f = F/RT (F, Faraday con-
stant; R, gas constant; T, temperature). Degis the effective diffusion coefficient; diffusion
is effectively slowed by dynamic analyte adsorption due to the high surface-to-volume

ratio in the nanochannel of 3 x 107 m_l, typically to Dgg = 0.2-0.5D in previous exper-
iments [11, 16]. The fitting parameters were ij;;,, and the dimensionless rate constant
Deff/zko. The transfer coefficient was approximated by a = 0.5 [43]. Formal potentials
Ejoy were determined as the inflection points of the CVs. Using the effective diffusion
coefficients determined as shown below (see figure 3.4), rate constants were extracted.
They decrease considerably with a higher electron number from 1.4 to 0.50 cm/s for 2,5-
Fcy-¢C4H,S and from 0.40 to 0.18 to 0.07 cm/s for the 2,3,4-Fc3-°C4HS compound for
the first and second (and third) wave, respectively.
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Figure 3.3: Cyclic voltammetry in the nanofluidic device. (a) 50 uM 2,5-Fc2-°C4H3S in a 20 um long device.
The top electrode is swept (red), while the bottom electrode is kept at 0 V (blue). The dashed line is a fit to the
Butler-Volmer formalism, equation 3.1. Gray bars indicate limiting currents determined by the same fit. (b) 1
mM 2,3,4-Fc3-°C4HS in a 10 um long device. Here the bottom electrode is swept (red), while the top electrode
is kept constant at 0 V (blue).

Moreover, electrical migration might have an adverse effect on transfer kinetics and
analyte transport perpendicular to the electrodes; this effect was previously studied in
nanogap geometries [45-47]. [N"Buy][B(CgF5)4] has a large ionic dissociation constant
Kp > 1000 [48]. Therefore, a thick electrical double layer of Ap > 10 nm (at actual elec-
trolyte ion concentrations < 0.1 mM) could lead to repulsion of charged analytes from
charge electrodes and thereby to reduced limiting currents for higher oxidation states.
Stochastic Amperometry: We biased the electrodes a specific fixed potential, recorded
current-time traces for both electrodes, and analyzed the mesoscopic number density
fluctuations mirrored in the current fluctuations. In this detection scheme, the nanogap
geometry offers the unique advantage that an arbitrary couple of oxidation states can be
chosen for redox cycling between the two working electrodes. This means that also cy-
cling between two positive oxidation states is possible, independent of the fully reduced
bulk state.

Properties were analyzed by determining the magnitude of the fluctuations [13], i.e.,
the standard deviation iy, and comparing it to the magnitude of the Faradaic limiting
current (ij,) for specific combination of electrode potentials. Here, is; depends only
on the current generated per molecule, iy, and the mean number of analyte molecules
(N) present in the detection volume:

istd = ip(\)!/2 (3.2)

The current per molecule, iy, depends only on the nanochannel height, z; the number of
electrons transferred, n; and the diffusivity, Degr (and on the elementary charge, e):

neD
iy = e (n=1,2,3) (3.3)
P 22
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Figure 3.4: (a) Effective diffusion coefficient of 2,3,4-Fc3-°C4HS determined by the magnitude of fluctuations
is;q in current-time traces. The “mean charge in e” corresponds to the applied potentials 0.5e = 0-0.25 V; 1e
=0-0.5V; 1.5e(“0..3”) = 0-0.9V; 1.5e (“1..2”) = 0.25-0.5V; 2e = 0.25-0.9 V; 2.5¢ = 0.5-0.9 V. (b) Corresponding
currents per molecule for 2,3,4-Fc3-°C4HS. The gray lines indicate one-electron (lower line) and two electron
(upper line) transfer processes. (c) Effective diffusivities and currents per molecule for 2,5-Fcy-°C4H2S. Here
the mean charge in e corresponds to the potentials 0.5e = 0-0.25V; 1le = 0-0.55V; 1.5e = 0.25-0.55 V.

By using equations 3.2 and 3.3 as well as the limiting current (ij;,) = ip (), Deﬁand ip can
directly be determined, i.e, i, = i %ga I {ijim). The results of this fluctuation analysis are
shown in figure 3.4a. Here, the effective diffusion coefficient, Dy, is plotted as a function
of applied potential represented by the nominal “mean charge in e”. This means that for
a value of 0.5, the analyte 2,3,4-Fc3-°C4HS cycles between the fully reduced state and a
state with only one oxidized ferrocenyl group, potentials of 0 V and 250 mV are applied,
and the molecules in the device have an average charge of about 0.5e. Our measure-
ments show unequivocally that the effective diffusivity decreases with increasing mean
charge or with the mean of the potential applied at the top and bottom electrodes. Fig-
ure 3.4b shows the current per molecule, i, as determined by equation 3.3. This current
increases with the number of electrons exchanged but decreases for higher oxidation
numbers. In figure 3.4c, the same trends of smaller currents and diffusion coefficients
for an increased mean charge are depicted for the 2,5-Fc,-°C4H,S analyte.

Dggrcan also be extracted from a current-time trace by determining its power spectral
density and determining the characteristic crossover frequency, fy [14]. Both methods
are compared in the Supporting Information, showing higher diffusivities for the latter
methods but the same trend of reduced Dgyr for higher potentials and charges.

The slightly faster diffusion of 2,5-Fc,-°C4H,S compared to 2,3,4-Fc3-°C4HS is ex-
pected because of its smaller size. The observed reduced diffusivities at higher oxi-
dation states are also not unexpected. For example, the diffusion coefficient of fer-
rocenedimethanol in aqueous solution is reduced by 20% in its oxidized state [44] be-
cause of a changed solvation shell. In the case of the ferrocenylthiophenes, a similarly
strong effect is not expected because of the very large size of the electrolyte ions in a
nonpolar solvent. Several origins or a combination of effects can lead to the observed
change in D, namely, a change in bulk diffusivity, a change in dynamic adsorptivity, a
slightly reduced limiting current due to slow kinetics, as well as a contribution by elec-
trical migration. The increased D, for the spectroscopic determination compared to
the current magnitude analysis (figure S2 in the Supporting Information) hints at an
anisotropic contribution by migration which is captured in isz but not in fy because only
longitudinal diffusion contributes to the crossover frequency (shuttling in and out of the
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nanochannel), while fluctuations on all time scales (including diffusion across the chan-
nel) are captured in igyg.

A change in electrostatic adsorption can be ruled out as a cause for the decreased
effective diffusivity because more positively charged analytes would be repelled from
more positively charged electrode surfaces, but a decrease in Dy is observed for these
conditions.

Ultimately, while clear trends are observed for D.gand iy, so far it is not possible to
distinguish the contribution of adsorption and changed diffusivities to these observa-
tions. While transport is hindered in the nanochannel, very large currents per molecule
of up to 15 fA at room temperature were measured for high overpotentials (figure 3.4b).
This shows that compounds exhibiting multielectron transfer processes can have a po-
tential application in single-molecule electrochemistry.

3.4. CONCLUSION

We introduced a new electrochemical method to determine the diffusive properties as
a function of the oxidation state of complex electrochemically active molecules in a
stochastic amperometric measurement. The experiments show that electrochemical
nanogap sensors are suitable to work under conditions of a very volatile solvent, en-
abling a more complex analysis of novel compounds. For the investigated oligoferro-
cenyl thiophenes, our measurements show a decrease in effective diffusivity for an in-
crease in applied potentials and oxidation state of the compounds. Moreover, highest
currents per molecule of 15 fA per molecule were determined, which compares well to
previous single-molecule experiments [17]. For future experiments, we plan to investi-
gate the origins of changes in effective diffusivity by determining the influence of electri-
cal migration as well as to extend the method from identifying the properties of a redox
couple to determining the diffusion of a specific oxidation state.
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Electrochemical correlation spectroscopy:
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Figure S1. Power spectral densities (PSDs). a) PSDs for oxidation potentials 0of 0.9V, 0.5V and 0.25 V for 0.5 mM
2,3,4-Fc3-°C4HS undergoing redox cycling in a 10 um long device (the reduction potential is kept at 0 V). Gray
lines are a fit to the theoretical model. Inset: raw current-time traces for potentials of 0.25 V and 0.9 V and the
top and bottom electrode, respectively. b) Power spectra for 10 mM 2,5-Fcy-°C4H>S in a 20 umm long device.

Exemplary power spectra extracted from current-time traces measured in a nanoflu-
idic device are shown in figure S1. Traces were recorded for a length of 60 s (100 s for
2,5-Fcy-°C4H;S at a bandwidth of 150 Hz. Low-frequency drift was filtered, and spectra
of three current-time traces were averaged for each depicted power spectrum. The PSDs
S(f) can be characterized by two characteristic properties: the magnitude of the plateau
at lower frequencies, which for a given geometry and diffusion coefficient depends only
on the analyte concentration, and the crossover frequency fy, which indicates the tran-
sition from the plateau at lower frequencies to a f~3/2 decay at high frequencies [14].
The value of f) was extracted by a fit to S(f) = So/ (1 + (f/ f¢)*'?) and Defrevaluated using
fo= (Degl 1) (3/L2,4(La+6Le)))%'3. Here L, is the top electrode length and L, =2 um is the
distance between the access holes and the top electrode). Figure S2 shows correspond-
ing diffusivities for 2,5-Fc,-°C4H>S in comparison to D,g determined by evaluating the
current fluctuation magnitude (as shown also in figure 3.4c).
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ELECTROCHEMICAL REDOX
CYCLING IN A NEW NANOGAP

SENSOR: DESIGN AND SIMULATION

We propose a new geometry for nanogap electrochemical sensing devices. These devices
consist of two closely spaced side-by-side electrodes which work under redox cycling con-
ditions. Using finite element simulations, we investigate the effects of different geometric
parameters on the redox cycling signal amplification to gain insight into the electrochem-
ical sensing performance of the device design. This will allow optimizing the sensor per-

formance of devices to be fabricated in the future.

This chapter is based on the following publication:
H.R. Zafarani, K. Mathwig, E.J.R. Sudholter and L. Rassaei, Journal of Electroanalytical Chemistry 2016, 760,

42-47 [1].
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4.1. INTRODUCTION

ICRO/NANOELECTRODE systems have been extensively studied for electrochemical

(bio)sensing applications due to their fast response time, small capacitive currents
and steady-state voltammetric response, which compare favorably to macroelectrode
systems [2]. However, the small surface area of these electrodes limits their sensitivity,
in particular at low analyte concentrations, due to the limited sensitivity of electronic
instrumentation [3]. One way to circumvent these limitations is to configure the elec-
trodes in a dual mode, thereby taking advantage of redox cycling between them. In this
way, the concentration profiles of both species overlap, allowing the species generated at
one electrode to be efficiently collected at the other electrode. Such successive oxidation
and reduction of analyte molecules as a result of the inter-diffusion between two closely
spaced electrodes lead to current amplification and, thus, the detection limit of elec-
trochemical sensors is lowered [4-6]. These systems are a modified version of rotating
ring disc electrodes operating in generator—collector mode which were in particular de-
veloped by Albery and Hitchman [7, 8] followed by the development of numerous elec-
trode geometries and techniques such as double-band channel electrodes [9], micro-
ring-disc electrodes [10], micro-electrode arrays [11], interdigitated electrodes [12], dual
microdisc electrodes [13], and junction electrodes [14]. A summary of the variety of ge-
ometries and applications can be found in reference [15].

The advantages of the redox cycling devices are not only limited to an improvement
of the sensor sensitivity by amplification of faradic currents [12, 16]; they are also pow-
erful tools for determining diffusion coefficients of redox species [9, 17] and monitoring
the lifetime of electrogenerated intermediates [18, 19]. One widely used type of redox cy-
cling devices is thin layer cells which consist of two planar electrodes separated by a thin
layer of liquid [20]. Recently, Marken et al. developed a simple method for the prepa-
ration of dual-plate electrode systems with a micrometer gap via etching a thin epoxy
layer between the two electrodes [21-23]. Despite the advantage of a simple and inno-
vative fabrication methodology, the gap size is limited to the micrometer length scale,
and the method is not compatible mass fabrication needed for many practical appli-
cations. The sensitivity of any thin layer cell sensor is increased by reducing the gap
size between the two electrodes [22]. However, reducing the gap size to the nanometer
range requires cleanroom facilities and multi-step photo or e-beam lithography tech-
niques [20] as demonstrated in pioneering works by Lemay et al. [24, 25]. In this ap-
proach, nanogap devices are fabricated layer-by-layer. Subsequent to the microfabria-
tion, a sacrificial chromium layer separating to metal electrodes is wet-etched, creating
a nanochannel and completing the formation of the nanogap sensor. The sensitivity
of these nanogap devices allows even single-molecule detection [26, 27], and they have
been used for a variety of applications [25, 28, 29]. Considering the need for more sensi-
tive sensing devices, there exists a demand for new nanogap sensors which are simpler
to fabricate. Various geometries and fabrication method have been suggested in last few
years [5, 30]. We currently aim at the fabrication of a new type of nanogap sensor con-
sisting of two closely spaced side-by-side electrodes. Comparable redox-cycling sensors
with side-by-side electrodes have been realized by a variety of fabrication methods using
different electrode materials [31-33]. All of these sensors employ side-by-side electrodes
ininterdigitated geometries. However, they operate in a microscale regime with gap sizes
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Figure 4.1: (A) Schematic of the proposed nanogap sensor, (B) scanning electron micrograph of a precursor of
a device acquired at a 30° angle, and (C) schematic side view.

above 1 um and, thus, do not benefit from the unique advantages of nanoscale sensors
such as highest amplification factors. Side-by-side interdigitated electrodes with sub-
micrometers distances have been fabricated, but only employed for impedance sensing
[34].

In the present work, we employ numerical finite element simulations to study the
electrochemical sensing behavior in a new nanogap design. By evaluating the influence
of geometric parameters as well as electrode potentials on the sensor performance an
understanding of design rules is gained for future device fabrication.

4.2. METHODS

Sensor geometry: The nanogap sensor consists of two closely spaced electrodes posi-
tioned next to each other (see figure 4.1). The top sides of both electrodes are passivated
to avoid a contribution to the electrochemical signal.

COMSOL Multiphysics (version 4.4) was employed to simulate the electrochemical
processes and mass transport of analytes in the nanogap sensor. We assume an un-
stirred solution (with the exception in the flow rate study section ) and a high supporting
electrolyte concentration. Therefore mass transport is diffusive, and convection and mi-
gration are not considered. The effects of various design parameters, namely the gap
size, the thickness of the top isolating layer, the electrode thickness, the collector po-
tential and the flow rate were studied, and their influence on the current signal and the
signal amplification factor was determined.

The geometry of the device allows simplifying the simulation to a two-dimensional
geometry. Fick’s second law describes diffusion of species:

oC; 2
E =D jV Cj 4.1)
Cj and Dj are the concentration and diffusion coefficient of a redox species j. For sim-
plicity, we consider equal diffusion coefficients for both oxidized and reduced species
(see Table 4.1).
Electrochemical reactions: The archetypical redox reaction,

Fc(MeOH)," +e = Fc(MeOH), 4.2)

was simulated at the electrode surfaces. The current was defined based on Butler—Volmer
kinetics as [35]
i =F[Cokf—CRkb] (4.3)
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Table 4.1: Constants used in the current simulation processes [24, 30].

Do 6.7x10719m2/s a 049
Dr  6.7x10719m2/s F  96485.34 C/mol
k, 0.06m/s R 831J/K
E, 0251Vuws.Ag/AgCl T 298K
—aF(E—Eh)
kp=koel—wr (4.4)
(l—a)F(E—Eh)
kp=koel— T 4.5)

Here, kf and k;, are the forward (reduction) and backward (oxidation) rate constants of a
redox reaction, ky is the standard electrochemical rate constant, a: transfer coefficient,
F: Faraday constant, E: electrode potential, Ej, standard potential of the redox couple, co
and cg concentration of the oxidized and reduced species, respectively.

Model geometry: In our simulation, two electrodes are considered with variable
thicknesses and a 3 um width(i.e, the length of the gap in the third dimension which is
not simulated explicitly). The electrodes are located at close distance next to each other.
An isolating layer is considered above each electrode with a defined thickness. Finally,
a solution containing 1 mM Fc(MeOH); infills the gap and a reservoir above the device.
All potentials are defined versus a Ag/AgCl reference electrode.

Table 4.1 lists the value of the constants used in the simulation based on experimen-
tal values reported in the literatures [24, 30]. However, the choice of the electrolyte as
well as the electrode material and electrode surface conditions can affect these constants
[25, 36]. In all dual mode studies, the right electrode (generator) was swept in the poten-
tial range of 0-0.5 V vs. Ag/AgCl, while the left electrode (collector) was kept constant at
a cathodic potential (0 V, except for studying the effect of varied collector potentials sec-
tion). Under these conditions, the oxidized species are produced at the generator elec-
trode, the majority of this species is reduced again at the collector electrode and then
diffuses back to the generator electrode for re-oxidation.

4.3. RESULTS AND DISCUSSION

Study of the gap size: One important feature in the design of nanogap sensors is the dis-
tance between the two electrodes [29, 37]. Reducing the gap size enhances the current
amplification due to a shorter diffusion time between the two electrodes [24, 38]. Thus,
we studied this effect on the current amplification factor, which we defined as the ra-
tio between the generator limiting current in dual mode to the current in single mode.
(As shown in the cyclic voltammograms in figure 4.2 the single-mode currents exhibit a
slight hysteresis due to slow diffusion into the nanogap. We approximated the limiting
current by the current at a potential of 0.5 V.) We also studied the effect on the collection
efficiency (defined as the current ratio of the collector electrode to the generator elec-
trode in dual mode; collection efficiency = Ieoyiecror/ Igenerator- In these simulations, the
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Figure 4.2: (A) Simulated cyclic voltammograms (scan rate = 10 mVs™!) showing the effect of the distance be-
tween the two electrodes (gap size) in redox cyclic mode (the generator electrode was swept between 0 and
0.5 V while the collector potential was kept constant at 0 V). (B) Cyclic voltammograms (scan rate: 10 mVs-!)
showing the effect in single mode (one electrode was swept between 0 and 0.5 V while the other electrode was
kept floating). (C) Plot showing the change in current amplification factor versus gap size in redox cyclic mode,
and (D) plot showing the current collection efficiency versus the gap size in redox cyclic mode.

electrodes’ thickness was chosen as 80 nm and the thickness of the top isolating layer
was kept constant (250 nm). We simulated cyclic voltammograms of Fc(MeOH), for dif-
ferent gap sizes (80 to 200 nm). As shown in Fiure 4.2A, decreasing the gap size results
in an increase in both anodic and cathodic limiting current in agreement with reports
in the literature. This increase is due to a reduced diffusion path between the two elec-
trodes and, thus, more efficient redox cycling [29]. Figure 4.2B presents simulated cyclic
voltammograms for varied gap sizes in single mode. Interestingly, in single mode a de-
crease in current is found with decreasing gap size; this is attributed to slower diffusive
transport from the reservoir into the narrower nanochannel. As shown in figure 4.2C
and D, decreasing the gap size results in both a higher amplification factor and a higher
current collection efficiency in dual mode.

Study of the isolating layer thickness: The role of the top isolating layer thickness
was studied by varying the thickness in the range of 100 nm to 300 nm for a 80 nm wide
nanogap (electrode layer thickness = 80 nm). Here, again, the potential of one electrode
was swept from 0to 0.5 V (scan rate of 10 mVs ') while the potential of the other electrode
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Figure 4.3: (A) Cyclic voltammograms (scan rate: 10 mVs™!) showing the effect of the isolating layer thickness
on the current obtained in the redox cyclingmode. (B) Current collection efficiency versus different isolat-
ing layer thicknesses in redox cyclic mode. (The generator electrode was swept between 0 and 0.5 V, and the
collector potential was kept constant at 0 V).

was kept constant at 0 V for the oxidation and reduction of 1 mM Fc(MeOH),. As shown
in figure 4.3A, a change in the thickness of the top isolating layer does not affect the
magnitude of the limiting current in dual mode, whereas increasing the isolating layer
thickness from 100 nm to 300 nm decreases the limiting current in single mode from
0.045 nA to 0.025 nA (data not shown). This demonstrates that the diffusive access to
the electrodes is slowed down by a thick isolating layer; however, this has no influence
on the redox cycling efficiency as species between the two electrodes undergo repeated
electron transfer processes.

Figure 4.3B shows the trend of increasing current collection efficiency with increas-
ing thickness of the top isolating layer due to the confinement of the redox species in the
nanogap. Hence, the probability for diffusion of active species in the nanochannel back
into the bulk reservoir decreases by increasing the thickness of the nanogap trench.

Study of the electrode thickness: Originally, Anderson and Reilley estimated the lim-
iting current I for two planar electrodes separated by a thin layer of fluid by the equation

[38]:
nFADC
I= — (4.6)

Here Ais the overlapping area between the two electrodes, and z is distance between the
electrodes (gap size). Thus, by increasing the electrode surface areas the redox cycling
current is increased. We studied the influence of the electrode surface areas in the our
nanogap design by varying their height (layer thickness) in the range from 30 to 130 nm
in a device with a 80 nm gap size and a 250 nm isolating layer on top (see figure 4.4).

Increasing the electrode thickness from 30 to 130 nm enhanced the limiting current
from 0.1 to 0.38 nA linearly (in agreement with equation 4.6). As shown above in figure
4.3A, an enhanced species trapping due to the elevated electrodes does not improve the
redox cycling current.

Study of the collector potential: In addition to the geometric parameters of the
nanogap design we investigated the effect of the collector potential on the redox cycling
current. We kept the collector electrode potential constant at values ranging from —0.5 to
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Figure 4.4: Cyclic voltammograms (scan rate: 10 mVs™!) showing the effect of different electrode thicknesses
on the redox cycling current (the collector electrode is kept constant potential of 0 V).

0.2 V while the generator electrode potential was swept between 0 and 0.5 V in a 80 nm
nanogap device with a 250 nm isolating layer thickness and an 80 nm electrode thick-
ness. The effect of these changes on the cyclic voltammograms is shown in figure 4.5.

The concentration profiles in the nanogap device are shown in figure 4.6 for two
different collector potentials. When the collector potential is set at 0.2 V, close to the
half-wave potential, a small amount of Fc(MeOH)," is reduced at the collector electrode
which results in a decrease in redox cycling current. However, by shifting the potential
of the collector electrode to a more cathodic potential, more Fc(MeOH)," ions are re-
duced at the electrode and diffuse to the generator electrode where they are re-oxidized
resulting in an increase in the limiting current. Further decreasing the potential of the
collector electrode from 0 to -0.5 V does not affect the redox cycling current (see figure
4.5). This indicates that a potential of 0 V suffices to reduce the species produced at
generator electrode back to its initial state. Such high over potentials ensure that charge
transfer does not limit the reaction rate [39].

Study of the flow rate: Contributions of both migration and convection to analyte
mass transport were neglected in the simulations presented above. The proposed de-
vice can be implemented as a detection element in a microfluidic channel for improved
sensitivity in microanalytical systems.

In microanalytical systems employing microelectrodes, the magnitude of the current
typically depends on the solution flow rate, and the obtained signal has to be normalized
to the hydrodynamic flow velocity. This is due to a strong dependence on mass transport
to the electrode on the flow rate (and the channel cross section). Recently, we inves-
tigated the effect of the flow rate on the performance of a nanofluidic sensor located
in a microchannel [40]. The investigated nanofluidic in that study, has a closed layer-
by-layer structure [24, 25] where the solution introduced to the nanochannel- the gap
between the top and the bottom electrode- via two small (2 um by 2 um) access holes.
In this case changing the solution flow rate on the top of the nanofluidic had no influ-
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Figure 4.5: Cyclic voltammograms showing the effect of different collector potentials. The generator electrode
is swept between 0 and 0.5 V (scan rate: 10 mVs'l); the collector electrode is kept at different constant poten-
tials.

ence on the sensor limiting current response. While in this study there is a nanochannel
which is open on the top and the nanochannel is directly in contact with the above bulk
solution. We want to study the effect of the flow rate on the performance of such an open
nanofluidic sensor.

For this study, the nanogap sensor was located at the bottom of a microchannel (3
mm length, 200 um height and 300 um in width), a laminar flow was introduced per-
pendicular to the nanogap (i.e., from left to right for the representation in figure 4.6). We
evaluated the flow profile by using the Stokes equations for an incompressible fluid.

Vp=nv?u, V.i=0 @7

Here 7 is the flow velocity, p is the hydrostatic pressure, and 7 is the dynamic viscosity
(0.001 Pa.s for water). We chose the boundary conditions of a constant laminar inflow
rate at the microchannel inlet, p = 0 Pa at the outlet, and no-slip conditions for all other
boundaries. The redox cycling current was determined as a function of flow ranging
from rates of 0 to 600 uls™! for the flow profile in the microchannel for a 80 nm nanogap
(with a 250 nm isolating layer and 80 nm electrode thickness). Figure 4.7A presents cyclic
voltammograms for various flow rates. At the center of the channel floor, these rates cor-
respond to shear rates (flow velocity gradients ranging from 0 to 8600 s! as determined
by %(z =0)= mQ. (Here, % is the shear rate [41], Qis the volume flow rate, h
and w are the height and width of the microchannel, respectively.)

Previously, we showed that increasing the flow rate in a microchannel on top of a
nanofluidic gap sensor does not affect the redox cycling signal [40, 42]. Since diffusion
of species between the electrodes in the nanogap is fast in redox cycling, a variation
of flow rate in micro-channel - considering also the large hydrodynamic resistance of
the nanogap — does not alter the redox cycling current. Figure 4.7A reveals that, even

with the open nanochannel geometry studied here, the electrochemical redox cycling
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Figure 4.7: Cyclic voltammograms (scan rate: 10 mVs!) showing the effect of flow rate on the redox cycling
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constantat0 V.

currents are unaffected by a change in flow rate in the microfluidic channel.

Finally, we studied the effect of flow rate combined with one of the most important
parameter in geometric design: gap size. For this purpose, we defined a device with
a wide gap of 170 nm (see figure 4.7B). The nanogap device clearly is sensitive to the
variation of flow rate once the gap size is expanded to 170 nm. In this situation, the
flow rate affects both the limiting current and the collection efficiency (the collection
efficiency reduces from 0.85 to 0.76 by increasing the flow rate from 0 to 600 uls™'). Here,
the flow prevents inter-diffusion of species between the two electrodes.

4.4, CONCLUSION

We proposed a new design for generator-collector nanogap devices and performed fi-
nite element simulations to study electrochemical processes inside the sensor. We con-
sidered the effect of different geometric parameters as well as applied potentials for this
design. Datarevealed that decreasing the gap size and increasing the electrode thickness
increase the amplification factor and collection efficiency of the device. However, vary-
ing the thickness of the top isolating layer results in insignificant changes in the device
performance. We also showed that, once the nanogap is located in a microfluidic chan-
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nel, for small gap sizes (<170 nm) a change in flow rate typical for microfluidic channels
does not influence the electrochemical processes in the gap. This information can be
utilized for the fabrication of these nanogap sensors and their use in electroanalytical
applications.

These sensors will combine the advantages of ease of fabrication, intrinsic high sig-
nal amplification due to redox cycling and possible integration into lab-chip or point-of-
care devices. The independence of flow rate enhances the reliability in such applications
as a calibration method is not required. Moreover, the open design will allow the combi-
nation with different detection techniques such as optical microscopy.

The simulations and well-understood geometry will enable a straightforward de-
tailed and quantitative assessment of future experimental data.
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ELECTROCHEMICAL
AMPLIFICATION IN SIDE-BY-SIDE
ATTOLITER NANOGAP
TRANSDUCERS

We report a strategy for the fabrication of a new type of electrochemical nanogap trans-
ducer. These nanogap devices are based on signal amplification by redox cycling. Using
two steps of electron-beam lithography, vertical gold electrodes are fabricated side by side
at a 70 nm distance encompassing a 20 attoliter open nanogap volume. We demonstrate
a current amplification factor of 2.5 as well as the possibility to detect the signal of only 60
analyte molecules occupying the detection volume. Experimental voltammetry results are
compared to calculations from finite element analysis.

This chapter is based on the following publication:

H.R. Zafarani, K. Mathwig, E.J.R. Sudholter and L. Rassaei, ACS SENSORS 2017, 2, 724-728 [1].
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5.1. INTRODUCTION

EMANDS for robust analysis at the clinical point-of-care [2, 3] as well as for moni-

toring pollutants in the environment [4, 5] have led to diverse research directions
toward the development and further size reduction of miniaturized analytical chemical
sensors. Electrochemical detectors combine the advantages of being sensitive tools with
a low cost, small sample volume, and fast response time [6-10]. Here, progress stems
from the developments in microfabrication techniques and their application in analyt-
ical chemistry [11-15]. Microelectrodes in particular offer a superior performance [16-
19] with enhanced mass transport to the electrode surface resulting in a fast response
time and often low detection limits and high signal-to noise ratios.

The small surface areas of microelectrodes yield low currents, which are often diffi-
cult to detect with conventional electrochemical equipment [20, 21]. An effective way
for signal amplification is redox cycling, i.e., the successive oxidation and reduction of
analyte molecules at two closely spaced electrodes. As analytes travel by diffusion be-
tween the electrodes, each molecule can shuttle up to thousands of times per second,
leading to an intrinsic amplification of the current. In addition, in redox cycling only
reversibly electrochemically active species yield an amplified signal and two separated
working electrodes are employed, enabling biasing schemes for a highly selective sens-
ing [22, 23], for example, by using interdigitated electrodes (IDEs) [17, 24, 25].

Microfabricated nanogap devices are a newer type of redox cycling devices which
consist of two planar parallel electrodes closely spaced (<100 nm) in a nanochannel, po-
sitioned as its bottom and ceiling in a thin-layer cell configuration [26]; or they can be
realized as pore-based structures in which electrodes are stacked in vertical pores con-
sisting of metal-insulator-metal layers [27, 28]. Due to this small distance these devices
can be employed for a variety of sensing schemes such as mesoscopic stochastic sensing,
advanced biodetection, and single-molecule electrochemistry [29-33]. The fabrication
of these devices requires several steps of consecutive electron-beam or photolithogra-
phy, depositions, and dry etching, making the overall process rather complex.

Here, we report a novel nanogap transducer which we had previously investigated
by numerical methods [34]. The geometry consists of two electrodes positioned side by
side at a 70 nm distance. The electrode pair is not covered to form a closed nanochannel,
but the active detection volume is directed to a larger reservoir. The active volume is 20
attoliters, about 100 times less than previously reported for closed nanogap devices [29].
Our device resembles an interdigitated electrode array [17, 35, 36] with several unique
properties: it only has two fingers; the nanoscale interelectrode distance is considerably
smaller than in most IDEs [37-39]; the electrode surfaces are parallel [40] and are passi-
vated on top. We characterized the device by cyclic voltammetry and step amperometry
to determine the amplification factor, sensitivity, and time response, and compared the
experimental performance by two-dimensional finite element analysis.

5.2. EXPERIMENTAL SECTION

Device Fabrication: Two steps of electron-beam lithography were employed to pattern
devices on a silicon wafer substrate passivated by 300 nm thermally grown silicon ox-
ide. Figure 5.1A shows the fabrication scheme. First, two layers of methyl methacrylate
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Figure 5.1: (A) Schematic of the nanogap fabrication process. (B) Microscopic top view image of a typical
nanogap device. (C) Electron micrograph of the Au-PMMA nanogap. (D) Schematic principle of electrochem-
ical measurements.

(MMA) and poly(methyl methacrylate) (PMMA) (thicknesses of 300 and 150 nm) were
successively spin-coated on the substrate. Two 3-um wide electrodes with a 70 nm gap
in between were patterned by e-beam exposure. Next, a 10-nm-thick Ti adhesion layer
and 80-nm thick Au were deposited by electron-beam evaporation, followed by a lift-off
(hence, active volume = 3 pm x 70 nm x 80 nm = 20 attoliters). Subsequently, a 500-
nm-thick PMMA passivation layer was spin-coated. In a second e-beam exposure and
development step, only the gap area and connection pads were exposed. Microscopic
top-view images of a nanogap (Au and passivation layer) are shown in figure 5.1B and C.

Chemicals: 1,1’-Ferrocene dimethanol, Fc(MeOH),, and potassium chloride, KCI,
were obtained from Sigma-Aldrich. All solutions were freshly prepared in Milli-Q wa-
ter with 1 M KCl as supporting electrolyte. The experiments were carried out at room
temperature.

Electrochemical Experiments: A Keithley 4200 parameter analyzer with two source
measurement units was used to separately bias both electrodes as well as to measure
Faradaic currents. A Ag/AgClreference electrode (BASi Inc.) was positioned in a reservoir
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on top of the nanogap device. Figure 5.1D shows the measurement setup.

5.3. RESULTS AND DISCUSSION

Fabrication of the Nanogap: Focused ion beam milling has been employed for the fabri-
cation of the nanogaps for single molecule measurements in the field of molecular elec-
tronics [41-43], and it has the advantage of fabrication in a single milling step. However,
we found that this technique is not optimally suited for our nanogaps: due to the Gaus-
sian distribution of the ion beam, v-shaped nanogap structures were obtained instead
of parallel straight walls [41, 44, 45]. Moreover, by employing ion beam milling, not only
the metal but also the passivation layer around the gap are removed (with a Gaussian ge-
ometry); hence surrounding the gap a large area of the electrodes remains bare without
any passivation on top.

Using e-beam lithography and lift-off, well-defined clean sidewalls of two closely
spaced electrodes are more easily achievable. While we chose a gap width of 70 nm,
also considerably shorter interelectrode distances are feasible (possibly at reduced metal
thicknesses). Moreover, using this fabrication by deposition, lithography, and lift-off,
electrodes can be fabrication in a large variety of materials. A second e-beam exposure
defined the insulating layer; to avoid covering the nanogap with PMMA due to misalign-
ment, a wider opening was chosen (50 nm tolerance). While this layer does not allow
the use of organic solvent in electrochemical measurements, it can be replaced by inert
materials such as silicon oxide.

Current Amplification: We compared the current of the nanogap transducers in sin-
gle mode (i.e., biasing only one electrode) and in redox cycling dual mode to determine
the amplification factor. Figure 5.2 presents cyclic voltammograms for a device filled
with 0.5 mM Fc(MeOH); in a 1 M KCI aqueous solution. In single mode (see figure
5.2A,B), the potential of one electrode was swept while the other one was kept floating.
In dual mode (see figure 5.2C), one electrode was swept (right generator electrode) from
0to 0.5 Vwhile the left collector electrode was kept at a constant reducing potential of 0 V
vs Ag/AgCl. Comparing the limiting currents in single mode, Iingre, and dual mode, Iyq,
leads to an amplification factor of I,q/ Iiingte = 2.5. The difference between the limiting
currents of the right and left electrodes (100 pA vs 75 pA at 0.5 V) in figure 5.2C stems
from the open geometry of the nanogap; oxidized and reduced species produced at one
electrode can diffuse back into the solution before reaching the next electrode. Thus,
amplification factor and collection efficiency are reduced, and a collection efficiency of
Leottector! Igenerator = 75% was obtained.

The Faradaic limiting current for two planar opposing electrodes is determined as
[23]

;_ NFADC
Tz

(5.1)

where 7 is the number of exchanged electrons, F the Faraday constant, A the electrode
surface area, D the diffusion coefficient, C the analyte concentration, and z the inter-
electrode distance. Using equation 5.1 yields a current of I = 110 pA in good agreement
with the experimental value of 100 pA. The effective redox cycling volume in between
the two electrodes amounts to 20 aL, which is about 100 times smaller than in smallest
electrochemical nanochannel sensors [29, 46, 47].
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Figure 5.2: Cyclic voltammograms of 0.5 mM Fc(MeOH), in 1 M KCI solution in the nanogap at a 5 mVs™!
scan rate. (A) The right electrode was swept between 0 to 0.5 V (vs. Ag/AgCl) while the left electrode was
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[——Right &lectrode (5060 M y g L : y
100 = | eft electrode (500 pM)

80 —— Right electrode (250 M)
Left electrode (250 pM)
60 —— Right electrode (100 M)

40 F Left electrode (100 pM)

2 — Right electrode (5 uM)
e 20 — Left electrode (5 uM), 4
e 0 §
[ F d
t _20 f—— Generator electrode |

= 100 —— Colleclow/-

o 40 IE%0 -
== ]
60 £, ]
_80 100 _

100 200 300 400 500

_1 00 Concentration (uM) | |

0.0 0.1 0.2 0.3 0.4 0.5
Potential (V)

Figure 5.3: Cyclic voltammograms of different concentrations of Fc(MeOH)3 in 1 M KCl solution at a 5 mVs'!
scan rate. Inset: Limiting current at 0.5 V as a function of concentration: 5, 10, 100, 250, and 500 uM (lines are
guides for the eye).

Concentration Effect: Detection limit. In order to quantitatively investigate the de-
tection limit of the nanogap transducers, we performed cyclic voltammetry for differ-
ent concentrations of Fc(MeOH); in 1 M KCI solution as presented in figure 5.3. The
right electrode potential was swept between 0 and 0.5 V (at a 5 mVs™! scan rate) while
the left electrode was fixed at 0 V. Well-defined cyclic voltammograms were obtained
for Fc(MeOH), concentrations down to 5 M, showing in linear response in the limit-
ing current (see inset in figure 5.3). For the concentration of 5 uM, corresponding to an
average number of 60 molecules in the active volume, a limiting current of 1.5 pA was
measured at the collector electrode (Lower concentrations were inaccessible due to an
instrumental limitation of 1 pA).

Response Time: The response time is an important characteristic of nanogap sen-
sors [48]; it is the time to reach a steady-state current after a change in concentration (or
a change in local concentration induced by stepping an electrode potential). In closed
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Figure 5.4: (A)Step chronoamperometry for 0.5 mM Fc(MeOH)» in 1 M KCl solution. The left electrode (blue) is
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as a function of time.

nanochannels, molecules have to diffuse from the bulk and through the access holes
along the entire nanochannel (length L) to reach an equilibrium concentration. The re-
sponse time 7 < L?/D is further slowed down by reversible potential-dependent adsorp-
tion of analytes and can amount to several tens of seconds [48, 49].

We investigated the response time of the side-by-side devices by stepping the poten-
tial of one of the electrodes between 0 and 0.5 V and observing the current response at
the other electrode biased constantly at 0 V (see figure 5.4). While the stepping electrode
exhibits considerable transient behavior due to parasitic RC charging [48], the collector
electrode shows an instant response, limited by the instrumental time resolution of 0.2
s. We estimate that the actual response time of the device is much shorter, as it only
takes o< (80 nm)2/D =10 us to diffuse into its active area. Also, moderately fast sweep-
ing in cyclic voltammetry without hysteresis is facilitated due to this fast response (see
Supporting Information for scan rates ranging from 1 to 40 mVs™!).

Numerical Analysis: We employed two-dimensional finite element analysis (COM-
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Figure 5.5: Comparison of simulated and experimental cyclic voltammograms obtained for 0.5 mM
Fc(MeOH), in 1 M KCl solution at a 5 mVs™! scan rate for (A,B) single mode and (C) redox cycling.

SOL Multiphysics 4.4; see Supporting Information) to model the electrochemical reac-
tions in the nanogap, following up our previous, more detailed numerical investiga-
tion of the effect of several geometric parameters on redox cycling in the side-by-side
nanogap geometry [34]. Numerically and experimentally obtained cyclic voltammo-
grams for 0.5 mM Fc(MeOH);, in 1 M KCl at 5 mVs™! are compared in figure 5.5 (a 50
nm tolerance of PMMA layer is considered in the simulation as well). There is good
agreement with the experimental voltammograms; being slightly skewed towards higher
potentials in redox cycling, presumably due to slower electron transfer kinetics, and ex-
hibiting lower limiting currents. In redox cycling, the current is 5% lower for the gen-
erator electrode and 26% lower for the collector electrode with respect to the numerical
values (at 0.5 V; see figure 5.5C). We attribute these differences to deviations of the device
geometry (electrode height and distance, alignment of passivation layer) from nominal
values, as well as by the fact that generated molecules can escape the nanogap at both
ends, which is not captured by the 2D simulation. For the same reason, in single mode
the 2D simulation yields lower current values (see figures 5.5A,B), leading to a high nu-
merical amplification factor of 5. Compared to our previous simulation [34] (amplifica-
tion factor of 8) this amplification factor is lower because we take the wider opening of
the passivation layer into account.

5.4. CONCLUSION

We developed a new electrochemical nanogap transducer geometry by placing two elec-
trodes side by side at a 70 nm distance. Fabrication comprises only two lithography steps
and makes it possible to fabricate a wide range of gap sizes and make use of different
electrode materials, i.e., any material that can be sputtered or deposited.

While our open geometry enables a very fast response time compared to covered
nanogaps, this comes at the cost of a reduced amplification factor and a short residence
time of individual molecules between the electrodes. Thus, it is currently not possible
to perform single-molecule detection or mesoscopic sensing as is possible in covered
nanochannel sensors.

We are convinced that — next to the shown advantages of ease of fabrication and the
possible variation of electrode materials — our devices will realize their full potential in
future planned experiments for three reasons: First, the nanogap can be covered (e.g.,
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with a glass coverslip) enclosing a 20-100 aL. nanochannel volume (depending of the
channel length), which is at least 1 order of magnitude smaller than previously reported
nanogap channels [31]. Such small volumes make single molecule detection come into
reach. Second, the side-by-side arrangement allows direct access of optical detection
methods either from the top or through a transparent substrate using an inverted micro-
scope, thus enabling direct observation of combined optical-electrochemical molecular
properties [50]. Third, e-beam lithography allows a further considerable reduction of the
interelectrode distance, increasing its sensitivity and further reducing the active volume.
Therefore, we anticipate that the side-by-side nanogap transducers will form a versatile
nanoscale electroanalytical tool.
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5.5. SUPPORTING INFORMATION

Here, we present the effect of the scan rate on the limiting current response of the nanogap
device and the details of our numerical finite element analysis.
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Figure S1: (A) Cyclic voltammograms of 0.5 mM Fc(MeOH)» in 1 M KCI solution at different scan rates: i) 1
mvVs, i) 5 mVs1, iii) 25 mVs'!. The right electrode was swept from 0 to 0.5 V vs. Ag/AgCl while the left
electrode was kept constant at 0 V. (B) Limiting currents of the generator and collector electrodes at a potential
of 0.5 V of the right generator electrode as a function of the can rate.

Effect of the scan rate: We studied the effect of the scan rate on the limiting currents
in the nanogap device - ranging from 1 mVs™! to 40 mVs™!. Figure S1 shows cyclic voltam-
mograms obtained for redox cycling of 0.5 mM Fc(MeOH);, at different scan rates. As
expected, all steady state currents obtained in the nanogap sensor are completely iden-
tical for scan rates up to 25 mVs™!. For scan rates of 25 mVs™! and higher, a very small
deviation from the steady state current is observed at the right electrode (sweeping elec-
trode) due to the contribution of a capacitive current. For the left electrode with a fixed
potential, the limiting current is not affected by the change in scan rate at all. Figure
S1B presents the magnitude of limiting currents at 0.5 V for both collector and genera-
tor electrodes at different scan rates. The currents of both electrodes remain unchanged
and are independent for all scan rates.

Numerical Methods: The electrochemical reactions in the nanogap devices were
modelled using two-dimensional finite element analysis (COMSOL Multiphysics 4.4) as
reported earlier [34]. In brief, in an unstirred solution containing a highly concentrated
supporting electrolyte, diffusion was considered as the only mass transport mechanism
in the nanogap sensor as described by Fick’s second law:

| _ DV2C
T D;V*C; (5.2)
where C; and D; are the concentrations and diffusion coefficients of redox species j,
respectively. The Faradaic currents at both electrodes were defined based on Butler-
Volmer kinetics [51]

i =F[Cokf—CRkb] (5.3)
[—aF(E—Eh)]

kf =kge RT (5.4)
(-@)F(E-Ep)

kp=koel—FT ) (5.5)
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Table S1. Constants used in the simulation processes [46, 52].

Do 6.7x10719m2/s a 049

Dr  6.7x10719m2/s F  96485.34 C/mol
ko, 0.06m/s R 831J/K

E, 026Vus. Ag/AgCl T 298K

where i is the current, ky is the standard electrochemical rate constant, a the charge
transfer coefficient, F the Faraday constant, E the electrode potential, Ej, the standard
potential of the redox couple, krand kj are the forward (reduction) and backward (oxi-
dation) rate constants of aredox reaction, Ris the gas constant, and T is the temperature.
The constants used in the simulation are listed in Table S1.







GENERATOR-COLLECTOR
ELECTROCHEMICAL SENSOR
CONFIGURATIONS BASED ON

TRACK-ETCH MEMBRANE

SEPARATED PLATINUM LEAVES

We report a novel, simple and cheap generator-collector electrode system, employing plat-
inum leaves, with micron-sized pores and typically 100-300 nm thickness, sandwiched
with a porous track etch membrane spacer with typically 30 nm diameter pores. The elec-
trode assembly is sealed into a polymer lamination pouch with one side 2 mm diameter
exposed to electrolyte solution. The generator electrode with sweeping potential (top or
bottom electrode) shows transient current with high capacitive current component. The
collector electrode with fixed potential shows well-defined steady state current response at
low potential sweep rates. The fabricated device shows good performance in monitoring
both 1,1’-ferrocene dimethanol oxidation and proton reduction redox processes. Oxygen
sensor signals are assigned to a lowering of the steady state proton reduction current.

This chapter is based on the following publication:

H.R. Zafarani, L. Rassaei, E.J.R. Sudholter, B.D.B. Aaronson and Frank Marken, Sensors and Actuators B 2018,
255,2904-2909 [1].
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6.1. INTRODUCTION

ENERATOR—-COLLECTOR systems contain two working electrodes and provide pow-
G erful tools in electroanalytical studies [2]. Over the years these systems have been
developed and studied in different geometries such as rotating ring-disk electrode [3],
interdigitated electrodes [4, 5], thin-layer cells [6, 7] and nanoscale-recessed ring-disk
electrodes [8]. Biasing proper potentials of these two closely spaced electrodes, allows
repetitive oxidation and reduction of redox species between them and this leads to a
strong amplification effects in sensing (known as redox cycling). This property then
causes Faradaic current amplification to enhance the detection limit for analytical detec-
tion, also provides features such as suppressing irreversible interferences and enhancing
the selectivity for reversible redox couples in electrochemical measurements [9, 10]. Fur-
thermore, by fixing the potential on the “monitor” electrode and scanning the potential
only for the second electrode, voltammograms can be recorded free of capacitive cur-
rents with improved analytical detection of the Faradaic current.

One of the key and challenging features of these devices is the gap between the elec-
trodes. Reducing the gap size to the nanometer range can enhanced the sensitivity to-
ward single molecule detection [11, 12]. However, in most cases fabrication of such a
nanogap device needs access to the cleanroom facilities and requires following multiple
sophisticated nanofabrication steps [11, 13-15].

Hence, in recent years there is a great interest for developing simple low cost meth-
ods to fabricate the micro/nano junctions between two electrodes that work under redox
cycling conditions. Wang et al. fabricated a generator-collector system by growing a sil-
icon nanochannel membrane on electrodes to fabricate a nanogap [16], Park et al. em-
ployed spherical beads as spacer between the electrodes [17] and Adly et al. fabricated
nanoporous redox cycling devices employing multilayer inkjet printing [18]. However
in these methods several steps of substrate treating or preparing the inks and access to
inkjet printing facilities are needed. Previously, we developed simple low cost methods
to develop the micro-junctions between two electrodes that work under redox cycling
conditions. Electro-deposition and employing an epoxy spacer layer can be a feasible
way for creating dual electrodes with analytical applications [19-23]. Often, the dual
electrode configuration was based on a “microtrench” with one side open to the elec-
trolyte solution.

In this work we introduce a novel generator-collector electrode system using track-
etch membrane and “platinum leaf” electrodes. Porous platinum leaf electrodes are em-
ployed and the two electrodes are mounted with one of the platinum leaves facing “out-
ward” into the solution phase (figure 6.1). Using a porous track-etch membrane layer
between the two platinum leaf electrodes helps to prevent short-circuits while providing
the diffusion path for the redox species in the redox cycling process.

It is shown that the two electrodes can be employed in generator-collector mode,
although significant differences are observed when using (A) the outward facing elec-
trode as the scanning electrode or (B) the inward facing electrode as the scanningelec-
trode. Processes based on the 1,1’-ferrocene dimethanol redox systems are demon-
strated. Next, the reduction of protons is investigated and it is shown that oxygen con-
centration in solution is detected indirectly by lowering the local proton concentration
within the dual-electrode generator—collector sensor. A wider range of applications is
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Figure 6.1: Schematic drawing of a dual-platinum leaf sensor with (A) the outward facing electrode scanning
and (B) the inward facing electrode scanning. Arrows are shown to indicate diffusional transport towards the
“actively scanning” electrode.

envisaged.

6.2. EXPERIMENTAL SECTION

Chemical reagents: 1,1’-ferrocene dimethanol, Fc(MeOH),, potassium nitrate, KNO3
and nitric acid, HNO3 were purchased from Sigma-Aldrich. Genuine platinum leaves
(Wrights of Lymm Ltd) were purchased. Scanning electron micrographs indicate approx-
imately 100-300 nm thick platinum (vide infra) with 1-10 um diameter holes. Osmonics
Inc. (Catalog No.KN3CP02500) polycarbonate track etch membrane with 30 nanometer
diameter pore size was employed. Goodfellow Cambridge Ltd graphitic carbon foil was
used to assemble the device (see figure 6.2).

Instrumentation Electrochemical: experiments were carried out using an Auto-lab
PGSTAT302N bipotentiostat system. A commercial Ag/AgCl (3 M KCl) reference elec-
trode (BASi Inc.) and a platinum counter electrode were used in electrochemical mea-
surements. Generator-collector voltammetry was performed with one electrode poten-
tial fixed and one electrode potential scanning. Scanning electron microscopy images
(SEM) were obtained using FEI NovaNano SEM.

Device fabrication: Porous platinum leaves were cut into two small pieces(10 mm x
30 mm) and a track etch membrane was placed as a separating layer between two plat-
inum leaves. Strips of carbon foil were connected to each platinum piece as connection
conductors to the top (T) and the bottom (B) electrode. Then the structure was lami-
nated into alamination pouch with a 2 mm diameter hole on top of the Pt/membrane/Pt
sandwich exposing one of the electrodes to the electrolyte solution (figure 6.2).

6.3. RESULTS AND DISCUSSION

6.3.1. GENERATOR-COLLECTOR VOLTAMMETRY I.: CALIBRATION WITH 1,1’-
FERROCENE DIMETHANOL

Initially voltammetric experiments were performed with 1,1’-ferrocene dimethanol,
Fc(MeOH),, as a model redox system, in an aqueous 0.1 M KNOjs solution to characterize
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Figure 6.2: (A) Scheme of the device. (B) Fabricated device. (C) SEM image of the track etch membrane. (D)
SEM image of the platinum leaf.

the generator-collector device (equation 6.1).
Fc(MeOH)y 2 Fc(MeOH)* + e~ (6.1)

Figure 6.3 shows a cyclic voltammogram for the oxidation of 0.25 mM 1,1’-ferrocene
dimethanol , Fc(MeOH),, in solution. Oxidation of 1,1’-ferrocene dimethanol at the top
electrode is clearly observed (figure 6.3A). The top electrode is scanning and the bottom
electrode is disconnected. In this case the voltammetric response is almost identical
with that observed when a fixed potential (0.0 V vs. Ag/AgCl) is applied to the bottom
electrode (figure 6.3C). It is most likely that the feedback current is relatively small com-
pared to diffusional flux of 1,1’-ferrocene dimethanol from the bulk phase to the elec-
trode surface.

When the generator-collector currents are recorded due to the feedback effect, an
additional current is observed with a sigmoidal shape (limiting current ca. 2 pA) and
without any contribution from capacitive charging currents at the collector electrode
(with fixed potential). Figure 6.3B and C, cyclic voltammograms in dual mode with top
electrode at fixed potential and bottom electrode at fixed potential respectively, demon-
strate that this is possible for both the top electrode scanning and the bottom electrode
scanning. The voltammetric signal from the scanning electrode is transient in nature
and more complicated due to the superposition of capacitive currents and diffusional
currents for processes in the open solution and in the generator-collector gap. When
changing the role of the two electrodes, a complementary data set is obtained (figure
6.3B and C). Figure 6.4A and B shows schematic drawings for the case of the top elec-
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Figure 6.3: Cyclic voltammograms (two potential cycles; scan rate 10 mVs™!) for oxidation of 0.25 mM 1,1’
ferrocene dimethanol in aqueous 0.1 M KNO3. (A) Top electrode scanning and bottom electrode floating (dis-
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Figure 6.4: Schematic drawing of (A) the top electrode scanning and (B) the bottom electrode scanning.

trode scanning and the bottom electrode scanning. One would anticipate for the case of
the bottom electrode scanning that only the feedback current is observed without diffu-
sional peaks. Experimentally, the shape for the voltammetric response at the scanning
bottom electrode (figure 6.3B) is indeed more sigmoidal, but there is also a substan-
tial background current, which may be associated with lateral transport in the sandwich
electrode configuration. Data for the collector currents obtained for the top electrode
scanning appears to be most well-defined with the collector current response reflect-
ing the 1,1’-ferrocene dimethanol solution concentration. Next, the effect of scan rate is
investigated.

Figure 6.5 shows data for the top electrodes scanning and the bottom electrode at
fixed potential. Perhaps surprisingly, with an increase in potential scan rate peak-shaped
current responses are observed also for the collector electrode. A transition appears to
occur at approximately 10 mVs! where the sigmoidal steady state responses changes
into a more peak-shaped transient current response.

The change in diffusion characteristics can be attributed to diffusional delay in the
track-etch nano-pore membrane. For the configuration with the top electrode scanning
and the bottom electrode fixed at 0.0 V vs. Ag/AgCl and at sufficiently slow scan rates a
fully developed diffusion layer is established across the membrane. However, for a faster
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Figure 6.5: Cyclic voltammograms as a function of scan rates for the oxidation of 0.25 mM 1,1’-ferrocene
dimethanol in aqueous 0.1 M KNO3 solution. The top electrode as generator was sweeping the potential and
the bottom electrode as collector (potential fixed at 0.0 V vs. Ag/AgCl). (i) 5 mVs'l, (i) 10 mVs'l, (iii) 20 mVs'l,
(iv) 50 mVs!, (v) 100 mvs'1.
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scan rate the steady state current response changes toward peak shaped curves. This
transition happens owing to the (A) mass transport delay and (B) the device functioning
as capacitor with symmetric charge transfer in the short time domain.

From the transition scan rate estimated as Vians = 10 mVs™! the realistic gap size, 9,
is estimated to be 40 um, using equation 6.2 [22].

DRT
5= (6.2)
Fvians

In this expression the diffusion coefficient of 1,1’-ferrocene dimethanol is D = 0.67 x
1079m?/s [7], the estimated transition scan rate is 10 mVs™! (for scan rates faster than
10 mVs™! peak features appear for the collector electrode), F is the Faraday constant, R
is the gas constant and T denotes the absolute temperature. The value § = 40 um is in
excellent agreement with the nominal thickness of the track-etch membrane.

6.3.2. GENERATOR— COLLECTOR VOLTAMMETRY II.: SEPARATION OF OXY-
GEN REDUCTION AND PROTON REDUCTION RESPONSES
Generator-collector electrode systems can be employed to distinguish between re-
dox processes that allow feedback via redox cycling (e.g. hydrogen evolution, see equa-
tion 6.3) and redox processes that are irreversible (e.g. oxygen reduction to water, see
equation 6.4).
H'+e 21/2H, (6.3)

1/20,+2H" +2¢" — H»0 (6.4)

Here, an indirect but quantitative oxygen determination is investigated based on the pro-
ton-hydrogen redox cycle by using the Pt-Pt generator—collector electrode in a solution
containing 2 mM HNOj3 and 0.1 M KNOs. For these measurements the top electrode
(solution facing) was kept at a fixed potential of 0.2 V vs. Ag/AgCl and the bottom elec-
trode (inward facing) was scanning (at a 10 mVs! scan rate). Figure 6.6A shows data
for a solution exposed to ambient air (approximately 20% oxygen content). In this case,
the bottom electrode can be employed to reduce protons to molecular hydrogen (equa-
tion 6.3). The reduced species then diffuses through the track-etch membrane and are
oxidised back to protons at the top electrode(figures 6.6A and 6.7A). A schematic draw-
ing is shown in figure 6.7B to explain proton diffusion towards the top electrode which
is accompanied by an anodic current response at the bottom collector electrode. In this
configuration there could be some loss of hydrogen into the solution phase. If the config-
uration is changed (figure 6.7A), hydrogen would be oxidised at the top electrode, which
would lead to less loss of hydrogen into the solution and therefore a better defined cur-
rent response.

Finally, in the presence of oxygen (figure 6.7C) both proton reduction (equation 6.3)
and oxygen reduction (equation 6.4) occur simultaneously at the bottom electrode. Oxy-
gen reduction consumes protons and this lowers the production of hydrogen and there-
fore the associated top collector oxidation current. In order to clarify the current re-
sponses at the generator and collector electrodes, measurements were performed in dif-
ferent solutions containing varying oxygen concentrations. Solutions were prepared by
purging Ny, or pure O, gas in 20 mL portion of the electrolyte solution for 20 min. Cyclic
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Figure 6.6: Cyclic voltammograms for top and bottom electrode for an electrolyte containing 2 mM HNO3 in
0.1 M KNO3 (at a 10 mVs™! scan rate) (A) in ambient air, (B) de-aerated with nitrogen, and (C) saturated with
pure oxygen. (D) Bar graph showing the collector current response for hydrogen oxidation diminishing in the
presence of oxygen in the electrolyte solution.

voltammetry measurements were then performed immediately under the ambient con-
ditions. Figures 6.6B and C present the results from these measurements. As can be
seen purging with nitrogen increases the local hydrogen and proton concentration lead-
ing to an increased sensor signal (figure 6.6B). In contrast enriching the solution with
pure oxygen lowered the local concentration of protons and hydrogen within the sand-
wich sensor, which leads to a lower collector current response (figure 6.6C). The same
trend is visible in the generator current response, but this is partially obscured by other
current contributions. The plot in figure 6.6D clearly demonstrates the correlation of
collector current response with oxygen concentration in solution. The choice of 2 mM
proton concentration clearly is crucial in optimising the sensor signal for oxygen but the
methodology could be improved by employing gel media to fix the proton concentration
within the sandwich sensor relative to the outside proton concentration. The detection
principle could be useful also for other types of analytes such as sulphide. Finally, redox
systems which require removal of oxygen from the solution phase could be detected at
the top electrode whilst in situ removing oxygen at the bottom electrode.
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Figure 6.7: Schematic drawing for (A) proton-hydrogen redox cycling with the bottom electrode scanning, (B)
proton-hydrogen redox cycling with the top electrode scanning, and (C) the effect of oxygen diffusion from the
solution and reduction changing local proton and hydrogen concentration within the sandwich sensor.

6.4. CONCLUSION

It has been shown that platinum leaf materials can be assembled into a sandwich struc-
ture with a porous track etch membrane as a spacer. The resulting sandwich structure
can be operated as a novel, simple and cheap generator-collector electrode with refer-
ence and counter electrode separately immersed into electrolyte solution. At sufficiently
slow scan rates a steady state current without capacitive current contribution is regis-
tered at the collector electrode. The limiting current is proportional to the analyte solu-
tion concentration. Indirect oxygen sensing is possible based on the proton-hydrogen
redox system and based on the fact that oxygen reduction is accompanied by removal of
protons localised at the electrode surface. In future the design of the platinum-platinum
sandwich sensor can be further improved (by changing the lamination pouch to more
professional packaging, exploring solid substrates, optimising the membrane thickness
and porosity, and by adding a top layer to protect the open platinum leaf) and adapted
for a wider range of electroanalytical application.
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7.1. SUMMARY

LECTROCHEMICAL sensing is considered as one of the most powerful analytical de-

tection techniques. Electrochemical methods have fast response time, high sensitiv-
ity and selectivity, and can be performed at low cost. Their inherent ease of miniaturiza-
tion have made them so popular in recent years. Hence, electrochemical sensors have
diverse applications including pathological [1, 2], clinical [3-6] and environmental [7, 8]
analyses.

Miniaturization of analytical devices plays an important role in the sensor devel-
opment studies. Miniaturized electrochemical sensors open up opportunities toward
faster, more sensitive, more user friendly (ease to use) and portable systems compared
to the traditional cumbersome bulky electrochemical cells. Thanks to the recent ad-
vances in nano/micro fabrication techniques, scaling down the electrode size to micro
and even nano dimensions and developing “lab on a chip” technology is achievable and
is considered as a hot topic in electrochemistry [9, 10].

Traditional electrochemical cells are composed of three electrodes: a working elec-
trode, a reference electrode and a counter electrode. However, in this thesis the main
focus is on the dual- electrode systems, where two closely spaced working electrodes are
placed next to each other. Hence the events at each electrode can be affected by the
other one. These two electrodes can be biased independently and the current of each
can be detected separately. Biasing one of the electrodes in an oxidizing potential (ac-
cording to a desired redox active analyte) and the other in a reducing potential, results
in arepeated successive oxidation and reduction of analyte species on the two electrode
surfaces. Accordingly, the current at each electrode is amplified which leads to a higher
sensitivity. Reducing the gap size between the electrodes can further enhance the sen-
sitivity and amplification factor (the ratio between the limiting current in dual electrode
mode and the current in a single electrode mode) of the device.

There are different approaches for fabricating such devices. Interdigitated electrodes
(comb-shaped electrodes), ring-disc or nanopore electrodes are most common dual-
electrode systems. Lemay has proposed a thin layer cell structure consisting of two elec-
trodes, which are placed in a few tenth nanometer distance on top of each other with
an electrolyte solution in between [11]. They employed multiple steps of e-beam/photo
lithography patterning techniques followed by multiple metal evaporation techniques,
oxide deposition and dry etching processes to fabricate such a sophisticated sandwich
structure device. The above mentioned devices are employed in chapters 2 and 3.

The capability and the unique feature of dual electrode devices are not only lim-
ited to the current amplification. It is shown in chapter 2 that these devices provide a
powerful tool to enhance the selectivity in electrochemical measurements as well. In-
terference or crosstalk of coexisting compounds in the electrolyte leads to an overlap of
electrochemical responses and is one of the major hurdles in electrochemical measure-
ments. Separate detection of a few redox active molecules by modulation the potential
of the electrodes in a nanogap sensor is described in this chapter. Our approach relies
on modulating the electrode potentials to define a specific potential windows between
the two working electrodes. Consequently, the specific detection of each redox species
is achieved. Finite element modeling is employed to simulate the electrochemical pro-
cesses in the nanogap sensor, and the corresponding results are in good agreement with
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those of experiments.

In chapter 3, another capability of the nanogap sensors is described in molecular-
level studies. Considering a very limited active volume in a nanogap (the volume which
is trapped between the electrodes), only a limited number of analytes are present in the
nanogap at each single moment. These molecules can diffuse in and out between the
nanogap and the attached reservoir to the nanogap. Hence, the number of molecules in
the nanogap fluctuates and accordingly this is reflected in the measured current. Ana-
lyzing the fluctuation in current-time traces (stochastic analysis) can reveal information
such as: diffusion coefficients of the molecule as well as the generated Faradic current
per molecule. In this chapter the molecular properties of 2,3,4-triferrocenylthiop-hene
and 2,5-diferrocenylthiophene compounds are studied within a nanogap sensor. It is
found that diffusive transport is reduced for higher oxidation states and that analytes
generate very high currents per molecule of 15 fA.

In chapters 4 and 5, a new design for nanogap sensors, working under redox cycling
is introduced. The new design consists of two side-by-side electrodes which are placed
closely next to each other. In chapter 4, the effect of geometrical aspects of the device
on its performance is fully studied, using finite element simulation methods. Based on
the simulated results, in chapter 5, the proposed device is fabricated. As is discussed
there (chapter 5), the fabrication procedure for this device is straight forward, capable
of using different electrode materials and provides setting a wide range of gap sizes. The
open geometry of the device - the nanochannel between the electrodes is directly in con-
tact with the bulk solution - enables a very fast response time compared to the covered
nanogap devices - where the nanochannel between the electrodes is surrounded com-
pletely by an insulating layer and the solution is introduced via access holes between the
electrodes. The open geometry allows direct access of optical detection methods as well,
thus enabling observation of combined optical-electrochemical molecular properties.

In the final chapter (chapter 6) of the thesis, a new simple and cost-effective macro-
gap sensor is introduced. As is addressed in chapters 4 and 5, a new nanogap design
with more straight forward fabrication procedures is introduced in the thesis. However,
still there is a need to access the cleanrooms and nanofabrication procedures. Dual-
electrode systems are not only limited to the nanogap devices; macrogap electrodes also
provide nice and novel applications in electrochemical detection field. In this chapter
a very simple macrogap sensor, employing platinum leaves sandwiched with a porous
track etch membrane spacer, is introduced. The fabricated device shows good perfor-
mance in monitoring both 1,1’-ferrocene dimethanol oxidation and proton reduction
redox processes.

7.2. OUTLOOK

In this thesis, nanogap devices, as powerful electrochemical sensors, are employed. These
devices can drastically enhance the sensitivity and selectivity of the detection method.
Thanks to the unique structure of these devices fundamental studies down to the molec-
ular level are achievable.

The author would like to mention a few future relevant outlooks of this research; In
nanogap devices the electrodes are mainly made of platinum or gold (in few studies tin
doped indium oxide, ITO, is used in macrogap dual-electrode systems [12, 13]). However
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in this thesis with the new design for nanogap electrodes (Chapters 4 and 5), fabricating
nanogaps with other materials such as graphene is possible, which can open new re-
lated studies. As addressed before in this thesis, due to the fabrication requirements for
metallic electrodes, mainly because of the lift-off process, there is a need for a thin ad-
hesion layer underneath the metal electrodes such as a thin layer of Ti or Cr underneath
the Au or Pt electrodes. Once a sensor is in contact with an electrolyte, galvanic cor-
rosion of these dual metal couples can deteriorate the sensor functionality during long
term electrochemical measurements. Carbon based electrodes can be used as stable,
biocompatible electrodes in electrochemical measurements [14-16]. Also the proposed
open nanogap geometry provides the opportunity to combine optical detection meth-
ods with electrochemical measurements. In the new fabrication method, e-beam lithog-
raphy allows a further considerable reduction of the interelectrode distance, increasing
its sensitivity and further reducing the active volume. Tuning the interelectrode gap size
can define different diffusion time between the electrodes. Combining this property to
the kinetics of the reactions ongoing in the electrolyte solution can enhance the selectiv-
ity and separate detection of different analytes in dual-electrode systems, as partially is
reported in [17] for catecholamines or detection the short-lived reaction intermediates.



SAMENVATTING

LEKTROCHEMISCHE detectie wordt beschouwd als een van de krachtigste analytische-

technieken. Deze methoden hebben een snelle reactietijd, hoge gevoeligheid en se-
lectiviteit, en kunnen worden uitgevoerd tegen lage kosten. Het inherente gemak waar-
mee deze detectiemethoden kunnen worden geminiaturiseerd maakt dat ze zo populair
zijn geworden de afgelopen jaren. Vandaar dat elektrochemische sensoren verschillende
toepassingen hebben, zoals in pathologische [1, 2] en klinische analyses [3-6], als ook in
milieuanalyses [7, 8].

Miniaturisatie van de analytische apparaten speelt een belangrijke rol in de studies
rond sensorontwikkeling. Geminiaturiseerde elektrochemische sensoren creéren nieuwe
mogelijkheden voor snellere, gevoeliger, gebruikersvriendelijkere en draagbare syste-
men, dit in vergelijking met de traditionele en vaak omslachtige en grote elektrochemi-
sche cellen. Dankzij recente ontwikkelingen in de nano- tot micrometer grootte produc-
tietechnieken, waarbij de grootte van de electroden verkleind worden tot dit domein, en
het ontwikkelen van “lab on a chip” technologie is dit allemaal haalbaar geworden. Het
wordt dan ook gezien als veelbelovend en van grote interesse voor het elektrochemische
onderzoeksveld [9, 10].

Traditionele elektrochemische cellen zijn samengesteld uit drie elektroden: een wer-
kelektrode, een referentieelektrode en een tegenelektrode. Echter, in dit proefschrift ligt
de nadruk op de dubbele electrode systemen, waarin twee werkelektroden dicht bij el-
kaar in de buurt zijn geplaatst. Daardoor kunnen de gebeurtenissen bij de ene elektrode
worden beinvloed door de andere. De potentiaal van deze twee elektroden kunnen on-
athankelijk van elkaar worden ingesteld en de electrische stroom kan afzonderlijk wor-
den gedetecteerd. Het instellen van één van de elektroden op een oxiderende potentiaal
(behorende bij een gewenste redox-actieve analiet) en de andere electrode op de bij-
behorende reducerende potentiaal, resulteert in herhaalde opeenvolgende oxidatie en
reductie van het analiet aan de beide elektroden. Deze cyclische oxidatie en reductie
resulteert in een versterking van de gemeten electrische stroom. Hiermee wordt dus
een hogere gevoeligheid verkregen. Het verder verkleinen van de afstand tussen beide
elektroden, leidt tot een verdere versterking van de gevoeligheid. Ook de versterkings-
factor (dit is de ratio tussen de limiterende stroom in dubbele-elektrode configuratie en
de stroom in een enkele-elektrode configuratie) zal hierdoor toenemen.

Er zijn verschillende benaderingen voor het fabriceren van zulke apparaten. Vin-
gervormige elektroden (kamvormige elektroden), schijfvormige elektroden of nanopore
elektroden behoren tot de meest voorkomende dubbele-elektrode systemen. Lemay
heeft een dunne-laag celstructuur voorgesteld, bestaande uit twee elektroden die op
een afstand van enkele tienden van een nanometer boven elkaar worden geplaatst met
een elektrolytoplossing daar tussen [11]; Zij gebruikten meerdere productiestappen van
elektronenbundel/fotolithografische technieken gevolgd door meerdere metaal-damp-
depositie technieken, oxide depositie en plasma ets processen, om op deze wijze een
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dergelijke verfijnde “sandwich”-structuur te maken. Op deze wijze gemaakte apparaten
worden in het onderzoek gebruikt, zoals beschreven in hoofdstukken 2 en 3.

De geschiktheid en de unieke eigenschappen van dubbele-elektroden apparaten be-
perken zich niet alleen tot de stroomversterking. In hoofdstuk 2 wordt beschreven dat
deze apparaten ook bijzonder krachtig zijn in het verbeteren van de selectiviteit in elek-
trochemische metingen. Interferentie of overspraak van naast elkaar aanwezige analie-
ten in de elektrolytoplossing, leidt tot overlappende elektrochemische reacties en vormt
zo een van de grootste hindernissen bij elektrochemische metingen. Afzonderlijke de-
tectie van een aantal redox-actieve analieten, door aanpassing van de potentiaal van de
elektroden in de “nanogap” sensoren wordt beschreven in dit hoofdstuk. Onze aanpak
berust op het zodanig aanpassen van de beide elektrodepotentialen, zodat de reikwijdte
tussen beide werkelectroden is bepaald. Op deze wijze wordt specifieke detectie van elke
redox-acieve analiet mogelijk. Eindige elementen modellering is toegepast om de elek-
trochemische processen in de “nanogap” sensor te simuleren en de verkregen resultaten
blijken in goede overeenstemming te zijn met de experimenten.

In hoofdstuk 3 wordt een andere geschiktheid van “nanogap” sensoren beschreven
in een studie op moleculair niveau. Omdat het actieve volume in een “nanogap” (het
aanwezige volume tussen de elektroden) heel klein is, zijn slechts een beperkt aantal
analietmoleculen aanwezig. Deze moleculen kunnen zowel in als uit diffunderen tussen
de “nanogap” en het aan deze “nanogap” grenzende reservoir. Hierdoor fluctueert het
aantal moleculen in de “nanogap” in de tijd en dit wordt weerspiegeld in de gemeten
fluctuerende stroom. Analyse van deze fluctuatie (stochastische analyse) kan informa-
tie verschaffen zoals de diffusiecoéfficiénten van het molecuul, en ook de gegenereerde
Faraday-stroom per molecuul. In dit hoofdstuk worden deze moleculaire eigenschappen
van 2,3,4-tri-ferrocenyl thiofeen en 2,5-di-ferrocenyl thiofeen bestudeerd in een “nano-
gap” sensor. Hieruit blijkt dat transport via diffusie trager is voor de hogere oxidatietoe-
stand van het analiet en dat deze analieten zeer hoge stromen van 15 fA per molecuul
opleveren.

In de hoofdstukken 4 en 5 wordt een nieuw ontwerp voor “nanogap” sensoren gein-
troduceerd dat werkt volgens redox cycling. Het nieuwe ontwerp bestaat uit twee elek-
trodes die dicht bij elkaar en zij aan zij worden geplaatst. In hoofdstuk 4 wordt het effect
van de geometrische aspecten van het apparaat op zijn prestaties volledig onderzocht en
met behulp van eindige elementen methoden gesimuleerd. Gebaseerd op deze resulta-
ten wordt, in hoofdstuk 5, het voorgestelde apparaat gefabriceerd. Zoals daar (hoofdstuk
5) wordt besproken is de fabricageprocedure voor dit apparaat eenvoudig, en biedt mo-
gelijkheden om verschillende elektrodematerialen te gebruiken en biedt bovendien de
mogelijkheid om te variéren in “nanogap” dimensies. De open geometrie van het appa-
raat — het nanokanaal tussen de elektroden staat in direct contact met de reservoiroplos-
sing — maakt een zeer snelle reactietijd mogelijk ten opzichte van de bedekte “nanogap”
apparaten — waar het nanokanaal tussen de elektrodes compleet omgeven wordt door
een isolerende laag en de reservoir oplossing alleen via de openingen tussen beide elek-
trodes toegang heeft. Deze open geometrie maakt het ook mogelijk om met optische
methoden toegang te hebben tot dit kleine volume. Zo kunnen gelijktijdig optische- en
electrochemische eigenschappen van de moleculen aanwezig in het “nanogap” volume
worden onderzocht.
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In het laatste hoofdstuk (hoofdstuk 6) van dit proefschrift wordt een nieuwe, eenvou-
dig te maken, en goedkope “macrogap” sensor geintroduceerd. In de hoofdstukken 4 en
5 wordt een nieuw “nanogap” ontwerp geintroduceerd. Echter voor het fabriceren van
deze apparaten zijn cleanroom en nanofabricatiemethoden nodig. Dubbele-elektrode
systemen zijn niet alleen mogelijk in “nanogap” apparaten; ook “macrogap” elektroden
bieden mooie en nieuwe toepassingen op het terrein van elektrochemische-detectie. In
dit hoofdstuk wordt een erg eenvoudige “macrogap” sensor geintroduceerd, waarbij ge-
bruik gemaakt wordt van platina blaadjes, die ingeklemd worden tussen “track-etch”
membranen. Het aldus gefabriceerde apparaat laat goede prestaties zien in het registre-
ren van zowel de 1,1’-ferrocene dimethanol oxidatie als bij proton reductie redox pro-
cessen.

VOORUITZICHT

In dit proefschrift is onderzoek beschreven dat is uitgevoerd aan “nanogap” apparaten.
Deze hebben zich getoond als krachtige elektrochemische sensoren, welke een drasti-
sche verbetering laten zien wat betreft gevoeligheid en selectiviteit. Dankzij de unieke
structuur van deze apparaten zijn fundamentele studies tot op het moleculaire niveau
haalbaar.

De auteur wil graag enkele toekomstgerelateerde vooruitzichten op dit onderzoeks-
gebied noemen. In “nanogap” apparaten zijn de elektroden meestal gemaakt van platina
of goud (in enkele studies van “macrogap” dubbele-electrodensystemen wordt ook tin
gedoteerd indium oxide (ITO) gebruikt [12, 13]). Met het nieuwe ontwerp voor “nano-
gap” electroden in dit proefschrift (hoofdstukken 4 en 5), is ook het gebruik van andere
electrodenmaterialen mogelijk, zoals bijvoorbeeld grafeen. Dit kan leiden tot nieuwe
gerelateerde onderzoeken. Zoals eerder beschreven in dit proefschrift, vereist de fabri-
catie van metaalelectroden, de aanwezigheid van een dunne adhesielaag (vaak titanium
of chroom) direct onder de platina- of goudelectroden. Dit vanwege het toegepaste “lift-
off” proces. Zodra een dergelijke sensor contact maakt met de elektrolytoplossing kan
galvanische corrosie optreden en de functionaliteit van deze gecombineerde metaalkop-
pel kapotmaken. Op koolstof-gebaseerde elektroden (zoals grafeen) hebben daar geen
last van en kunnen gebruikt worden als stabiele, bio-compatibele elektroden in elek-
trochemische metingen [14-16]. De voorgestelde open-nanogap-geometrie biedt hier
ook de kans om optische detectiemethodes te combineren met elektrochemische me-
tingen. In de nieuwe fabricagemethode laat elektronenbundel lithografie een verdere
aanzienlijke reductie toe in de afstand tussen de elektroden, wat leidt tot verhoging van
de gevoeligheid en een verdere reductie van het actieve volume. Het fijn afstemmen
van de preciese afmetingen van de ruimte tussen de elektroden bepaalt de diffusietijd
tussen deze elektroden. In combinatie met de kinetiek van reacties, die in de elektroly-
toplossing verlopen, kan zo de selectiviteit worden verbeterd en verschillende analieten
gescheiden worden gedetecteerd. Dit is voor een deel gerapporteerd [17] voor catecho-
lamines en voor de detectie van bepaalde kortlevende reactieintermediairen.
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