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Micron resolution photolithography has been employed to make microsquare nanoband

edge electrode (MNEE) arrays with reproducible and systematic control of the crucial

dimensional parameters, including array element size and spacing and nanoelectrode

thickness. The response of these arrays, which can be reproducibly fabricated on a

commercial scale, is first established. The resulting characteristics (including high signal

and signal-to-noise, low limit of detection, insensitivity to external convection and fast,

steady-state, reproducible and quantitative response) make such nanoband electrode

arrays of real interest as enhanced electroanalytical devices. In particular, the

nanoelectrode response is presented and analysed as a function of nanometre scale

electrode dimension, to assess the impact and relative contributions of previously

postulated nanodimensional effects on the resulting response. This work suggests a

significant contribution of migration at the band edges to mass transfer, which affects

the resulting electroanalytical response even at ionic strengths as large as 0.7 mol dm�3

and for electrodes as wide as 50 nm. For 5 nm nanobands, additional nanoeffects,

which are thought to arise from the fact that the size of the redox species is

comparable to the band width, are also observed to attenuate the observed current.

The fundamental insight this gives into electrode performance is discussed along with

the consequent impact on using such electrodes of nanometre dimension.
1 Introduction

There has been considerable interest in the fabrication and deployment of
miniaturized electrodes for over twenty years. The potential benets of these
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electrodes have been widely discussed in the literature.1–7 The enhanced mass
transport due to the hemispherical or radial diffusion that occurs on the micron
scale gives high current densities and steady-state or near steady-state currents,
reducing the effects of convection. Additionally, shorter RC time constants allow
the investigation of faster electrode processes, while smaller iR drops enable the
electrodes to work in a wide range of resistive electrolytes, with little or no added
ions. As these effects are enhanced with decreasing electrode size, there has been
considerable recent interest in scaling electrodes from the micron8 to the nano-
scale.9–20 Such electrode structures also offer the opportunity to exploit nano-
structural effects such as enhanced surface catalytic activity,21–23 and
nanoelectrode systems have been constructed for applications as diverse as
enhanced thermal energy24 and light harvesting.25,26 However, there are two main
issues with current nanoelectrode technology. The rst is the lack of a suitable
technology for reproducibly manufacturing electrodes with accurately controlled
dimensions at a reasonable cost and volume to enable commercialisation. The
second is the low current levels measured with nanoelectrodes (oen in the pA
range),15,27 which require precision low current, low noise potentiostats, with
efficient electromagnetic shielding. These are the issues addressed by this work.

One way by which this latter issue can be addressed is by multiplying the
observed current through the simultaneous measurement of large numbers of
arrayed nanoelectrodes.9,12 The simplest methods involve no specic control over
the inter-electrode spacing of array devices, which are oen referred to as
ensembles.12 A range of fabrication techniques have been adopted to produce
ensemble devices, typically employing either amethod to open pores in insulating
layers deposited over conductive materials, thereby exposing an ensemble of
active electrode areas (e.g. ultrasound28 or neutron track etching29), templated
growth in the nanopores of membranes30,31 or the imprinting of structures.32 This
is at present an area of considerable research interest,33 but the challenge with
ensemble technologies is that it is currently not possible to produce large nano-
electrode arrays with systematic control of the size and separation of each elec-
trode. Without this, there is heterogeneity of individual electrode response, with
individual electrodes being affected by diffusional layer overlap from neigh-
bouring electrodes to variable extents as a function of time and frequency. The
average spacing is also oen hard to control and optimise.

The alternative is to produce ordered nanoscale arrays. Some ensemble
methods (X-rays34 and structure imprinting) show potential for control of spacing,
(indeed recent work has demonstrated production of nanopore arrays with
embedded ring electrodes in each pore35) but these involve considerable expense
and/or complexity. Conventional photolithography, such as is used in the semi-
conductor industry, typically requires wafer stepper based technology, which is
clearly capable of delivering well-controlled and reproducible nanoarrays.
However, the cost of ownership of a modern state-of-the-art, nanometre capable
wafer stepper is extremely high. Another option is e-beam lithography.36 However,
this suffers from being an essentially serial writing process and hence is both time
consuming and costly. Nano imprint lithography37 potentially addresses the
throughput issue, but has the high cost of producing the nanoscale mask
required for making the mould. As a result of the expense and complication of the
above approaches most of the nanoelectrodes reported have employed alternative
design and production strategies.
296 | Faraday Discuss., 2013, 164, 295–314 This journal is ª The Royal Society of Chemistry 2013
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It is also possible to use lower cost, micron resolution photolithography and
reactive ion etch techniques to fabricate arrays of individually addressable
submicron band electrodes, (e.g. 2 mm long with widths as small as 37 nm38,39).
Similarly, groups have used (optical) lithographically patterned nanowire elec-
trodeposition (LPNE) to prepare a sacricial nickel nanoband electrode, which
acts as a seed layer for the subsequent electrodeposition of a noble metal. The
nickel electrode is recessed in a trench, such that the electrodeposition forms a
nanowire of rectangular cross-section, aer subsequent removal of the sacricial
layers. This results in closely spaced, millimetre long gold nanowires in the form
of bands and grids.40,41 Both of the above process architectures produce long
nanobands or nanowires with signicant resistance, which are ideally suited for
applications such as resistive gas sensing.42 However, long nanowires/bands are
potentially susceptible to line breakages occurring during the fabrication process
and/or operation, and as with all band electrodes, their mass transport limited
electroanalytical response is not steady-state.

In addition to photolithographic methods, other approaches have been
reported for patterning arrays43 to give electrode elements arranged in an ordered
manner with well-dened inter-electrode spacing, including controlled polymer
deposition, orientation and selective dissolution,44 as well as carbon nanotube
(CNT)45,46 and boron-doped diamond47 nanowire assemblage. However, the
challenge with polymer deposition is to control the electrode size and spacing,
while CNT assemblies still require standard lithographic patterning (e.g. e-beam)
Fig. 1 (a) Schematic diagram of the microsquare nanoband edge electrode (MNEE) array architecture
used in this work, with Si3N4 upper (purple) and SiO2 lower (green) insulation sandwiching a Pt nano-
band (grey) in each square aperture (inset). (b) an SEM image of a cleaved and polished cross section
through a square aperture in the fabricated 10m3D50n structure. The horizontal line of enhanced
scattering indicating the 50 nm Pt band is highlighted, which as expected is seen to extend around the
perimeter of the half aperture with SiO2 at its base in the left of the picture. (c) an optical microscope
image of the fabricated microsquare array.
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of nanoscale metal catalyst centres and the nanotubes themselves are not
uniform in length, diameter or orientation. In essence, the above methods all
require extremely precise nanopatterning procedures and lack exibility and
control of both the electrode material and its size. A nal fabrication approach
that has been reported is nanoskiving,48,49 which when producing arrays, requires
addressing the challenges of rst sectioning materials encapsulating nanowires,
and then collecting, mounting and connecting them on a suitable support.

This paper utilizes our own nanoelectrode array design;50 the microsquare
nanoband edge electrode (MNEE, Fig. 1), which has been developed to address
some of these issues and is fabricated using reliable, readily available and well
characterized standard micron scale microfabrication techniques. The precise
fabrication process developments required to produce these systems are detailed
elsewhere,51 as is the 1000 fold increase in detection sensitivity observed at an
MNEE system compared to a single microelectrode of comparable electrode
area.52 In this work, the fundamental response of these systems is rst considered
to demonstrate that the resulting response is both quantiable and reproducible
as well as displaying the characteristics of a nanoscale electrode system of high
effective area. These systems are then used to rst measure and then consider the
impact of nanoscale effects previously postulated and reported as occurring at
other nanoelectrode systems.
2 The MNEE system

Fig. 1 shows the details of the electrode architecture, which was produced on 3-
inch n-type silicon wafers using contact/proximity based photolithography,
together with an SEM showing a section through one element of the array device.
The square aperture edge dimension, separation between apertures and nano-
band thickness has been systematically varied and is denoted by the nomencla-
ture LmHDMn, where L is the edge dimension, in microns, H is the closest
interaperture spacing ratioed to the edge dimension and M is the nanoband
thickness. For example, exemplar characterisation has been carried out on a
system with these dimensions set at 10 mm, 30 mmand 50 nm, denoted 10m3D50n.
The depth of the square aperture etched to expose the nanoband was controlled to
ensure that the nanoband was located at the base of the etched hole.
3 Experimental

Electrochemical measurements were carried out in a Faraday cage using Autolab
PGSTAT30 or PGSTAT128N potentiostats controlled via a PC and a frequency
response analyser module (Windsor Scientic). General Purpose Electrochemical
Soware (GPES, version 4.9), Frequency Response Analysis (FRA, version 4.9) and
NOVA (version 1.9) were used for data collection of cyclic voltammetry and electro-
chemical impedance spectroscopy (EIS) measurements. The fabricated nano-
electrode arrays were used as working electrodes, with a saturated calomel reference
electrode and a platinum gauze counter electrode. All potentials, E, are quoted with
respect to this referenceelectrode.Prior to experimentation, theglasswarewas rinsed
in sulphuric acid (Chestech, 96% purity) to remove any organic contamination.

All solutions were prepared using deionized water (Millipore MilliQ). Aqueous
0.5 M potassium chloride (Fisher Scientic, 99.6% purity) solution was used for
298 | Faraday Discuss., 2013, 164, 295–314 This journal is ª The Royal Society of Chemistry 2013
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electrochemical cleaning. Redox measurements used 100 mM ferrocene carboxylic
acid (FCA, Alfa Aesar, 98% purity) in either 0.1 M potassium chloride background
electrolyte in a solution (pH ¼ 7.0) prepared with 0.1 M citric acid (Fisher
Scientic, 100.3% purity) and 0.3 M sodium hydroxide (Fisher Scientic, 97%
purity), effectively 0.1 M trisodium citrate solution (FCA(I) solution) or the same
concentration of FCA in a ten times diluted electrolyte solution (pH ¼ 7.0) of
10 mM potassium chloride, 10 mM citric acid and 30 mM sodium hydroxide
(FCA(I/10) solution). Hexaammineruthenium(III) (HAR) chloride (Aldrich, 98%
purity) measurements were recorded at 100 mM concentration in 0.5 M (HAR(I)
solution) and 10 mM (HAR(I/50) solution) potassium chloride electrolyte solu-
tions that were deoxygenated using argon.

4 MNEE characterisation
4.1 COMSOL FE validation and modelling

Various methods for the modelling of diffusion limited chronoamperometric
currents have been reported based on commercial53 and in-house soware.54,55,56

They involve solving Fick's second law for the considered geometry using different
explicit, implicit and semi-implicit techniques to solve the resulting matrices.

The advantages of using commercial nite element modelling (FEM) soware
packages such as COMSOL include their ready availability and their relatively
Fig. 2 Concentration profiles at the onset of a steady state current for (a) a quarter of a microsquare
(edge length, L ¼ 10 mm) and (b) a quarter of an MNEE (L ¼ 10 mm, thickness 50 nm) placed in the near
corner of the bottom face (the x, y, 0 plane) of the simulation cube and simulated using FE modelling. In
this simulation the diffusion coefficient was set to 10�6 cm2 s�1, and the colours span a concentration
range of c ¼ 0 (blue) to c ¼ cN ¼ 1 mM (red). (c) the concentration along the z axis normal to the
microsquare centre for the microsquare (blue crosses) and the MNEE (red dots); values are normalized to
the bulk concentration c0. The concentration at the microsquare centre is not zero for the MNEE elec-
trode as this is an insulator rather than an electroactive surface. The vertical line is the hemispherical
radius within which complete redox conversion of FCA occurs, calculated from the volume, V, deter-
mined from CN

max and eqn (7).
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large user base, which has led to the validation of the resultant modelling with
experimental measurement for a wide variety of applications. However, concerns
have been raised about the validity of this approach for transient microdisc,
microhemisphere and microband 3D simulations,57,58 which has led to the
development and assessment of the validity of other nite difference, nite
element, nite volume and other modelling methods, many of which are not
routinely available in COMSOL. These models have been reviewed in the context
of their correspondence to microelectrode voltammetric theory.59 This highlights
the need for prior benchmarking and validation of any FEM modelling employed
on a comparable system with known analytical response. In our previous steady-
state COMSOL FEM simulations of single microsquare response,53 we therefore
rst successfully benchmarked our modelling to the analytical response of a
microdisc of similar dimension. In this work we extend this approach, rst
benchmarking the time-dependent response at steady-state to that obtained from
a time-dependent COMSOL microdisc simulation.

Time-dependent three-dimensional FE simulations of the simulation cube
were carried out using COMSOL 3.5a for Linux (COMSOL, Inc., Burlington,
Massachusetts, USA). Although it is clear that microdisc simulation could have
been reduced to a two dimensional problem by using rotational symmetry, this
option was not chosen to keep the microsquare, microdisc and MNEE simula-
tions as similar as possible for benchmarking. (However, taking advantage of the
symmetry about the plane (x¼ y) in the simulation cube, Fig. 2, only half the cube
was required to be modelled). Previous experiments and 2D simulations on
microdisc array electrodes have established negligible diffusion layer overlap
between neighbouring array elements at steady-state when electrodes are sepa-
rated by more than 24 times the disc radius,60,61 which indicates steady-state
diffusion is established when the diffusion layer thickness is of the order of 12
times the radius. Previous microsquare simulation also showed no boundary
effects with the cube dimension set at 20 times the edge length.53 The simulation
cube edge length in this work was therefore set at 100 times the microdisc radius
or 50 times the edge length, as appropriate, to ensure no boundary edge effects.
The concentration at the upper face of the simulation cube and throughout at
time zero was then xed at the bulk concentration of the redox species.

The user-dened mesh was rst optimised in a parametric study to nd the
combination of number of nodes and node distribution (linear, one- or two-sided
logarithmic) for each boundary and volume that showed a converged current
response. Subdomains were used to facilitate this process. The nal mesh density
reected the reagent concentration gradient within each mesh box, which as
expected decreased dramatically as a function of distance from the electrode
surface. A parametric study was then used to analyse the various settings COMSOL
offers for the solution of the matrix. This revealed very little effect on the model-
ling results but large variations in efficiency. Aer pretreatment with the Algebraic
Multigrid (hierarchy quality 3) preconditioner, the system was solved using the
Conjugate Gradients solver. The required tolerance levels for a converged response
were determined as 0.01 (relative tolerance) and 0.001 (absolute tolerance).

Microdiscs of radius, r ¼ 5, 10, 15 and 25 mm were simulated by stepping the
redox ion concentration at the electrode boundary to zero at time zero, using
235 000, 348 000, 577 000 and 572 000 degrees of freedom, respectively. Values
were obtained at times between 10�7 s and 105 s and from these the normal
300 | Faraday Discuss., 2013, 164, 295–314 This journal is ª The Royal Society of Chemistry 2013
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diffusive ux at the electrode surface was calculated. Integration of this ux over
the electrode area, then multiplication by Faraday's constant, gave the electrode
redox current. Aer about twenty seconds the current was observed to be constant
to within 0.1% with time for all microdiscs, indicative of a steady-state current;
these relatively small variations were considered to arise from rounding errors.
The mean value of the current recorded aer this time was reported as the steady-
state current.

This steady-state current was then validated against the limiting current
given by:

iL ¼ BNnFDcNL (1)

where cN is the bulk concentration and D is the diffusion coefficient of the redox
species, F is Faraday's constant (96 485 C mol�1), N is the number of electrodes in
the array, n is the number of electrons transferred in the redox reaction and B is a
constant depending on microelectrode geometry. For a single disc this means B¼
4, N ¼ 1 and L ¼ r.1,62,63 The difference between modelling and simulation values
at steady-state was found to be 0.2% for the smallest r, rising to 3% for the largest.
This indicates that we can determine steady-state currents for microsquare and
MNEE electrodes of similar dimension using COMSOL transient FE modelling to
an accuracy of the order of 1% using this approach.

Previous COMSOL FE steady-state simulation and experimental measure-
ment53 also showed that for an edge length, L ¼ 50 mm single microsquare elec-
trode system, the steady-state diffusion limited current, iL, is larger than the
microdisc of equivalent area, and given by eqn (1) with a value of B ¼ 2.34.53

Time-dependent modelling of both the L ¼ 10 mmmicrosquare and the L ¼ 10
mm 50 nm thick single MNEE was then carried out using the approach described
above. For the microsquare, the resulting mesh consisted of 195 000 degrees of
freedom; whilst the MNEEmesh was made slightly denser particularly close to the
electrode edges and at the top edge of the aperture, resulting in 352 000 degrees of
freedom. This gave steady-state mass transport limited currents of 226 pA for a
microsquare electrode and 92 pA for the MNEE (for a bulk concentration of redox
species of 10�3 mol dm�3 and a diffusion coefficient of 10�6 cm2 s�1).
Fig. 3 (a) Typical MNEE array first sweep CV at v ¼ 100 mV s�1 for the oxidation of 0.1 mM FCA in
aqueous pH ¼ 7.0 solution (0.1 M citric acid/0.3 M sodium hydroxide with 0.1 M potassium chloride;
background electrolyte); and for (b) background electrolyte alone. (c) The difference between (a) and (b).
(d) The mean of forward and backward scans of (a). The onset potential was 100 mV with the initial
direction of scan to positive potentials.
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Fig. 4 (a) The origin of the parasitic capacitance associated with the MNEE array. (b) Equivalent circuit
which describes the parasitic capacitance in parallel with the MNEE array response. (c) Established
modified Randles equivalent circuit appropriate for a microsquare electrode array. (d) Equivalent circuit
used for the MNEE array.

Fig. 5 Typical subtracted first sweep CVs (as in Fig. 3c) of the 10m3D50nMNEE array for the oxidation of
0.10 mM ferrocene carboxylate (FCA solution) at v ¼ (a) 5 V s�1, (b) 1 V s�1, (c) 500 mV s�1, (d) 100 mV
s�1, (e) 50 mV s�1, (f) 10 mV s�1, (g) 5 mV s�1, (h) 1 mV s�1. The onset sweep potential was 100 mV with
the initial direction of scan to positive potentials.
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It is reassuring that the simulated single microsquare steady-state current is
consistent with eqn (1), with B ¼ 2.34, which provides further validation of this
approach. It is also interesting that both the microsquare and MNEE current
values are comparable (with B¼ 0.956 forMNEE, 41%of that for themicrosquare).
This indicates that the predominance of the contribution of edge diffusion to the
limiting current in microsquares is such that the MNEE produces a comparable
mass transport limiting current, with only 2% of the effective electrode area. This
modelling also showed that, consistent with previous simulation,53 placing the
microsquare orMNEE at the bottom of the shallow aperture had little effect on the
limiting current obtained. The calculated concentration proles (Fig. 2) also
indicate that the closed geometry of the MNEE produces hemispherical diffusion
layers which is consistent with time-independent mass transport limited diffu-
sion. It is advantageous and not unexpected that the MNEE response is more
similar to amicrosquare electrode response than to a semi-innite linear band, for
which pseudo steady-state conditions only are observed,38,39,64–66 as similar
behaviour has been previously observed and modelled for other closed systems
e.g. microsquare, microdisc53 and microring67 electrodes.
302 | Faraday Discuss., 2013, 164, 295–314 This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 (a) Nyquist Electrochemical Impedance Spectroscopy (EIS) data for oxidation of FCA in FCA(I)
solution at the 10m3D50n electrode at Edc ¼ +0.275 V, frequencies logarithmically spaced between 100
kHz and 0.01 Hz and an ac perturbation of 10 mV. (b) Same data on an expanded scale for background
electrolyte (dashed line), redox solution (solid line) and the subtracted impedance (dash dotted line).

Fig. 7 (a) Typical subtracted Nyquist Electrochemical Impedance Spectroscopy (EIS) data at the
10m3D50n electrode for oxidation of FCA(I) solution at Edc ¼ +0.290 V. Also shown are theoretical fits to
the circuit in Fig. 4c and to the circuit (resistance in series with Warburg element) appropriate at low
frequency when there is complete diffusional array overlap. Fits (solid lines) to the (b) Rnl (c) Rct (d) CN (e)
Y0 data extracted from iterative fitting to the EIS measurements at each Edc performed using either
Matlab (The Mathworks, Natick, Massachusetts, USA) or Nova (Version 1.9, Metrohm Autolab B.V.,
Utrecht, The Netherlands). The fits of these data to eqn (3), (8), (10) and (13), (lines shown in (b), (c), (d)
and (e)) gave the following global values: E0 ¼ 0.273 � 0.002 V; Rct

min ¼ 19.87 � 0.06 kU; Rnl
min ¼

339 �1 kU; CN
max ¼ 14.3 � 0.3 nF, Y0

max ¼ 35.7 � 0.2 ms0.5 U�1.
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4.2 Experimental MNEE characterisation

Experimental MNEE voltammetry (Fig. 3a) shows a near sigmoidal response at v¼
100 mV s�1 characteristic of the steady-state response expected from a nanoarray
with N ¼ 15 625 independent electrodes. However, even at this sweep rate, a
signicant current can be observed (Fig. 3b) from parasitic capacitance, which
arises from non-Faradaic charging (of the capacitance between the platinum
plane and solution through the nitride and oxide insulator and silicon substrate,
see Fig. 4a). The insensitivity of this additional CV current to potential is
consistent with this non-Faradaic capacitance, which as expected linearly
increases with v, which explains its growing importance at increasing sweep rates.

As this charging current is in parallel with the redox current, subtraction of the
response without redox agent at any sweep rate leads to the MNEE array redox
response (Fig. 5). In fact, the near constant non-Faradaic capacitance means that
at fast sweep rates, when there is time-independent sigmoidal redox response,
simple averaging at each potential of the data from forward and backward vol-
tammetric scans essentially leads to this redox response (Fig. 3d). It is reassuring
that comparing experiment and modelling results in a sensible value of D¼ 2.2 �
10�6 cm2 s�1 being obtained from eqn (1).

However, at slower sweep rates, there is an increasing overlap of the growing
hemispherical diffusion layers from neighbouring microsquares.66 This causes a
decrease in the redox current with time (and decreasing sweep rate) in the sub-
tracted voltammograms (Fig. 5), where the time-independence of the redox
response is lost and simple averaging cannot be employed.

The MNEE impedance response, as with the voltammetric data, also shows the
backplane non-Faradaic capacitance to be in parallel with the redox response
(Fig. 4b, eqn (2)). The subtraction of the observed impedance response in back-
ground electrolyte, Zelec, from that observed with added redox agent, Ztot, readily
leads to the microsquare nanoband edge electrode array impedance, Z (Fig. 6).
Such subtraction is obviously essential when non-Faradaic currents are signi-
cant compared to Faradaic currents (Z $ Zelec).

(Ztot)
�1 ¼ (Zelec)

�1 + (Z)�1 (2)

Considering Z (Fig. 7a), two zones are apparent as shown; in the higher
frequency zone the diffusion layer is thin compared to the microsquare spacing
and each microsquare responds independently. In the lower frequency zone, the
45� Warburg line is diagnostic of complete overlap of neighbouring diffusion
layers and linear diffusion to the entire electrode array. Previous work for a single
microsquare electrode53 has shown that, through the use of transmission line
theory, the fundamental redox response reduces with a reasonable level of
accuracy to the modied Randles circuit (Fig. 4c). The circuit elements then
represent physical parameters: the electrolyte resistance (Rel), non-Faradaic
microelectrode double-layer capacitance (Cdl), charge transfer resistance (Rct)
determined by the electron transfer rate of the redox reaction, the Warburg (W)
element (whose parameter Y0 is determined by the redox concentration and
diffusion coefficient) and the non-linear resistance (Rnl) corresponding to the
steady-state hemispherical diffusion limited current. It might be expected that in
the higher frequency (single electrode) zone, when the electrodes behave inde-
pendently (Zsingle ¼ NZ), the impedance data, Z, for the redox response of the N
304 | Faraday Discuss., 2013, 164, 295–314 This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Cyclic voltammograms recorded in highly stirred solution on 10m3D50n for 0.1 mM FCA in FCA(I)
without background subtraction. The solution was stirred chaotically by using a small electric whisk at
high rotation speed. The scan rates were v¼ (a) 200 mV s�1, (b) 100 mV s�1, (c) 20 mV s�1, (d) 10 mV s�1

and (e) 2 mV s�1.

Fig. 9 CVs for oxidation on 20m3D50n of 0.10mM FCA in FCA(I) (solid) and FCA(I/10) solution (dashed).
These voltammograms are shown at sweep rates of 50 mV s�1 (blue) and 100 mV s�1 (red).
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MNEE apertures could be modelled using this circuit. However, the data t better
to a variant of this circuit (Fig. 4d), where the Warburg element is replaced by a
redox capacitance (CN). The physical origins of this difference are interesting. We
postulate this to be the enhanced non-linear diffusional transport to the nano-
band edges, which gives rise to the rapid redox conversion of the volume of
solution above each microsquare,9–12,68 and which is best modelled in a single
parameter by the capacitance, CN. Steady-state hemispherical diffusional trans-
port (determined by Rnl) then occurs into this volume as for the microsquare.
Fig. 7b–d show the close t of the impedance data to this relatively simple circuit,
and to the predicted variation of the extracted parameters (see EIS theory section
Fig. 10 CVs for reduction on 20m3D50n of 0.10 mM HAR in HAR(I) (solid) and HAR(I/50) solution
(dashed). These voltammograms areagain shownat sweep rates of 50mV s�1 (blue) and 100mV s�1 (red).
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below) with the applied dc potential, Edc. The main t variance is in the CN, Rnl

near-semicircular region and can be attributed to the small deviation seen due to
enhanced corner diffusion in microsquares53 and the neglect of any diffusional
contribution to CN; these are approximations that have been made to restrict the
number of t parameters.

When considering t parameter values, the insensitivity of Cdl to Edc is
expected, but it is interesting that Cdl, per unit geometric area, at 0.94 mF cm�2 is
an order of magnitude smaller than that expected for a platinum macroelectrode
double layer capacitance, which suggests a thicker nanoelectrode double layer.
This could be a nano effect, as electrodes of smaller than 100 nm are thought to
show screening over greater distances than larger electrodes, due to enhanced ion
transport in the double layer; the change from planar to hemispherical geometry
elds,69 and/or the suggestion that ion size is no longer negligible.70 The value of
E0 ¼ 273 mV is also consistent with measured half-wave potential values at a
rotating disc macroelectrode and previously reported measurements at similar
pH.66 Similarly, the value of D obtained from eqn (14) and EIS studies (D¼ (2.13�
0.02)� 10�6 cm2 s�1) agrees well with that obtained from voltammetry. The CN

max

value is calculated to correspond to complete redox conversion of a hemispherical
volume of solution of radius 13.5 mm centred on each microsquare, which is
consistent with the diffusion layer thickness produced by simulation (Fig. 2c).

Previously, widely varying values for kq of FCA have been reported, ranging
from 2.48 � 10�3 cm s�1 in 0.1 M potassium chloride and 0.2 M phosphate buffer
(pH 7.4) on glassy carbon71 to 1.4–3.6 cm s�1 in acetonitrile electrolyte on Pt
microdisks.72 A value of 0.850 � 0.003 cm s�1 was extracted from the impedance
data and eqn (9), which conrms that the enhanced MNEE diffusion, like other
nanoelectrode systems, makes this system capable of the precise and quantitative
measurement of rapid electrochemical kinetics. The enhanced diffusional
transport to the MNEE system also makes it relatively insensitive to the effects of
chaotic convection (Fig. 8), opening up the prospect of quantitative analytical
measurement in such systems.

5 Nanoelectrode effects

Having established the fundamental response of the MNEE system, the produc-
tion and characterisation of systems with systematic control of dimensional
Fig. 11 EIS data for the 20m3D50n electrode showing the oxidation of 0.1 mM FCA in FCA(I) solution
(+) and FCA(I/10) solution (�) and the corresponding fits for Edc ¼ E0 , Vac ¼ 10 mV, for the frequency
range 100 kHz to 10 mHz (logarithmic distribution). Fits: FCA(I) solution: Rct ¼ 135 � 1 kU, Cdl ¼ 31.1 �
0.7 nF, Rnl

min¼ 309� 3 kU, CN¼ 1.34� 0.02 mF, FCA(I/10) solution: Rct¼ 135� 1 kU, Cdl¼ 27.7� 0.6 nF,
Rnl

min ¼ 283 � 2 kU, CN ¼ 1.33 � 0.02 mF.
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Fig. 12 Equivalent EIS data to Fig. 11 for the 20m3D50n electrode for the reduction of 0.10 mM HAR in
HAR(I) solution (+) and HAR(I/50) solution (�) and the corresponding fits for Edc ¼ E0 . Fit values: HAR(I)
solution: Rct ¼ 96 � 1 kU, Cdl ¼ 31 � 1 nF, Rnl

min ¼ 116 � 2 kU, CN ¼ 2.35 � 0.08 mF, HAR(I/50) solution:
Rct ¼ 86 � 1 kU, Cdl ¼ 27 � 1 nF, Rnl

min ¼ 60 � 2 kU, CN ¼ 3.0 � 0.2 mF.

Fig. 13 Cyclic voltammetry in FCA(I) solution (solid line) and FCA(I/10) solution (dashed line) at 20 mV
s�1 of (a) 10m4D5n (b) 10m4D50n.
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parameters has been employed to further probe their electroanalytical response,
in particular determining whether and under what conditions nanoscale elec-
trode effects are signicant. Fig. 9 shows the typical response of a 20m3D50n
device when oxidizing FCA in FCA solution and in FCA(I/10) solution.

It is clear from these voltammograms that there is a small but signicant
difference, with an increased current seen in both voltammograms at lower ionic
strength. All voltammograms also show a linear increase with potential in the
region of mass transfer limited current at both low and high ionic strength.
Equivalent voltammograms are also shown for this device for HAR reduction
(Fig. 10); the effect is even more marked for this system, with the increase in
current on reducing ionic strength and decreasing potential for this reduction
being proportionally greater than seen for FCA oxidation.

This is consistent with potential dependent enhancement of FCA/HAR ion
reagent transport to the electrode through migration (as a combination of the
larger change in ionic strength and larger charge on the redox agent, 3+ for HAR
reduction and 1� for FCA oxidation, for HAR than FCA, would explain the
enhanced response). Migration effects have been considered previously73 for
nanoscale hemispherical electrodes. In the case when the Debye length, k�1, of
the electrolyte approaches the size of the electrode, there is signicant eld in the
diffusion layer, and migration enhances mass transfer, leading to a potential
dependent increase in the current. This previous work considered such effects to
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 295–314 | 307
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be signicant for 5 nm radius hemispherical nanoelectrodes when I was of the
order of 200 mM and below, for which k�1 � 20 nm. Krapf et al. suggested such
effects occur at a higher value of I¼ 0.5 M.74 In this work, for FCA(I) and FCA(I/10),
I ¼ 0.70 mol dm�3 and 0.070 mol dm�3 respectively, whilst for HAR(I) and
HAR(I/50) solutions, I ¼ 0.50 mol dm�3 and 0.01 mol dm�3 respectively, which
result in values of k�1 ranging between�0.3 and 2.4 nm respectively, compared to
the much greater nanoelectrode width of 50 nm. At rst sight it seems puzzling
that such relatively small values of Debye length compared to electrode dimen-
sion can give rise to the signicant migrational contribution observed, but it
should be remembered that unlike hemispherical electrodes, for which the
current density is constant across the electrode surface, these nanoband electrode
systems display markedly asymmetric current distribution, with the very highest
current densities at the band edges. It is here that the depletion layer is at its
thinnest, the eld lines will be most crowded and the effects of migration will be
most keenly felt. This work indicates that this results in signicant migrational
contribution to the transport and hence the observed current at these edges even
for a 50 nm nanoband, and even at these relatively large values of I.

In order to conrm that the effect is predominantly an additional migrational
contribution to the mass transfer and not a eld effect on the charge transfer rate
constant, Fig. 11 and 12 show the corresponding EIS spectra for FCA and HAR at
Edc ¼ E0, along with their ts to the equivalent circuit, Fig. 4(d). It is clear for FCA
these data at the two different values of I produce essentially the same t
parameters for all except Rnl

min, whose value has decreased by around 10% when
changing from higher to lower I. For HAR, which has similarly rapid charge
transfer kinetics, the difference in Rnl

min is greater, with a decrease of around 50%
when changing from higher to lower I. It is reassuring that these values, when
substituted into eqn (22) predict currents which correspond well to the currents
observed in Fig. 9 and 10.

By contrast, Fig. 13a shows equivalent voltammetric data for oxidation of FCA
at a 5 nm thickness nanoband, 10m4D5n. By comparison with Fig. 13b, the
equivalent 50 nm nanoband system, the currents observed at high ionic strength
are �98% lower. Similar dramatic differences have been observed previously75,76

for linear nanoband electrodes of similar width. This has been explained by the
fact that the dimension of the redox species is now comparable to the thickness of
the nanoband, which results in a breakdown of applicability of the analytical
equations which describe mass transport of redox species to the electrode. In this
work, a model was proposed which accounted for this behaviour in terms of two
effects; the rst is a marked decrease in the diffusion coefficient near the elec-
trode due to changes in the ion–solvent interaction, the solvent composition and
solvent viscosity due to the fact that the electrode dimension, the depletion zone
thickness and k�1 are all comparable. The second is the fact that as the electrode
dimension approaches the molecular dimension, the concentration gradient at
and across the electrode surface can no longer be represented by a smooth
analytical function, which has the practical effect of reducing this gradient and
the resulting diffusive ux still further from that predicted analytically. In addi-
tion, however, the lower ionic strength data in Fig. 13a demonstrate a dramatic
increase in the current for 10m4D5n by a factor of around 5. It is interesting that
this additional current is comparable in magnitude to that observed on
decreasing I for 10m4D50n (Fig. 13b), which is consistent with this enhanced
308 | Faraday Discuss., 2013, 164, 295–314 This journal is ª The Royal Society of Chemistry 2013
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migrational contribution being again due to migration at the band edges. The
decrease in band width therefore appears to result in promotion of the impor-
tance of the band edges compared to diffusion to and reaction across the band
centre (which has become a vanishingly small contribution to the current). It is
also possible that there is at least some contribution to this increase in current
with decreasing I which is due to the enhancement of the local electric eld at the
electrode with increasing potential. This could result in direct electron transfer
between redox species and electrode becoming possible at greater distances from
the electrode through an increase in the electron tunnelling rate,77 which could
relax the requirement for short range electron transfer at the electrode surface.

6 Conclusions

This work demonstrates the MNEE array to be a sensitive electroanalytical device
with enhanced characteristics. The design enables the high diffusional rate and
high signal-to-noise ratio available with nanoelectrode measurements (facili-
tating the measurement of fast electrode kinetics) to be combined with both the
steady-state response found with microelectrodes and the high total current
available with arrays. Another attraction is that the sensitive quantitative response
coupled with the relative insensitivity to environmental convection makes these
electrodes highly suitable for quantitative electroanalysis and monitoring in
systems for which well-dened stirring is either undesirable or impractical. The
use of CMOS compatible microfabrication techniques provides the possibility of
integrating these devices with control and measurement circuitry, in the so-called
“More than Moore” approach.78,79 The photolithographic method of their fabri-
cation also enables reproducible production and systematic variation of such
factors such as band thickness (width) and placement, hole dimension and
separation. This work also indicates that they provide a suitable platform for
measuring and understanding nanoelectrode effects. Nanoband systems of
50 nm thickness are demonstrated to be sufficiently thin to provide enhanced
nanoelectrode characteristics, albeit that their response shows some migrational
transport contribution at all but the highest ionic strengths. Nanoband systems of
5 nm thickness show lower currents and increased relative migrational effects,
consistent with previously postulated effects of nite redox ion size on the
nanoband dimension.

7 EIS theory

Previous work has modelled the EIS behaviour of microelectrodes of varying sizes
and geometries. A method to extract the diffusional impedance of a microdisc
from the chronoamperometric current80 was extended to microbands of various
ideal and non-ideal geometries.81,82 Gabrielli et al. used FEMLAB (a predecessor of
COMSOL) to simulate the EIS response of a microdisc.83

This work develops an analytical description for the MNEE. Previous work9–12,68

has shown the variation of CN with the concentrations of the two forms of a one
electron redox couple (e.g. reduced and oxidised FCA), a and b in the volume of
solution above the microsquares should be given by

CN ¼ NAlF 2

RT

ab

cN
(3)
This journal is ª The Royal Society of Chemistry 2013 Faraday Discuss., 2013, 164, 295–314 | 309
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Fig. 14 Modified Tafel plot (eqn (15)) from CV, Fig. 4, for 10m3D50n for 0.10 mM FCA oxidation in
FCA(I) for oxidative (solid) and reductive (dashed) sweeps at v ¼ 100 mV s�1. The Tafel slopes are 37 and
39 V�1 respectively by linear regression; the theoretical value is 39 V�1 from eqn (15) at T ¼ 298 K.
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where l and A, the height and area combine to give the volume, V. As for a
reversible one electron couple, near the electrode surface

Edc ¼ E0 þ RT

F
ln

�
b

a

�
(4)

where E0 is the formal redox potential for FCA; combining these equations
results in

CN ¼ 4Cmax
N

�
2þ e�P þ eP

��1 ¼ 4Cmax
N

�
cosh2

�
P

2

���1

(5)

where

P ¼ F
�
Edc � E0�
RT

(6)

and the maximum capacitance at Edc ¼ E0 is given by

Cmax
N ¼ NVF 2cN

4RT
(7)

The equations for the potential dependence of Rnl, and Rct for single micro-
squares have been derived previously;53 when combined with the fact that for an
array of N parallel independent circuit elements, Rarray ¼ Rsingle/N; Carray ¼
NCsingle, this gives

Rct ¼ Rmin
ct

2

�
e�aoxP þ eð1�aoxÞP� (8)

where aox is the transfer coefficient for the oxidation redox reaction and at Edc ¼
E0, the minimum charge transfer resistance is given by

Rmin
ct ¼ 2RT

NAF 2cNkq
(9)

from which kq, the standard rate constant for the redox reaction, can be
obtained.

As shown previously53

Rnl ¼ Rmin
nl cosh2

�
P

2

�
(10)
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which again gives the minimum value, Rnl
min, at Edc ¼ E0. The value of Y0 (the

magnitude of the admittance at an EIS frequency, u ¼ 1 rad s�1) for the Warburg
element seen at low frequency is

Y0 ¼ F 2Atot

RT

�
1ffiffiffiffiffiffiffiffiffi
DOb

p þ 1ffiffiffiffiffiffiffiffiffi
DRa

p
��1

(11)

Assuming that the diffusion coefficients of the oxidized, DO, and reduced, DR,
redox species are equal and given by D

Y0 ¼
ffiffiffiffi
D

p
F 2Atot

RT

�
ab

cN

�
(12)

where, due to complete diffusion layer overlap from the array electrodes, Atot is the
total array area. By analogy with eqn (3)–(5), this gives

Y0 ¼ Ymax
0

�
cosh2

�
P

2

���1

(13)

with at Edc ¼ E0

Ymax
0 ¼

ffiffiffiffi
D

p
F 2AtotcN

4RT
(14)

from which D can be obtained.
In order to relate the mass transfer limited current, iL, to Rnl, the modied

Tafel equation, shown to be applicable to a reversible one electron transfer at
these electrodes (Fig. 14)

ln

�
iL

i
� 1

�
¼ F

�
E � E1=2

�
RT

(15)

is rearranged to give

i ¼ iL

1þ exp
F
�
E � E1=2

�
RT

� � (16)

where the half-wave potential, E1/2 z E0. A small change in potential under these
conditions, DE ¼ E1 � E2, as in an EIS experiment, then results in a change in
current Di ¼ i1 � i2, where

iL

i1
� iL

i2
¼ 1þ exp

2
664
F
	
E1 � E1

2



RT

3
775�

0
BB@1þ exp

2
664
F
	
E2 � E1

2



RT

3
775
1
CCA

¼ eP2

�
exp

�
DEF

RT

�
� 1

�
(17)

where P2 ¼ (E2 � E0)F/RT.
For this small potential change, eqn (17) becomes

iL

i1
� iL

i2
¼ iLDi

i1i2
¼

�
DEF

RT

�
eP2 (18)

The resulting impedance is then the non-linear resistance under these
conditions
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DE

Di
¼ Rnl ¼ iLRT

i1i2F
e�P2 (19)

When DE is small

i1i2z

�
iL

1þ eP

�2

(20)

Combining eqn (19) and (20) then gives

Rnl ¼ RT

iLF

�
2þ e�P þ eP

� ¼ 4RT

iLF
cosh2

�
P

2

�
(21)

Thus when cosh2(P/2) ¼ 1 (P ¼ 0, or Edc ¼ E1/2 ¼ E0), the value of Rnl is equal to
Rnl

min, the minimum non-linear resistance, which is related to iL through

iL ¼ 4RT

FRmin
nl

(22)
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