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Microelectrode arrays find broad application in electroanalysis offering the enhanced sensitivity
associated with microelectrodes, but with a high total current output. Such arrays are often constructed
to make the electrodes ‘diffusionally independent’. To emphasize that this is a time dependent property,
a two-dimensional simulation, in conjunction with the diffusional domain approach, is used to model
potential step transient currents at microelectrode arrays. Two types of array, hexagonal and cubic, are
considered. In both cases the absolute (not relative) microelectrode separation distance has a significant
effect on transient current. Three different regimes of transient current versus time can be observed at
microelectrode arrays. At short times the transient response of isolated microelectrodes is seen, then at
intermediate times the steady-state response of independent electrodes can be observed. At longer times
planar diffusion to the entire array takes over. It follows that only at timescales corresponding to the
first two regimes can the electrodes be considered as diffusionally independent. To verify the theory the
potential step experiment is performed at a regularly spaced hexagonal iridium microdisk array. Theory
is found to be in a good agreement with the experimental results.

1. Introduction

The development of lithography, nanoprinting,' plasma etching,?
laser microstructuring® and other techniques*® permits the
fabrication of surfaces with a precisely defined geometry at the
micro- or nano-scale that allows the fabrication of microelec-
trode arrays. Microelectrode arrays find wide application in
electroanalysis due to their high current output as compared to
a single microelectrode, whilst showing considerably less back-
ground/capacitative currents, as well as significantly enhanced
sensitivity, in comparison to macroelectrodes.*'® Considerable
efforts have been devoted to designing new types of arrays con-
taining micro-/nano-electrodes in both regular and random
distributions.’>'""'® A critical factor in the design/fabrication of
regular microdisk arrays is the center-to-center separation, d,
between nearest neighbor electrodes. This needs to be large
enough to avoid the overlap of adjacent diffusion zones but not
too large as to result in inefficient use of space.?® Ideally the
behavior of the microelectrode array should be similar to that of
a single microelectrode, except in the magnitude of current. This
requires that the diffusion layers of the microelectrodes in the
array do not overlap. These conditions are referred to as diffu-
sional independence. Such behavior can only be observed at
timescales short compared to the time for molecule to diffuse the
distance d. We note that earlier simulation work on potential
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steps or cyclic voltammetry at arrays of microdisks has been
reported.?*2?

In this paper we use potential step chronoamperometry to
investigate both theoretically and experimentally the concept of
diffusional independence®*** which has been well documented
for isolated microelectrodes*=" and also used to study micro-
electrode arrays.?"** It is emphasized that the absolute distance
d controls the timescale of diffusional independence.

2 Mathematical model and simulation procedure
2.1 Model of the electrode

The idealized surface is composed of a regular array of microdisk
electrodes (Fig. 1). We consider here two types of arrays:
hexagonal and cubic. The diffusion of electrochemically active
species to such a surface is complicated because it is intrinsically
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Fig. 1 Conceptual rendering of hexagonal (a) and cubic (b) arrays of
microdisk electrodes.
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Fig. 2 Unit cell in Cartesian coordinate (a) hexagonal array; (b) cubic
array; (c) equivalent diffusion domain in cylindrical coordinates.

a three-dimensional problem. However, the problem can be
simplified by noting that each electrode belongs to a diffusionally
independent region known as a diffusion domain.?** The
diffusion domain approximation treats these zones as being
cylindrical with a microdisk center situated at the axis of
symmetry, thus reducing the problem of diffusion to one of only
two dimensions. The approximation is illustrated in Fig. 2.
Fig. 2a and 2b identify unit cells in Cartesian coordinates for
hexagonal and cubic arrays. Fig. 2c shows the diffusional domain
in cylindrical coordinates (r, z). Note that the cylindrical coor-
dinate system is defined relative to the single electrode domain.
The cylindrical radial coordinate, r, is defined as the distance
from the axis of symmetry that runs through the center of the
electrode domain. The distance between microdisk centers in
arrays is d. The area of cylindrical domain is chosen to be equal
to the area of the unit cell in Cartesian coordinates:

ﬁd 2 = qr? @)

2 max

for hexagonal and

d>= ﬂ'r%nax (2)

for cubic arrays. The total current from the macroelectrode is
given by simple multiplication of the current from a single
diffusional domain to the total number of domain N,,.

2.2 Mathematical model

Eqn (3) shows the electron transfer considered in these numerical
simulations. Both species A and B are soluble, but only species
A is assumed to be present in bulk solution.

A+e =B (3)

The mass transport of species A in cylindrical coordinates is
described by Fick’s second law of diffusion, which is presented in
eqn (4). The computational model assumes the fully supported
condition so there is no need to consider electromigration.

dA] 0*[A] 10[A]  0*[A]
3 DA(aﬂ T &z) @

where D is the diffusion coefficient of the species A and ¢ is time.
We assume that species A and B have equal diffusion coeffi-
cients:

Dy=Dg=D )

so that at each point in solution the concentrations of species A
and B satisfy the relationship:

[A] + [B] = [Alo (6)

where [A]y is the bulk concentration of A. In such a situation the
concentration profile of species A may be simulated indepen-
dently from that of species B.

We next consider the potential step experiment applied to
reduction of A. A typical chronoamperometric experiment
involves a step from a potential of no current to one corre-
sponding to a diffusion controlled rate. A potential step is
therefore modeled simply by setting the concentration of A, at
the electrode surface equal to zero immediately after the step is
implemented. This generates a singularity at = 0, where the flux
is analytically infinite; in all cases, time steps used in the simu-
lation were sufficiently dense to render any oscillations resulting
from the ¢ = 0 singularity negligible in the region of interest.

The model is normalized using the dimensionless parameters
in Table 1. The mass transport in cylindrical coordinates is
described by the dimensionless variant of eqn (4):

da ®a 1 da da

3 oR: TROR oz @

2.3 Boundary conditions and calculation of the flux normal to
the electrode surface

The boundary conditions for eqn (7) are summarized in Table 2.
There is a no-flux condition at the axis of symmetry (R = 0) and
at the diffusion domain border R = R,,,x. The bulk solution
condition is implemented at a distance 6,/Tmax from the electrode

Table 1 Dimensionless parameters used for numerical simulation

Parameter Expression
Radial coordinate R =rlry
Normal coordinate Z = zlry

Domain radius Rinax = T'max/To
Time © = Ditlry’

Scan rate a = Furg’/(RTD)
Potential 0 = F(E — E®/(RT)
Concentration of species A a = [A)[A]o
Concentration of species B b = [BJ/[A]o

Electrode flux j = —il(FD[A]oro)

Table 2 Boundary and initial conditions for eqn (7)

Boundary Condition
Initial concentrations a=1;b=0
Axis of symmetr da _ . b _ 0
Y Y R~ dR

. . . Oa 0b
Diffusion domain borders R-" aR™ 0
Bulk solution concentration a=1;b=0
Electrode surface concentration a=0
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surface,®® where 7., is the full time of the experiment. Beyond
this the effect of diffusion is not important on the experimental
timescale.

The electrode surface boundary conditions are given in Table
2. The dimensionless flux to a flat surface of cylindrical symmetry
is given by eqn (8):

1

j= 243—21«1]@ (8)
0

3 Experimental and computational details
3.1 Computation procedure

Eqn (7) and its accompanying boundary conditions (Table 2)
were discretised and solved by the alternating direction implicit
(ADI) finite difference method?*' in conjunction with the Thomas
algorithm.?> The program was written in C++. Because of the
symmetry of the model, it is sufficient to solve the mass transport
equations in the two-dimensional space in the region 0 < R <
Rpax and Z > 0. An expanding simulation grid is used in this
work, which is based on the grids used in previous simulations of
microdisk electrodes.?*** A high mesh density is required where
the electrode meets the symmetry axis and also close to the
singularity where the electrode encounters the insulator.

The space grid used expands in both directions from R = Ry
and Z = Z,:

Riyi — R =h; (9a)
Zi — Zi=k; (9b)
hi = yrhi 1 (10a)
ki = yzki (10b)

The standard values of the parameters used are Yy, = yr = 1.125
and ho = ko =10"°.

An expanding time grid is also used; time steps were calculated
each time in agreement with the expression:

min{t.t",v. At} (11)

where, 7, = 0.01, m = 0.5, v, = 1.05 and At is the previous time
step.

3.2 Computational accuracy

To check the convergence of the simulation procedure numerous
simulations with different space grids and time steps were run.
The calculated current converges with a decrease in the space and
time steps, similar to the convergence presented in ref. 35. To
validate the procedure, comparisons to the known results for
isolated single microdisk electrodes were made. The current in
this case is given by the Shoup-Szabo equation;*-*¢ the
comparison is presented in Fig. 3. It is seen that the results
perfectly match each other. At short times the current decays
in agreement with the dimensionless form of the Cottrell
equation®**” (12):
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Fig.3 Diffusional current versus dimensionless time in the potential step
experiment. The solid line is our simulated transient for an isolated single
microdisk electrode, the circles here were calculated with Shoup-Szabo
equation.?*¢

j=" (12)

3.3 Chemical reagents and instrumentation

All chemicals used were of analytical grade and were used as
received without any further purification. These were: potassium
chloride (KCI; Sigma-Aldrich), potassium ferrocyanide
(K4Fe(CN)g; BDH Chemicals Ltd, UK), copper sulfate (CuSOy;
Aldrich), sodium sulfate (Na,SO,; Aldrich) and hydrochloric
acid (HCI; Sigma-Aldrich). All solutions were prepared with
deionized water of resistivity no less than 18.2 MQ cm at 25 °C
(Millipore water system, UK).

Voltammetric experiments were carried out with an p-Autolab
IT (Eco-Chemic, Utrecht, The Netherlands) connected to a PC
using GPES (version 4.9) software for Windows. All measure-
ments were conducted using a three electrode cell. Iridium
microelectrode arrays were used as the working electrode. A
saturated calomel electrode (SCE) was used as a reference elec-
trode and a graphite rod as a counter electrode. The pH was
monitored using a Hanna Instruments pH 213 Microprocessor
pH Meter. The images of microdisk array surfaces were captured
with a Sony XC-999P CCD camera attached to an optical OMV-
PAR microscope.

Prior to the voltammetric experiments, the system of 0.1 mM
K4Fe(CN)6/0.1 M KCIl was degassed using purified N,. All
experiments were conducted at 25 + 1 °C.

Chronoamperometric transients for the oxidation of potassium
ferrocyanide were recorded using different sample times: 0.05 s
before the potential step and 0.0001, 0.001, 0.01 or 0.05 s after the
potential step. The potential was stepped from 0.1 to 0.3 V.

In order to determine the true number of active microelec-
trodes on each array, copper metal was deposited onto the array
surface via holding the potential at —0.4 V for 20 s in a solution
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Fig. 4 Calculated dimensionless current versus dimensionless time in the
potential step experiment: (a) non-interacting domains; (b) Ry, = 50; (¢)
Riax = 13; (d) Rpnax = 10; (€) Rimax = 5; (f) macroelectrode.

of 0.05 M CuS0O4/0.1 M Na,SO,4 (pH = 3, adjusted with HCI).
After copper deposition, the microelectrode surface was imaged
with a camera attached to a microscope. This allowed us to
undertake a visual count of the active microelectrodes on each
array.

3.4 Array fabrication

The iridium microelectrode arrays (1o = 2.5 um, d = 55 pm, N =
2597) used in this study were made using standard photolitho-
graphic techniques. For the fabrication process Pyrex wafers

covered with a sacrificial layer of silicon oxide were used. Tita-
nium (20 nm) and iridium (100 nm) layers were subsequently
deposited and patterned by a ‘lift-off” technique to form the
electrodes and contact pads. The chips were cut individually
from the wafer and mounted on test printed circuit boards.
Following the soldering of wires to the connectors, a UV-curable
polymer was used as encapsulant. The various processes
employed are described in details elsewhere.?

4 Results and discussion
4.1 The influence of R,

Simulated results for the potential step experiments are presented
in Fig. 4. Values of the dimensionless current per single micro-
disk in an array are between the values of that from an isolated
microdisk (curve (a) in Fig. 4) and that given by eqn (12), which
corresponds to planar one-dimensional diffusion to a macro-
electrode (curve (f) in Fig. 4).35%7

Considering Fig. 4, the higher the value of diffusion domain
radius R, the longer the time a microdisk in an array behaves
as a diffusionally independent electrode. At long times, in all
cases, deviation from the ideal microdisk behavior is observed
due to overlapping of diffusional layers between microelectrodes
in the array. Fig. 5 shows concentration profiles calculated for
microdisk array with R, = 5. At very small times 7 < 0.01 the
diffusion is planar and inefficient, and consequently a decrease of
current is observed.3*3” At small times T = 0.1 (Fig. 5a) and t =1
(Fig. 5b) the thickness of the diffusion layer is less than the
separation between the electrodes in the array, and the current is

259

20 1

Fig. 5 Simulated concentration profiles, Ry,.x = 5: (a) T =0.1; (b) T = 1; (c) t = 10; (d) = = 100. The density of color identifies the concentration value.
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similar to that from a diffusionally independent microdisk
(Fig. 4). On further increase of time the thickness of the diffu-
sion layer gets larger and the diffusion layers of the microelec-
trodes in the array overlap (Fig. 5c); consequently the peak
current deviates from the ideal behavior of a single isolated
microdisk electrode. Further increase of the diffusion layer
thickness with time causes a switch of diffusion type from two-
dimensional to effectively one-dimensional (Fig. 5d) and the
current versus time in bi-logarithmic coordinates again has
a slope of —', corresponding to planar one-dimensional diffu-
sion (eqn (12)).

4.2 The influence of the microdisk radius and array symmetry

We consider here two types of array symmetry: hexagonal and
cubic (Fig. 1la and Fig. 1b). To characterize diffusional inde-
pendence of microelectrodes in the array we introduce the time
when the current reaches 90% of the steady-state current fp; —
time of diffusional independence:

J(tp)/Np = 0.9 X jis (13)

where ji is the steady-state current at a single microdisk
electrode, given by eqn (14)3%¢

jss = 4I1FDC}’() (14)

where, n is the number of electrons transferred, and C is a bulk
concentration of electroactive species.

In Table 3 the time of diffusional independence is presented
for hexagonal and cubic arrays for different microelectrode
separation distances d, and different microelectrode radii r.
Table 3 shows that a decrease of radius causes a quadratic
decrease in the time for diffusional independence; however, it
also causes a quadratic decrease of the response time.** Arrays
with cubic symmetry have a slightly higher time of diffusional
independence than hexagonal arrays with similar microdisk
separation distance d, but the number of microdisks in
the cubic array is smaller and consequently the total current is
only 86% (eqn (15)) of that of a hexagonal array of the same
area:

Npe = ?Nph =0.86 X Npn (15)
where, Ny. and N, are the number of microelectrodes in the
cubic and hexagonal arrays respectively.

Table 3 Timescale of diffusional independence

Hexagonal Cubic

ro = ro = ro = ro = ro = ro =
dlre® 100 nm 1 um 10 um 100 nm 1 um 10 pm
5 6 x 10  0.006 0.6 72 x10-°  0.0072  0.72
10 6 x 10 0.04 4 49 x 107*  0.049 49
50 0.055 5.5 550 0.072 7.2 720

“ Rmax values for hexagonal and cubic arrays can be calculated from these
data according eqns (1) and (2) respectively.

4.3 Experimental validation

Fig. 6 shows the cyclic voltammograms recorded at 100 mV s~ in

1.0 mM ferrocyanide/0.1 M KCl at a hexagonal iridium micro-
electrode array (ro = 2.5 um, d = 55 pm, N = 2597). The steady-
state current to the iridium array calculated as the sum of the
steady-state currents to 2597 diffusionally independent micro-
electrodes is 1.6 pA, so it is obvious that only some of the
microelectrodes in the array contribute to the current. It is
known that lithographic procedures commonly lead to a signifi-
cant number of ‘dead’ electrodes.*

To model the transient, the diffusion coefficient of ferrocya-
nide was taken as 6.5 x 10~®cm?s'.3® R .« and N were varied to
produce the best fit, including under steady-state ‘diffusionally
independent’ conditions subjected to the condition of eqn (16).
We assume that the presence of electroinactive disks does not
significantly affect the symmetry.

wNR2 = =2597 x ? x d? (16)

max

20.10.0 0.1 02 0.3 0.4
E/V

Fig. 6 Cyclic voltammogram of 1.0 mM ferrocyanide in 0.1 M KCl
obtained at an iridium microdisk electrode array. The scan rate is 100 mV
s~!. The dashed and solid curves represent respectively cyclic voltam-
mograms obtained before and after chronoamperometric measurements.

Active microelectrodes

Dead microelectrodes
a) b)

Fig. 7 Microscopy image of detailed area of iridium microelectrode
arrays: (a) before copper deposition; (b) after 20 s of copper deposition at
—0.4 V vs. SCE.
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Fig. 8 Total current from iridium microelectrode array registered
experimentally (—) in a potential step experiment, where the potential is
stepped from 0.1 to +0.3 V. Circles (O) represent the best theoretical fit.

The optimized values were N = 900 and R,.x = 20. The value
of N suggest that ca. 35% of the disks are electroactive and that
the remainder are ‘dead’. To independently verify the value the
disks were electroplated with copper, so that copper was only
deposited on the active disks.** Fig. 7 shows a fragment of the
microdisk electrode array before and after copper deposition.
Active electrodes can be visually distinguished from ‘dead’.
Microscopic investigation of the whole surface showed that ca.
31% of the disks are active, validating the analysis presented
above.

Returning to Fig. 8 we see deviation between theory and
experiment both at very short and very long times. The latter is
likely due to the increased mass transport efficiency by natural
convection for times of ~10-100 s,3¢ whilst the former is attrib-
uted either to kinetic limitation and/or ohmic losses over the
electrode surface.

5 Conclusions

Three different time regimes are observed in a potential step
experiment at a microelectrode array. First a rapid (j « t7%)
decrease of current is seen at short times as is also observed for
isolated microdisks. Second a steady-state current is observed
and finally a decrease of current is seen at long times. The length
of the steady-state period is strongly dependent on the diffusional
domain size Ry and for R, < 5 a steady-state regime is not
observed. All three regions of behavior were observed experi-
mentally on an iridium microelectrode array. Table 3 reports the
approximate timescales for diffusional independence. Note that
even for electrodes as large as 1 um the timescale of diffusional
independence is less than 10 s unless unusually large separation
distances (>>100 um) are used. Finally we emphasize that the
concept of ‘diffusional independence’ can only apply to an
electrode array for a finite timescale.
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