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Chapter 15
From Macroelectrodes to Microelectrodes:
Theory and Electrode Properties

Salvatore Daniele and Carlo Bragato

15.1 Introduction

15.1.1 Voltammetry: A Brief History

Voltammetry involves the application of a potential that varies with time and the
measurement of a current that flows between a working and a reference electrode.
Voltammetry can therefore be defined as the exploration of the three-dimensional
space that relates to potential, current, and time. ! However, under suitable circum-
stances, simplified conditions can lead to a unique relation, not involving time,
between current and potential; such situation provides the so-called steady-state
voltammetry.2

Voltammetric techniques date back to the early of nineteenth century, following
the experiments made by Heyrovsky in 1922, and when, for the first time, he
showed that by measuring the current while the potential of a dropping mercury
electrode (DME) was changed, it was possible to obtain information on the nature
of the species in the solution that were reduced at the electrode surface. This
technique, called polarography, was used for analytical applications, especially of
metal ions. The term voltammetry was first introduced in 1940 to describe exper-
iments, similar to those made at a DME, performed at a solid working electrode.'
Many variations of the basic polarography were developed during the 1940s and
early 1950s. Pulsed waveforms in conjunction with DMEs or static mercury
electrodes have been developed and largely applied for analytical investigations.'
The pulsed techniques were aimed at decreasing the contribution of the capacitive
current, which originates from charging the electrical double-layer capacitance that
exists at the interface between the electrode and the solution. The charging current
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is non-faradaic and produces baseline current that must be subtracted in
voltammetric measurements to improve the sensitivity, especially for trace species
analysis.”

A further impetus in the development of voltammetric techniques has been
recorded during the 1980s with the advent of much smaller, than previously
employed, electrodes, which were of millimeter size. The smaller electrodes have
micrometer size and are commonly referred to as either ultramicroelectrodes
(UMEs) or, simply, microelectrodes (MEs).*"® Since then, the field of MEs has
generated enormous excitement and has seen a huge increase in popularity with the
rapid developments in nanofabrication capable of preparing well-defined electrodes
of sub-micrometer size down to a few nanometers.'* '> Such very small electrodes
are nowadays defined nanoelectrodes (NEs). The latter category, normally, includes
all electrodes that possess at least one dimension less than 100 nm.'” It must be
considered that the main properties of both MEs and NEs come from a common
operational characteristic. It involves the circumstance that under given experimen-
tal conditions, the diffusion layer thickness is thicker than the characteristic length
of the electrode.'”

This chapter is concerned with methods in which a constant potential or a
potential varied with time is applied to either millimeter sized (called conventional
electrodes) or MEs and the ensuing current response as a function of time or
potential is measured.

15.2 Mass Transport and Electrode Geometry

A typical electrode reaction involves the transfer of charge between an electrode
and a species in solution. The whole process involves a series of steps, including the
rate of the electron transfer at the electrode surface and the movement of reactant in
and out of the interface, that is, the mass transport within the solution. Both
phenomena are important in predicting the current flowing in the electrochemical
cell. The model of the electrode kinetics predicts that the rate of the electron
transfer is affected by the electrode voltage through an exponential relationship.”
The current therefore, over a potential region, also increases exponentially by
increasing the electrode potential. The current increase is limited by the mass
transport of both reactant and electrode reaction product (see Chap 10 for details).

There are three forms of mass transport which can influence an electrolysis
process:

« Diffusion
¢ Convection
e Migration

Diffusion occurs in all solutions and arises from local uneven concentrations of
reagents. It is particularly significant in an electrolysis experiment since the con-
version reaction only occurs at the electrode surface. Consequently, there will be a
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lower reactant concentration at the electrode than in bulk solution. Similarly, a
higher concentration of product will exist near to the electrode than further out into
the solution.

Convection originates from the action of a force on the solution. There are two
forms of convection. The first is termed natural convection and is present in any
solution. This natural convection is generated by small thermal or density differ-
ences and acts to mix the solution in a random and therefore unpredictable manner.
In the case of electrochemical measurements, these effects tend to cause problems if
the measurement time for the experiment exceeds 20 s.” The second type is termed
forced convection. 1t is typically several orders of magnitude greater than any
natural convection and therefore effectively removes the random aspect, due to
natural convection, from the experimental measurements. This of course is only
true if the convection is introduced in a well-defined and quantitative manner.’

Migration is essentially an electrostatic effect which arises due the application of
a voltage at the electrodes. Any charged species near that interface will either be
attracted or repelled from it by electrostatic forces.

Due to ion solvation effects and diffuse layer interactions in solution, migration
is usually difficult to calculate accurately for real solutions. Most electrochemical
measurements, therefore, are performed in solutions which contain a background
electrolyte that does not undergo electrolysis itself but helps to shield the reactants
from migratory effects. By adding a large quantity of the electrolyte (relative to the
reactants), it is possible to ensure that the electrolysis reaction is not significantly
effected by migration.

On the above basis, it is evident that to gain a quantitative model of the current
flowing at the electrode, one must account for the electrode kinetics, the three-
dimensional diffusion, convection, and migration contributions of all the species
involved.

The total mass transport of a given species i is given by the flux, J; (mol s~

cm2), to an electrode and is described by the Nernst-Planck equation:
ZiF
J,' = —DiVCifﬁD,-C,-V</)+vC,» (151)

The flux is related to the current through

i

J=— 15.2
= o (15.2)

The solution of Eq. (15.1) is difficult to solve and currently is beyond the
capacity of even the fastest computers. However, electrochemical experiments
can be designed to eliminate the contributions of electrostatic potential and hydro-
dynamic velocity to the overall flux of electroactive species, limiting mass transport
to the contribution from diffusion. The currents resulting from these experiments
can then be classified as diffusion controlled.’
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Table 15.1 Diffusion
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Contributions from migration can be effectively eliminated by adding an inert
electrolyte to the solution at a 10—100-fold excess with respect to the redox couple
of interest. The electric field between the two electrodes involved in the measure-
ment is dissipated over all of the ions in solution and not just the electroactive
material. Under these conditions, the contribution of migration to the observed
current is <1 %. Contributions from convection can be reduced or eliminated by
working in quiescent solutions. With careful control of external vibration and
temperature, diffusion controlled measurements for up to 20 s or close can be
made without significant convective effects.’

In the following section how the diffusion mass transport will control the current
at electrodes of different sizes and geometries will be described.

15.2.1 Diffusion Equations and Current Responses

Fick’s first and second laws describe the flux of a species and its concentration as
functions of time and position, respectively. The general formulations of Fick’s
laws for the species O at any geometry are:

Jo =—-DoVCo (15.3)
oC
Tzo =DyV*Co (15.4)

Although the diffusion equations require, in general, three spatial coordinates to
describe the mass transport, in the cases of an infinite plane, a sphere, and an
infinitely long cylinder, the boundary allows a reduction from three to one of the
number of spatial coordinates. These geometries simplify the Laplace operator so
that Eqgs. (15.3) and (15.4) acquire simpler forms. The concentration gradient at the
electrode surface is obtained by solving Fick’s second law, and Table 15.1 shows
the simplified forms of the diffusion equations for such electrode geometries. For
planar diffusion x is the spatial coordinate directed to the boundary ad having its
origin at the boundary surface (Fig. 15.1a). In the case of spherical (Fig. 15.1b) and
cylindrical geometries, r represents the radial distance from the electrode center.
The solution of these equations, under appropriate boundary conditions, yields the
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Electrode e

Fig. 15.1 Diffusion mass transport to: (a) planar electrode; (b) spherical electrode

concentration profiles, C(x,?), i.e., the change of concentration of that species as
functions of the distance and time. Boundary conditions, in turn, depend on the
electrochemical experiments performed.

15.2.2 Application of a Potential Step

The experiment of interest involves stepping the potential from an initial value,
where no electrode reaction occurs, to one at which electrolysis proceeds at
diffusion controlled rate. The general reaction considered is:

O+ ness R (15.5)

and the electrode is placed in a semi-infinite solution containing only the
electroactive species O of concentration Cy,". The semi-infinite condition highlights
the fact the volume of the electrolytic solution is much larger than the electrode size.
It is also assumed that a sufficient negative potential is applied at the working
electrode so that the surface concentration of O becomes equal to zero, regardless
of whether the kinetics of the process is facile or sluggish. Examples of boundary
conditions, which are valid under the electrochemical experiment outlined above, are

Co(x,0) = Cox  (forall x) Initial conditions
Cr(x,0) = 0 (for all x) Initial conditions

lim Co (x,7r) =C;, (atall r)  Semi-infinite conditions
X—00

lim Cg(x,t) =Cy (atall r)  Semi-infinite conditions

X—00

Equations for planar (T1,1 in Table 15.1) and spherical (T1,2 in Table 15.1)
electrodes can be solved using the Laplace transform technique to give, after
considering Eq. (15.2), the time evolution of the current (i,).
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Fig. 15.2 Concentration profiles for a potential step experiments at different step times. Calcu-
lations refer to a species having Do =7 x 107% cm* s~
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For a planar electrode, the solution is known as the Cottrell equation and predicts
that the current is inversely proportional to 1/

1
. nFAD} - Cj

Iy =

(15.6)

1
e

The reason for the current decay can be explained considering how the concen-
tration profile of the reagent species, near to the electrode surface, varies with time.
The concentration profiles are given by

Co(x,1) = Crerf {2\/)6_07} (15.7)

where erf'is the error function. Figure 15.2 displays several plots of the normalized
concentration Co/C* against distance for various times. It is evident that in the zone
near the electrode, the concentration differs from that in the bulk and approaches
the latter value asymptotically. It occurs at a distance from the electrode surface,
which is defined diffusion layer thickness (6). As is also evident from Fig. 15.2, §
spreads gradually into the solution as the time increases; the concentration gradient
at the electrode surface decreases and overall the current decreases as the time
lapses and, theoretically, falls to zero for t — co.

The distance at which the species O can diffuse in time ¢ can be predicted
by 6=(Do t)l /21 and the distance from the electrode at which the diffusion layer

thickness is completely contained is within about 6(D, t)1 23

'In the literature, & is also estimated as (ZDOI)”2 and (JTDol)I/Z.
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Fig. 15.3 Diffusion flux and concentration profiles at a conventional disk electrode 2 mm
diameter. Simulated by the use of COMSOL Multiphysics 3.5

The conditions for planar diffusion are theoretically fulfilled only if the electrode
surface is very large. In case of finite disk electrodes, edge effects arise and linear
diffusion is no longer linear overall the electrode surface (Fig. 15.3). Diffusion also
develops parallel to the electrode surface in the radial direction. However, if the
radius of the disk electrode is large enough with respect to the diffusion layer
thickness (as is the case of common employed disk electrode of millimeter size),
edge effects can be neglected and Cottrell equation accurately accounts for the
current profile at the electrode surface. These electrodes are nowadays called either
conventional or macroelectrodes.”™'?

Returning to a spherical electrode, the solution of the diffusion equation T1,2
provides®

 nFAC}\/Do N nFADoC}
B V-t ro

which contains both a time-dependent term and a time-independent term. Thus,
contrary to the planar electrode, the diffusion current at a spherical electrode
approaches a constant value for r— 0. The time-dependent term is prevailing at
short times, where the constant term contributes negligibly to the overall current,
and Eq. (15.8) reduces to the Cottrell relationship (15.6). At long times, the
transient term has decayed to a negligible value and the overall current is steady
state and is given by the equation:

i(r) (15.8)

i = 4znFD,C}r, (15.9)

The reason for such behavior can be understood by considering the concentra-
tion profile that establishes to the surface of a sphere given by’
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Co(r.1) =C}, {1 —’;—?erfc (;/%H (15.10)

The main difference between the latter and Eq. (15.7) is the factor ry/r, while
(r—ryp) is the distance from the electrode surface, similar to x for a planar electrode.
When the diffusion layer is very thin, r is small compared to ry ; the linear and
spherical diffusion situations are practically indistinguishable. On the other hand,
when the diffusion layer grows and becomes much larger than r, (i.e., (r—ry) <2
(Dot)""?), it can be shown that the concentration profile is given by’

Co(r,t) = Co*(l — I'()/I')

and the concentration gradient at the electrode surface is proportional to Co /ro; this
provides the steady-state current.

From a practical point of view, the use of Eq. (15.8), or one of its limiting forms,
depends on the electrode size. In fact, linear diffusion describes adequately the mass
transport at the electrode surface provided that the radius of the sphere is large
enough and the time is relatively short. If, for instance, we consider the case of a
hanging mercury electrode (i.e., an almost spherical electrode) 0.1 cm radius,
immersed in a solution containing an electroactive species having a diffusion
coefficient value of 1 x 10~ cm? s~ ! Cottrell equation predicts, with 10 % accu-
racy, the current recorded within 3 s. For longer electrolysis times, the steady-state
term starts to contribute significantly. Instead, the prevailing of the steady-state
term for such large electrode would require much longer times, so that natural
convection would prevent its fully achievement.” The achievement of both short-
time and long-time limits at spherical electrodes is made possible with the use of
MEs (vide infra).

The third type of electrode that involves only a single dimension of diffusion is
the cylindrical electrode, and the diffusion equation is shown in Table 15.1
(equation T1,3). Practical electrodes with such a geometry are made by fine metal
or carbon wires connected to a conducting bigger wire with silver epoxy.* ¥
Their behavior, therefore, falls within the category of MEs. Theoretical relation-
ships for predicting current responses at such geometry will be considered in more
detail in the MEs section.

15.2.3 Linear Sweep (LSV) and Cyclic Voltammetry (CV)

In voltammetry, the potential changes linearly with time (Fig. 15.4a), starting from
an initial potential E; (usually, where no electrode reaction occurs). Eventually,
after reaching a potential £, the sweep is reversed and the potential returns linearly
to its initial value (Fig. 15.4b). Thus, in LSV or in the forward scan in CV, the
potential at any time is given by E(f) = E; v ¢, where v is the sweep rate (or scan
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Fig. 154 Waveforms for (a) LSV and (b) CV; current against potential profiles for (¢) LSV and
(d) CV (for an oxidation process)

rate) in Vs~ L. The experiment is considered for reaction (15.5), and it is assumed to 217
be Nernstian (i.e., reversible) in character. For planar and spherical electrodes, the 218
solution of the diffusion equations T1,1 and T1,2, with the appropriate boundary 219
conditions and the applications of numerical methods,” provides the Eqs. (15.11) 220

and (15.12), respectively: 221
i = nFACY(zDoo)"*x(c - 1) (15.11)
i = nFACS(zDoo)*x(c - 1) +%€z’¢(‘”) (15.12)
where: 222
o= (2)v; y(c-1) and ¢(ot) are tabulated values.’ 223

Equation (15.11) indicates that the current depends on v'’? (and consequently on 224
time) in case of the planar electrode; whereas, again, for the spherical electrode, 225
there are two terms: the first is the same as for the planar electrode and the second 226
represents the spherical correction. For conventional spherical electrodes (i.e., 227
hanging mercury electrodes) and values of v relatively large, the planar contribution 228
is much larger than the spherical correction. Under these conditions the spherical 229



230
231
232
233

234
235

236

237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265

S. Daniele and C. Bragato

electrode can be consider planar. The current against potential curves for such cases
under LSV and CV conditions is shown in Fig. 15.4, which displays the typical
peak-shaped profiles both for the forward and backward scans.

The peak current of the LSV (or that of the forward scan in CV) is given by:

3\ /2
ip:0.4463(ﬁ) n2ADY*Chv! (15.13)

and the backward (i,,.) to forward (i,,,) peak current ratio, ip./ip,, is equal to 1 for a
Nernstian wave with a stable product.

15.3 Diffusion at MEs

Microelectrodes, as mentioned in Introduction, are electrodes with characteristic
dimensions on the micrometer or sub-micrometer scale.””'”> An operational defini-
tion of ME has been recommended by IUPAC in 2000s in Pure and Applied
Chemistry.'? Practically, it includes any electrode with at least a linear dimension,
called critical dimension, that falls in the micrometer and sub-micrometer size.
Thus, microelectrodes can be of different geometries, and Fig. 15.5 shows schemes
of some of those for which theoretical treatment exists and equations of current as a
function of time or potential have been derived.

The experiments using MEs are similar to those described above in the previous
section, which essentially hold for conventional or millimeter-sized electrodes.
However, as an electrode is miniaturized to micrometer or even sub-micrometer
size, semi-infinite planar diffusion gradually transforms into semi-infinite radial
diffusion (Fig. 15.6). Longer experiments produce the same phenomenon. Because
of the time-dependent change of the diffusion profile, the solid angle developed by
the diffusion layer in front of the electrode increases and grows considerably
relative to the electrode surface. For this reason, more electroactive species per
unit of time and area reach the electrode surface with respect to the planar electrode.
Moreover, the flux in and out of the volume eventually becomes stationary and the
diffusion layer stops growing. This implies the achievement of a steady-state
current at long times.*™'> The time needed to reach a steady state depends, however,
on the geometry and size of the microelectrode. The time needed to reach a steady
state depends however on the geometry and size of the microelectrode.

From the above qualitative considerations, it appears that the mass transport to
microelectrodes, apart from a few cases, is complicated theoretically, and in the
next sections, we describe the current-time and current-potential equations, which
have been derived by using either analytical solutions or simulation procedures for
ME:s having the geometries depicted in the scheme of Fig. 15.5, which have been
largely employed for practical applications. Detailed information on how ME or NE
can be fabricated can be found in several reports and reviews.” '* '#71°
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Fig. 15.5 Microelectrode configurations: (a) disk, (b) cylinder, (¢) hemisphere, (d) band, (e) ring,
(f) sphere caps, (g) cone, (h) nanopore, and (i) recessed microelectrode

15.3.1 Diffusion-Controlled Current-Time Responses
for Application of a Potential Step

Spherical and hemispherical microelectrodes are the simplest cases, as the diffusion
equation is T1,2, i.e., same as that described for conventional spherical electrodes.
Thus, the first term (i.e., the Cottrell equation) dominates at short times, where the
diffusion layer is thin with respect to the electrode radius. At longer times, the
second term dominates and the diffusion layer grows much larger than ry.

Many applications of MEs are based on steady-state currents, and therefore
Table 15.2 shows the equations that predict steady-state currents for both spherical
and hemispherical MEs (T2,2 and T2,3, respectively). Moreover, an equation has
been derived that allows establishing the time (#,) needed to achieve a steady state
within a & % closeness for a spherical ME?:
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Table 15.3 Estimate of the timescales where a pure Cottrell (a) behavior or a steady-state
(b) response for various microsized spheres is attained

Diameter/pm (a) Cottrell response (b) Steady-state response
0.05 <2.5ns >0.4 ms

0.5 <0.25 ms >40 ms

5 <25 ps >4 s

50 <2.5ms >400 s

Table 15.4 Mass transfer coefficient, m,_for some microelectrodes of different geometry

Band Cylinder Disk Hemisphere Sphere
2zDo T3, | 2D, Ts2 (4D, | Ts3 & Tza & Tss
win(64D,7/w?) rolnt zr, To o
Fig. 15.7 Geometry of Z
diffusion at a microdisk
electrode
Insulator

Electrode
TS

t. = 10°d*/ (r’De) (15.14)

where d is the electrode diameter and D is the diffusion coefficient of the
electroactive species. Table 15.3 shows examples of timescales estimated with an
error of 5 % for various spherical MEs of different sizes, where the current follows
the Cottrell or the steady-state behavior (Table 15.4).

The microdisk (Fig. 15.7) is the most popular electrode for practical applica-
tions, as it can be fabricated easily, for instance, by encapsulating carbon fibers or
metal wires in glass capillaries and then polishing the tips to expose the microdisk
surfaces.” '* However, theory is complicated because diffusion occurs in two
dimensions, either normal to the electrode plane (z-axis) or radially (r direction)
with respect to the axis of symmetry (Fig. 15.7). As a consequence, the current
density is not uniform across the electrode surface, it being larger at the edge. The
diffusion equation for this geometry is written in cylindrical coordinates (T1,4 in
Table 15.1). This choice allows to account for the behavior of the disk ME either at
short times, where the diffusion layer is almost parallel to the electrode surface,
except to the edge, and z becomes the predominant variable, or at long times, where
the diffusion layer grows to a hemi-circle, and it is accounted for the radial
coordinate that becomes predominant.
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The solution of equation T1,4 is not easy and, therefore, approximate analytical
solutions have been derived. The analytical expressions derived by Aoki and
Osteryoung and, later on, by Shoup and Szabo (equations T2,4-6 and T2,7,

respectively, in Table 15.2) are commonly employed for practical applications.
They contain the parameter, 7, that can be regarded as a dimensionless time:

. 4Dt

T2

where a is the microdisk radius. The function f{r) in equation T2,4 assumes two
forms for large (i.e., 7> 1) or small (i.e., 7 < 1) values of 7 and corresponds to long
or short times, respectively. It was also verified that the two curves overlap in the
domain: 0.82 <7< 1.44. More convenient is the single expression T2,7, which
covers the entire range of 7. From these equations two limiting forms, as for
spherical microelectrodes, can be derived for ¢ (or 7) — 0 and ¢ (or z) — co. At
short times equations T2,5 and T2,7 reduce to the Cottrell relationship, while at
long times, equations T2,5 and T2,7 converge to a steady-state current given by
T2,8. It is useful to mention that the latter result for the microdisk was derived first
by Saito by the method of the Bessel expansion.'’

By analogy to the rigorous result for the spherical microelectrodes and in view of
the same functional form, it is possible to estimate the current at microdisks, over a

large timescale range, as the combination of the Cottrell and the steady-state terms:
1
nFAD? - C;
i = ——— 024 4nFDoCha (15.15)
it

This approximate relationship is accurate at the short- and long-time regimes,
while it deviates from the results reported by Aoki and Osteryoung by only a few
percent at intermediate-time regimes. The largest error of 7 % occurs for electrol-
ysis time corresponding at 7= 1.

The cylindrical ME, as for the microsphere, involves only a single dimension of
diffusion. The corresponding expression of Fick’s second law is equation T1,3
(in Table 15.1), and its solution, with the boundary conditions as those employed
for the spherical electrode, provides an integral that can be evaluated analytically
for short and long times, whereas it must be integrated numerically for intermediate
times'® (Table 15.2, T2,10). This equation contains the parameter @ = Dt/r, and is
valid within 1 % error for < 10°. The + in T2,10 denotes + for log(€) > 1.47 and
— for log(0) < 1.47."® A more practical approximate equation, which is valid within
1.3 % error at any time, has also been derived (equation T2,9 in Table 15.2). 19 This
equation contains the parameter 7 =4Dt/r,,° and, as it occurs for a sphere, it displays
two limiting situations. In the short-time limit, T2,9 reduces to the Cottrell expres-
sion, as in this situation , the diffusion layer thickness is small compared to the
curvature of the electrode. In particular, for 7z not larger than circa 0.01, the
diffusion layer is not greater than ~10 % of ry. In the long-time limit, the current
can be predicted by equation T2,11, which still contains the parameter z. Therefore,
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Fig. 15.8 Geometry of diffusion at a microband

it is not a steady state. However, the current shows a logarithmic dependence of the
time and declines rather slowly, so that it assumes a quasi-steady state.

A band microelectrode is a two-dimensional diffusion system in which the
length of the electrode is very much larger than the width. The coordinate system
used to treat the diffusion problem at this geometry is shown in Fig. 15.8 and
highlights that diffusion essentially occurs only along the x- and z-axes. This, as for
the microdisks, causes the current density to be distributed nonuniformly and is
especially infinite at the edge of the electrode.

Analytical expressions for the current-time curves have been derived for long
and short times.!! These are in the form of a series expansion, difficult to handle.
A more convenient relationship that represents the two expansions as a closed form
has also been derived (Table 15.2, T2,12). It contains the dimensionless parameter
0 = Dt/w? , where w is the bandwidth and is valid for 8 < 108.20- 21 Again, as it can
now be expected, at short times, the current converges to the Cottrell equation; at
long times the current approaches a limiting form, which, as for the cylindrical
electrodes, contains the logarithmic dependence on ¢. Thus, also the band ME does
not provide a true steady-state current at long times. An approximate, but simple,
relationship for the long-time current has been derived by applying to the band ME
an analogous treatment as for a hemicylinder.'” In particular, it was noted that the
current at a band of length / and width w was identical to that of a hemicylinder of
length / and basal radius ry=w/4. This correspondence has provided the relation-
ship T2,13 included in Table 15.2.

15.3.2 Mass Transfer Coefficient

As it has been discussed above, MEs display common features in the response of a
potential step experiment, regardless of the geometry. At short times, where the
diffusion layer is thin compared to the critical dimension of the ME, the current can
be predicted by the Cottrell equation and planar diffusion is prevailing. At long
times, where the diffusion layer is large compared to the critical dimension,
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Table 15.5 Voltammetric peak current for different electrode geometries

Electrode Peak (or maximum) current
geometry
Microdisk i = 4nFD,Cla |0.34exp(— - -1 Ta
= .Ch . p(—0.66p) + 0.66 — 0.13exp( — ) +0.351p ;
p=(nF azv/RTD,,)” 2
Microcylinder | = n?F2ClAr,v (0.446  0.335 Tap
1=
RT p p1.85
p=(nFr2v/RTD,)"?
Microband . 0.614p Tss
= nFC:DI [0.439p 4+ 0.713p%108 4 1 :
Bt R R R TiY

p = mFw?v/RTD,)"?

the current is steady state or quasi-steady state. Under the latter conditions, the
current at the MEs is related to the mass transport coefficient, m,, through

i = nFmyCp*

The mass transfer coefficient m, represents the diffusion rate at the electrode
surface and depends on the geometry as is shown in Table 15.5 for some of the MEs
considered above. Thus, as can be easily inferred from the latter in the table, for
extremely small electrodes, as is the case of NEs, the diffusion rate, and conse-
quently, the current density, can be extraordinarily high.

15.3.3 Current-Potential Responses at ME

ME:s in LSV or CV produce the same phenomena as in the potential step experi-
ments. In these techniques, the transition from planar to radial diffusion, for a given
ME and electrode geometry, is achieved by reducing the scan rate. The faster the
transition, the smaller the characteristic length of the ME. Figure 15.9 shows, for
instance, a series of CVs obtained at a microdisk electrode at different scan rates. It
is evident that at high v, the CV displays the peak-shaped voltammogram as for
planar electrodes; as the scan rate decreases, the CV becomes sigmoidal with the
forward and backward curves retracing one another. This is caused by the formation
of a stationary diffusion layer that is due to the high diffusion mass transport. The
current at the stationary state is essentially independent of scan rate and the
diffusion-limited current corresponds to that evaluated by a large potential step
experiment described above. Theoretical modeling of the current-potential profiles
at microelectrodes is usually difficult, and because of the complexity of the task,
numerical solutions or digital simulation procedures have often been used. The
only exception is the case of the spherical microelectrodes for which Eq. (12) can
be applied.
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Fig. 15.9 Simulated CVs for a microdisk 12.5 pm radius at different scan rates: (a) ImVs™'; (b)
200 mVs~%; (¢) 2 Vst

For disk,*” cylinder,” and band** microelectrode geometries, theoretical expres-
sions of the voltammograms have been derived as a function of the parameter, p,
which contains the characteristic dimension of the specific ME. Since the peak or
maximum current characterizes quantitatively the voltammograms, relevant
expressions are given and shown in Table 15.4. In general, for large values of p,
the equations T, ; 3 are identical with the equation for planar diffusion. For small
values of p, the latter equations approach those for the steady-state current
displayed in Table 15.2 for the corresponding ME geometry.

15.3.4 Steady-State Current at Miscellaneous ME

In this section the relationships for steady-state current of various microelectrode of
more complicated shapes are briefly described.
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Fig. 15.10 Schematic view
of a sphere-cap family of
microelectrodes Inlaid

disk

15.3.4.1 Sphere Caps

Sphere caps are a family of microelectrodes that share a common basal plane of
radius @ and differ for the sphere-cap heights & (Fig. 15.10). A general expression
that predicts the steady-state limiting current has been derived by numerical results
and assumes the following form*>’:

iq = a(a, h)nFDc’a (15.16)

where a(a,h) is a shape-dependent factor that can be calculated by

o0

ﬂ/ coshlx arctan(h/a)]

cosh|x arctan(a/h)]cosh(zx/2) dx (15.17)

0

Because the latter equation is not easy to handle, an algebraic equation that fits
Eq. (10) with good accuracy was sought. It was found the following simple
relationship”®

136
ala, h) :4—|—ln10<5> (15.18)

Equations (10) and (11) assume the values of 4 and 2= for the cases 7 =0 (i.e., a
microdisk) and i=a (i.e., a hemisphere)25 *27, and, therefore, it exactly acquires the
forms T2,2 and T2,3 for the microdisk and microhemisphere, respectively.

These kinds of microelectrodes can be prepared by cathodic deposition of
mercury onto the surface of metal microdisks that are wettable by mercury. Details
on their preparation and characterization can be found in references®> *%.

15.3.5 Microring

The ring electrode can be fabricated as a cross section of an insulating rod on which
metal is deposited in ultrathin film. The ring microelectrode can also achieve a
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Fig. 15.11 Schematic view
of a recessed Insulator Pt Insulator
microelectrode
L
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T §
Fig. 15.12 Schematic view
of a recessed
microelectrode
Y
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steady state and supports large average current densities. However, as for the disk, it
is characterized by nonuniform current density.”*' The steady-state current at the
ring with an inner radius @ and outer radius d is given by equation T2,14 in
Table 15.2. Since the current varies slightly with the thickness of the ring, it
depends almost on the radii rather than on the electrode area.
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418 15.3.5.1 Recessed Microelectrodes and Nanopore Electrodes

In the recessed electrode, the active surface is located at the bottom of a hole.
420 Simple geometry of the electrode is a disk as is shown in Fig. 15.11. These
421 electrodes can be fabricated by etching the metal wires. The steady-state current

422 for such geometry is expressed by equation T2,15.%*
A geometry that is somewhat similar to recessed ME is that of the nanopore

electrode (Fig. 15.12). This electrode geometry is characterized by the small pore
orifice, whose radius, @, can be varied between 5 nm and 1 pm; the pore depth, d;
and the half-cone angle ¢. An approximate analytical expression for the steady-
state limiting current is given by equation T2,16 in Table 15.2.%
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Fig. 15.13 Diffusion fields and concentration profiles at: (a) disk microelectrode RG — oo; (b)
RG — 1. Simulated by the use of COMSOL Multiphysics 3.5

15.3.5.2 Microelectrodes with Thin Shields

The interest for microelectrodes in which the insulating shields is of thickness
comparable to the electrode radius is largely driven by the use of microelectrodes as
tips in scanning electrochemical microscopy (SECM).** * One of the characteris-
tic features of a thin-shielded microelectrode (TSM), with respect to microelec-
trodes that rest on an infinite insulating plane (as those previously described), is
that, on the timescale of standard voltammetric measurements, the radial diffusion
is also established behind the plane of the electrode and shield (for instance,
contrasts the case of a microdisk in Fig. 15.13). Under these conditions, the flux,
and consequently the current, is enhanced to an extent that depends on the relative
size of insulating shield and electrode radius (normally referred to as RG).
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Table 15.6 Steady-state limiting equations for microdisk electrode with thin shields
t.2 Equation

Reference Iss for RG — 1
t3 Iss= 1.000 + 0.234 (RG)™ '+ 0.255 (RG) > ¥ 1.489
t4 Iss = 1.000 + 0.379 (RG)**** 40 1.379
t5 Iss = 1.000 + 0.1380 (RG — 0.6723)~ 0-8686 38 1.364

1,40 1
1,35-.
1,30-.
1,25—.

1,20

Iss

|
|
|
'
|
1
i
1
1
i
1
i
1
i
\
1
i
\
\
\
\

1,151

1,10

1,05

1,00 e ° o

0 2 4 6 8 10 12 14 16 18

Fig. 15.14 Current against RG plot for a disk TMS: (dashed lines) from Ref. B9 (dotted lines)

from Ref. ¢, (continuous line) from Ref. 68 (asterisk) calculated from Ref. GO, (open circle)
simulated from Ref. ¢V

439 Equations for the steady-state limiting currents for such geometry are described in

440 this section for the case of the disk (Fig. 15.5a), sphere caps (Fig. 15.5f), and cone
441 (Fig. 15.5g).

442 Shoup and Szabo were the first to demonstrate, from a theoretical point of view,

443 that at TSMs diffusion from behind the plane of the electrode enhances the flux to
444 the inlaid disk.?® This has also been confirmed by other researchers, who employed
445 different digital simulation procedures to obtain either steady-state limiting cur-
a46 rents’” ** or cyclic voltammograms® for TSMs with a range of RG. From the
447 simulation data, approximate analytical expressions for the steady-state limiting
448 current (i ) as a function of RG have also been derived.*®*! Table 15.6 summarizes
449 such equations (in a dimensionless form, i.e., I _1i,/i;) and the limiting current
450 values calculated for RG — 1, while Fig. 15.14 displays either the graphical form of
451 the latter equations over a wide RG range or currents at discrete RG values®®.

452 For the sphere caps and cone geometries, more complex equations apply. The
453 diffusion problems to these geometries have been addressed by digital simulations,
454 and, therefore, only approximate solutions have been provided. Figure 15.15 shows

455 the parameters involved in the sphere-cap electrode. A general equation that links
456 all parameters involved in this geometry is*'
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Fig. 15.15 Scheme of a H
sphere-cap geometry,

RG = rglass/a m
h (]

‘a
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: rglass
Fig. 15.16 Scheme A A
of a cone geometry.
RG= rglasx/a h E

ra

—

i rgIaSS =

I
17" = [4+ 0.5780(RG = 0.6734)

a

1.3590
+ (22832 +:9.3279(RG + 1.0321) > 7). (h_> 1
(15.19)

where 457

[ =l (15.20)
=z

and i, stands for steady-state limiting current at a microdisk (i.e., equation T2,8 in 458

Table 15.2) 459

For the micro-cone (see scheme of the geometry in Fig. 15.16), the following 460

relationship has been derived™®: 461
14" = A+ B(RG — C)° (15.21)

where the parameters A, B, C, and D are numerical constants which depend on the 4/ 462
a ratio, as indicated in the table below. 463
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hCOHS/aZO.S hCDnS/a: 1 hcone/azz hCOﬂC/a:3
A 1.1270 1.2979 1.6769 2.0585
B 0.1972 0.2795 0.5240 0.8910
C 0.5667 0.4506 0.1794 —0.1900
D —0.9025 —0.9436 —0.9857 —1.0280
15.4 Applications of Microelectrodes

The unique properties of microelectrodes such as low ohmic drop, high faradaic to
capacitive current ratios, rapid achievement of steady-state currents, requirements
of only two-electrode electrochemical cells, and small volume samples® ™' 4>~
are exploited in many fields, including environmental,’® >’ food,>® biomedical
[59-61], and material science areas.®

In electroanalysis, the majority of measurements with microelectrodes are taken
under steady-state conditions by using either chronoamperometry (CA), linear
sweep (LSV), or cyclic voltammetry (CV)."*~'> ' Moreover, to enhance sensitivity
in the measurements, fast-scan voltammetry (FSV)®* or accumulation of analytes
onto the electrode surface is also performed in conjunction with stripping analysis
(SA).°* FSV has largely been developed for biological applications®> ®° and
employs scan rates up to kV s~ '. FSV is also used for the detection of various
anions and cations on sub-millisecond timescales.’® ¢"~"°

SA is probably one of the fields where microelectrodes find the largest number of
applications.** *~#7- 64 6870 \with this regard, the enhanced mass transport to the
microelectrode surface by diffusion can obviate, in general, the need for convective
mass transport during the pre-concentration step before stripping, while making
current responses less affected by convective forces in flowing systems.®* In fact, in
quiescent solutions, a steady-state current is established in a relatively short time for
microelectrodes with disk, shrouded hemisphere, and sphere-cap geometries.” " '
As is illustrated in the previous sections, at microelectrodes which are not small
enough in all their dimensions, as is the case for cylinders and bands, the current
response attains only a quasi-steady state, as the equations for their currents contain
time-dependent terms, even at long times.”” '? The mass transport properties need
to be considered when optimizing analytical procedures in order to achieve the best
performance in terms of reproducibility and pre-concentration efficiency for trace
element analysis.®* Natural convection, which may arise during relatively lengthy
pre-concentration step experiments, does not affect the stripping responses at disk
and sphere-cap microelectrodes®, whereas some effects were observed with
microwires.®*

Because ohmic drop has little influence on voltammetric responses, additional
supporting electrolytes in the solutions are often unnecessary.” " '* This largely
avoids contamination of real samples with external chemicals when ultra-trace
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element analysis has to be performed thereby leaving existing chemical equilibria
unaltered. Therefore, direct measurements of low-ionic-strength samples or resis-
tive media and speciation measurements can be performed straightforwardly with-
out the need for pretreatment.’"" ’*

The lack of sufficient electrolyte in the media, however, makes the dependence
of current on the concentration of electroactive species nonlinear, and the interpre-
tation of the results requires that the migrational component in the transport be
considered’; several reports and reviews deal with the theoretical problems related
to the modeling of steady-state voltammograms at microelectrodes without or with
dilute supporting electrolyte.”*’® Fundamental studies describing the combined
effects of diffusion and migration at microelectrodes have provided greater under-
standing and facilitated the prediction of amperometric experimental responses in
complex systems such as solutions of polyelectrolytes, large polymer molecules
with one or more ionic groups per monomer unit, colloidal suspensions, and
polymeric gels.”? Moreover, migration coupled with homogenous equilibrium
and voltammetry in undiluted liquid organic substances has also been investigated
from both a theoretical and experimental point of view.’> 7%

List of Symbols (not specified in the text)

A Area

Dy Diffusion coefficient of the species (i)

erfc  Error inverse function

F Faraday constant

n Stoichiometric number of electrons involved in an electrode reaction
R Gas constant

Z; Charge on species i

v Kinematic viscosity

\Y% Vector operator

0} Electrostatic potential
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