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Abstract The present paper reports the results obtained

applying the general purpose software COMSOL Multi-

physics� to the finite elements simulation of Cyclic

Voltammetries (CV’s) at microelectrodes arrays (MEA).

CV’s at inlaid micro disk electrode arrays have been sim-

ulated benchmarking our results with those obtained by

Compton with the finite difference method. Then the

influence of meshing on the quality of the simulated data

have been investigated showing that bad meshing may

provide shapes with no physical meaning. Simulations

have also been performed on recessed micro disk arrays in

order to show the effect of the depth of the recess on the

voltammetric wave shape. We found that COMSOL Mul-

tiphysics� provides a flexible and straightforward route to

the simulation of electrochemical systems with complex

geometry.

Keywords Cyclic voltammetry � Microelectrodes

arrays (MEA’s) � Finite elements � COMSOL

Multiphysics�

1 Introduction

The use of microelectrode arrays (MEA’s) in electro-

chemistry is quickly rising. Main reasons are a better signal

to noise ratio and a lower capacitance compared to that of

large planar electrode. Stationary voltammetric waveforms

are easily obtained for CV’s even at high potential scan

rates. These features make MEA’s an attracting choice for

electroanalytical sensors [1, 2]. The theoretical determi-

nation of the electrochemical response of MEA’s is not as

straightforward as that of simple planar geometries for the

convolution of physical and geometric effects. Only ana-

lytical approximated expressions have been derived for the

prediction of stationary CV’s current in the case of

microelectrodes [3]. Since the optimum signal is obtained

under radial diffusion conditions the simulation plays here

a key role. The overlap of the diffusion clouds from

neighborhood electrode may destroy the radial behavior

moving progressively to linear diffusion conditions. The

result is a lowering of the current density and the occur-

rence of peak shaped CV’s. In the MEA’s design such

condition has to be avoided. The calculations performed in

the present paper aim at assessing the use of COMSOL

Multyphysics� as a tool for the simulation of CV’s at

MEA’s. The main purpose is to provide an aid to the design

of MEA’s by an ‘‘a priori’’ analysis of the diffusion

behavior of the systems as a function of microelectrodes

radius and interelectrodic distances. An assessment of the

method in terms of the quality of the results is provided,

comparing our findings with those obtained by Compton

et al. for analogous inlaid MEA’s [4]. Meshing is usually

critical in the finite elements especially when diffusion at

edges is involved. The effect of mesh refinements with a

special focus on electrode edges has been taken into

account to determine the number of elements which

guarantee sufficiently accurate results within the lower

computation time.

More complex geometry are often encountered in MEA’s.

That is the case of recessed microelectrode. Here CV’s can

be successfully simulated with numerical methods.
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1.1 Equations

All the simulation performed in the paper assumed the

following electrochemical reaction:

Aþ e �B: ð1Þ

Charge balance has not been taken into account according

to the supporting electrolyte hypothesis which will be

discussed later. For the (1) we assumed E0 = 0 V. The

whole mass transport problem related to reaction (1) is

described by a couple of Nernst Planck equations.

oci

ot
þr � �Dirci � uiziFcir/þ ciu~ð Þ ¼ Ri; ð2Þ

where ci is the concentration of A and B; Di the diffu-

sion coefficient of A and B; ui the mobility of A and B;

zi the charge of A and B; F the Faraday’s constant

(96,487 �C mol-1); / the electric potential; u~ the velocity

field; Ri the reaction term for A and B.

The terms due to the migration and convection are

neglected here. The assumption is justified by the presence

of a supporting electrolyte and the absence of convection,

both common facts in dynamic electrochemistry investi-

gations. Also the reaction term has been neglected, since no

chemical reactions of the electroactive species have been

assumed for the bulk of the electrolyte. Under these con-

ditions Eq. 2 reduces to the time dependent diffusion law

as described by a couple of Fick’s second equations:

oci

ot
þr � �Dircið Þ ¼ 0: ð3Þ

Diffusion coefficients were set to 10-9 m2 s-1 for both A

and B. The effect of the charge transfer kinetic was

included in the mathematical formulation of the problem in

the boundary conditions. The (1) is assumed to be a charge

transfer controlled reaction, so the Butler–Volmer equation

hold (4):

i ¼ i0 exp
aAnF

RT
g

� �
� exp � aCnF

RT
g

� �� �
; ð4Þ

where i0 is the exchange current density; g the overpo-

tential (V - E0); n the number of exchanged electrons; aA

the anodic charge transfer coefficient; aC the cathodic

charge transfer coefficient; R the gas constant; T the

temperature.

Equation 2 is not suitable for the use as a flux boundary

condition for a mass transport problem, since it is expres-

sed in terms of current densities. To use it in our model we

need to rearrange it to Eq. 5:

M ¼ CoxKf � CredKb; ð5Þ

where M is the mass flow density expressed as the number

of moles crossing the unit surface in the time unit and Kf

and Kb are given by Eqs. 6 and 7, respectively:

Kf ¼ Khet � e
aAnFg

RTð Þ; ð6Þ

Kb ¼ Khet � e
�aC nFg

RTð Þ: ð7Þ

In our simulations Khet was set to 10-2 m s-1, aA and aC

were set to 0.5 while the number of exchanged electrons n

and the temperature were fixed to 1 and 298 K, respec-

tively. All the simulations have been performed for a single

CV cycle between 0.5 and -0.5 V with a scan rate of

0.1 V s-1.

2 Computation

The simulation of CV’s at square arrays of both inlaid and

recessed microdisk have been considered here. To reduce

the problem from a 3D to a 2D axial symmetry to limit the

computation time, we applied the domain wall approxi-

mation described in [4–8] as shown in Fig. 1. A sketch of

the cross section of the simulation cell is shown in Fig. 2a

for the inlaid MEA’s and Fig. 2b for the recessed MEA’s.

According to the domain wall approximation the relation

between the inter-electrode distance d and the R0 parameter

is the following:

R0 ¼ 0:564d: ð8Þ

The COMSOL Nernst Plank without electroneutrality

application mode has been selected. Two equations have

been set to account for the transport of both A and B.

Referring to Fig. 2, insulation/symmetry boundary

Fig. 1 The diffusion domain

approximation for a regular

array of microelectrodes with

cubic geometry, as described in

[4–8]
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conditions have been set for boundaries 1, 3, 4, 5 for the

inlaid electrode and 1, 3, 4, 5, 6 for the recessed case.

Equation 5 has been set as flux boundary condition for the

boundary 2 for both the inlaid and recessed microdisk. In

order to avoid effects due to the finiteness of the domain,

the simulation cell height was set larger than the maximum

diffusion layer thickness. According to what reported in the

literature [3] we defined the cell height Zmax as:

Zmax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6Dtmax

p
; ð9Þ

where tmax is the time required for the forward part of the

CV scan and D is the diffusion coefficient. The domain has

been meshed with Lagrange triangular quadratic elements.

Triangular elements have been selected to allow local mesh

refinement. The simulations of any of the presented CV’s

have been performed with successive mesh refinement

until no appreciable changes occurred in the simulated

curves. All the simulations have been carried out on a linux

PC equipped with 4 Gb of ram and a 3.60 GHz Intel

Pentium 4 processor. The COMSOL Multyphysics release

used for the present investigation was the 3.2.

3 Results

3.1 Inlaid microdisk electrodes

Figure 3 report the results of the simulation of the CV

curves at three MEA’s, respectively, with Rb of 0.1, 1, and

10 lm and a R0 fixed at 20 lm. Figure 3a shows that

MEA’s with 0.1 lm microelectrode provide a CV shape

which is a stationary waveform. As the electrode size

increases, the shape of the curves moves progressively to

peak shaped CV indicating the occurrence of linear diffu-

sion (Fig. 3b, c). The fact is explained considering that

diffusion clouds overlap when the ratio between Rb and R0

becomes larger. Such superimposition provides diffusion to

propagate almost orthogonally to the electrode surface

approaching the limit condition of an infinitely large planar

electrode. If the Rb/R0 ratio is small diffusion occurs in a

radial way with negligible overlap.

Simulations have been performed at a constant electrode

radius (Rb = 10 lm) and varying the distance among the

electrode centers. Here we noticed that the CV is domi-

nated by the linear diffusion for R0 = 20 lm (Fig. 4a), and

progressively approach to a stationary waveform when R0

is increased to 50 (Fig. 4b) and 100 lm (Fig. 4c).

In our simulations we found that the meshing is critical

especially for the smaller electrode size (0.1 lm) as

expected. Bad meshing can result in curve with no physical

Rb R0

1

2 3

4

5

Rb

R0

1

     2

4

5

3

6
 Zmax

ba

h

Fig. 2 Sketch of the simulation geometries: a inlaid and b recessed.

Zmax is the height of the simulated cell and h is the recess depth

Fig. 3 Cyclic Voltammetry simulated on a microelectrode array with

a Rb = 0.1 lm and R0 = 20 lm, b Rb = 1 lm and R0 = 20 lm and

c Rb = 10 lm and R = 20 lm
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meaning as those showed in Fig. 5a and b. Here the current

rises up even in the backward scan in the range between

-0.3 and 0 V. A local mesh refinement in the electrode’s

region (boundary 2) is needed to correctly solve the

problem. The shape of the curve in fact modifies passing

from 1,027 elements, to 1,636 elements and finally to 3,951

elements (Fig. 5b, c). The latter simulation produces a

correct stationary curve as reported in Fig. 5c. Further

refinement of the mesh size in the boundary 2 does not

provide any significant variation of the current, while

increases dramatically the computation time. Table 1 lists

the number of elements generated for each of the per-

formed simulation and the computation times obtained

with our configuration.

Table 2 reports the maximum current densities obtained

in this investigation and those obtained by Compton et al.

[4] with finite the difference method for R0 = 500 lm and

Rb set to 10, 1, and 0.1 lm. Results are in good agreement

and demonstrate the effectiveness of the use of a multi-

purpose software for such simulations.

3.2 Recessed microdisk electrodes

The parameter investigated here is the depth of the recess.

R0 and Rb were fixed at 10 and 100 lm, respectively.

Figure 6c shows the result of the simulation of a recessed

microdisk electrode with a recess depth of 10 lm. The

waveform here is close to that of Fig. 4c. The reason is

trivial. The depth of the recess is just 10 lm and the dif-

fusion cloud quickly exit from it reaching the radial

diffusion regime.

The situation changes a lot when the depth increases to

33 lm. The CV (Fig. 6b) is clearly peak shaped. At higher

overpotential the response approaches to a stationary one.

That is because the peak occurs when the diffusion cloud

propagates inside the recess, but very closed to top of it. So

just a few moments after reaching the peak the cloud starts

to propagate in a radial way providing again a stationary

answer.

Figure 6a reports the CV waveform at a recessed

microdisk electrode array with recess depth of 100 lm.

The voltammetric wave shows here a pronounced peak and

no massive transition to radial diffusion regime occurs.

During the whole simulated time the diffusion front prop-

agates mostly inside the recess again in a linear diffusion

fashion. The main difference between a CV from large

planar electrodes occurs at very large overpotential. The

slope of the curve here is less pronounced indicating that

the contribution of the radial diffusion outside the recess is

not negligible. Table 1 shows that there are not appreciable

difference in the computational as a function of the depth

of the recess, and that the solution times are quite in the

same range of those obtained for the inlaid MEA’s.

4 Conclusions

We proved that the finite element engine of COMSOL

Multiphysics� can solve the equation governing diffusion

complex electrochemical systems. First the method has

been assessed by the simulation of systems which CV

response has just been reported in the literature finding a

complete agreement and stressing the importance of

meshing. We found that bad meshing can lead to curve

with no physical meaning. In order to get accurate results a

refinement of the mesh, until no further changes in the

shape of the simulated curve is observed, has to be per-

formed. To avoid an excessive demanding of

computational resources the improvement of meshing may

occur trough local mesh refinement on critical points such

as those representing the electrode edges. Applying such

changes in the COMSOL graphic user interface is a

straightforward task. We also showed that the application

of the model can be extended to the simulation of even
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Fig. 4 Cyclic Voltammetry simulated on a microelectrode array with

(a) Rb = 10 lm and R0 = 20 lm, (b) Rb = 10 lm and R0 = 50 lm

and (c) Rb = 10 lm and R0 = 100 lm
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Fig. 5 Cyclic Voltammetry simulated on a microelectrode array with

Rb = 0.1 lm and R0 = 20 lm; (a) Number of elements: 1,027; (b)

Number of elements: 1,636; (c) Number of elements: 3,951
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more complex geometries such as recessed microdisk

MEA’s, providing a valuable tool for the estimation of the

electrochemical behavior of system which cannot be

accurately described by approximated analytical solution.

Here we explored the effect of the recess on the shape of

the CV showing that radial or linear diffusion occurs for

small (10 lm) or large (100 lm) recess depth compared to

the diffusion length and finding the shape of the CV for an

intermediate case (33 lm). In the end we found that

COMSOL Multyphysics� is an excellent and flexible tool

for the simulation of complex electrochemical systems

which can easily help to explore the behavior of ‘‘real’’

systems. The more complex is the geometry and the larger

is the advantage in using such software. Under such context

a work with the main purpose of assessing the accuracy of

MEA’s based electroanalytical determination due to the

geometric tolerances of the production process is currently

under progress and will be the subject for a future

publication.
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Fig. 6 Cyclic Voltammetry simulated on a recessed microelectrode

array with Rb = 10 lm, R0 = 100 lm and recess depth: (a)

h = 100 lm; (b) h = 33 lm; (c) h = 10 lm

Table 2 Comparison of the limiting currents (Ip) for some geomet-

rical parameters with the ones obtained by Compton et al. [4]

Geometrical parameters Ip (A) Ip [4] (A)

Rb = 0.1 lm, R0 = 500 lm 3.88 � 10-11 3.89 � 10-11

Rb = 1 lm, R0 = 500 lm 3.90 � 10-10 3.92 � 10-10

Rb = 10 lm, R0 = 500 lm 4.23 � 10-9 4.28 � 10-9

Table 1 Time of computing for

different geometries with

number of mesh elements

Geometrical parameters Number of elements Solution time (s)

Rb = 0.1 lm, R0 = 20 lm (Fig. 5a) 1,027 34

Rb = 0.1 lm, R0 = 20 lm (Fig. 5b) 1,636 57

Rb = 0.1 lm, R0 = 20 lm (Fig. 5c) 3,951 113

Rb = 10 lm, R0 = 20 lm 13,787 445

Rb = 10 lm, R0 = 50 lm 14,045 385

Rb = 10 lm, R0 = 100 lm 14,271 400

Rb = 10 lm, R0 = 100 lm, h = 10 lm 13,887 395

Rb = 10 lm, R0 = 100 lm, h = 33 lm 13,701 420

Rb = 10 lm, R0 = 100 lm, h = 100 lm 13,695 436

Rb = 0.1 lm, R0 = 500 lm 11,344 287

Rb = 1 lm, R0 = 500 lm 10,864 283

Rb = 10 lm, R0 = 500 lm 10,408 287
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