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Abstract

Using the LabVIEW™ graphical programming language designed by National Instruments®, a digital simulation model
has been developed in order to describe electrochemical processes occurring at rotating ring—disk electrodes. The model
allows for taking into consideration independent potential control of the two working electrodes, homogeneous electro-
de reactions, as well as spatial inhomogeneities of the working electrode surfaces. The main programming concepts, as
well as the operation of the simulation software is presented. Several test simulations have been carried out in order to

evaluate the accuracy of the calculations.
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1. Introduction

The LabVIEW™ graphical programming language
designed by National Instruments® has gained wide po-
pularity in every scientific field where the quality of the
results highly depends on the level of automation of the
measurements'. For instance, some earlier papers of the
present authors have demonstrated that with the applica-
tion of the state-of-the-art graphical programming tech-
niques offered by LabVIEW, significant improvements
can be made to increase the sensitivity and the range of
applicability of electrochemical techniques based on the
use of rotating ring—disk electrodes (RRDEs)*™.

In the present paper it will be demonstrated that Lab-
VIEW might not only be used for the automation of RRDE
measurements, but it also provides straightforward means
for simulating such experiments. This makes the direct
comparison of experimental results and theoretical predic-
tions possible within the same software environment.

1. 1. Rotating Ring-Disk Electrodes

Rotating ring—disk electrodes are well-known and
commonly used devices of investigating electrode reac-
tion mechanisms. The rotating ring—disk electrode (Figure
1) consists of two metal parts: the disk, and the electri-
cally separated ring that concentrically surrounds it.

If on the generator (disk) electrode some electroacti-
ve species are formed as a result of an electrode reaction,
these species will be swept away by the convection arising
from the rotation of the electrode to the collector (the
ring). At the ring electrode, if its potential is suitably cho-
sen, the arriving electroactive species can be “collected” —
that is, they might undergo another electrode reaction, the-
reby causing changes in the measured ring current.

The RRDE is a very powerful tool of studying ho-
mogeneous and heterogeneous kinetics,”® determining
diffusion coefficients,’ investigating corrosion,'®!" oxy-
gen reduction,'? electrodeposition,'® and many other phe-
nomena. The basics of the RRDE technique are discussed
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Figure 1: Schematic view of an electrochemical cell with a rotating
ring—disk electrode (shown in the inset). Parts of the cell — G: gas
inlet, T, and T, : in- and outlets for the thermostating fluid, S: so-
lution, L: Luggin-probe, A: auxiliary electrode, R: reference com-
partment. Parts of the RRDE - 1: disk electrode material, 2: ring
electrode material, 3: insulator, 4: metal support, r,: disk radius, r,:
inner ring radius, r;: outer ring radius, r,: overall radius of the tip.

in most electrochemistry textbooks,'*!* but a few hand-
books'®!7 are dedicated to the topic as well.

Like many other surveys based on the use of two
working electrodes, RRDE experiments involve the exa-
mination of two potentials (£, and Ering) and two cur-
rents (/;, and Iring). The representation of the results thus
involves more dimensions than that of usual electrochemi-
cal measurement results obtained from a single working
electrode only'*. The most common techniques of using
an RRDE are as follows:

— A current-potential curve is recorded at the disk

while the ring potential is held at a constant value

where the intermediates or products are reduced or
oxidized. This allows the identification of the
exact potential range over which the products are
formed.

— The disk can be held at a potential where interme-
diates or products are formed, while maintaining
the ring potential also at a constant value at which
the products are electro-active.

— While holding the disk at a potential where the
reaction of interest takes place, a current-potential
curve can be obtained from the ring. This allows
the identification of intermediates and/or products.

—The subject of observation can also be the tran-
sient shielding of the ring current for the electroly-
sis of a species upon stepping the disk potential to
a value where this species is adsorbed.

Although the most significant advantage of RRDE
measurements, compared to those involving quiescent
electrodes, is the ability to make measurements at steady
state without the need of considering the time of electroly-
sis, the observation of current transients at the disk or ring
can sometimes also be of use in electrochemical investiga-
tions. In addition, it has been shown in the recent pastz‘6
that the simultaneous application of dual dynamic pertur-
bations to the disk and the ring (that is, the application of
“transient techniques” at both working electrodes) is also
a useful approach for the elucidation of electrode reaction
kinetics — especially the method of dual cyclic voltamme-
try>® seems to be a very promising technique.

Nevertheless, there still exist a lot of theoretical and
practical problems concerning these techniques, which
still need to be addressed. Here we devise a digital simula-
tion approach, which based on the classical finite-element
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Figure 2: The graphical user interface of the software designed in LabVIEW for the simulation of RRDE experiments.
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methods (similar to those described in'®2°) can be used in
order to model

— charge transfer processes occurring at the disk and
ring electrodes of an RRDE at the same time,
when the electrode potentials of the two electrodes
are varied in an arbitrarily time-dependent way;

— mass transfer processes taking place under the ro-
tating ring—disk electrode by means of diffusion
and convection,;

—homogeneous chemical reactions occurring in the
solution.

The operation and design concepts of the simulation

software (Figure 2), created in the LabVIEW develop-
ment environment shall be described in details.

2. Theory

The calculations presented in this paper are confined
to a system which contains two given species (denoted
with Red and Ox), and in which these electroactive spe-
cies can undergo the electrode reaction

Ox +e" =2 Red (D)

at the two electrode surfaces; the direction and rate of the
reaction depends on the respective (disk or ring) electrode
potential.

We assume that the system can be described i.) by
taking into consideration charge transfer effects (the reac-
tion according to equation 1 occurring at the disk and ring
electrode surfaces, obeying the Erdey-Griz—Volmer mec-
hanism); ii.) by assuming that mass transfer takes place by
means of diffusion and convection only (it is assumed that
the system contains a supporting electrolyte in a high
enough concentration, thus the role of migration can be
neglected); and iii.) by taking into account homogeneous
chemical reactions occurring in the bulk solution.

2. 1. The Simulation Framework

For deriving the simulation algorithm, the cylindrical
symmetry of the RRDE system has been fully exploited
(Figure 3). The concentration and flow velocity distribu-
tion under the RRDE was assumed to be a function of two
variables, the distance r measured from the rotation axis
and the distance z measured from the electrode surface.

The method of finite volumes has been used in order
to carry out the simulations: with planes parallel to the
electrode surface, the solution space was divided into la-
yers, and these layers were further divided into cylinders,
the symmetry axis of which was the axis of rotation.

The spatial discretization was made “smooth”
enough, so that the variables could be considered homo-
geneous inside of each cell within a At time-step of the si-
mulation. As it can be seen in Figure 2, a non-uniform ti-

ling was chosen. In Figure 2 one can note i.) that the di-
stances between the horizontal grid lines are growing ex-
ponentially with the distance measured from the electrode
surface (due to the fact that at places further away from
the electrode, the concentrations are expected to change
less rapidly as in the vicinity of the metal surface); and ii.)
that the vertical grid lines are placed in such a way that an
appropriately dense tiling appears under the ring electrode
as well (the ring has a thickness smaller than the radius of
the disk, thus a finer tiling is required here).

disk ring

Figure 3: The simulation grid is created by tiling the space below
the RRDE into small annulus-shaped cells. An arbitrarily chosen
cell is shown “in perspective”. This kind of spatial discretization re-
lies heavily on the axial symmetry of the system. The spatial coor-
dinates r and z are shown in the figure.

It was found that in order to obtain well-behaved si-
mulation results, the vertical spread of the simulation grid
should exceed three or four times the maximal diffusion
layer thickness defined as

%

ooy
o ~1.61D3 v/6¢ /2 ()

max max

(by Bard and Faulkner,'* section 9.1), where D, . is the
highest diffusion coefficient present in the system, Vv is the
kinematic viscosity of the solution and  is the rotation
rate (more precisely, angular frequency) of the RRDE.

The horizontal spread of the simulation grid was set
large enough, so that it significantly exceeded the radius
of the ring electrode.

As a consequence of the spatial discretization des-

cribed here, it became possible to treat the simulation va-
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Table 1: Some parameters of a simulation cell (like the one shown in Figure 2) that are used in the calculations.

Parameters Definition
9% and z0:P Radial and axial coordinates of the center of the (j, k)™ cell.
AP and AZ0P Width and height of the (j, k)™ cell.
Wb Volume of the (j, k)™ cell
AYP Area of the top (or equivalently, bottom) bounding surface of the (j, k)™ cell.
AYPand AV Inner and outer bounding surface areas (respectively) of the (j, k)™ cell.
i’;’?, d(fl.lg Distances measured between the center of the inner, upper, outer and lower neighbours
d%Pand d¥:d and the center of the (j, k)™ cell.

(k) (k)
v and v}

Vector components of the v flow velocity at the center of the (j, k)™ cell.

riables as two-dimensional arrays in the software (with in-
dices (j, k) standing for rows and columns, respectively).
Some parameters corresponding to the simulation cells
are listed in Table 1.

Naturally, the smoothness of the grid has to be set fine
enough in order to gain accurate results; however it should
be noted that since the horizontal and vertical spreads are fi-
xed (as described above), increasing the smoothness of the
grid leads to the creation of bigger arrays, and ultimately,
longer computation times. The computation time is further
elongated by the fact that the simulation time step At has to
be sufficiently small, so that for each cell with indices (j, k),
At meets the following requirement:

Ar <min T
: __i;.k} V(_:.H

D

max max )

(kF A Gk A LK) A (k)
Ar Az Ar Az } 3)
The simulation process is started from an arbitrarily
chosen set of the variables (practically from a uniform di-
stribution of ¢y 4 and ¢, ). In each step of the iteration, we
first realize the boundary conditions dictated by the charge
transfer kinetics at the disk and ring electrode surfaces
(this changes the concentrations in each simulation cell
that is neighbouring either one of the two electrodes); and
then calculate the mass transfer effects that the concentra-
tion changes of the boundary cells initiate in the system. In
the meantime, we must also account for the concentration
changes introduced to the system by homogeneous kine-
tics. The simulation process is described below in details.

2. 2. Calculations Related to Charge Transfer

Charge transfer only has an effect on those cells, in
the first row of the simulation grid, which are neighbou-
ring either the disk or the ring. Based on the Erdey-
Griz—Volmer-mechanism, the current passing into these
cells (marked with indices (0, k)) can be given as

: F(E-E®
139 AR ol x 7))

o 4
—c»s;t%xr,[(a—nfs—a D

RT

where k is the rate constant, o the transfer coefficient and
E®° the standard potential of the electrode reaction descri-
bed by equation 1, and E is the respective (disk or ring)
electrode potential.'*

Although it would be possible to determine the con-
centration changes in these cells by using a finite differen-
ce approximation of the form

ISMA
Ac = W . (5)

it was found that this approach (especially if the current
1%, or the time step At is big) is often erroneous, and re-
sults in negative concentration values. According to the li-
terature,”! the usual approach used in such cases would be
the application of Nernstian boundary conditions, which
however does not allow for the introduction of charge
transfer limitations to the system.

As an alternative way, we have expressed the inte-
gral of equation 4 analytically, and based on this expres-
sion we found that the new concentration values in each
cell (¢’®Y) can be calculated from the old ones (¢’®¥) ba-
sed on the following equations:

a—l

bEC“"“ + [C'::: _ b{_‘:ltt':j }JCXP - (b +1 Kb“]k_;kﬂf‘) (6a)
o/(0k) Az
- b+1 ’

and

- (0.k Lk k (h + 1 b lk At

5o04) | (b(.t;{'ud] o l]exp _ ({u.ﬂ ) (6.b)
(I:[UJ&} s Az
" Red P

In equations 6.a-6.b, >.c™" is the (constant) sum of

c(o’k)OX and c(o’k)Red in the given cell; and the dependence on
the electrode potential is introduced through the variable b
defined as

b= exp{i—)ﬁq E-E° :| @)

RT

The electrical current yielded by each cell can then
be obtained as
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(0.6) s(0.6) (0% :)
Ey {C ox —Cox

Ar

08) _

’ (®)
and by carrying out the summation
‘(clcclmdc = Z }{{[}“‘-} (9)
k

for all the cells neighbouring the electrode in question, the
net current of the electrode can be determined.

As opposed to the finite difference-based approxi-
mation of equation 5, the strategy presented here was
found suitable for determining concentration changes cau-
sed by charge transfer effects, even if the system was far
away from equilibrium. Later in Section 3.1, the validity
of the calculations will be tested by the comparison of si-
mulated data with some theoretical expectations.

2. 2. 1. Electrodes with Inhomogeneous Surface
Activity

Naturally, when carrying out the calculations for a cell
in the vicinity of one of the electrodes (equations 6-8), the
values of k, E and « should be those corresponding to the
electrode in question (that is, the disk or the ring, respecti-
vely). It should also be noted, however, that the values of &
and o should not necessarily be constant over the whole area
of an electrode®. Simulations may also be performed by as-
suming that these values change from cell to cell (meaning
that instead of handling them as global constants, we use k*
and o/* as indexed variables). By using this approach, our
model is suitable to describe processes occurring at electrode
surfaces with a (spatially) inhomogeneous catalytic activity.

2. 3. Calculations Related to Processes in the
Bulk Phase

If we assume that owing to a high supporting elec-
trolyte concentration the effect of migration is negligible,
the transport of a species i in the RRDE system can be
treated as result of a joint influence of diffusion and con-
vection effects. The transport processes (as well as the ef-
fects of homogeneous reactions) can be described reaso-
nably well by a discretization of the general transport
equation over the simulation grid in the form

C»E_j..‘; ) =g

ik k=1) _ i)
{.f-k]+ At 'Da' [Ainfl (CJ'; _CF} )+

f d_(_.er )

i k)
I ! nt

ext

. Alt’;{;k)(c;[f.k—lI_C.J{f,kl) A[I.H((_,J{i.k—l}_C}i,kl)+

(10)

d[f-H (/.k)

sup

dcxl

AtvUH }({,‘l:j,k 1) _ (,‘(_;',u) At V[_,'.k](c,}_:.x--l}_C:_[_u-))
+ + :
U dUH)

int inf’

that is, as a sum of four diffusion-related, two convection-
related and some chemical terms. Equation 10 is readily
usable in explicit simulations, provided that the vector
components v, and v_ of the flow velocity field are known
at the centre of each cell, and that the kinetic equations of
the homogeneous reactions are known and may be ac-
counted for.

2. 3. 1. Determining the Velocity Profile v(r,z)

In order to describe fluid flow under a rotating disk,
the classical approach devised by Karman has been follo-
wed (see the original paper’ as well as an excellent re-
view? of this matter). The Navier-Stokes equations go-
verning fluid flow in the rotating disk system were solved
by using the same simplifications that Karman has intro-
duced.

The Navier—Stokes equations for an incompressible
fluid and the equation of continuity can be written in ge-
neral as

AL —grad;—J+vdivgradv+£. (11.a)
dr P p

and

divy =0. (11.b)

Relying on the simplifications introduced by
Karman*, equations 11.a—11.b can be expressed in the
following form using cylindrical coordinates:

<
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= 3 s a2, o =2,
v v V.V v, afv v

\-_—"’+1-_—‘4+'—"':1.{ :‘ +_[_V’]+ :’ (12.b)
I . 4 ol r a2

oV 1 dp v
V. :___‘l..',.‘, = (120)
oz p oz o0z”
ov, v. ov
0=—L+-L4+—=
or r 0z (12.d)

In case of a rotating disk, the boundary conditions of
the system of partial differential equations 12.a—12.d can

* The assumptions of Karman include i.) that we only deal with non-tur-
bulent stationary flow, when dv/dt = 0; ii.) that due to the axial symmetry
of the system, dv/d¢ = 0; iii.) that the axial component of the velocity
vector is independent from the radial coordinate (avz /or =0); iv.) that we
consider the density p constant and the pressure p being dependent of z,
but not of r or ¢; and v.) that we assume that no natural forces act on the
system (f = 0).
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be formulated as

v, =0

¥

vo=0r v.=0 at z=0,

v, =0 v, =0

" » at z =o0;

]

v. = constant

i.e., we assume that near the rotating surface no slip oc-
curs (the fluid moves together with the disk), while far
away from the rotating surface, the axial component of the
fluid flow is of constant value while the radial and angular
components are both zero.

By introducing the dimensionless variable } = Z \/? ,
as well as the substitutions

v, =roF(y), (13.2)
v, =roG(y) (13.b)
v. =~wvH(y), (13.c)
p=-pvoP(y) (13.d)

the system of partial differential equations 13.a—13.d can
be cast into a system of ordinary differential equations

2F+—=0

» (14.2)

dF _, d*F
H -G =—, 14.b
dy dy” ( )
2rG+ 36 46 (14.0)

y o dy”
o py - 4E 4P (14.d)

dy ) dy

It can be easily noted that the function P(7) appears
in equation 14.d only, which can thus be decoupled from
the system of differential equations. The boundary condi-
tions are as follows:

F(0)=0 (15.a)
G(0)=0 (15.b)
H(0)=1 (15.c)
lim F(y)=0 (15.d)
}i[r'lG(}-)=0 (15.e)

The usual approach (see Cochran®* cited by Riddi-
ford®) used to solve the system of ordinary differential

equations 14.a—14.c with respect to the boundary condi-
tions 15.a—15.e is to look for the solutions in a form of se-
ries expansions. For example it was shown?’? that the
function H(}) can be well approximated for small values
of yin the form

H(y)=-0.5102% + L~ 0.1026)" +
3 (16.2)
+0.0126y° +0(6).

while for higher values of 7, H(}) can be well esti-
mated asymptotically® with an exponential series of the
form

H(y)=-0.89+2.1exp[- 0.897]+... (16.b)

It is of worth noting that the level of approximation
used in the simulation of RRDE experiments highly dif-
fers in the literature. Prater and Bard'® used only the se-
cond order approximation when formulating the first
RRDE simulation system; moreover, they have accepted
as initial condition that the concentration distribution be-
low the disk is independent of the radius r. Thus their ap-
proach suffered from significant computation errors ne-
cessitating the introduction of “correction factors” that
were rather difficult to justify. The method developed by
Kiss et al.”® has successfully overcome this problem by
applying a radial tiling also below the disk electrode and
by using a third order approximation of the series given in
equation 16.a.

It was shown later that if further terms of equation
16.a are taken into consideration® for estimating the flow
velocity profile under the RRDE, an even higher accuracy
can be obtained. However, it was also found that for digi-
tal simulation purposes (which are, per se, numerical met-
hods), finding a solution in a form of power series is
highly obsolete. Instead, we followed the so-called “shoo-
ting method” by implementing in LabVIEW the algorithm
originally developed by Higgins and Binous®’ for Wol-
fram Research® Mathematica™. That is, in lieu of a full
set of initial conditions, we started with estimating the va-
lues of dF/dy and dG/dy. Based on these estimates, we
solved equations 14.a—14.c in a fully explicit (numerical)
way, and then checked for the validity of the boundary
conditions 15.d-15.e. In case these conditions (when
using a large value of yinstead of the limit Y — o) were
not fulfilled, the initial values of dF/dy and dG/dy were
modified in such a way that the error of the solution would
be lowered in the next iteration step.

By the use of this method, the accuracy of determi-
ning F(y), G(y) and H(7) could be set arbitrarily high wit-
hin the domain of the numerical precision used for the si-
mulations (the error could be reduced down to the range
of the machine epsilon).

In Figure 4, the curve of the numerically determined
H(7) function is presented, together with its approxima-
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Figure 4: H(y) function values obtained by a numerical solution of
the system of ordinary differential equations 14.a—14.c. The solution
(solid line) is in agreement with the boundary conditions 15.a—15.e.
Different approximations, based on the series expansion 13.a and
the asymptote 13.b, are also depicted with dashed lines. The A(2)
and O(3) series approximations have been used in numerical simula-
tions by Bard and Prater'®, and by Kiss et al.?°, respectively.

tions based on equations 16.a—16.b. It can well be seen in
Figure 4, that the series approximations based on equation
16.a (which were, nevertheless, used in some digital simu-
lation models) only gave accurate values for indeed small
values of 7y, while the asymptotic approximation is only
accurate for high yvalues.

2. 3. 2. The Simulation of Homogeneous Kinetics

As it was mentioned before, our simulation ap-
proach is also capable of taking homogeneous chemical
reactions occurring in the bulk solution into account. This
can be achieved either by using a finite-difference appro-
ximation (by adding chemical terms to equation 10), or by
using analytical expressions.

In practice, usually the latter option is used, as ana-
logously to the case of charge transfer, the finite differen-
ce estimation often results in computational errors. A
common approach? is to incorporate the simulation of
chemical reactions into the bulk transport simulations in
an a posteriori way; that is, first we calculate the transport
effects, and then — based on an analytical solution of the
kinetic equations — we calculate the new concentration va-
lues which result from the chemical reaction.

3. Test Simulations

In this section, the features of our newly developed
simulation system will be demonstrated by various test
runs, the results of which are comparable to theoretical
(analytical) expectations.

3. 1. Test Simulations with a Single, Stagnant
(Disk) Electrode

The effectiveness of the calculation of diffusion
was checked by simulating a potential step experiment
on the disk electrode. For these calculations, the rota-
tion rate of the electrode was set to O min~!, and in a so-
lution containing only the Red species at ¢ = 0, the disk
electrode potential was set to a very positive value. The
simulation results shown in Figure 5 were found to be
very close to the theoretical predictions of the Cottrell-
equation.

015
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| “ 0
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Figure 5: Simulated values of the disk electrode’s (transformed)
current in a potential step experiment (dots), and the values expec-
ted on the basis of the Cottrell-equation. In this particular represen-
tation, the results should fit on a line with an intercept of 0 and a
slope of —%2 (shown with red in the figure).
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Figure 6: Cyclic voltammograms simulated for a stagnant disk
electrode with two different values of the rate constant k. The
cyclic voltammograms show a good agreement with the theoreti-
cal expectations'®.
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In another experiment, cyclic voltammograms were
simulated for a stagnant disk electrode in a solution con-
taining both the Red and the Ox species in an equal con-
centration. Figure 6 shows the simulated CVs in a rever-
sible (k = 10° cm/s) and in a “quasi-reversible” (k = 107
cm/s) case. The simulated curves are in a good agreement
with the theoretical expectations'.

3. 2. Test Simulations of Steady-State
Collection Experiments at an
RRDE

The accuracy of our convection-related calculations
was tested by carrying out simulations under the follo-
wing circumstances:

— it was assumed that at # = 0, the system contains
the Ox species only (at a given concentration),
but no Red is present in the system;

— the disk electrode potential was set negative
enough, so that at the disk electrode, arising from
the reduction of Ox, a limiting current could be
measured;

— the ring electrode potential was in turn set very
positive, so that every disk-generated Red spe-
cies reaching the ring would immediately be oxi-
dized back to Ox.

In this case it was assumed that no homogeneous
chemical reaction can takes place in the system. Figure 7
shows that the disk current density values were in a very
good agreement with the predictions of the Levich-equa-
tion of the form
a7

c  _REATRY. 2 16 12
Jaisk =0.62F Dyl w0~y @ Coy bulk»

16.4%

) o
=
16.2%)
= il © ©00000CoCCOCENTTTTTTIIM
S 16.0%
_____________ (s} simulated s S s
. —— theoretical
‘- 600
- 450
=5

J001

150

s

Vw/ 8§ I
Figure 7: Simulation results from a “steady-state collection” expe-
riment. The disk current densities follow the Levich-equation (lo-
wer part of the figure), while the simulated collection efficiencies
are very close to their theoretical value (see Bard and Faulkner,'*
section 9.4.2 for more details).

and that the collection efficiency (that is, the -/ . g/I sk 1"
tio) agrees within a range of per mils with the theoreti-
cally expected value (determined as described by Bard

and Faulkner,'* section 9.4.2).

3. 3. Test Simulations of Dual Cyclic
Voltammetry at an RRDE

The method of dual cyclic voltammetry has previ-
ously been used®’ in order to investigate the oxygen re-
duction process at the (polycrystalline) Auf0.5 mol/dm’
H,SO, electrode. The application of this method involved
the simultaneous recording of a slow-rate linear sweep
voltammogram at the disk and high-rate cyclic voltam-
mograms at the ring electrode. It was demonstrated® that
based on this technique, a “3D map” showing the side
products of the disk electrode reaction can be construc-
ted. Such a “3D map” may become useful if one has to
determine at which disk potential some electroactive spe-
cies are formed, and at which ring potential these might
be detected.

However, the application of this method brings up a
few questions that should be theoretically addressed. For
instance, a clear distinction needs to be made in case of
such experiments between ring signals arising from an ac-
tual collection of a disk-generated species and ring signals
which may be caused by products formed earlier (at anot-
her E; . value) on the ring electrode itself. Here we de-
monstrate by the simulation of dual potentiodynamic ex-
periments that setting a high enough rotation rate is inva-
luable to overcome this issue, since at high angular fre-
quencies the detection of self-generated species at the ring
electrode is far less predominant than the collection of
disk-generated products.

In order to carry out the simulations, the following
assumptions have been made:

— it was assumed that at = 0, the system contains
the Ox species only (at a given concentration),
but no Red is present in the system;

— it was further assumed that the electrode reaction
at both electrodes is fast (k = 10* cm/s);

— it was assumed that the species Red, if formed,
undergoes a first-order decay in the bulk phase
with a rate constant of k., =1/s.

In Figure 8, the simulation results carried out at two
different rotation rates (100 and 500 min™!) are shown.
The upper curves show the disk electrode’s LSV response
— on these curves, the limiting current is that predicted by
equation 17 (the Levich equation). The curves in the lower
parts of the figure are cyclic voltammograms measured on
the ring at a high sweep-rate (recorded in parallel with the
LSV curves of the disk). Like in case of the measurement
results presented in our earlier publications’, it is visible
that the shape of the ring CVs change with £, ; the fin-
gerprints of collection (anodic parts) and shading (catho-
dic parts) can both be seen at rotation rates of 100 and

Vesztergom et al.: Rotating Ring—Disk Electrode with Dual Dynamic
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Figure 8: Low-rate linear sweep voltammograms (2 mV/s) and high-rate cyclic voltammograms (200 mV/s) recorded at the disk and ring electro-
des, respectively at two different rotation rates (100 and 500 min™"). The measurements made at high rotation rates are free of “self-generated” spe-

cies collection effects.

500 min~". However, it should also be noted that at low ro-
tation rates (100 min™") the reoxidation of self-generated
reduction products at the ring may still occur (see the
hysteresis of the ring CVs). This effect, even though the
sweep rate of the ring is still high, is not experienced at
higher rotation rates, when “the rapid convection has
enough time” to clear any self-generated products away
from the ring surface.

An important result of these simulations is that they
are able to show which v, . and @ values are safe to be
used in a dual voltammetric RRDE experiment (like those
presented in>°), if the detection of self-generated ring pro-
ducts is to be avoided.

4. Conclusions

A new digital simulation approach to the rotating
ring—disk electrode system has been devised and docu-
mented. As shown by the presented test results, the soft-
ware can be used in order to simulate RRDE experiments
with a very high numerical accuracy. Moreover, the simu-
lation of measurements based on the dual potentiodyna-
mic perturbation of the disk and ring electrodes'™ is also
possible based on the presented method. This fact offers
the possibility of comparing measurement results with
theoretical expectations.

As the method allows for the simulation of electrode
processes at catalytically inhomogeneous metal | elec-
trolyte solution interfaces, as well as the incorporation of
migration and /R-drop effects into the model, future work

will consider local current distributions at the electrode
surfaces and interferences that may arise between the cur-
rent-potential characteristics of the two working electro-
des, due to the finite ohmic resistance of the solution.
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Z uporabo grafiénega programskega jezika LabVIEW™, proizvajalca National Instruments®, smo razvili digitalni si-
mulacijski model, ki opisuje elektrokemijske procese ob rotirajoci elektrodi z diskom in obrocem. Model uposteva
moZznost uporabe neodvisnega potenciala na obeh delovnih elektrodah, predpostavlja homogeno elektrodno reakcijo, a
dopusca prostorske nehomogenosti na povrSinah delovnih elektrod. Predstavljamo glavne programske koncepte ter os-
novno delovanje simulacijskega softvera. Izvedli smo ve¢ simulacij, na osnovi katerih smo ocenili natan¢nost simulacij-

skih izraCunov.
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