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Abstract The subject of this paper is electrical cross-talk,
an interference between the current/voltage characteristics
of the two working electrodes in four-electrode (genera-
tor/collector) systems. Cross-talk arises in electrochemical
cells of finite resistance due to the superposition of the
electrical fields of the working electrodes, and often causes
difficulties in the interpretation of measurement results. In
this paper, we present an algorithm for modelling simple
generation/collection experiments with a rotating ring–disk
electrode (RRDE) immersed into a finite resistance solu-
tion of a redox couple. We show that based on the analysis
of the Kirchhoff (Laplace) matrix of the simulation mesh,
the effect of electrical cross-talk may be accounted for in
such experiments. The intensity of cross-talk is found to be
heavily influenced by the selection of the reference point
for potential measurements; in practice, this is the position
of the reference electrode or the tip of the Luggin probe.
The devised model is validated by means of a simple and
demonstrative experiment.
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Pázmány Péter sétány 1/A, 1117 Budapest, Hungary

2 MTA-ELTE Research Group in Theoretical Physics, Pázmány
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Introduction

Four-electrode configurations containing two working elec-
trodes, a single reference and a single counter electrode in
the same electrochemical cell were routinely studied over
the past half century. A typical example is the rotating
ring–disk electrode (RRDE). Developed by Frumkin et al.
in 1959 [1], the RRDE was historically the first ‘genera-
tor/collector’ system [2] used for studying the intermediates
or products formed in electrode processes. If on the gener-
ator (disk) electrode, some electroactive species are formed
as a result of an electrode reaction, these products can be
involved in another reaction at the collector (the ring) and
can thus be detected [3]. As opposed to many other gen-
erator/collector systems (such as inter-digitated arrays [2],
where mass transfer between the two electrodes occurs only
by the means of diffusion), in case of an RRDE, the trans-
fer of species from one electrode to another is also aided by
convection, that is a result of rotating the electrode tip.

Recently, the use of scanning electrochemical
microscopy (SECM) and other related techniques has
broadened the application of four-electrode configura-
tions [4]. Using SECM, spatially resolved electrochemical
signals can be acquired by measuring the current at an ultra-
microelectrode tip as a function of precise tip position over
a substrate region of interest [4]. SECM may also be used
in a generator/collector mode: with an appropriate setting
of substrate and tip potentials, species generated at the sub-
strate may subsequently be measured at the tip electrode.
An advantage of SECM over the RRDE technique is that

http://crossmark.crossref.org/dialog/?doi=10.1186/10.1007/s10008-016-3294-4-x&domain=pdf
http://orcid.org/0000-0001-7052-4553
mailto:vesztergom@chem.elte.hu


3166 J Solid State Electrochem (2016) 20:3165–3177

it provides means for carrying out generation-collection
measurements at controlled generator/collector distances.

Although in most cases of RRDE and SECM experi-
ments, steady-state currents are measured, there is a grow-
ing interest in the application of transient techniques as
well. It was shown for example [5–8] that the simultaneous
potentiodynamic perturbation of the generator and collec-
tor electrodes can considerably increase the sensitivity of
RRDEs. Transient techniques might also be expedient in
the case of SECM studies, especially when accurate tem-
poral resolution is to be achieved [9–12]. Measurements in
ac-mode were also reported both for RRDE [13–16] and
SECM configurations [17, 18], and were found to yield
useful information on surface-adsorbed intermediates.

Although the application of (bi-)potentiodynamic control
in four-electrode systems may indeed have many advan-
tages, some pitfalls have to be identified as well. One
of these is a certain interference factor, namely the IR-
drop-related electrical cross-talk that can arise between the
current-potential characteristics of the working electrodes
in practically any four-electrode configurations with finite
(non-zero) resistance. Cross-talk originates from the shared
current routes of the two working electrodes and causes an
uncompensated potential shift at one electrode, depending
on the current flow of the other one. Cross-talk can, in many
cases, lead to serious misinterpretations of the current sig-
nals measured in four-electrode systems; this is especially
true if transient perturbations resulting in high currents are
applied to either one or both of the working electrodes.

Vivier et al. [19] have recently pointed out the exis-
tence of a significant electrical cross-talk between the cur-
rent/potential characteristics of the two working electrodes
in SECM setups; a similar effect has long been observed
in RRDE experiments [20–23]. In [19–22], four-electrode
configurations were analysed in terms of electrical equiva-
lent circuits, and it was shown that an electrical cross-talk
may be present between the two working electrodes if their
current-routes are shared to some extent (e.g. through a
common solution resistance). It was also shown [22] that the
cross-talk effects become more pronounced in those cases
when transient currents are flowing through either one of
the working electrodes.

In case of an RRDE, the cross-talk effect causes a poten-
tial shift at one electrode (ring or disk) depending on the
current flow at the other electrode (disk or ring), which can
be observed either directly (e.g. under galvanostatic con-
ditions) or in the form of a corresponding current change
(under potentiostatic conditions) [23]. The cross-talk may
lead to significant errors in the interpretation of experimen-
tal curves, and—as shown by Shabrang and Bruckenstein
[20]—its intensity depends very heavily on the positioning
of the reference point for voltage measurement. In an RRDE
experiment, Shabrang and Bruckenstein [20] observed a

minimal cross-talk effect when their Luggin capillary was
placed a large distance away from the electrode surface;
however, a significant cross-talk appeared as the capillary
approached the electrode (‘Bruckenstein paradox’).

In 1980, Dörfel et al. [23] published a very detailed anal-
ysis of the problem, where they presented Luggin probe
positioning strategies in order to achieve an optimum com-
promise between ‘normal IR-drops’ and cross-talk effects.
They also suggested a simple method for the correction
of galvanostatically recorded electrode potential vs time
curves in case of exactly known electrode geometries and
Luggin probe positions. Dörfel et al., however, could not
model the effect of electrical cross-talk on potentiostati-
cally recorded current vs potential curves, noting that this
problem ‘is far more difficult or even impossible’ [23].

In this paper, we present digital simulations of the RRDE
system which can account for the IR-drop-related cross-
talk and its influence on the results of electrochemical
collection experiments in case of any arbitrary potentio-
static (or potentiodynamic) perturbation. Results of some
test simulations are validated by means of a demonstra-
tive experiment carried out with a simple redox system (a
Pt/Pt RRDE immersed into the finite-resistance solution of
K4

[
Fe(CN)6

]
and K3

[
Fe(CN)6

]
).

Theory

Several simulation methods, of varying accuracy, were
devised in the past for the numerical description of RRDE
experiments [24–27]. A recent algorithm—that also serves
as a basis for the approach presented here—was described in
details in [27]; the first attempts to include electrical cross-
talk into the same simulation algorithm were described in
[28].

In this paper, we confine our attention to a finite-
resistance solution of two electrochemically active species
(denoted by Red and Ox) in which a rotating ring-disk elec-
trode tip is immersed. Initially, both Red and Ox have a
uniform concentration distribution in the system; however,
at the disk and ring surfaces, the two electroactive species
undergo the electrode reaction

Ox + e− � Red. (1)

We assume that the above reaction is reversible, and thus
dictates that the concentrations of the two species in the
vicinity of the two electrodes should always fulfil the fol-
lowing equation:

cOx near disk or ring

cRed near disk or ring
= exp

[(
Edisk or ring − E−�−)

F

RT

]

,

(2)
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that is a special form of the well-known Nernst equa-
tion. It should be mentioned here that taking into account
irreversible reactions would also be possible within the
framework of finite volume simulations by an analytical
integration of the Erdey-Grúz–Volmer equation for a given
control volume, as described in [27].

We further assume that the concentration changes occur-
ring near the disk and ring surfaces propagate through the
system under study as described by the following mass
transfer equations:

∂cOx

∂t
= DOxdiv grad cOx − v · grad cOx, (3.a)

∂cRed

∂t
= DReddiv grad cRed − v · grad cRed, (3.b)

where DOx and DRed are the diffusion coefficients of the
reacting species, and v = v(r, z) is the velocity profile of
the hydrodynamic flow.

In Eqs. 3.a–3.b, we assume that the mass transfer of any
electroactive species takes place only by means of diffusion
and convection, and that concentration changes due to any
other effects (e.g. migration) are negligible. In Eqs. 3.a–3.b,
we further assume that each diffusing species have a con-
stant diffusion coefficient (DOx and DRed are independent,
for example, from the concentration), and that the velocity
profile v is exactly known and is not changing with time at
any given (r, z) spatial coordinates. For further details about
determining the v hydrodynamic flow profile, the reader is
directed to other sources [27, 29–31]. In the simulations
presented here, we determined v(r, z) by numerically solv-
ing the appropriate form of the Navier–Stokes equations
describing hydrodynamic motion under a rotating disk as
described in [27].

In the simulations, we consider a solution of finite elec-
trical resistivity. We assume that the species Red and Ox are
present in concentrations low enough (compared to that of
the supporting electrolyte), so that the resistivity of the solu-
tion is undisturbed by any changes of cRed and cOx, and it is
constant over space and time.

For deriving the simulation algorithm, we exploit the
cylindrical symmetry of the RRDE system. The model
variables (concentration, velocity, electric potential) are
assumed to be a function of two spatial coordinates, the dis-
tance r measured from the rotation axis and the distance z

measured from the electrode surface. The method of finite
volumes is applied: with planes parallel to the electrode sur-
face, the investigated physical space is divided into n layers,
and these layers—by a vertical tiling to m segments—are
further divided into annulus-shaped control volumes. The
symmetry axis of each control volume is the axis of rotation;
Fig. 1 shows a sketch of the simulation mesh.

The tiling of the space has to be made smooth enough,
so that the model variables can be considered homogeneous

inside each control volume within a small time step Δt of
the simulation. Increasing the smoothness, however, always
necessitates the use of smaller Δt values (see [27] for
setting an appropriate Δt) and increases the cost of calcula-
tion, which ultimately results in longer computation times.
For the simulations presented here, a fine horizontal tiling
(resulting in nbound layers) was applied for the ‘boundary
region’ close to the electrode surface, and a coarser horizon-
tal tiling (resulting in nout layers) was applied for the space
far from the electrode. Numerical values of actual simula-
tion parameters (used to obtain the results presented later
on) are listed in Table 1.

In the simulation algorithm, the model variables are
ordered into vectors of n · m length. In each iteration
step, we (i.) realize Nernstian conditions (based on Eq. (2))
in those entries of the concentration vectors which corre-
spond to a control volume neighbouring either one of the
two working electrodes; (ii.) simulate the effect of mass
transfer by solving a discrete version of Eqs. 3.a–3.b; and
(iii.) estimate the uncompensated potential drop affecting
the two working electrodes (this depends on the position of
the reference point used for voltage measurement).

Details of the calculations are given in ‘Charge transfer
effects’–‘IR-drop (cross-talk) effects’.

Charge transfer effects

Charge transfer only affects those entries j of the cOx and
cRed vectors that correspond to control volumes neighbour-
ing either the disk or the ring electrode (see the control
volumes marked by a coloured hatching in Fig. 1). In every
ith simulation step, new c

(i)
Ox,j and c

(i)
Red,j values are deter-

mined based on the previous values
(
c
(i−1)
Ox,j and c

(i−1)
Red,j

)
as

c
(i)
Ox,j = c

(i − 1)
Ox,j + c

(i − 1)
Red,j

1 + exp

[(
E−�− − Ẽdisk or ring

)
F

RT

] (4.a)

and

c
(i)
Red,j = c

(i − 1)
Ox,j + c

(i − 1)
Red,j

1 + exp

[(
Ẽdisk or ring − E−�−

)
F

RT

] , (4.b)

in accordance with the Nernst Eq. 2. In Eqs. 4.a–4.b, the
Ẽdisk or ring term is the applied potential of the working elec-
trode neighbouring the j th control volume corrected with
the ohmic drop affecting the electrode in question:

Ẽdisk or ring = Edisk or ring − δIR, disk or ring. (5)
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Fig. 1 Two-dimensional axi-symmetric mesh used for the spatial dis-
cretization of the RRDE system. The space below the RRDE is tiled
into small annulus-shaped control volumes. The height of the volumes
is smaller in the ‘boundary layer’ close to the electrode surface; a
coarser tiling is applied below this layer. Red and green hatching marks

volumes which are neighbouring the disk or ring electrodes, respec-
tively. Note the rules of indexing applied: a control volume with index
j can have at most four neighbours (with indices j − 1, j + 1, j − m

and j + m). For an explanation of the used notations, see Table 1

In the ith step, each j th control volume (with volume
Vj ) that neighbours either one of the working electrodes
gives an

I
(i)
j =

FVj

(
c
(i)
Ox,j − c

(i − 1)
Ox,j

)

Δt
(6.a)

= FVj c
(i−1)
Ox,j + c

(i−1)
Red,j

Δt

(

1 + exp

[(
E−�− − Ẽdisk or ring

)
F

RT

]) − FVj c
(i − 1)
Ox,j

Δt
(6.b)

contribution to the current of that electrode; by summing
up these currents, the values of Idisk and Iring can be
determined.

The values of Ẽdisk and Ẽring are optimized in each simu-
lation step by using a Nelder–Mead (downhill simplex [32])
root-finding algorithm. The optimum Ẽdisk and Ẽring values,
when used in Eqs. 6.a–6.b, give rise to Idisk and Iring currents
which in turn establish such δIR,disk and δIR,ring values that
satisfy Eq. 5. The calculation of δIR,disk and δIR,ring from
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Table 1 Simulation parameters

Parameters Values

Temporal discretization
Simulation time step (Δt) 3 ms

Spatial discretization
Full radial spread (R) 7.5 mm
Number of radial tiles (m) 40
Radial resolution (Δr) 187.5 µm
Full vertical spread (Z = Zbound + Zout) 10.1 mm
Boundary layer thickness (Zbound) 100 µm
Vert. spread below bound. layer (Zout) 10 mm
Number of vertical tiles (n = nbound + nout) 80
Within the boundary layer (nbound) 40
Below the boundary layer (nout) 40
Vertical resolution
Within the boundary layer (Δzbound) 2.5 µm
Below the boundary layer (Δzout) 250 µm

RRDE geometry
Disk radius (Rdisk) 2.5 mm
Disk area (Adisk) 0.1964 cm2

Inner ring radius
(
Rring, inner

)
2.679 mm

Outer ring radius
(
Rring, outer

)
2.857 mm

Ring area
(
Aring

)
0.03106 cm2

Physical parameters
Temperature (T ) 298.15 K
Standard electrode potential

(
E−�−)

0 V
Initial bulk concentrations (cOx = cRed) 10 mmol · dm−3

Diffusion coefficients (DOx = DRed) 5 · 10−6 cm2 · s−1

Kinematic viscosity (ν) 0.01 cm2 · s−1

Conductivity, if finite (κ) 50 mS · cm−1

Idisk and Iring is described in details in ‘IR-drop (cross-talk)
effects’.

Mass transfer effects

While the electrode reactions only cause direct concentra-
tion changes in those control volumes which are under either
one of the working electrode, mass transfer affects all the
entries of the cOx and cRed vectors. The general transport
Eqs. 3.a–3.b can be re-written in the form of a matrix-vector
equation as

c
(i)
Ox or Red = (I + DOx or RedD − V) c

(i−1)
Ox or Red, (7)

where I is the nm × nm identity matrix and the D diffusor
and V conveyor operators (also nm × nm matrices) are
defined as

Dk,� =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Asup,kΔt

Vkdk,�
if � = k − m

Aint,kΔt

Vkdk,�
if � = k − 1

−Δt
Vk

(
Asup,k
dk,k−m

+ Aint,k
dk,k−1

+ Aext,k
dk,k+1

+ Ainf,k
dk,k+m

)
if � = k

Aext,kΔt

Vkdk,�
if � = k + 1

Ainf,kΔt

Vkdk,�
if � = k + m

0 otherwise

(8)

and

Vk,� =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

vr,kΔt

dk,�
if � = k − 1

−Δt
(

vr,k

dk,k − 1
+ vz,k

dk,k + m

)
if � = k

vz,kΔt

dk,�
if � = k + m

0 otherwise

(9)

In the definitions (8)–(9), dk,� denotes the distance of the
centres of the kth and the �th control volumes; Asup,k , Aint,k ,
Aext,k and Ainf,k denote the superior, interior, exterior and
inferior bounding surface areas of the kth control volume
with a volume of Vk; vr,k and vz,k denote, respectively, the
radial and axial flow velocity components at the center point
of the kth control volume.

Here, we note that D and V are both large, how-
ever sparse banded matrices containing non-zero entries
in only five (respectively, three) of their diagonals. There-
fore, instead of storing the full matrices, we only deal
with their non-zero diagonals in the simulation algorithm,
which gives a significant increase to the computation
speed.

Provided that a smooth enough tiling is used in combina-
tion with a small Δt value, results of the simulation agree
very well with basic theoretical predictions, in accordance
with the conclusions of [27]. E.g. for a simple collection
experiment limiting currents simulated for the disk match
(usually within 0.5 % of error) the predictions of the Levich
equation [33], and there is also a good agreement (less
than 2 % of error) between simulated and theoretical [3]
collection efficiencies.

IR-drop (cross-talk) effects

In order to implement the simulation of IR-drop-related
cross-talk effects in our model, we interpret the simulation
mesh as a network of electrical resistors, like the one shown
in Fig. 2.

In case we have a total number of n · m control volumes
in the simulation mesh, the ‘equivalent circuit’ of the mesh
will contain n · m + 3 equipotential nodes, due to the
three metallic conductors (the disk, the ring and the auxil-
iary electrode) present in the system. The electric potentials
of each node will be ordered in the vector ψ according to
the following indexing rule:

– ψk is the electric potential corresponding to the kth con-
trol volume of the simulation mesh if 1 ≤ k ≤ n · m;

– ψk is the electric potential corresponding to the disk
electrode if k = n · m + 1;

– ψk is the electric potential corresponding to the ring
electrode if k = n · m + 2;
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Fig. 2 Interpretation of the
simulation grid as a network of
electrical resistances. As an
example, potential distributions
have been calculated for a case
when currents of opposite sign
enter ‘Disk’ and ‘Ring’. In
this illustrative calculation, the
resistance values of the circuit
have all been set to a value of
1 �, except for the resistances
crossing the ‘Disk’ or ‘Ring’
boundary: these have a value of
10 �. The intensity of colouring
is in accordance with the ψ

value for each cell; cold colours
stand for negative, warm colours
for positive potentials

– ψk is the electric potential corresponding to the auxil-
iary electrode if k = n · m + 2.

Similarly, the currents leaving or entering the circuit
at each node will be ordered in the vector ι. Since cur-
rent cannot enter or leave the system, except through the
aforementioned electrode metals, ι will have only three
non-zero entries (its last three entries), the sum of which
is 0.

Regarding the conductances (inverse resistances) present
in the equivalent circuit, we note the following:

– Between neighbouring control volumes (with indices
k and �) the symmetric σk,� = σ�,k conductance is
obtained from the constant bulk conductivity κ as

σk,� = σ�,k = κAk,�

dk,�

, (10)

where Ak,� is the bounding area between the two con-
trol volumes and dk,� is the distance of their center
points.

– If a control volume with index k neighbours the
disk electrode (� = n · m + 1), the ring elec-
trode (� = n · m + 2) or the auxilliary electrode

(� = n · m + 3) then, due to the assumption that all
electrode processes are reversible,

σk,� = σ�,k = ∞. (11)

In practice, usually a very high (1000 S) value is
assumed here instead of infinity.

– If two nodes (with indices k and �) are not neighbours,
then

σk,� = σ�,k = 0. (12)

Based on the above definitions it is possible to construct
the Kirchhoff operator K, an (nm + 3) × (nm + 3) matrix1

as

Kk,� =
{ −σk,� if � �= k∑

q �= k

σ(k,q) if � = k (13)

In order to estimate the ohmic drop affecting the two
working electrodes, the matrix-vector representation of
Kirchhoff’s current-laws may be written as

Kψ = ι, (14)

1In the context of graph theory, the Kirchhoff matrix is often alterna-
tively called the (weighted) Laplace matrix, see [34].
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and Eq. 14 has to be solved for ψ . Since K is singular, solv-
ing Eq. 14 is only possible by calculating the generalized
(or Moore–Penrose) inverse [35] K†, after which the vector
of electric potentials can be obtained as

ψ = K†ι. (15)

It is known that instead of using any (slow) iterative
methods for computing the Moore–Penrose inverse, K† can
also be calculated [34] directly as

K† =
(
K + 1

nm + 3
J

)−1

− 1

nm + 3
J, (16)

where J is an (nm + 3) × (nm + 3) matrix, all the entries
of which are equal to 1. The matrix inversion in Eq. 16 is
still a rather time-consuming computation; however, since
the resistances in the network remain essentially unchanged
during the simulation (this is a result of assuming reversible
electrode reactions), it is enough to calculate K† once, only
at the start of the simulations. Using the K† matrix, it is then
possible to obtain the ψ vector in each iteration step from
Eq. 15. In Fig. 2, we show a potential field determined by
the calculations outlined above, for the case when currents
of opposite sign enter the ‘disk’ and ‘ring’ electrodes in a
simplified equivalent circuit.

The vector ψ obtained from Eq. 15 is only determined
up to an additive constant, which is due to the fact that
K is a positive semi-definite matrix that has exactly one
zero eigenvalue with a corresponding element-wise constant
eigenvector. The δIR, disk and δIR, ring terms, which—as
we will see—are responsible for the appearance of electri-
cal cross-talk must therefore be defined in the form of a
difference:

δIR, disk = ψ1 − ψ r (17.a)

δIR, ring = ψ2 − ψ r (17.b)

where r (1 ≤ r ≤ nm) is the index of the control vol-
ume chosen as the reference point for voltage measurement.
Note that the above model relies on the axial symmetry of
the RRDE geometry, thus ‘reference point’ in this context
means a “reference annulus-shaped simulation cell”. Still,
as we will show below, the reference point for voltage mea-
surement is in practice almost equivalent to the position of
the tip of a Luggin probe, and can have a very deep impact
on the current-voltage characteristics of the two working
electrodes.

The simulation algorithm described above was imple-
mented in a software created in the National Instruments

LabVIEW development environment. Simulating a T min-
utes long experiment on a standard platform (PC with 1.6-
GHz Dual-Core processor, 4 MByte RAM) takes approxi-
mately 6T time for the software.

Experimental

A PINE AFE7R8 Pt/Pt RRDE was polished by P4000
SiC paper, rinsed with ultra-pure water (distilled water
passed through a Milli-Q system), and then immersed into
a solution that contained 10 mmol dm−3 K3

[
Fe (CN)6

]
,

10 mmol dm−3 K4
[
Fe (CN)6

]
and 0.5 mol dm−3 Na2SO4.

The volume of the solution was ∼ 120 cm3. Prior to the
measurements, the cell was deaerated with an Ar flow. All
the used chemicals were obtained from Reanal, Hungary,
and were of purissimum grade; ultra-pure water was used
for preparing the solution.

In order to keep the current distribution as homoge-
neous as possible, some 10 cm3 of Hg was placed in the
cell (before adding the solution). This ‘mercury lake’ was
contacted by a Pt needle that was otherwise isolated from
the solution, and used as an auxiliary electrode. Saturated
calomel electrode (SCE) was used as a reference, and was
contacted to the working electrode compartment by the use
of a Luggin probe that ended in a fine capillary. The Luggin
probe itself was filled with the same solution as the work-
ing electrode compartment. The entire cell was movable
under the RRDE tip, which allowed us to choose different
positions of the Luggin probe with respect to the disk and
ring.

A PINE AFRDE5 potentiostat was used in combination
with the lab-built measuring system described in [7] for
carrying out the experiments.

Results

In order to demonstrate the effect of IR-drop-related cross-
talk in an RRDE system, simulations and experiments were
both carried out. It was assumed in the simulations that
the species Red and Ox are, similarly to the measurement,
present in equal (10 mmol dm−3) concentrations. An RRDE
geometry identical to that of the PINE AFE7R8PtPt tip
(used in the experiments) was considered, and the parame-
ters listed in Table 1 were used in the simulation algorithm.
In case of the simulations, the standard potential (E−�−) of
the electrode reaction according to Eq. 1 was assumed to
be 0 V vs. an ‘ideal’ reference electrode. For the experi-
mental cell, an E−�− ≈ 175 mV value was determined by
measuring the open-circuit potential.

Figure 3 shows simulated and measured results for a
simple collection experiment. In this experiment, cyclic
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(a) (b)

Fig. 3 Simulated (a) and measured (b) disk voltammograms and ring
currents recorded in parallel with them. In the simulations, the disk
is polarized between −325 and 325 mV vs. an ‘ideal’ reference elec-
trode, and a sweep rate of 50 mV s−1 is applied. In the meantime, the
ring is held at 0 V vs. the reference electrode (that is, at the value of
the open circuit potential). In case of the experiments, the open cir-
cuit potential is ∼ 175 mV vs. SCE. The disk is polarized at a rate of
50 mV s−1 between limits of −150 and 500 mV, and the ring potential

is set to 175 mV. The applied rotation rate is 100 min−1 for both the
simulation and the experiment. In case 4 of the simulation, no IR-drop
effects are taken into account. In cases 1, 2 and 3, IR-drop effects are
taken into account in the simulations, and the Luggin probe is posi-
tioned under the RRDE tip as described in the text. These positions
roughly correspond to those used in the experiments, shown by the
photographs. (Figure adapted from [28].)

voltammograms (sweep rate: 50 mV s−1) were recorded at
the disk electrode in a ±325 mV wide potential window
about E−�−. The rotation rate of the RRDE tip was set to
100 min−1, and the ring potential was fixed at the value of
E−�−. The ring current was measured and plotted in Fig. 3 as
a function of the applied disk potential.

Simulations and experiments were both carried out by
selecting three different reference points for the voltage
measurements. In case of the experiments, the Luggin probe
was set to different positions as shown by the photographs
of Fig.3. In the simulations, different values for the r index
in Eqs. 17.a–17.b were chosen so that the situation would
mimic the experimental case. In case 1, the reference point
for voltage measurement was on the rotation axis, only
98.75 μm below the disk; in case 2, it was placed at the

same depth as above, but it was radially displaced to under
the ring electrode; in case 3, it was again placed on the axis
of rotation, but in a depth of 8.725 mm. Simulations were
also carried out in an IR-drop-free case 4.

As it can be seen in Fig. 3, there is a fair agreement
between calculated and experimentally obtained curves. In
a cross-talk-free case (Fig. 3a, case 4), the interpretation of
the obtained signals is straightforward. As Edisk is scanned
from negative to positive values (and then backwards), the
solution layer near the disk electrode gets enriched in the Ox
(respectively, Red) species. When the disk potential reaches
either very negative or very positive values, there is an
almost complete turnover of the redox couple in the vicinity
of the disk and a limiting disk current [33] is measured. If
this volume of solution then reaches the ring electrode, the
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ring (as its potential is fixed atE−�−) re-sets the original con-
dition of cOx = cRed which yields a negative (respectively,
positive) ring current.

The presence of IR-drop, as shown by Fig. 3, sig-
nificantly complicates the interpretation of the measured
(simulated) curves. In case 3, when the Luggin probe is kept
at a high enough distance from the two working electrodes,
no cross-talk seems to appear; the current/voltage character-
istics of the two working electrodes are, however, disturbed
by a ‘normal IR-drop effect’ [23].

If on the other hand, the Luggin probe is set close to
either one of the working electrodes, the current of that elec-
trode gives a significant shift to the reference potential and
thus to the effective potential of the other working elec-
trode. This becomes the most obvious in case 1 when the
reference point for voltage measurement is set close to the
disk which results in ill-behaved ring currents. As the ref-
erence potential shifts due to the passing of a high disk
current, the effective ring potential does not any more equal
E−�−, but—in accordance to the sign of Idisk—it gets slightly
more positive or negative than that. This explains why the
simulated (and measured) ring curves first show a strong
‘overshooting’ during a disk scan (see the peculiar peak-like
features in Fig. 3a, b) following which they converge to a
limiting current that is substantially lower compared to the
cross-talk-free situation. As it can be seen in Fig. 3a, the
intensity of cross-talk is much lower when the Luggin probe
is set close to the ring, although there is a slight difference
between the disk voltammograms calculated for cases 2 and 3.

As it can be seen in Fig. 3, our simulation results
are in fair agreement with experimentally obtained curves,
although in the multi-physics simulation, we ignored some
minor disturbing effects (such as the influence that plac-
ing the Luggin probe close to the rotating surface exerts on
the hydrodynamic conditions). The modelling of capacitive
interfaces is yet to be included to our simulation algorithm,
and this will be a subject of a future study.

It should be noted that in a four-electrode system, the
appearance of cross-talk can be expected whenever the ref-
erence point for voltage measurement is set into the high
current route of either one of the working electrodes, and
it is practically independent from the collection efficiency
or the transit time between the working electrodes [3]. In
Fig. 3a, we presented simulation results for a routinely used
thin ring–thin gap RRDE configuration; however, as shown
in Fig. 4, cross-talk can also appear if the gap is much wider
and the ring is also of a considerable surface area.

Discussion

Electrochemistry textbooks, when introducing the concept
of IR-drop in a standard three-electrode cell often suggest

Fig. 4 Curves similar to those shown in Fig. 3a, now simulated for
an RRDE with bigger gap size (1 mm) and a thicker ring (1 mm).
The placement of the reference electrode in cases 1–3 matches that of
Fig. 3; case 4 corresponds to an IR-drop-free situation

that its disturbing effect can largely be eliminated if ‘the
reference electrode is designed for very close placement to
the working electrode by use of a fine tip called a Luggin-
Haber capillary’ [3]. We have seen, however, that following
the very same strategy in a four-electrode cell can lead to the
appearance of heavy cross-talk and can seriously complicate
the interpretation of measured data.

The fact that a fair agreement can be found between sim-
ulations and measurements implies that the model presented
in Section 3 of this paper describes well both the cross-talk
and the ‘normal IR-drop’ effects. In what follows, we shall
use the results of digital simulations in order to define some
rules of thumb that can help experimentalists working with
RRDE (or other GC) systems in dealing with the effects of
cross-talk.

Diagnostic criteria

Whenever a four-electrode system is used, it is always
advisable to rule out the presence of cross-talk. This can
be done e.g. by running experiments using differently posi-
tioned Luggin probes, and then comparing the measured
results. If no differences are detected, this is a good indi-
cation of a cross-talk-free system. A large advantage of
using an RRDE is the possibility to conduct experiments
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Fig. 5 In a cross-talk-free case (i.e. in a solution of zero resistance),
the ring signal on an unrotated RRDE should be essentially zero, as
the ring potential is fixed at E−�−, and in the absence of rotation, the
concentration changes near the disk electrode have very little effect on
the ring. The appearance of disk-induced ring currents on a stagnant
RRDE indicates cross-talk; this can be explained by a shifting of the
effective Ering value by strong disk currents

also in the absence of rotation. Strong disk/ring interac-
tions measured on a stagnant RRDE indicate the presence
of cross-talk (Fig. 5), viz. in the absence of convection no
true collection should occur.

Eliminating cross-talk by the use of two references

Probably, the most straightforward way of eliminating IR-
drop effects when two working electrodes are used in the
same cell is to upgrade the cell from a four-electrode to a
five-electrode system. That is, a second reference electrode
should be introduced, and an appropriate bi-potentiostatic
control circuit that allows the connection of this second ref-
erence should be applied. When the electrode potentials of
each working electrodes are measured with respect to their
own dedicated reference, by the use of two appropriately
positioned Luggin capillaries—each oriented to a respec-
tive working electrode—it may become possible to rule out
cross-talk effects almost entirely. Nevertheless, the above
strategy is, due to instrumental difficulties, rarely applied,
and most practical generator/collector configurations are
built as four-electrode systems.

Eliminating cross-talk by Luggin probe positioning

In a large enough four-electrode cell (like that of the
RRDE), one may often find a suitable Luggin probe position
using which cross-talk effects can be minimized.2 Theo-
retically, this is possible by measuring the resistances (e.g.

2When using other four-electrode configurations requiring miniatur-
ized cells like the SECM, conducting probe AFM or electrochemical
STM, such an effort may still be in vain.

by two-point impedance measurements) between the disk
and the ring

(
Rdisk to ring

)
, between the disk and the aux-

iliary electrode (Rdisk to aux) and between the ring and the
auxiliary electrode

(
Rring to aux

)
. Using these resistances, it

is possible to construct an equivalent circuit of the cell
[20], depicted in Fig. 6, where the given resistances can be
calculated as

R1 = 1

2

(
Rdisk to aux + Rdisk to ring − Rring to aux

)
, (18.a)

R2 = 1

2

(−Rdisk to aux +Rdisk to ring +Rring to aux
)
, (18.b)

R3 = 1

2

(
Rdisk to aux − Rdisk to ring + Rring to aux

)
. (18.c)

Cross-talk effects in the system shown in Fig. 6 can be elim-
inated by placing the Luggin probe to the position marked
with L; that is, to the junction of the three resistors. With
respect to this approach, some remarks are however due. (i.)
Strictly speaking, the resistances in Eqs. 18.a–18.c include
not only solution resistances but also the interfacial resis-
tances of the electrodes. As the latter may change in the
course of the experiment (e.g. as a function of the electrode
potentials applied), the optimum Luggin position may also
shift within the cell. (ii.) Using the optimum Luggin probe
position, although cross-talk effects may be eliminated, a
‘normal IR-drop’ [23] still affects both working electrodes(
δIR, disk = IdiskR1 and δIR, ring = IringR2

)
.

Correction of curves measured in the presence
of cross-talk

If cross-talk effects in an RRDE system cannot be elimi-
nated experimentally, it may still be expedient to look for
methods of correcting the measured data.

Consider as an example, a collection experiment
when both the disk and the ring electrodes are under

Fig. 6 Simplified equivalent circuit of the RRDE system. L shows an
optimum (cross-talk free) position for the Luggin capillary
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potentiodynamic control. While the disk is slowly scanned
from positive to negative values, we record CVs at a high
scan rate on the ring electrode. This method, as shown in
[6, 22], can yield a useful three-dimensional map show-
ing at which disk potentials some electroactive products
are formed, and at which ring potentials they can be
detected. The 3D map is created by subtracting from the
measured ring currents a ‘reference ring voltammogram’
(recorded at an appropriate Edisk value where no collection
is assumed to occur), and then plotting the thus obtained
ΔIring values as a bivariate function of the disk and ring
potentials.

By the means of simulations, we created such a 3D map
for the simple redox system studied in this paper. For a
cross-talk-free case, results are shown in Fig. 7: the 3D map
shows that the collection of excess amounts of redox-active
species shifts the ring current over the whole Ering range
studied. This shift, as shown by Fig. 7, has a sign opposite
than that of the disk current.

As opposed to the IR-drop-free case the three-
dimensional map recorded in a system of finite resistance
(with the reference point for voltage measurements posi-
tioned close to the disk) shows a significant cross-talk-
related artefact (Fig. 8a). This artefact may however be
eliminated by applying a point-wise correction to each Ering

values of the dataset in the form of

Ering, corr = Ering − δIR, ring. (19)

As the reference point for voltage measurement was in this
case positioned close to the disk,

δIR, ring = R2Iring − R1Idisk, (20)

using the notations of Fig. 6. That is, by determining the
values of Rdisk to ring, Rdisk to aux and Rring to aux in an RRDE
systems, curves measured in a heavily cross-talk-affected
case can be corrected post-experimentally.

Fig. 7 A disk voltammogram
(a) and a 3D map (b) [6, 22]
simulated for the simple redox
system under study. At a rotation
rate of 500 min−1, the disk was
slowly scanned (sweep rate:
1 mV s−1) from very positive
(325 mV) to very negative
(−325 mV) values, and thus the
voltammogram shown in a was
obtained. Simultaneously, the
ring potential was scanned
between the same vertices at a
high sweep rate (100 mV s−1).
Changes of the ring currents
(measured during positively
going ring sweeps) were plotted
as a function of the disk and ring
potentials, and thus the surface
shown in b was obtained. A ring
sweep taken at Edisk = 0 V
was used as a reference for
calculating the plotted current
differences

(a)

(b)
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Fig. 8 A 3D map simulated for
a system of finite resistance
when the reference point for
voltage measurement placed
close to the disk (a) shows an
intense cross-talk-related
artefact. By using the method
described in the text, this
artefact may be corrected for,
and the thus obtained surface (b)
is similar to the one measured
for an IR-drop-free case (cf. to
Fig. 7b)

(a)

(b)

Conclusion

We presented a digital simulation model that can not only
describe the electrochemical generation and collection of
redox-active species in four-electrode configurations, but—
by solving the Kirchhoff equations over the simulation
mesh—it can also account for the electrical cross-talk of the
two working electrodes. By simulating a simple collection
experiment with a rotating ring–disk electrode, the model
predictions were explained and experimentally verified.

In accordance with previous studies [19–23], we found
that electrical cross-talk in four-electrode systems may arise
due to the shared current routes of the working electrodes
and that the intensity of the cross-talk depends heavily on
the position of the reference electrode. While in Refs. [19–
22], cross-talk was explained and treated on the basis of

a simplified analogy to star-shaped equivalent circuits, and
thus, these works could model only the electrical (but not the
chemical) interactions between the two working electrodes,
the model described in this paper can account for both types
of interactions. A novelty of the presented approach (over
[23], for example) is that it does not necessitate the appli-
cation of galvanostatic control on both working electrodes.
It should be emphasized that cross-talk may have a larger
disturbing effect on the current vs. potential characteristics
of the two working electrodes in case transient techniques
are applied, and thus, stronger currents are passing the
electrodes under study.

The electrochemical system targeted here was the rotat-
ing ring–disk electrode (RRDE); the paper described several
strategies to reveal/eliminate/correct for the effects of cross-
talk. In an RRDE system, suitable Luggin probe positions
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(that are out of any high current routes) can often be found
in order to reduce cross-talk effects to an almost negligi-
ble intensity. This, however, may not the case when we use
four-electrode arrangements in very small cells, where the
position of the reference electrode is not so freely chosen.
Thus, the results of SECM experiments (and in some cases,
also measurements made in STM or conducting-probe AFM
configurations) may also get affected by electrical cross-
talk, in a manner similar to what was presented here for
RRDEs.
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