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Most of the past theoretical works with the rotating ring disk electrode (RRDE) system have been restricted to situations
where supporting electrolyte concentration is large enough so that the effects of migration of ionic species in the solution
becomes negligible. In this work, effects of ionic migration have been investigated for a RRDE system by solving the
differential equations describing mass transfer in presence of ionic migration using numerical technique. Two cases were
considered for simulation, presence and absence of migration of ionic species. Results indicate that in presence of
migration, collection efficiency of a RRDE system increases for all electrode geometries and concentration boundary layer
thickness reduces. Results also indicate that collection efficiency is dependent on electrode geometries. The system chosen
for simulation is copper sulfate solution of 0.1 (M) concentration with little supporting electrolyte. It is also noticed that
migration effect remains important for supporting electrolyte concentration as high as 0.1 (M). Limiting current condition
was assumed. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1390–1399, 2013
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Introduction

The rotating ring disk electrode (RRDE) system is one of
the most convenient arrangements of two working electrodes
in a common cell. The concentric, rotating electrode structure
is relatively easy to fabricate and is available commercially.
The device has drawn attention and experimental applications.
It has become a popular tool for the study of electrochemical
reactions mainly because the hydrodynamics of the system are
very well established and the transport equations can be solved
very accurately. The RRDE has a unique feature that it can
detect solution phase intermediates generated in situ in elec-
trochemical reactions. Bruckenstein and Miller (1970)1 have
performed experiments with ring disks to assess the nonuni-
form current distribution on a disk electrode utilizing the sec-
tioned electrode approach. Miksis and Newman (1976)2

reported that the system of RRDE has three independent resist-
ance values describing the primary potential difference
between any two electrodes when current is passed between
any two electrodes. Hessami and Tobias (1993)3 reported ex-
perimental and theoretical analysis for in situ measurement of
interfacial pH using a RRDE. Adanuvor et al. (1987)4 modeled
the rotating disk electrode (RDE) for studying kinetics of elec-
trochemical reactions. Yen and Chapman (1987)5 worked on
migration effects with chemical reactions in electrochemical
systems using RDE. They used orthogonal collocation tech-

nique to solve the transport-kinetic equations for determining

the current distribution. Parikh and Liddell (1987)6 also used

orthogonal collocation technique to solve transport-kinetic

equations for a RRDE system where excess of supporting elec-

trolyte was considered so that effects of migration of ionic

species in solution can be neglected.
The ring disk geometry contains two working electrodes

(Figures 1 and 2) and a counter electrode can be utilized

which would be considered infinitely far from the working

electrodes. The working electrodes interact through potential

distribution, current can flow between any of the three elec-

trodes in the cell, but common experimental objectives usu-

ally attempt to limit the possibilities. The ring and the disk

can be operated potentiostatically with the current from each

electrode being collected by the counter electrode. The disk

can be used to produce a species, not in the bulk solution,

which can then be collected by the ring electrode, usually

one electrode being driven cathodically and the other, anodi-

cally. Thus, the RRDE can be used to detect unstable solu-

tion phase intermediates generated in situ in electrochemical

reactions.
Most of the past theoretical work with the RRDE has

been restricted to situations where supporting electrolyte
concentration is large enough so that the effect of migration
of ionic species in the solution becomes negligible. The
transport of species occurs by three transport mechanisms,
namely, diffusion, convection, and migration. In presence of
an excess of supporting electrolyte, the solution conductivity
becomes appreciably high so that ohmic potential drop
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becomes negligible. As result, the contribution of ionic
migration to total transport becomes insignificant.

However, there are many situations, where the supporting
electrolyte can not be used or its concentration is very low. In
those cases neglect of migration will certainly incorporate large
inaccuracy into the solution of transport equations. The situa-
tions where migration effect is of importance are anodic dissolu-
tion processes, metal deposition from binary salt solutions,
metal deposition from a solution partially supported by acid etc.

Mathematical Modeling

Theory

There are three independent factors on which the current
at an electrode depends. These are (a) transport of electro
active species to and from electrode; (b) electron transfer at
the electrode surface; and (c) kinetics of homogeneous reac-
tions in the bulk electrolyte.

The transport of electro active species to the electrode sur-
face occurs by three transport mechanisms namely ‘‘Diffu-
sion’’ under a concentration gradient, which occurs within
the concentration boundary layer, convection either natural
or forced, owing to velocity of fluid and ‘‘Migration’’ due to
presence of electric field.

If the electrode is operated under limiting current condi-
tion, then the concentration of the electro-active species,
which is being transported to the electrode surface, becomes
zero at the electrode surface and the current obtained at the
electrode is the limiting current.

As pointed out earlier, the hydrodynamics of RRDE is
very well-defined. The solution of equations of motion given
by Cochran7 (1934) for a disk rotating in solution (RDE)
can be given for the radial and normal velocities as

mr ¼ Krx (1)

mx ¼ �Kx2 (2)

Where constant K is given by

K ¼ 0:510232 w3=2m�1=2 (3)

The axial and radial velocities vx and vr, respectively are
the same for RDE and RRDE.

It should be mentioned here that Eqs. 1 and 2 are valid
for the case of infinite Schmidt number (Sc). Physically, this
implies that the concentration boundary layer is much thin-
ner than the hydrodynamic one. This is the case for most
electrochemical systems of interest.

Assumptions

Following assumptions have been made while developing
the mathematical model of the RRDE system:

1. The electrolyte is an ideal solution and, therefore, con-
centrations can be used in place of activities.

2. The disk surface is uniformly accessible.
3. Steady-state condition exists.
4. Isothermal condition exists.
5. The electrolyte is Newtonian and the physical and

transport properties are constant.
6. Diffusivities of all reactants are constant.
7. Limiting current condition exists.
8. No homogeneous chemical reactions in bulk electrolyte.

Development of mathematical model

Fundamental Equations. The flux of a solute species is
due to migration in an electric field, diffusion in a concentra-
tion gradient and convection with fluid velocity. The govern-
ing equation is:

Ni ¼ �ZiUiFCirU� DirCi þ mCi (4)

A material balance for a small volume element leads to
differential conservation law:

@Ci=@t ¼ �r:Ni þ Ri (5)

As the reactions are restricted to the surface of electrodes
in RRDE system, the bulk reaction term Ri is zero in this
system. To a very good approximation, the solution is elec-
trically neutral except in the diffuse part of the double layer
very close to an interface, thus

RiZiCi ¼ 0 (6)

and

@Ci=@t ¼ �r:Ni (7)

The current density in an electrolytic solution is due to
the motion of charged species. The current density can be
expressed as

I ¼ FRiZiNi (8)

These laws provide the basis for the analysis of electro-

chemical systems. The flux relation, Eq. 4 defines transport

coefficients namely, the mobility Ui and the diffusion coeffi-

cient Di of an ion in a dilute solution. The dilute solution

theory is assumed.

Figure 1. Schematic diagram of a RRDE.

Figure 2. RRDE showing electrode geometries.
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The RRDE system involves flow of the electrolytic solu-
tion. For an incompressible fluid of constant viscosity, the
fluid velocity can be determined from the Navier-Stokes
equation

qð@m=@tþ m:rmÞ ¼ �rPþ lr2vþ qg (9)

and the continuity equation

r:m ¼ 0 (10)

Using the above fundamental equations for transport in
dilute solutions, the general equation for the transport of spe-
cies to the electrode surface for a RRDE system is devel-
oped which can be given in cylindrical co-ordinates as

@c=@t¼ D½ð@2c=@x2Þ þ ð@2c=@r2Þ þ 1=rð@c=@rÞ� � mxð@c=@xÞ
�mrð@c=@rÞ þ ZUF½cð@2U=@x2Þ þ ð@U=@xÞð@c=@xÞ�; ð11Þ

where migration of the electroactive species has been taken
into account. For the RRDE, however, radial diffusion is
negligible compared to convective transport in the radial
direction. Migration in radial direction can also be neglected.
The diffusion coefficient (D) of species transporting is
assumed to be constant through the diffusion layer and also
mobility (U) is assumed constant in solution. Eq. 11 is now
simplified to

@c=@t ¼ Dð@2c=@x2Þ � mxð@c=@xÞ � mrð@c=@rÞ
þZUF½cð@2U=@x2Þ þ ð@U=@xÞð@c=@xÞ� ð12Þ

At steady-state condition qc/qt ¼ 0, hence, Eq. 12 reduces
to

Dð@2c=@x2Þ � mxð@c=@xÞ � mrð@c=@rÞ
þZUF½cð@2U=@x2Þ þ ð@U=@xÞð@c=@xÞ� ¼ 0 ð13Þ

Governing Equations for Disk, Gap, and Ring Regions in
Nondimensional Forms. With the help of aforementioned
equations in hand, nondimensional governing equations have
been developed for computer simulation of a RRDE system
pertaining to a physical situation where an electron is trans-
ferred at the disk and the ring. This is done to ascertain
effect of ionic migration on concentration variations of ionic
species in normal and radial directions and the collection
efficiencies of RRDE systems at various electrode geome-
tries (b1, b2).

The system chosen for simulation is a binary salt solution
of copper sulfate (CuSO4) of 0.1 (M) concentration with
very little supporting electrolyte which is sulfuric acid
(H2SO4). Supporting electrolyte Hþ ion concentration in so-
lution is considered as 0.02 (M). Supporting electrolyte Hþ

ion concentration less than 0.02 (M) does not alter the
results appreciably and hence not reported. It may be worth
reporting here that setting the supporting electrolyte Hþ ion
concentration equal to 0.0 (M) leads to divergence while
solving the coupled ordinary and partial differential equa-
tions (ODEs and PDEs) for the disk, gap, and ring regions.
This is purely due to problems associated with the numeric
values while solving the coupled ODEs and PDEs numeri-
cally having the Hþ ion concentration exactly set equal to
0.0 (M). However, this problem of convergence has been cir-

cumvented by using very small non-zero values of support-
ing electrolyte Hþ ion concentration and it has been found
that Hþ ion concentration value lower than 0.02 (M) does
not alter the results appreciably and hence, the minimum
supporting electrolyte concentration of 0.02 (M) has been
reported. Eventually, if dimensionless potential profiles (Fig-
ure 3) are made, say for Hþ ion concentration values lower
than 0.02 (M), all the curves more or less get superimposed
on each other. Thus a single potential profile (Figure 3) cor-
responding to Supporting electrolyte Hþ ion concentration
equal to 0.02 (M)(which represents presence of migration
case) has been reported.

The physical situation considered for simulation is enum-
erated below

Cuþ2ðAÞ þ e ! Cuþ1ðBÞ at the disk

Cuþ1ðBÞ ! Cuþ2ðAÞ þ e at the ring

SO�2
4 ðCÞ is the conjugate ion

Nondimensional Parameters The nondimensional varia-
bles with which the analysis has been made are defined
below:

C�
A ¼ ðCAb � CAÞ=CAb;C

�
B ¼ ðCAb � CBÞ=CAb;C

�
C

¼ ðCcb � CcÞ=Ccb

X ¼ ðK=DAÞ1=3x;R1 ¼ ðr � r1Þ=ðr2 � r1Þ;R2

¼ ðr � r2Þ=ðr3 � r2Þ

U� ¼ ðnF=RTÞU;b1 ¼ r2=r1; b2 ¼ r3=r2

where r
1
,r

2
, and r

3
define the geometry of the RRDE (Figure 2).

Nondimensional Equations for the Disk Region. The disk
surface is generally assumed to be uniformly accessible
because for a rotating disk, the hydrodynamics is such that
the normal component of the velocity (Eq. 2) depends only
on x, the normal distance from the disk. Consequently, con-
centration and potential also depends only on x in the diffu-
sion layer, the limiting current density is uniform over the
surface of the disk. Thus, the assumption of uniform current
distribution enables us to drop the gradient in the radial
direction for the disk region.

Thus the equation for transport of A to the disk surface in
nondimensional form using dimensionless variables defined
above is as given below

d2C�
A=dX

2 þ X2ðdC�
A=dXÞ � ðZAUART=nDAÞ

½ð1 � C�
AÞðd2U�=dX2Þ � ðdC�

A=dXÞðdU�=dXÞ� ¼ 0 ð14Þ

Figure 3. Dimensionless potential profiles at the disk.
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and similarly for the conjugate ion (C), the equation of
transport is

d2C�
C=dX

2 þ X2ðdC�
C=dXÞ � ðZcUcRT=nDcÞ

½ð1 � C�
CÞðd2U�=dX2Þ � ðdC�

C=dXÞðdU�=dXÞ� ¼ 0 ð15Þ

The electro neutrality condition is given by

ZACAbð1 � C�
AÞ þ ZcCcbð1 � C�

CÞ ¼ 0 (15a)

With the boundary conditions:

X ¼ 0;C�
A ¼ 1;U� ¼ ðnF=RTÞUo; dC

�
C=dX ¼ 0

X ¼ 1;C�
A ¼ 0;C�

C ¼ 0;U� ¼ ðnF=RTÞUre

X ¼ 1 corresponds to x ¼ xmax ¼ (K/DA)
�1/3. xmax being

the normal distance from the disk surface where concentra-
tion of A reaches the bulk concentration.

It should be noted here that the electrode reaction,

Cuþ2(A) þ e ! Cuþ1 (B) occurs at the disk and the unsta-

ble solution phase intermediate species, Cuþ1(B) is generated

in situ at the disk and is eventually collected by the ring

electrode where the electrode reaction Cuþ1(B) ! Cuþ2 (A)

þ e takes place. The ring electrode collects part of the total

material generated at the disk (Cuþ1(B)) and the rest is lost

into bulk electrolyte.
Nondimensional Equations for the Gap Region. The

component B produced at the disk surface is transported
across the insulating gap to the ring electrode by convection,
diffusion, and migration. The equation for the transport of B
across the gap may be given in nondimensional form as

ð@2C�
B=@X

2Þ � X½R1 þ 1=ðb1 � 1Þ�ð@C�
B=@R1Þ þ X2ð@C�

B=@XÞ
� ðZBUBRT=nDBÞ½ð1 � C�

BÞðd2U�=dX2Þ
�ðdU�=dXÞð@C�

B=@XÞ� ¼ 0 ð16Þ

Where b
1
¼ r

2
/r

1
(gap thickness)

The equation for transport of C which is the conjugate ion
is given by:

ð@2C�
C=@X

2Þ � X½R1 þ 1=ðb1 � 1Þ�ð@C�
C=@R1Þ þ X2ð@C�

C=@XÞ
� ðZcUcRT=nDcÞ½ð1 � C�

CÞðd2U�=dX2Þ
�ðdU�=dXÞð@C�

C=@XÞ� ¼ 0 ð17Þ

The electroneutrality condition is given by

ZACAbC
�
B þ ZcCcbð1 � C�

CÞ ¼ 0 (18)

Now if the diffusivities of A and B are equal and a simple
electron transfer occurs at the disk and at the ring then it
can be shown by a material balance that

C�
B ¼ 1 � C�

A (19)

In this case, the boundary condition may be written as

X ¼ 0; @C�
B=@X ¼ 0;U� ¼ 0; @C�

C=@X ¼ 0

X ¼ 1;C�
B ¼ 1;C�

C ¼ 0;U� ¼ ðnF=RTÞUre

R1 ¼ 0;C�
B ¼ 1 � C�

A;C
�
C ¼ C�

A

The boundary condition at X ¼ 0 merely indicates that
there can be no flux of material at the surface in the insulating
gap and also no applied potential. The boundary condition at
R1 ¼ 0, indicates that the concentration at the outer edge of
the disk is equal to the concentration at the inner edge of the
gap, thus maintaining continuity between two regions.

Nondimensional Equations for the Ring Region. The
equation for mass transport in the ring region in nondimen-
sional form may be expressed as

ð@2C�
B=@X2Þ � X½R2 þ 1=ðb2 � 1Þ�ð@C�

B=@R2Þ þ X2ð@C�
B=@XÞ

� ðZBUBRT=nDBÞ½ð1 � C�
BÞðd2U�=dX2Þ

�ðdU�=dXÞð@C�
B=@XÞ� ¼ 0 ð20Þ

Where b2¼ r3/r2 (ring thickness)
The equation for transport of C which is the conjugate ion

is given by

ð@2C�
C=@X

2Þ � X½R2 þ 1=ðb2 � 1Þ�ð@C�
C=@R2Þ þ X2ð@C�

C=@XÞ
� ðZcUcRT=nDcÞ½ð1 � C�

CÞðd2U�=dX2Þ
�ðdU�=dXÞð@C�

C=@XÞ� ¼ 0 ð21Þ

And the electroneutrality relation is given as

ZACAbC
�
B þ ZcCcbð1 � C�

CÞ ¼ 0 (22)

The boundary conditions may be written as

X ¼ 0;C�
B ¼ 1;U� ¼ ðnF=RTÞUo; @C

�
C=@X ¼ 0

X ¼ 1;C�
B ¼ 1;C�

C ¼ 0;U� ¼ ðnF=RTÞUre

R2 ¼ 0;C�
B ¼ C�

BðgapÞ;C�
C ¼ C�

CðgapÞ

As mentioned earlier, the boundary condition at R2 ¼ 0
signifies that the concentration at the outer edge of the gap
is equal to that at the inner edge of the ring.

Estimation of Collection Efficiency. Collection efficiency,
N is the ratio of amount of material detected at the ring to
the amount produced at the disk. As the concentration and
current are directly related, this parameter gives the relation-
ship between the ring current and the disk current, as

N ¼ �IR=ID (23)

The current at the disk ID is calculated as

ID ¼ �nFAsDA½dCA=dx�x¼0 (24)

This is directly proportional to the concentration gradient
in normal direction at the disk surface. The ring current is
directly proportional to the gradient of concentration of com-
ponent B in the normal direction. The concentration of B is
nonuniform across the ring surface unlike that for the disk.
The gradient, thus, has to be integrated over the ring surface
to obtain the ring current, this is expressed as

IR ¼ 2nFDBP
Z r3

r2

½@CB=@x�x¼0 rdr (25)
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Substituting for ID and IR from Eqs. 24 and 25 and assum-
ing DA ¼ DB (for all practical purposes) into Eq. 23 we
have

N ¼ 2=½dCA=dx�x¼0r
2
1

Z r3

r2

½@CB=@x�x¼0 rdr (26)

Introducing nondimensional parameters defined earlier, we
have

N ¼ 2=½dC�
A=dx�x¼0r

2
1Z 1

0

½@C�
B=@x�x¼0½ðr3 � r2ÞR2 þ r2�ðr3 � r2ÞdR2 ð27Þ

Or

N ¼ 2=½dC�
A=dx�x¼0Z 1

0

½ððb1b2Þ2 þ b2
1 � 2b2

1b2ÞR2 þ b2
1b2 � b2

1�dR2 ð28Þ

Results and Discussion

The dimensionless equations for the disk, gap, and ring

regions were solved on a high-speed computer using explicit

finite difference numerical technique. Due to stability con-

straint of explicit finite difference numerical technique, the

optimum step sizes chosen in normal (x) and radial (r) direc-

tions are 0.046 and 0.005, respectively. The step sizes in

normal (x) and radial (r) directions have been optimized

based on the general convergence criteria DDt/(Dx)2 � 0.5

for a parabolic partial differential equation of the form

@c=@t ¼ Dð@2c=@x2Þ: (29)

In this work, term like DDR/(DX)2 has been used for opti-
mizing the step sizes in normal (x) and radial (r) directions.

Two cases were compared, namely ‘‘in presence of migra-
tion’’ and ‘‘in absence of migration’’ to ascertain the effect
of ionic migration on concentration variations of ionic spe-
cies in normal and radial directions and collection efficien-
cies at varying electrode geometries.

The physical situation, as described earlier, has been cho-
sen where an electron is transferred at the disk and the ring

Cuþ2ðAÞ þ e ! Cuþ1 ðBÞat the disk

Cuþ1ðBÞ ! Cuþ2ðAÞ þ e at the ring

SO�2
4 ðCÞ is the conjugate ion

The system considered is a binary salt solution of copper
sulfate (CuSO4) of 0.1 (M) concentration with very little
supporting electrolytes (Hþ ion concentration ¼ 0.02 (M))
for presence of migration case. Conversely, for the case of
absence of migration, copper sulfate (CuSO4) of 0.1 (M)
concentration along with Sulfuric acid (H2SO4) concentration
of 10 (M) (Hþ ion concentration ¼ 20 (M)) was considered
as supporting electrolyte. Supporting electrolyte concentra-
tion of more than 10 (M) was not considered as potential
variation loses its practical significance beyond this concen-
tration (Figure 3). Moreover, supporting electrolyte Hþ ion
concentration less than 0.02 (M) does not alter the results

appreciably and hence not reported. Ring and disk has been
assumed to operate potentiostatically. Fixed disk radius con-
sidered is 0.4 cm and speed of rotation considered is 900
rpm. System temperature is considered as 25�C. Limiting
current condition has been assumed.

Discussion on importance of migration with respect to
supporting electrolyte concentration

In Figure 3, dimensionless potential (U*) has been plotted
against dimensionless normal distance (X) for three cases
namely, supporting electrolyte Hþ concentration of 0.02 (M),
supporting electrolyte Hþ concentration of 0.1 (M), and sup-
porting electrolyte Hþ concentration of 20 (M).

As can be seen from the curves that when there is no
or very little supporting electrolyte in the solution (Hþ

concentration of 0.02 (M)), the dimensionless potential
gradient is very high in the solution which indicates that
migration mode of transport is of considerable impor-
tance.

Alternatively, in case of supporting electrolyte concentra-
tion is moderately high (Hþ concentration of 0.1 (M)), the
dimensionless gradient of potential falls to a large extent due
to enhancement of solution conductivity and it is observed
that beyond this supporting electrolyte concentration, dimen-
sionless potential variation loses its practical significance
and hence not considered. Eventually, the plot of U* versus
X for supporting electrolyte Hþ concentration of 20 (M)
results into a horizontal line.

Discussion on effects of migration for Disk of RRDE

In Figure 4 dimensionless concentration of reactant A
(C�

A) is plotted against the dimensionless normal distance
from the disk surface (X) for two cases; (1) in presence of
migration of ions, and (2) in absence of migration of ions.
The plot of the second case is well known Levich8 (1962)
solution. Levich had analyzed the mass transfer to a RDE11

where convective-diffusion was considered as transport
mechanism for ionic species (i.e., situation same as ‘‘absence
of migration’’ case). The governing equation for convective-
diffusion was given as

mxðdCi=dxÞ ¼ Diðd2Ci=dx
2Þ (30)

with boundary conditions as (i) Ci ¼ 0 at x ¼ 0 ( i.e., at the
disk surface) at the limiting current condition and (ii) Ci ¼ Cib

at x ¼ 1 (i.e., at the bulk electrolyte).
The solution to the above equation (Eq. 30) was given for

limiting current condition, as

Figure 4. Dimensionless concentration profiles at the
disk.
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Ci=Cib ¼
Z x

0

exp

�Z x

0

ðmx=DiÞdxÞdx
� ��

�Z 1

0

exp

�Z x

0

ðmx=DiÞdx
�
dx

�
ð31Þ

The plot of the second case, (i.e., ‘‘absence of migration’’)
is analogous to Levich solution in nondimensional form
where migration terms have been neglected with boundary
conditions ‘‘as described under section entitled Nondimen-
sional equations for the disk region’’ neglecting the bound-
ary conditions pertaining to U*.

From the curves, it can be seen that in the case where
migration of ions is present, the concentration boundary
layer thickness has reduced. The reduction is about 30% of
the thickness of the concentration boundary layer, existing
when migration of ions is absent. This is due to the fact that
in presence of migration, the molar flux of ionic species
towards the disk electrode is higher than compared with the
flux present while migration is absent. The result is that the
variation of concentration is limited to shorter distance from
the disk surface, thereby decreasing the thickness of the con-
centration boundary layer. Due to enhancement of molar flux
of ionic species towards the disk, the limiting current at the
disk increases. Eventually, the limiting current at the disk
will get reduced if supporting electrolyte is added to the sys-
tem. The reason being the supporting electrolyte will
increase solution conductivity and hence, the migration
mode of transport will become insignificant. This will result
in smaller molar flux of ionic species towards the disk.

As can be seen, the curve for the case where migration
mode of transport is absent lies above the curve for the case
when migration is present. This is because of the fact that
since concentration boundary layer thickness decreases in
presence of migration, concentration of reactant A (Cuþ2) is
higher at any normal position in the boundary layer com-
pared to the concentration at the same position when migra-
tion is absent.

Discussion on effects of migration for gap of RRDE

Concentration Variation in Normal Direction. In Figure
5, dimensionless concentration of B (C�

B) is plotted against
the dimensionless normal distance from the disk surface (X)
for both the cases namely presence and absence of migra-
tion. The profiles are for the dimensionless radial distance
R1 ¼ 0, that is, at the inner edge of the gap or at the outer
edge of the disk. The shapes of the curves in Figure 5 are

similar to that in Figure 4 except that instead of dimension-
less concentration of A, (C�

A), dimensionless concentration of
B, (C�

B) is plotted which is obtained from the simple material
balance, C�

B ¼ 1�C�
A. Thus at X ¼ 0, C�

A ¼ 1.0 and hence,
C�

B ¼ 0, whereas at X ¼ 1, C�
B ¼ 1 and hence, C�

A ¼ 0.
Moreover, as the boundary condition at the gap surface is

such that the flux of material B at the surface of the gap is
zero, that is, qC�

B/qX ¼ 0 at X ¼ 0, which also implies that
C�

B ¼ 0 at the surface of the gap, the curve start from (0, 0).
The plot satisfies the boundary condition, C�

B ¼ 1�C�
A at R1

¼ 0, that is, at the inner edge of the gap or at the outer edge
of the disk, thus maintaining continuity between two regions.

As can be seen, the curve for the case where migration is
present lies above the curve where migration is absent. This
is due to the fact that in presence of migration, the flux of
material B toward the bulk becomes high due to the addi-
tional transport by migration compared to that in case of ab-
sence of migration and hence, the concentration gradient of
B in normal direction becomes higher at all normal positions
compared to that in absence of migration.

Figure 6 shows variation of C�
B with X at R1¼1.0, that is,

at the outer edge of the gap or at the inner edge of the ring,
for both the cases, in presence and in absence of migration.
As can be seen from the curves, the dimensionless concen-
trations are very high both the cases, which implies that the
concentration of product B is relatively small at the outer
edge of the gap. This is due to loss of material B into the
bulk during its transport in radial direction.

The reason for the fact that the curve in case of presence
of migration lies above the curve in case of absence of
migration is as given below:

In presence of migration, the concentration gradient of
component B in normal direction is higher due to presence
of an additional mode of transport of ionic species towards
the bulk and as a result of which the molar flux of species B
is higher towards the bulk leading to lesser concentration
throughout the concentration boundary layer.

Concentration Variation in Radial Direction. Figure 7
shows dimensionless concentration variation in radial direc-
tion at dimensionless normal distance X ¼ 0.01, that is, close
to the surface of the gap of RRDE for both the cases,
namely in presence and in absence of migration.

It is seen that the concentration of component B is smaller
at all radial positions in presence of migration than that in
absence of migration. The reason for the above fact is that
in case of presence of migration, normal flux of component

Figure 5. Dimensionless concentration variation in nor-
mal direction at the gap.

Dimensionless radial distance, R1¼ 0 (inner edge of the

gap) dimensionless gap and ring thicknesses ¼ 1.02.

Figure 6. Dimensionless concentration variation in nor-
mal direction at the gap.

Dimensionless radial distance, R1 ¼ 1(outer edge of the

gap) dimensionless gap and ring thicknesses ¼ 1.02.
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B is higher due to higher normal concentration gradient and
as a result of which the concentration of B falls all along the
radial direction.

It may also be pointed out here that the curve representing
absence of migration case has somewhat higher slope at the
beginning than that for the curve where migration is present.
This is due to the fact that in presence of migration, concen-
tration gradient falls in the radial direction and as a result,
the slope for the case where migration is absent is slightly
higher than that for the case where migration is present.

Figures 8–10 provide the dimensionless concentration var-
iation in radial direction at dimensionless normal distances X
¼ 0.2, 0.4, and 0.8, respectively for both the cases, in pres-
ence and in absence of migration of ionic species.

As can be seen from Figure 8, both the profiles are almost
flat straight lines. Strictly speaking, they should show a
small positive slope in the radial direction. The reason for
the fact that the curves are almost flat instead of having pos-
itive slope comes from the fact that in normal direction, the
concentration of B falls very rapidly and hence, in the simu-
lation, it has been found that values of concentration of B
changes after fourth decimal place and therefore, for all
practical purposes, the variation can be neglected. Thus we
observe these flat profiles.

The results in Figure 9 and 10 are similar to those in Fig-
ure 8 except that the concentration of B decreases with
increase in X for both the cases, namely presence and ab-
sence of migration which is as would be expected.

Discussion on effects of migration for Ring of RRDE

Concentration Variation in Normal Direction. In Figure
11, dimensionless concentration variations are shown in nor-
mal direction at the dimensionless radial distance R2 ¼
0.01(inner edge of the ring) for both the cases, in presence
and in absence of migration. The profiles show minima at a
dimensionless normal distance of 0.1. This implies that the
concentration of B goes through maxima in the normal
direction for both the cases. The reason for this comes from
the fact that at the surface of the ring, B gets converted to A
by the electrode reaction: B ! A þ ne and hence, at the
surface, the concentration of B falls to zero. The concentra-
tion of B is also zero at the bulk. Hence, in the diffusion
layer, concentration of B passes through maxima for both
the cases.

It can also be seen, the minimum dimensionless concen-
tration of B is lower in case of presence of migration as
compared to that in case of absence of migration. This
implies that maximum concentration of B is higher in pres-
ence of migration than that in absence of migration. The rea-
son for this fact is that in case of presence of migration, the
boundary layer thickness reduces and as a result of which
the concentration of product B increases within the boundary
layer and since concentration of B at the ring electrode sur-
face is zero, the normal gradient is high in case of presence
of migration which leads to higher mass flux towards the
ring. Thus the collection efficiency is expected to increase in
presence of migration.

Figure 8. Dimensionless concentration variation in ra-
dial direction at the gap.

Dimensionless normal distance, X¼ 0.2 dimensionless

gap and ring thicknesses ¼ 1.02.

Figure 9. Dimensionless concentration variation in ra-
dial direction at the gap.

Dimensionless normal distance, X ¼ 0.4 dimensionless

gap and ring thicknesses ¼ 1.02.

Figure 10. Dimensionless concentration variation in ra-
dial direction at the gap.

Dimensionless normal distance, X ¼ 0.8 dimensionless

gap and ring thicknesses ¼ 1.02.

Figure 7. Dimensionless concentration variation in ra-
dial direction at the gap.

Dimensionless normal distance, X ¼ 0.01 (close to the

gap surface) dimensionless gap and ring thicknesses ¼
1.02.
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Concentration Variation in Radial Direction. Figures
12–15 show the dimensionless concentration variation of B
in radial direction (R2) at the dimensionless normal distan-
ces, X ¼ 0.01, X ¼ 0.2, X ¼ 0.4, and X ¼ 0.8, respectively
for both the cases, in presence and in absence of migration.

The figures indicate that concentration of component B is
lower at all radial positions in presence of migration com-
pared to that in absence of migration. This is due to the fact
that as described earlier, the molar flux of material B toward
the ring electrode is higher due to higher normal concentra-
tion gradient compared to that in absence of migration.
Thus, concentration at any normal position in the radial
direction is lower in presence of migration than in absence
of migration.

It is also seen that the concentration levels are decreasing
with increasing X which merely indicates that material B is
also getting transported toward the bulk region. It may also
be pointed out here that the difference in concentration for
the two curves nearly vanishes close to boundary layer. This
is because, close to the boundary layer, the concentration of
B is so low for both the cases that there is hardly any differ-
ence between them.

Discussion on effects of migration on Collection
Efficiency in a RRDE

In Table 1, a comparison between collection efficiencies9

in presence and in absence of migration for different elec-
trode geometries is presented.

As can be seen from Table 1, the collection efficiency is
higher in case of presence of ionic migration than the case
where migration of ions is absent for all electrode geome-
tries.

The above is due to the fact that in presence of migration,
total amount of mass transport to the ring surface is higher
because of one additional mode of transport (migration), and
hence, larger amount of material is collected at the ring, less
is lost to the bulk leading to increase in collection efficiency.

Figure 11. Dimensionless concentration variation in
normal direction at the ring.

Dimensionless radial distance, R2 ¼ 0.01 (inner edge of

the ring) dimensionless gap and ring thicknesses ¼
1.02.

Figure 12. Dimensionless concentration variation in ra-
dial direction at the ring.

Dimensionless normal distance, X ¼ 0.01 dimensionless

gap and ring thicknesses ¼ 1.02.

Figure 13. Dimensionless concentration variation in ra-
dial direction at the ring.

Dimensionless normal distance, X ¼ 0.2 dimensionless

gap and ring thicknesses ¼ 1.02.

Figure 14. Dimensionless concentration variation in ra-
dial direction at the ring.

Dimensionless normal distance, X ¼ 0.4 dimensionless

gap and ring thicknesses ¼ 1.02.

Figure 15. Dimensionless concentration variation in ra-
dial direction at the ring.

Dimensionless normal distance, X ¼ 0.8 dimensionless

gap and ring thicknesses ¼ 1.02.
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Also, as mentioned earlier, in presence of migration, flux
of material B (Cuþ1) is higher at the ring surface than in ab-
sence of migration. This is in accordance with the higher
collection efficiency in presence of migration than in its ab-
sence.

As it is well-known that the collection efficiency is func-
tion of geometrical parameters of a RRDE, such as gap
thickness (b1) and ring thickness (b2), the variation of col-
lection efficiency with these parameters has been investi-
gated for the case where migration is present and also for
the case where it is absent. In Figure 16, collection effi-
ciency, N has been plotted against the ring thickness (b2) for
constant gap thickness (b1) as 1.02. The disk radius is taken
as 0.4 cm. The plots are made for both the cases, in presence
and in absence of migration.

As can be seen from Figure 16, in both the cases, in pres-
ence and in absence of migration, the collection efficiency
rises with increase in ring thickness. This is because as the
ring thickness increases, surface area of electrode reaction
becomes high at the ring and hence, larger amount of mate-
rial is collected by the ring leading to enhancement of col-
lection efficiency.

In case of presence of migration, due to presence of an
additional mode of transport, the rate of increase in collec-
tion efficiency is higher than that for the case where migra-
tion is absent and hence the bold solid curve lies above the
thin solid one.

In Figure 17, collection efficiency, N is plotted against the
gap thickness (b1) for constant ring thickness (b2) as 1.02,
for both the cases, in presence and in absence of migration.

It can be seen from the plots, the collection efficiency falls
with increasing gap thickness (b1) for both the cases. This is

due to the fact that larger the thickness of the gap, more of
the species generated at the disk is carried over to the bulk
solution rather than to the ring surface and therefore, lesser
quantity of material is detected at the ring leading to a
reduction in collection efficiency.

Conclusions

Most of the past research work with the RRDE has been
restricted to situations where migration of ionic species had
been neglected because of presence of excess of supporting
electrolyte in the solution.10 Nevertheless, there are many
situations where excess of supporting electrolyte is not pres-
ent or the supporting electrolyte concentration is appreciably
low. As for example, anodic dissolution process, metal depo-
sition from binary salt solution, metal deposition from a so-
lution partially supported by acid etc., are some of the many
situations where supporting electrolyte concentration is very
little or zero. In those situations, migration plays an impor-
tant role for transport of species from the bulk solution to
the electrode, and, hence, currents at the electrode changes.
Thus, it can be inferred from the above discussion that
neglect of migration in some electrochemical processes will
incorporate appreciable error in the analysis.

Due to the above reasons, efforts have been made to
investigate the effect of migration on certain important elec-
trochemical parameters, such as concentration, current and
collection efficiency using a RRDE system. It has been
found that migration does have profound effect on potential
and concentration distributions, limiting currents and collec-
tion efficiencies at all electrode geometries at disk, gap, and
ring of a RRDE. It has also been determined that in presence
of migration, the concentration boundary layer thickness
reduces leading to higher rate of mass transport toward the
RRDE. Due to reduction in concentration boundary layer
thickness, the normal concentration gradient becomes high
and as a result the collection efficiency increases.

Electrochemical parameters12–20 are frequently determined
by fitting data to theoretical curves similar to those presented
here. This work clearly shows that neglect of migration in the
theoretical analysis in systems involving appreciable migration
can lead to considerable error in estimation of the parameters.

Notation

As ¼ surface area or disk electrode, cm2

A ¼ cupric ion, Cu2þ

B ¼ cuprous ion, Cuþ

C ¼ sulfate ion, SO2�
4

c ¼ concentration, mole/cc

Table 1. Comparison Between Collection Efficiencies in
Presence and in Absence of Migration for Different

Electrode Geometries

RRDE Geometrical
Parameters Collection Efficiency (N)

b1 ¼ r2/r1 b2 ¼ r3/r2

In presence of
migration

In absence
of migration

1.02 1.02 0.201647 0.10279
1.04 1.02 0.1874241 0.09569
1.02 1.005 0.042019 0.04200
1.09 1.02 0.1443830 0.08569
1.10 1.02 0.1403571 0.08431
1.02 1.015 0.1716025 0.08618
1.06 1.02 0.1628195 0.09087
1.02 1.01 0.1356836 0.06690

Figure 16. Collection efficiency variation with ring
thickness for constant gap thickness (gap
thickness 5 1.02; disk radius 5 0.4 cm).

Figure 17. Collection efficiency variation with gap
thickness for constant ring thickness (ring
thickness 5 1.02; disk radius 5 0.4 cm).
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Ci ¼ concentration of species i, mole/cc
CA ¼ concentration of species A, mole/cc
CB ¼ concentration of species B, mole/cc
CC ¼ concentration of species C, mole/cc
C�

A ¼ dimensionless concentration of species A
C�

B ¼ dimensionless concentration of species B
C�

C ¼ dimensionless concentration of species C
CAb ¼ concentration of species A in the bulk, mole/cc
CCb ¼ concentration of species C in the bulk, mole/cc
Cib ¼ concentration of species i in the bulk, mole/cc
D ¼ diffusivity, cm2/sec

DA ¼ diffusivity of species A, cm2/sec
DB ¼ diffusivity of species B, cm2/sec
DC ¼ diffusivity of species C, cm2/sec
Di ¼ diffusivity of species i, cm2/sec
F ¼ Faraday’s constant, 96487 C/equiv
g ¼ acceleration due to gravity
I ¼ current density, amp/cm2

IR ¼ current at the ring, C/sec
ID ¼ current at the disk, C/sec
K ¼ constant (defined in Eq. 3)
n ¼ no. of electrons
N ¼ collection efficiency
Ni ¼ molar flux of species i, mole/cm2 sec
r ¼ radial distance, cm

R1 ¼ dimensionless radial distance at the gap region
R2 ¼ dimensionless radial distance at the ring region
Ri ¼ reaction rate in bulk solution
r1 ¼ radius of disk, cm
r2 ¼ outer radius of the gap, cm
r3 ¼ outer radius of the ring, cm
R ¼ universal gas constant, 8.3144 J/mol K
Sc ¼ Schmidt number
t ¼ time, sec
T ¼ temperature, K
U ¼ ionic mobility, cm2-mole/J sec
Ui ¼ ionic mobility of ith species, cm2 mole/J sec
UA ¼ ionic mobility of species A, cm2 mole/J sec
UB ¼ ionic mobility of species B, cm2 mole/J sec
UC ¼ ionic mobility of species C, cm2 mole/J sec
v ¼ velocity, cm/sec
vx ¼ velocity in x–direction, cm/sec
vr ¼ velocity in r–direction, cm/sec
w ¼ revolutions per sec, sec�1

x ¼ normal distance from electrode surface, cm
X ¼ dimensionless normal distance from electrode surface

xmax ¼ edge of the concentration boundary layer, cm
Zi ¼ charge number on species i
ZA ¼ charge number on species A
ZB ¼ charge number on species B
ZC ¼ charge number on species C
b1 ¼ r2/r1, gap thickness
b2 ¼ r3/r2, ring thickness
U ¼ potential, volt
U* ¼ dimensionless potential
Uo ¼ constant potential applied at the disk, volt
Ure ¼ reference potential, volt
q ¼ density of solution, gm/cc
P ¼ pressure, dyne/cm2

l ¼ viscosity, gm/cm.sec
m ¼ kinematic viscosity, cm2/sec
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