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Simulation of Polarization Curves for Oxygen Reduction
Reaction in 0.5 M H2SO4 at a Rotating Ring Disk Electrode
Qingbo Dong,* Shriram Santhanagopalan, and Ralph E. White**,z

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

A cylindrical two-dimensional model based on the Nernst–Planck equations, the Navier–Stokes equation, and the continuity
equation is used to simulate the oxygen reduction reaction in 0.5 M H2SO4 at a rotating ring disk electrode. Concentration
distributions and a potential profile are obtained as a function of the axial and radial distances from the center of the electrode
surface. Polarization curves are simulated to interpret experimental results by studying various reaction mechanisms, i.e., the
four-electron-transfer reduction of oxygen, the two-electron-transfer reduction of oxygen, a combination of the above two reac-
tions, mechanisms with reduction of peroxide to water, and/or the heterogeneous chemical decomposition of peroxide. Special
attention is devoted to the effect of peroxide.
© 2007 The Electrochemical Society. �DOI: 10.1149/1.2741056� All rights reserved.

Manuscript submitted October 4, 2006; revised manuscript received March 26, 2007. Available electronically June 26, 2007.

Peroxide generated in the cathode of a proton exchange mem-
brane fuel cell �PEMFC� can cause the failure of the membrane.1-3

Peroxide can be generated in the oxygen reduction reaction �ORR�,
which occurs in the cathode of a PEMFC. Because it is difficult to
observe the presence of peroxide in the cathode of the fuel cell
directly, the rotating disk ring electrode �RRDE� is used for studying
the peroxide generation in the ORR in different acidic electrolytes
such as sulfuric, perchloric, hydrochloric, and organic acid
solutions.4-7 The merit of the RRDE technique in this application is
that the amount of peroxide generated on the disk can be quantified
by using the ring current.8

In an acidic environment, species are consumed or generated on
the disk and the ring through four possible reactions which can be
summarized by the following overall equations9

O2 + 4H+ + 4e− � 2H2O U1
� = 1.229 V �1�

O2 + 2H+ + 2e− � H2O2 U2
� = 0.695 V �2�

H2O2 + 2H+ + 2e− � 2H2O U3
� = 1.763 V �3�

H2O2 � 1
2 O2 + H2O �G298

0 = − 103.08 kJ/mol �4�

The Uj
� is the standard electrode potential for the charge transfer

reaction j in volts. Note that all of the potentials mentioned in this
work are with respect to the standard hydrogen electrode. �G298

0 is
the standard Gibb’s free energy change in a chemical process at
298 K in kJ/mol. According to the nature of the active catalyst and
the operating conditions, these reactions take place at various rates.
The direct 4e− reduction of oxygen �Reaction 1� is the primary re-
action in the ORR and it can be used to describe the system satis-
factorily in cases such as when some low-index single-crystal sur-
face platinum �for example, Pt�110�� electrodes are used.10,11 The
2e− reduction �Reaction 2� may also occur solely in an acidic envi-
ronment. When an S-modified platinum electrode is used, the oxy-
gen reduction takes the 2e− pathway and peroxide is the stable final
product in the system, as shown in the work of Mo et al.12 But in
general, the ORR is a combination of Reactions 1 and 2, and the
generated peroxide is consumed by electrochemical reduction,
as shown by Reaction 3 and/or spontaneously decomposed to form
oxygen as shown by Reaction 4. When two or more of the reac-
tions occur simultaneously, various interesting phenomena show up
in the polarization curves obtained experimentally with the
RRDE.5,6,11,13-19 The polarization curves �either for the disk or the
ring� often show a tail at the lower potential side �the absolute value
of the disk current decreases and the value of the ring current in-

creases when the potential is below 0.2 V� and/or a hump in the
potential at 0.4–0.6 V. �The absolute value of the disk current in this
region decreases and then increases back to the original value.� Both
the tail and the hump indicate the presence of peroxide, and this
work attempts to explain these anomalies in terms of the reaction
mechanism.

The hydrodynamic aspects of an RRDE were studied in depth by
previous researchers, and analytical series solutions and one-
dimensional numerical solutions were obtained.8,20-22 In this work,
the hydrodynamics at an RRDE is solved with a cylindrical two-
dimensional model based on the Navier–Stokes equation.20 The
Nernst–Planck equation is used to simulate the mass transport near
the RRDE.21,23,24 All the basic transport terms, including diffusion
and convection, and the migration term are retained in the Nernst–
Planck equation to ensure accuracy. The kinetic equations used for
the boundary conditions on the disk and the ring where the electro-
chemical reactions occur G298

0 are based on the Butler–Volmer
equation.25-27

The simulation was carried out using the commercial software,
COMSOL MultiPhysics �COMSOL MP�. The model equations sub-
ject to the assigned boundary conditions are solved with the finite
element method readily, and polarization curves are simulated for
cases in which Reactions 1-4 occur to various extents. Concentration
distributions of oxygen and peroxide and the potential profile near
the surface of the electrode are presented.

Model Equations

A sketch of the cross section of the RRDE and the simulated
domain adjacent to the electrode surface is shown in Fig. 1. The

* Electrochemical Society Student Member.
** Electrochemical Society Fellow.

z E-mail: white@engr.sc.edu Figure 1. Schematic of an RRDE and the modeling domain.
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variable z is used to represent the axial coordinate for which the
origin is set at the surface of the electrode. The radial coordinate is
represented by r and its origin is set at the axis of the electrode.
According to the work of F. M. White, the velocity changes are
negligible when the dimensionless distance � is greater than 10.20

The dimensionless distance is defined by � = z��/��/��, where �
is the rotating speed of the electrode in rad/s, � is the kinematic
viscosity in mPa s, and � is the density of the electrolyte in g/cm3.
Bard and Faulkner also suggested that a region of 0–7.2� in the axial
direction should be used for material balance.8 Therefore, z
= 0–0.12 cm �z�,v�10�� is selected as the simulation domain. Num-
bers in italics in the schematic shown in Fig. 1 represent the bound-
aries as referenced in the following sections.

Momentum balance (swirl flow model).— The following as-
sumptions are made in this model: the electrolyte is a Newtonian
fluid with constant density and viscosity, the physical properties of
the electrolyte �0.5 M H2SO4 saturated with pure oxygen at 1 atm
and 298 K� can be approximated by those of water, and the system
has axial symmetry and is at steady state. The generalized equations
of motion and continuity in cylindrical coordinates are in the fol-
lowing form21,28

�
� u

� t
− � ·���u + ��u�T� + ��u · � �u + � P = 0 �5�

� · u = 0 �6�

where P is the pressure in Pa, and u is the velocity vector in cm/s.
With the assumption of axial symmetry and steady-state flow, the
derivatives with respect to time �t� and angular coordinate ��� are all
equal to zero. The density and viscosity are assumed to be constants.
Equations 5 and 6 can then be simplified and written in the ex-
panded form as follows8,20,21

�Continuity equation�

1

r

�

� r
�rur� +

�

� z
�uz� = 0 �7�

�r component�

��ur

� ur

� r
−

u�
2

r
+ uz

� ur

� z
� = −

� P

� r
+ �	1

r

�

� r
�r

� ur

� r
� −

ur

r2 +
�2ur

� z2

�8�

�� component�

��ur

� u�

� r
+

uru�

r
+ uz

� u�

� z
� = �	1

r

�

� r
�r

� u�

� r
� −

u�

r2 +
�2u�

� z2 

�9�

�z component�

��ur

� uz

� r
+ uz

� uz

� z
� = −

� P

� z
+ �	1

r

�

� r
�r

� uz

� r
� +

�2uz

� z2

�10�

where ur is the radial component of the velocity in cm/s, u� is the
angular component of the velocity in cm/s, and uz is the axial com-
ponent of the velocity in cm/s. The swirl flow problem is a two-
dimensional problem with only two independent variables r and z,
even though all three velocity components �in ur, u�, and uz� are
modeled as shown in Eq. 7-10. These equations can be simplified
further by introducing dimensionless variables.20 However the origi-
nal variables are retained in this work for two reasons: �i� retaining
the original variables helps us to readily compare the results with
experimentally measured variables, and �ii� making the variables
dimensionless does not significantly improve the computational ef-
ficiency because COMSOL MP automatically scales the variables.

Mass balance (Nernst–Planck equations).— The following as-
sumptions are made for the mass balance: the system is assumed to
be at steady state; there are no homogeneous reactions; the axial
symmetry condition is applicable; and the concentrations and liquid
phase potential do not change at positions far away from the elec-
trochemical reaction sites.

The general form of the Nernst–Planck equation used for the
mass balance is as follows21

� · �− Di � ci − ziciF
Di

RT
� � + ciu� = 0 �11�

where ci is the concentration of species i in mol/cm3 �i = 1, 2, 3, and
4 represent HSO4

−, H2O2, H+, and O2, respectively�, Di is the diffu-
sion coefficient of the species “i” in cm2/s, zi is the charge on spe-
cies “i”, F is Faraday’s constant 96487 C/equiv, and � is the po-
tential in the electrolyte in V. Under conditions of axial symmetry,
Eq. 11 can be expanded as follows

ur

� ci

� r
+ uz

� ci

� z
= Di� �2ci

� z2 +
�2ci

� r2 +
1

r

� ci

� r
� + zi

Di

RT
F	ci� �2�

� z2

+
�2�

� r2 +
1

r

� �

� r
� + � � ci

� r
+

� ci

� z
�� � �

� r
+

� �

� z
�


�12�

Equation 12 can be written for each species corresponding to i = 1,
2, 3, and 4; but there are five variables including four concentrations
�c1�4� and the potential in the liquid phase ��� that need to be
solved. In the calculation procedure, one of the concentrations �c1,
the concentration of HSO4

−� is obtained from the electroneutrality
condition

�
i=1

4

zici = 0 �13�

and c2, c3, c4, and � are solved with the four equations represented
by Eq. 12.

Boundary conditions for velocity and pressure.— Boundary 1 is
at the axis of the cylindrical coordinate, and axial symmetry condi-
tions are applicable

ur = 0, u� = 0, at r = 0, ∀ z �14�
Boundary 7 is far away from the axis of the cylindrical coordi-

nate, and is treated as free surfaces �i.e., the viscous force is zero�

���u + ��u�T� · n = 0 at r = 0.75 cm, ∀ z �15�
or, in the expanded form

− ��2
� ur

� r
� = 0, − ��r

�

� r
�u�

r
�� = 0,

− �� � ur

� z
+

� uz

� r
� = 0, at r = 0.75 cm, ∀ z �16�

Adjacent to the electrode, the no-slip conditions are assumed to
apply, hence the r and z components of the velocity are set equal to
zero, while the � component of the velocity is set equal to the
angular velocity of the electrode. So the velocities at boundaries 2,
4-6 are given by

ur = 0, uz = 0 and u� = �r at z = 0, ∀ r �17�
Only the first-order derivative of the pressure �P� exists in the

governing equations �Eq. 3-6�, which means that only one boundary
condition in the z direction for pressure �P� is necessary.20,21 The
pressure �P� is arbitrarily set to be zero at boundary 3. The deriva-
tive of velocity in z direction is equal to zero since the velocity has
a constant value far from the surface of the electrode �boundary
3�.20,21 Also ur and u� can be set equal to zero at boundary 3 since
there is no viscous effect far from the electrode surface �except an
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axial inflow�.20 Accordingly, the following conditions for boundary
3 are given

ur = 0, u� = 0, P = 0,
� uz

� z
= 0, at z = 0.12 cm, ∀ r �18�

Boundary conditions for concentrations and potential.— Axial
symmetry is used to set the boundary conditions at boundary 1,
which is located at r = 0

� ci

� r
= 0,

� �

� r
= 0 at r = 0, ∀ z �19�

The concentrations at boundary 3, far away from the surface of
the electrode, are the bulk concentrations �ci bulk, in mol/cm3�, and
the potential � is set equal to the potential of the reference electrode
at the operating conditions ��RE, in V�

ci = ci,bulk, � = �RE at z = 0.12 cm, ∀ r �20�
At boundaries 2 and 5 which are adjacent to the disk and the

ring, respectively, the reactions occur, and a jump material balance
gives the following equations25-27

	Di
dci

dz
+ ziciF

Di

RT

d�

dz

 = �

j=1

3
si,jij

njF
+ si,4rs for i = 2,3,4

F�
i=1

4

zi�− Di
dci

dz
− ziciF

Di

RT

d�

dz
� = it at r = 0 � 0.25

or r = 0.325 � 0.375 cm, z = 0

�21�

where sij is the stoichiometric coefficient of species “i” in reaction
“j”, ij is the current density for reaction “j” in A/cm2, it is the total
current density in A/cm2, nj is the number of electrons transferred in
reaction “j”, rs is the chemical reaction �i.e., Reaction 4� rate at the
electrode surface in mol/cm2 s, R is the gas constant,
8.314 J/mol K, and T is the absolute temperature in K. In the first
expression in Eq. 21, the left hand side is the mass flux of each
species, and the right hand side is the generation or consumption of
the respective species due to chemical and/or electrochemical reac-
tions. In the second expression in Eq. 21, the left hand side is the net
flux of charge in the electrolyte adjacent to the electrode surface,
while the right hand side is the total current flow. At boundaries 4
and 6, the current will be zero, since there are no reactions occurring

0 = 	Di
dci

dz
+ ziciF

Di

RT

d�

dz

 for i = 2,3,4

0 = �
i=1

4

zi�− Di
dci

dz
− ziciF

Di

RT

d�

dz
� at r = 0.25 � 0.325

or r = 0.375 � 0.75 cm, z = 0 �22�
Boundary 7 is far away from the axis of the cylindrical coordinate,
and the following conditions are applied

0 = 	Di
dci

dr
+ ziciF

Di

RT

d�

dr

 for i = 2,3,4

0 = �
i=1

4

zi�− Di
dci

dr
− ziciF

Di

RT

d�

dr
� at r = 0.75, ∀ z �23�

Note that zi is equal to zero for neutral species O2 and H2O2
�i = 1 and 2, respectively� in Eq. 21-23.

Kinetic equations.— The current densities in Eq. 21 can be ob-
tained from the kinetic equations for the electrochemical reactions at
the electrode surface based on the Butler–Volmer expression25-27

ij = ioj,ref
�
i

� ci,0

ci,ref
�pi,j

exp�	a,jF

RT

 j� − �

i

� ci,0

ci,ref
�qi,j

� exp�−
	c,jF

RT

 j�� �24�

where i0j,ref is the exchange current density due to reaction “j” at the
reference concentrations in A/cm2, ci,0 is the concentration of spe-
cies “i” adjacent to the surface of electrode in mol/cm3, ci,ref is the
reference concentration of species “i” in mol/cm3, 	aj is the anodic
transfer coefficient for reaction “j”, 	cj is the cathodic transfer co-
efficient for reaction “j”, pij is the anodic reaction order of species
“i” in reaction “j”, qij is the cathodic reaction order of species “i” in
reaction “j”, and 
 j is the overpotential of reaction “j” in V, and it is
measured with respect to a reference electrode of a given kind in a
solution at the reference concentrations. The open circuit potential
of reaction “j” at the reference concentrations relative to a standard
reference electrode of a given kind is expressed as follows26,27

Uj,ref = Uj
� −

RT

njF
�

i

si,jln� ci,ref

�
� − URE

� +
RT

nREF�
i

si,REln� ci,RE

�
�

�25�

where si,RE is the stoichiometric coefficient of species “i” in the
reaction occurring at the reference electrode, Uj,ref is the open circuit
potential of the reaction “j” at the reference concentrations relative
to a standard reference electrode of a given kind in V, URE

� is the
potential of the standard reference electrode, ci,RE is the concentra-
tion of species “i” at the reference electrode in mol/cm3, nRE is the
number of electrons transferred in the reaction that occurs at the
reference electrode. The overpotential for electrochemical reaction
“j”, �
 j� in Eq. 24 is given by


 j = �met − �RE − ��0 − �RE� − Uj,ref �26�

where �0 is the potential in the solution adjacent to the electrode
surface in V, �met is the potential of working electrode in V. The
reaction orders pi,j and qi,j in Eq. 24 are related to si,j by


pi,j = si,j qi,j = 0 if si,j � 0

pi,j = 0 qi,j = − si,j if si,j 
 0
�27�

The apparent transfer coefficients for reaction “j” sum up to the
number of electrons transferred in that reaction, that is

	a,j + 	c,j = nj �28�
The total current density is the sum of the partial current densities

it = �
j=1

3

ij �29�

The rate of the catalytic decomposition of peroxide at the electrode
surface is expressed as

rs = − khcH2O2,0
p �30�

where the reaction order �p� can be a fraction or a whole number,
and it is assumed to be 1 in this work. The rate constant kh is
assumed to be independent of the applied potential �Eappl, or �met
− �RE�. Summaries of the governing equations and the boundary
conditions �including the kinetic equations� are listed in Tables I and
II, respectively.

Results and Discussion

The governing equations �Eq. 7-10, 12, and 13� subject to the
given boundary conditions �Eq. 14-23� are solved numerically using
COMSOL MP. The kinetic parameters, reaction properties, and
physical properties of the species used in this simulation are shown
in Table III. The constants, solution properties, and the operating
conditions are listed in Table IV. The simulations were carried out
for individual Reactions 1 and 2 as well as combinations of Reac-
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tions 1-4 as listed in Table V. These reactions or reaction combina-
tions are used to capture phenomena observed in polarization curves
obtained experimentally in the literature.

Case (i): Four-electron transfer reduction (Reaction
1).— Reaction 1 is the basic reaction of the ORR at an RRDE in an
acidic electrolyte, and it can be used to simulate the experimentally
obtained polarization curves approximately. The solid lines marked
with open circles in Fig. 2 are simulation results for Reaction 1 only
with parameters i0,1 = 1 � 10−9 A/cm2 and 	c1 = 1. There is no
current on the ring since there is no peroxide generated. The curve
for disk current follows the trends for that of single reaction
systems.27 This means the polarization curve shifts towards more
cathodic potentials if i0,1 gets smaller as the overall reaction rate is
slower. On the other hand, when i0,1 is increased, it shifts towards
more anodic potentials. The potential drop in the ohmic region will
be drastic when the transfer coefficient �	c1� is large, and the drop is
mild when 	c1 is small.

Case (ii): Two-electron transfer reduction (Reaction
2).— In cases where peroxide is a stable product, Reaction 2 can be
used to simulate the polarization curves. A set of simulated polar-
ization curves for Reaction 2 are shown in Fig. 2 and are represented
by lines marked with triangles. The current gathered on the ring is
positive due to the anodic reaction and the current gathered on the
disk is negative due to the cathodic reaction. Reaction 2 is reversible
under the given operating conditions. The oxygen transferred to the
disk surface is reduced to peroxide at a rate depending on the ap-
plied potential �Eappl� and the mass transfer limitations. When the
peroxide is transferred to the ring on which a constant potential of
1.2 V is applied, it is oxidized back to oxygen. The collection effi-
ciency N of an RRDE is defined by

N =
IR

ID
�31�

where IR is the limiting current collected on the ring in A, ID is the
limiting current collected on the disk in A, when a single reversible
reaction is occurring on the disk and all the product collected on the
ring can be converted back to the reactant. The value of N for the
RRDE with dimensions shown in Fig. 1 obtained with the analytical
calculation method developed by Albery et al. is 0.24.29,30 The value
of N obtained in the simulation for Reaction 2 only in this work is
0.25. The experimental result published by Markovic et al. was
0.23.11 These values for N are in good agreement. The limiting
current predicted by Levich equation

IL = 0.620nFADO2

2/3�1/2�−1/6cO2bulk �32�

is −5.32 � 10−4 A. However, the limiting current obtained in this
simulation work is −5.15 � 10−4 A. The discrepancy arises from
the truncated series solutions for the velocities22 �of the order of z3

for uz and of z2 for ur� used in deriving the Levich equation. The
velocity profile obtained in this work using the swirl flow model is
consistent with the numerical solution of the one-dimensional model
given by F. M. White.20 We also verified that the simulations with
truncated series solutions for the velocities and the Nernst–Planck
equation for material balance will result in the same limiting current
value as the Levich equation prediction �i.e., IL = −5.32 � 10−4 A�.

Case (iii): Competition between the four-electron transfer reduc-
tion and the two-electron transfer reduction (Reactions
1 and 2).— There are three possibilities when Reactions 1 and 2
compete with each other, as shown in Fig. 3a-c, corresponding to
	c,2 � 	c,1, 	c,2 = 	c,1 and 	c,2 
 	c,1, respectively. The cathodic
transfer coefficients �	c� are in the exponential terms in the Butler–
Volmer equation �Eq. 24�, which means that they have a greater
effect on the current than the exchange current densities �i0,j� do
when the overpotential �
 j� becomes sufficiently large.

When 	c,2 � 	c,1, as in Fig. 3a, the absolute values of the disk
currents in the mass transport limiting region decrease as the applied
potential shifts towards 0 V. They decrease to different extents and
start from different potentials, depending on the value of the ex-
change current density for Reaction 2 �i0,2�. These phenomena show
up in the mass transport limiting region in which the oxygen flux to
the electrode surface is constant and is at the maximum value. The
reaction rates of the two reactions change while the total available
reactant oxygen is constant when the applied potential �Eappl� de-
creases from about 0.7 V to 0 V. When the applied potential �Eappl�
is high �about 0.7 V�, Reaction 1 predominates and all the available
reactant will be converted to water by a four-electron transfer pro-
cess. When the applied potential �Eappl� is lower, Reaction 2 occurs
at an observable rate and a part of the reactant �O2� is converted to
peroxide by two-electron transfer process. The total charge trans-
ferred in the process decreases and the absolute value of the disk
current decreases, leading to a tail in the polarization curve for the
disk. In the meantime more peroxide is generated on the disk and
oxidized back on the ring, causing the ring current to increase. Ide-
ally, if the applied potential �Eappl� is continuously lowered, Reac-
tion 2 will dominate, eventually all of the oxygen will go to perox-
ide, and the polarization curve of the disk will reach a constant value
again corresponding to the value of the limiting current of Reaction

Table I. Summary of the governing equations.
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�z2 +
�2ci

�r2 +
1

r

�ci

�r � + zi

Di

RT
F�ci� �2�

�z2 +
�2�

�r2 +
1

r

��

�r � + � �ci

�r
+

�ci

�z �� ��

�r
+

��

�z ��
where i = 1, 2, 3, 4 with respect to HSO4

−, H2O2, H+, and O2

�
i

zici = 0
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2 only. The ORR cannot be operated practically at potentials below
0 V, where other reactions such as hydrogen evolution prevail.
Hence, our simulations were stopped at 0 V and so the tails do not
reach constant values in Fig. 3a.

When 	c,2 = 	c,1, as the applied potential �Eappl� drops, the ab-
solute value of the disk current decreases and the value of the cur-
rent at the ring increases when the open circuit potential �OCP� of
Reaction 2 is reached, and then they reach a constant value as shown
in Fig. 3b. However this constant value does not correspond to the
limiting current for Reaction 2; it holds a value between the limiting
currents of Reactions 1 and 2 as determined by the ratio of the
exchange current densities �i0,1 and i0,2�. The current does not
change with the applied potential �Eappl� in the mass transport lim-

iting region, which implies that the rates of Reactions 1 and 2 do not
change and a constant fraction of the reactant oxygen goes to per-
oxide.

The case of 	c,2 
 	c,1 is shown in Fig. 3c. When i0,2 has a
value big enough �about 1 � 10−6 A/cm2 in this case�, the current
for the ring will rise and then drop down as the potential decreases,
forming a hump on the curve. A similar phenomenon occurs on the
disk current, although the size of the hump is smaller visually due to
the scale of the ordinate in the figure. As shown in Fig. 3c, larger
values for exchange current density for Reaction 2 �i0,2� lead to a
larger hump. The hump in the polarization curves due to Reaction 2
is visible when its rate is comparable with the rate of Reaction 1 in
the potential region around 0.6 V to 0.4 V. It is worth noting that

Table II. Summary of the boundary conditions.

Boundary 1 ur = 0,u� = 0, at r = 0, all z

Boundary 7 −��2
�ur

�r � = 0,−��r
�

�r � u�

r �� = 0,

−�� �ur

�z
+

�uz

�r � = 0, at r = 0.75 cm, ∀ z

Boundaries 2, 4-6 ur = 0,uz = 0,u� = �r, at z = 0, all r

Boundary 3 ur = 0,u� = 0,P = 0 at z = 0.12 cm for all r

Boundary 1 �ci

�r
= 0,

��

�r
= 0 at r = 0, all z

Boundary 3 ci = ci,bulk,� = �re at z = 0.12 cm, all r

Boundaries 2 and 5 �
j=1

3
si,jij

njF
+ si,4rs = 	Di

dci

dz
+ ziciF

Di

RT

d�

dz

 for i = 2,3,4

it = F�
i=1

4

zi�− Di

dci

dz
− ziciF

Di

RT

d�

dz
� at r = 0 � 0.25 or r = 0.325 � 0.375 cm, z = 0

Boundaries 4 and 6 0 = �Di

dci

dz
+ ziciF

Di

RT

d�

dz � for i = 2,3,4

0 = �
i=1

4

zi�Di

dci

dz
+ ziciF

Di

RT

d�

dz
� at r = 0.25 � 0.325 or r = 0.375 � 0.75 cm, z = 0

Boundary 7 0 = �Di

dci

dr
+ ziciF

Di

RT

d�

dr � for i = 2,3,4

0 = �
i=1

4

zi�− Di

dci

dr
− ziciF

Di

RT

d�

dr
� at r = 0.75, ∀ z

Butler–Volmer equation ij = ioj,ref
�
i

� ci,0

ci,ref
�pi,j

exp�	a,jF

RT

 j� − �

i

� ci,0

ci,ref
�qi,j

exp�−
	c,jF

RT

 j��

Overpotential 
 j = �met − �RE − ��0 − �RE� − Uj,ref

Reference electrode potential Uj,ref = Uj
� −

RT

njF
�

i

si,jln� ci,ref

�
� − URE

� +
RT

nREF�
i

si,REln� ci,RE

�
�

Reaction orders �pi,j = si,j qi,j = 0 if si,j � 0

pi,j = 0 qi,j = −si,j if si,j 
 0

Chemical reaction
�Reaction 4�

rs = −khcH2O2,0
p
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this phenomenon can only occur in this potential region �around
0.6 V to 0.4 V�, which is just below the OCP of Reaction 2. The
exponential term in the cathodic part of the Butler–Volmer equation
�Eq. 20� for Reaction 1 increases faster than that of Reaction 2, and
the rate of Reaction 2 will not be comparable with that of Reaction
1 when the applied potential �Eappl� shifts further to cathodic values.

In polarization curves obtained experimentally, humps and tails
show up together frequently. It is possible that more than one mate-
rial in the catalyst prompts the ORR.5,31,32 For example, platinum is
a known effective catalyst for ORR and it is often made in nanom-
eter size particles and supported on carbon particles, such as the
commercialized Pt/Vulcan catalyst powder by E-TEK. Carbon is
suspected to have catalytic activity5,13 to prompt the two-electron
transfer reaction �Reaction 2�, and can cause the hump starting at
about 0.6 V. To simulate the existence of additional catalytic active
material for Reaction 2, it is treated as two separate reactions

O2 + 2H+ + 2e− �
catalyst a

H2O2 �with kinetic parameters i0,2a,	c,2a�
�33�

O2 + 2H+ + 2e− �
catalyst b

H2O2 �with kinetic parameters i0,2b,	c,2b�
�34�

The currents for Reactions 33 and 34 are written individually using
Eq. 24. The combination of Reactions 1, 33, and 34 is simulated and

a set of the results are shown as solid lines in Fig. 4. The dashed and
dotted lines in Fig. 4 are simulation results for the combination of
Reactions 1 and 33 and the combination of Reactions 1 and 34,
respectively. The values on the solid line for the ring are just a linear
summation of values on the dashed line and the dotted line for the
ring.

Case (iv): Competition involving peroxide reduction (Reactions
1-3).— Figure 5 shows the effect of Reaction 3 on the competition
between Reactions 1 and 2. The cathodic transfer coefficients for
Reactions 1 and 2 are equal in this simulation so the polarization
curves should be the same as the curves marked with triangles in
Fig. 3b if there were only Reactions 1 and 2. When Reaction 3 is
involved, the limiting current shows a hump as shown in Fig. 5. This
is because Reaction 3 converts the peroxide generated by Reaction 2
to water by a two-electron transfer process. Reaction 2 followed by
Reaction 3 is equivalent to Reaction 1. The apparent result is that
Reaction 1 is enhanced and Reaction 2 is weakened, and the polar-
ization curves are similar to those shown in the case of 	c,2

 	c,1 �see Fig. 3c�. Reaction 3 can reduce the size or change the
positions of the humps and the tails as shown in Fig. 3a and c for
similar reasons.

The polarization curves marked with squares in Fig. 5 are used
for studying the contributions of Reactions 1-3 to the total current,

Table III. Kinetic parameters, reaction properties, and physical properties of the species used for simulating the ORR in 0.5 M H2SO4.

Kinetic parameters Reaction 1 Reaction 2 Reaction 3 Reaction 4

	cj 1.0 0.8–1.2 0.25–0.45
io,ref �A/cm2� 10−9 10−4 � 10−9 10−15 � 10−19

Uj
� �V�9 1.229 0.695 1.736

nj 4 2 2
kh mol/s �mol/cm3� 10−1 � 100

p 1
Reaction properties HSO4

− H2O2 H+ O2

si,1 0 0 −4 −1
si,2 0 +1 −2 −1
si,3 0 −1 −2 0
si,4 0 1 0 −0.5
z −1 0 +1 0
Solution properties HSO4

− H2O2 H+ O2

ci,ref �mol/cm3� 0.00051 1.377 � 10−14 0.0005 0.13 � 10−6

Di �cm2/s�21,33 1.33 � 10−5 1.16 � 10−5 9.312 � 10−5 1.79 � 10−5

Table IV. Constants, solution properties and operation conditions
used for the simulations.

F 96487 C/mol
R 8.314 J/K-mol
T 298.15 K
URE

� 0 V
�0 0.001 kg/cm3

� 0.012 cm2/s
� 900 rpm
Applied potential on ring 1.2 V

Table V. List of reactions and reaction combinations simulated.

Case number Reactions involved

i 1
ii 2
iii 1, 2
iv 1, 2, 3
v 1, 2, 4
vi 1, 2, 4, and 1, 2, 3, 4

Figure 2. Polarization curves for single reactions: Comparison of four-
electron transfer reaction and two-electron transfer reaction. Parameters
used: i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0 for Reaction 1 only, i0,2 = 1
� 10−8 A/cm2, 	c,2 = 1.0 for Reaction 2 only.
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and the results are shown in Fig. 6. The total disk current is just the
summation of the currents for the three individual Reactions 1-3.
Under the given simulation conditions, only Reaction 2 occurs on
the ring and the current from this reaction is the only component of
the ring current.

Case (v): Competition involving chemical decomposition of per-
oxide (Reactions 1, 2, and 4, or 1-4).— Figure 7 shows the effect
of Reaction 4, which is a heterogeneous chemical reaction in which
peroxide is oxidized back to oxygen on the surface of the disk with-
out involving charge transfer. The result is to shift the limiting cur-
rent towards the one related to Reaction 1 since less peroxide is
captured on the ring. Since this reaction is not related to potential, it
will not change the shape of the polarization curve substantially,
except to lower the flat lines in the limiting current region, reduce
the size of humps, or move the tails to more cathodic potentials. The
extent of these changes depends on the rate of Reaction 4.

Reactions 1-4 may occur simultaneously in the ORR system.9,24

This comprehensive situation is simulated in Fig. 8. All four reac-
tions are effective and the rates of Reactions 1-3 are fixed, while the
rate of Reaction 4 is changed by varying the rate constant kh. The
effect of Reaction 4 is as discussed in the above paragraph. The
hump size reduces when the rate of Reaction 4 increases since per-
oxide is consumed. The essential shape of the polarization curves
will depend on the kinetic parameters for Reactions 1-3.

The mechanism involving Reaction 3 and/or Reaction 4 can also
be used to explain the hump and the tail phenomena. It is not evident
from the experimental polarization curves whether Reaction 3
and/or Reaction 4 are involved when a hump and/or a tail shows.

Figure 3. Polarization curves for competing Reactions 1 and 2. Parameters
used: i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0, case a: 	c,2 = 1.2 for 	c,2 � 	c,1;
case b: 	c,2 = 1.0 for 	c,2 = 	c,1; case c: 	c,2 = 0.8 for 	c,2 
 	c,1.

Figure 4. Polarization curves for competing Reactions 1, 33, and 34. Param-
eters used: i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0.

Figure 5. Polarization curves for competing Reactions 1-3. Parameters used:
i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0, i0,2 = 1 � 10−5 A/cm2, 	c,2 = 1.0.
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Although there are experimental results that show the coexistence of
more than one reaction in the literature,9,21 no conclusive evidence
has been reported that favors one mechanism over the others. This
makes the ORR complicated.

Oxygen and peroxide concentration distributions and potential
distribution.— Investigating the concentration and potential distri-
butions can help us to gain some insight into the phenomena that
occur during oxygen reduction in an RRDE system. Examples of
concentration distributions of oxygen and peroxide are shown Fig.
9. The parameters used are the same as those in Fig. 6, except that
the applied potential �Eappl� is fixed at 0.5 V. Adjacent to the surface
of the disk �r = 0 − 0.3 cm, z = 0�, the concentration of oxygen
�cO2

� is near zero due to its consumption by the ORR. Away from
the disk �r � 0.3 cm, z = 0�, cO2

rises up since oxygen is not con-
sumed anymore and it is continuously transported toward the sur-
face of the electrode from the bulk solution. Especially, adjacent to
the surface of the ring �r = 0.375–0.425 cm�, there is a jump in the
concentration of oxygen because of the generation of oxygen at the
ring. Far away from the disk along the r direction, cO2

reaches the
same value as in the bulk. The distribution of peroxide concentration

�cH2O2
� can be analyzed in a manner similar to that of oxygen,

taking into consideration that peroxide is generated on the disk and
consumed on the ring.

Potential distribution in the solution phase of the RRDE system
is shown in Fig. 10. The parameters used are the same as those used
in Fig. 9. The potential is zero at z = 0.005 cm, as given by the
boundary conditions, and it increases as the distance from the elec-
trode surface decreases. The potential reaches its peak value on the
surface of the disk �r = 0–0.3 cm, z = 0� where the ORR occurs. It
drops down quickly beyond the disk �r � 0.3 cm, z = 0�, and even
quicker adjacent to the surface of the ring �r = 0.375–0.425 cm�
where the anodic reaction occurs. Far away from the disk in the r
direction, the liquid potential drops continuously until it reaches the
potential of the reference electrode �which is set to 0 V in this
work�, as shown in Fig. 10. The potential distribution along the z
direction is also given in the inserted figure in Fig. 10. Lines for
r = 0.2, 0.34, 0.4, and 0.6 cm are chosen as they are in the region
near the disk, the separator, the ring, and beyond the ring, respec-
tively. The potential is 0 V far away from the electrode surface in
the z direction �z = 0.12 cm�, and it increases as the distance from

Figure 6. The contributions of Reactions 1-3 to the total current. Parameters
used: i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0, i0,2 = 1 � 10−5 A/cm2, 	c,2 = 1.0,
i0,3 = 1 � 10−17 A/cm2, 	c,3 = 0.35.

Figure 7. Polarization curves for competing Reactions 1, 2, and 4. Param-
eters used: i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0, i0,2 = 1 � 10−5 A/cm2, 	c,2
= 1.0.

Figure 8. Polarization curves for competing Reactions 1-4, Parameters
used: i0,1 = 1 � 10−9 A/cm2, 	c,1 = 1.0, i0,2 = 1 � 10−5 A/cm2, 	c,2 = 1.0,
i0,3 = 1 � 10−17 A/cm2, 	c,3 = 0.35.

Figure 9. The concentration distribution of O2 and H2O2 along the r direc-
tion at the surface of the electrode. Parameters used: i0,1 = 1
� 10−9 A/cm2, 	c1 = 1.0, i0,2 = 1 � 10−5 A/cm2, 	c2 = 1.0, i0,3 = 1
� 10−17 A/cm2, 	c3 = 0.35, Eappl = 0.5 V vs SHE.
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the electrode surface decreases. The potential increases dramatically
near the disk �shown by the line corresponding to r = 0� where the
cathodic reactions occur. It does not change near the separator and
the region beyond the ring �shown by the curves at r = 0.34 and
0.6 cm� where no reaction occurs, and it decreases near the ring �as
shown by the line corresponding to r = 0.4 cm�.

Conclusions

The experimentally observed phenomena in polarization curves
obtained with RRDE, such as tails and humps, can be explained as
the result of the competition between the four-electron transfer re-
action and the two-electron transfer reaction, while the peroxide
electrochemical reduction and peroxide heterogeneous chemical de-
composition reaction can also affect the presence or the size and the
position of the humps and the tails. The polarization curves for
several combinations of reactions were simulated. The concentration
profile of the species involved and potential distribution near the
surface of the ring disk electrode were also obtained. Further work is
required to attribute the origin of the humps and tails to one mecha-
nism against another.
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List of Symbols

A area of the disk, cm2

ci concentration of species “i” �i = 1, 2, 3, and 4 represent HSO4
−,

H2O2, H+, and O2, respectively�, mol/cm3

ci,0 concentration of species “i” at the surface of the electrode,
mol/cm3

ci,bulk concentration of species “i” in the bulk solution, mol/cm3

ci,ref reference concentration of species “i”, mol/cm3

ci,RE concentration of species “i” at the reference electrode, mol/cm3

Di diffusion coefficient of species “i”, cm2/s
F Faraday’s constant, 96487 C/equiv

i0j,ref exchange current density for reaction “j” at the reference concen-
trations, A/cm2

i0j,data exchange current density for reaction “j” at the reference concen-
trations, A/cm2

IL limiting current calculated using the Levich equation, A
IR limiting current collected on the ring, A
ID limiting current collected on the disk, A

Ij current generated by the reaction “j”, A
Idisk current on the disk, A
Iring current on the ring, A

it total current density defined in Eq. 29, A/cm2

ij current density of the reaction “j”, A/cm2

kh rate constant for the chemical reaction �i.e., Reaction 4� at the
electrode surface, mol/s �mol/cm3�

nj stoichiometric number of electrons involved in the electrode re-
action “j”

nRE stoichiometric number of electrons involved in the reaction that
occurs at the reference electrode

N collection efficiency of an RRDE
P pressure in the electrolyte, Pa
p reaction order of the non charge transfer reaction �i.e., Reaction

4�
pij anodic reaction order of species “i” in reaction “j”
qij cathodic reaction order of species “i” in reaction “j”

r radial distance from the axis of the disk, cm
rs rate of chemical reaction �i.e., Reaction 4� at electrode surface,

mol/cm2 s
R gas constant, 8.314 J/mol K

si,j stoichiometric coefficient of species “i” in the reaction “j”
si,RE stoichiometric coefficient of species “i” in the reaction at the

reference electrode
T absolute temperature, K
ur radial component of the velocity, cm/s
uz axial component of the velocity, cm/s
u� angular component of the velocity, cm/s

si,RE stoichiometric coefficient of species “i” in the reaction at refer-
ence electrode

Uj
� standard electrode potential for the charge transfer reaction “j”, V

Uj,ref open circuit potential of the reaction “j” at the reference concen-
trations relative to the reference electrode, V

URE
� standard potential of the reference electrode relative to SHE, V
u velocity vector, cm/s
z axial distance, cm

z�,v axial distance considered to be sufficiently far from the electrode
surface to be considered to be at “infinity” in the domain for the
momentum balance, cm

z�,m axial distance considered to be sufficiently far from the electrode
surface to be considered to be at “infinity” in the domain for mate-
rial balance, cm

zi charge on species “i”

Greek

	a,j anodic transfer coefficient for reaction “j”
	c,j cathodic transfer coefficient for reaction “j”

� angular coordinate, rad
� density of the electrolyte, g/cm3

� kinematic viscosity of the electrolyte, mPa s
� potential in solution phase, V

�0 potential in the solution adjacent to the electrode surface, V
�RE potential of the reference electrode at the experimental condi-

tions, V
�met potential of the working electrode, V
�re potential of the reference electrode at the experimental condi-

tions, V
� rotating speed of the electrode, rad/s

 j overpotential of reaction “j” corrected for ohmic drop in the so-

lution and measured with respect to a reference electrode of a given
kind in a solution at the reference concentrations, V

�G298
0 standard Gibbs free energy change in a chemical process at

298 K, kJ/mol

Subscripts

i species index, i = 1, 2, 3, and 4 represent HSO4
−, H2O2, H+, and

O2, respectively
j reaction index, j = 1, 2, 3, 33, 34 correspond to Reactions 1, 2, 3,

33, 34, respectively
bulk properties or variables evaluated at the bulk solution
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