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Abstract Oxygen evolution reaction (OER) at flow-through
porous anode was simulated with the aid of a mathematical
model. The OER was assumed to be the only reaction that
takes place at the electrode. The model accounts for effects of
the kinetics, ohmic, hydrodynamics, and structural parameters
and bubble formation on the potential and current distribu-
tions within the electrode and on the overall performance of
the electrode. The latter was evaluated via interpretation of the
polarization curves of the OER at the porous anode. The
model results were discussed in the light of some controlling
dimensionless groups. The conductivities of both the electro-
lyte and the solid matrix have dramatic effects on the general
behavior of the porous anode, and lower performance of the
electrode was observed when both and/or one of them have
limited conductivity values. The electrode potential, and
hence the power required to attain a specific current (rate), is
highly dependent on the degree of bubble formation within the
bed matrix. The model predictions were compared with
collected experimental data of OER from flowing sulfuric
acid solution at Pt-loaded reticulated vitreous carbon. Good
agreements were obtained at the employed experimental
conditions. The present work helped to understand the anode
performance for further application for simultaneous gas
evolution, e.g., O2 and O3 gases.
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Introduction

Mathematical modeling of three-phase (gas–liquid–solid),
three-dimension porous electrodes has always been an
important way to understand the behavior of such systems
[1, 2]. Porous electrode is the heart of many technological
and industrial applications such as fuel cells, water
treatment, and electrolysis cells [3–5]. While measurements
on such systems and optimization could face physical
limitations, mathematical modeling of such systems can
introduce insight and guidelines for the optimization and
design of such systems [6, 7]. Oxygen evolution reaction
(OER) represents a core process in the field of electro-
chemistry. Not only does OER represent an academic
interest, but also technological processes such as chlor-alkali
[8] and ozone production [9] represent processes that rely
on understanding the OER. While proper anodes for
selective generation of pure oxygen [10] was reported,
dimensionally stable anodes (DSA) were introduced to
increase the OER polarization in favor of Cl2 [11] or O3

[12] gas. Although OER has been studied extensively at
planar electrodes [13–15], the studies at porous electrodes
are limited [16]. Although some authors studied the OER at
rough [17] or porous electrodes [18], no author has studied
(to the best of our knowledge) OER from flowing solution
at porous electrodes. Flow-through porous electrodes offer
high values of surface-to-volume ratio and, hence, reduce
the space required to attain a specific rate. Porous electro-
des are typically made with conductive materials, but these
may degrade under high temperatures or anodic potential
conditions. This problem is of less importance for fuel-cell
anode catalysts, which operate at relatively low potentials,
but it can be quite significant for electrolyzers [19]. In
previous modeling of gas evolving flow-through porous
cathode, the effect of the matrix phase conductivity was
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considered to be negligible with respect to the electrolyte
phase conductivity [20, 21]. In other applications such as
anodic oxygen, ozone, or chlorine generation, there is a
growing trend to use so-called dimensionally stable anodes
(DSA), which contain oxides in its structures; hence, its
conductivity may not be considered as negligible [22, 23].

It is the aim of the present work to simulate the OER
reaction at flow-through porous anode. The model is
developed to account for different effects of kinetics,
ohmic, hydrodynamics, and structural parameters and gas
bubble formation on the general electrode performance and
on the current and potential distributions within the
electrode bed. The model validity is tested by comparing
its predictions with collected polarization curves of OER
from flowing sulfuric acid solution at Pt-loaded reticulated
vitreous carbon. This study is a first step in the application
of such systems for simultaneous evolution of O2/Cl2 or
O2/O3 systems.

Mathematical model

The electrochemical oxygen evolution reaction at the
porous anode can be represented as;

2H2O ¼ O2 þ 4Hþ þ 4e U0 ¼ 1:23V ð1Þ
The mathematical model was developed under the

following conditions. The porous electrode is considered
to consist of a continuum of two phases: each phase is
either pure ionic or electronic conductor [24]. The reaction
is of zero order with respect to the reactant and involves an
electron rate-determining step and is only charge-transfer
controlled. It is assumed that the porous matrix has a
uniform porosity, θ, and does not undergo anodic dissolu-
tion. The model is one-dimensional; hence, the variables
are functions only of the x direction. Figure 1 shows the
porous electrode arrangement and direction of flow.

The mechanism for OER can be represented by the
following elementary steps [25, 26]:

H2O ¼ OH�ð Þads þ Hþ þ e� rate determining step ð2Þ

OH�ð Þads ¼ O�ð Þads þ Hþ þ e� ð3Þ

2 O�ð Þads ¼ O2 ð4Þ

Taking step 2 as the rate-determining step, one can write
the Butler–Volmer expression as [26, 27]:

di2 xð Þ
d x

¼ ioa 1� 5OH�ð Þ H2O½ �eα Φ1�Φ2�Urevð Þ=b
h

�5OH�e� 1�αð Þ Φ1�Φ2�Urevð Þ=b
i ð5Þ

Considering OH� � surface concentration wOH� ! 0ð Þ
[26] as negligible, for conditions of the high-field approx-
imation [for (Φ1−Φ2−Urev)≥0.1 V], Eq. 5 is reduced to:

di2 xð Þ
d x

¼ io a eα Φ1�Φ2�Urevð Þ
h i

ð6Þ

where di2/dx is the gradient of the ionic current that enters
the pore solution, Φ1 and Φ2 are the potentials of the solid
phase and the solution phase, respectively, and Urev is the
reversible electrode potential. Ohm’s law governs the ionic
current in the solution phase, i2, with the gradient of the
potential in the solution phase by:

i2 xð Þ ¼ �k xð Þ d Φ2

d x
ð7Þ

where κ(x) is the pore electrolyte conductivity that varies
with the distance inside the bed. It depends on the
composition and extent of bubble generation within the pore
electrolyte (see Eq. 11). The gradient of potential inside the
solid phase is related to the electronic current, (i1(x) by:

i1 xð Þ ¼ �seff
d Φ1

d x
ð8Þ

where σeff is the effective conductivity of the porous bed that
is given by [28]:

seff ¼ s 1� q½ �1:5 ð9Þ
where σ is the conductivity of the solid matrix. A
mathematical expression of the sum of the divergences of

Fig. 1 Schematic of the cell arrangement and flow direction
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the solution and matrix current densities as a consequence of
the electroneutrality is given by [24]

di1 xð Þ
d x

þ di2 xð Þ
d x

¼ 0 ð10Þ

Bruggeman’s equation can be used to correlate the pore
electrolyte conductivity, κ(x) with the electrolyte conduc-
tivity in the bulk outside the pores, κo, by [21, 29]:

k xð Þ ¼ ko q � " xð Þ½ �1:5 ð11Þ
where ɛ(x) is the gas void fraction that is related to the
solution current by:

" xð Þ ¼ qi2 xð Þ
ulþ i2 xð Þ ð12Þ

where υ is the superficial flow rate and l is the coefficient
of faradaic gas generation, which is a factor converting the
solution current to volume of the generating gas bubbles,
such that [21]:

l ¼ 4PF

RT
ð13Þ

Assuming four faradaic electrons per 1 mol of the
evolved gas (as the number 4 appears in Eq. 13) and
assuming ideal gas behavior, 1 equals 15.8 C cm−3 at
standard temperature and pressure.

Equations 6–8, 10–12 describe the behavior of the
system and give the distributions of the variables i1, i2,
Φ1, Φ2, κ, and ɛ within the porous electrode. Substituting
the dimensionless variables i ¼ i=Io; Φ ¼ Φ=b; κ ¼ κ

κo and
y ¼ x=L, one can obtain the system of equations in
dimensionless form as follows:

d i2 yð Þ
d y

¼ ea Φ1�Φ2�U revð Þ ð14Þ

i2 yð Þ ¼ �Skk yð Þ d Φ2

d y
ð15Þ

i1 yð Þ ¼ �Ss
d Φ1

d y
ð16Þ

d i1
d y

þ d i2
d y

¼ 0 ð17Þ

k yð Þ ¼ q � " yð Þ½ �1:5 ð18Þ

" yð Þ ¼ qi2 xð Þ
Ψ þ i2 xð Þ ð19Þ

Fig. 2 Distributions of the dimensionless potential of the solid
matrix, Φ1 (A) and the dimensionless potential of solution, Φ2 (B) at
different values of Sκ and SA at dimensionless cell current=0.5/Io and
Io=2×10

−5. a S., Sσ = 2.5×106, 2.5×106, b 1.25×102, 2.5×106,
c 2.5×106, 1.25×102 and d 2.5×102, 2.5×102. Bubble formation is
not included
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Table 1 Definitions of the controlling groups and parameters

Group Definition

Sκ ¼ κob=IoL Dimensionless solution conductivity group
Sσ ¼ σeffb=IoL Dimensionless matrix conductivity group
Io ¼ ioaL Total exchange current density
Ψ ¼ υ1=Io Dimensionless bubble group
α=0.5a Charge transfer coefficient
θ=0.7 Porosity
U rev ¼ 1:23=ba Dimensionless reversible electrode potential.

a This value was used only for theoretical calculations.

Table 2 Values of the parameters used in fitting the experimental data
in Fig. 8

Parameters

a=40 cm2 cm−3 io=1×10
−9 A cm−2

L=3.0 cm α=0.3
θ=0.90 T=298 K
υ=0.09 cm s−1 σ=5×103 ohm−1 cm−1

[H2SO4]/M κo/Ω−1 cm−1[37]
0.1 0.05
0.5 0.25
2.0 0.78
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Equations 14–19 represent the model equation system in
a dimensionless form and lead to some dimensional and
dimensionless groups and parameters (listed in Table 1).
The boundary conditions for the above system are:

1. at y=0 (see reference [30])

i2 ¼ 0;
d Φ1

d y
¼ � icell

Io:Ss
; " ¼ 0 and k¼q1:5 ð20Þ

2. at y=1

i1 ¼ 0; Φ2 ¼ 0 ð21Þ

Equations 14–19, along with the boundary conditions 20
and 21, were solved with a numerical technique developed
by Newman [31]. For simplicity, the bars over the
dimensionless variables are going to be dropped in the
coming discussion.

Materials and methods

Reticulated vitreous carbon (RVC) blocks of grade 60 pore
per linear inch (PPI) were supplied by Electrosynthesis
(New York) and were used as received. Porous RVC block
was cut in a cylinder using a hollow cylindrical brass, cork-
boring tool. This gave the required dimensions to fit the
electrode chamber. The specifications of the RVC electrode
are given in Table 2. It is held down tightly with a rubber
O-ring onto the fritted glass disc to ensure good contact to
the current collector and to eliminate the possibility of

floatation. Figure 1 shows the cell and experimental
arrangements of the flow-through porous electrode. The
upper part of the cell presses the rubber O-ring. The
electrolytic cell was essentially a cylindrical glass tube,
which is held upright. The electrolyte was forced from the
bottom (entry face) of the cell using a variable speed pump.
The working electrode was polarized using a platinum
screen as a counter electrode placed downstream with
respect to the electrolyte flow. The potential at the exit face
of the electrode, U (facing the counter electrode), was
measured against the reference electrode [Ag/AgCl (NaCl
sat.)]. An EG&G potentiostat/galvanostat model 273A
controlled by m352 electrochemical software was used in
all measurements.

The RVC electrode was of cylindrical dimensions of
specific surface area, S, of 40 cm−1, diameter of 1.5 cm, and
a thickness, L, of 3 cm. It was electroplated with platinum
from flowing recirculated 0.1 M H2SO4 solution containing
20 mM hexachloroplatinate. The same flow cell mentioned
above was used in the in situ platinum electroplating
process. Specific conditions such as low flow rate (0.04 cm
s−1) and low potential (0.0 V vs Ag/AgCl) were applied for
1 h to obtain the possible uniform Pt deposition within the
bed [32, 33]. Assuming 100% current efficiency and using
Faraday’s law, the amount of deposited platinum was
estimated from the amount of charge passed (70.0 C) to
be 6.5 mg cm−3 of the RVC matrix. The current density
presented in this study was taken on the basis of the
geometric cross-sectional area of the RVC electrode (i.e.,
1.80 cm2). The SEM micrographs were taken on a JEOL
JSM-20 scanning electron microscope.
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Fig. 3 Distributions of the
dimensionless reaction current,
J(y) at different values of Sκ
and SA at dimensionless cell
current = 0.5/Io and Io=2×10

−5.
a Sκ, Sσ = 2.5×106, 2.5×106, b
1.25×102, 2.5×106, c 2.5×106,
1.25×102, d 2.5×102, 2.5×102,
e 1.25×102, 1.25×102. Bubble
formation is not included
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Results and discussion

Theoretical results

The theoretical results are presented in order to study the
effects of the different controlling groups on the current and
potential distributions within the porous electrode and also
on the general performance of the electrode. The latter was

evaluated via plots of the polarization curves of OER. Since
the kinetics of the reaction were discussed elsewhere [34],
we are going to concentrate here on the effects of the
relative values of the conductivity groups of the solution Sk
and the matrix Ss at different impacts of bubble formation.

Figure 2 shows the effects of the different values of Sk
and Ss on the distributions of the matrix potential Φ1 and
the solution potential Φ2, when the dimensionless cell
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current=0.5/Io. The plots of Figs. 2, 3, 4, 5, were
constructed with the condition that the bubble formation
is not included in the simulation. This was done by setting
the bubble group Ψ as an infinite value in Eq. 19. Higher
values of Sk and Ss mean higher values of κo and σeff,
respectively and/or smaller Io and L (see Table 1). As the
value of Sk and Ss approached infinite value (case a), the
potential Φ1 and Φ2, respectively, are uniformly distributed
within the electrode bed. Different distribution profiles of
both potentials were obtained as a consequence of the
different combinations of limited values of Sk and Ss .

Consider case b where Sk is limited (1.25×102) and Ss is
not (1.25×106). At the back of the electrode (y=0), the
current is carried mainly by the solid matrix and since Ss is
infinite and according to Eq. 16 the potential Φ1 is uniform
within the whole bed. Since Sk is limited, at the back of the
electrode low current is carried by the solution resulting in
uniform Φ2 at the back. On going towards the front of the
electrode, the solution current increases and most of the
current is carried by the solution leading to a nonuniform
distribution of the solution potential Φ2. The other cases can
be discussed similarly.
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The gradient of the solution current di2/dx is the reaction
current per unit volume, J(x) and in dimensionless form
equals J(y)=di2/dy. The effect of the above combinations of
Sk and Ss on the reaction current distributions J(y) is
shown in Fig. 3. When Sk and Ss are infinite (a rather
hypothetical case), the reaction is completely uniform and
full utilization of the bed is obtained. When Sk is limited,
the reaction is pushed towards the front of the electrode (at
y=1), and when Ss is limited, the reaction is pushed
towards the back of the electrode (y=0). Note that the
driving force of the reaction is controlled by the difference
in potential (Φ1−Φ2); hence, the potential distributions in
Fig. 2 can interpret the present distributions of the reaction
current in Fig. 3. Pushing the reaction towards one end of
the porous anode in a gas-generating electrode has different
effects than at other electrode systems. For instance,
pushing the current in a porous cathode operating for metal
deposition is affecting by plugging the porous electrode by
metal deposits that preferentially and locally occur at one
side. This can resist the electrolyte flow. For gas-evolving
electrode, pushing the current to the back of the electrode
may result in traveling of the bubbles within the whole bed.
In both cases, lower utilization of the available electrode
surface area is obtained. The minimum in J(y) in Fig. 3 at a
limited value of both Sk and Ss is a result of the
nonuniform distributions of Φ1 and Φ2, as in case d in
Fig. 2. The minimum has been observed in the literature
[35].

To study the effects of the above combinations of Sk and
Ss on the overall performance of the electrode, polarization
curves were simulated for oxygen reaction at the above
different combinations of Sk and Ss similar to the above.
Figures 4 and 5 show the effects of Sk and Ss on the
polarization curves of OER (bubble formation is not
included). From porous electrode literature, the model
results may be presented at constant current condition
(galvanostatic) and obtain (measure) the electrode potential
or at constant potential (potentiostatic) condition and obtain
the cell current. In our case, a constant current was used and
the electrode potential was obtained. The electrode potential
U is taken as Φ1jy¼0 [30, 36]. The plots were constructed
using the same parameters used in Figs. 2, 3. Figure 4
shows the effects of Sk at constant Ss . As Sk increases, the
potential required to attain a specific reaction current (rate)
decreases. Figure 5 shows the effects of Ss at constant
value of Sk . From Figs. 4 and 5, the following conclusions
can be derived. As Sk and/or Ss increases, the potential
required to sustain specific current (rate) decreases. The
above decrease in the potential exerts an influence on the
power required to obtain specific rates of the oxygen
evolution reaction. The effects of the increase in Sk are
equivalent to the increase in Ss . While it is possible to
increase the value of Sk by increasing the solution

conductivity, it is not possible to increase the conductivity
of the solid matrix conductivity. This is quite true as we use
dimensionally stable anodes that have some oxide in its
structure; hence, low conductivity is most likely to prevail.

The above results (Figs. 2, 3, 4, and 5) were simulated
with no account of gas bubbles. Since we study a gas-
evolving electrode, we should account for gas bubble
formation within the pore electrolyte. The gas bubble
formation reduces the cross-sectional area available for
ionic flow and consequently decreases the effective
conductivity of the pore electrolyte (see Eqs. 11 and 18).
The gas bubble formation can be included in the model

Fig. 8 SEM images of plain RVC (a) and RVC/Pt (b)
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simulation by inserting finite values of the bubble group Ψ
in the system equations.

Figure 6 shows polarization curves of the OER at
different values of Ψ at Sk and Ss equal to 50 and 5,
respectively. These values were chosen to simulate a closer
case to the real situation, where DSA of lower matrix
conductivity can be used for OER. As Ψ increases, the
potential required to sustain specific current (rate) of the
OER decreases. Note that there is a negligible difference
between the polarization curve at Ψ=1010 and at Ψ=105,
pointing to the negligible degree of bubble formation. Higher
values of Ψ mean higher values of the flow rate υ, and/or
lower values of the total exchange current density Io. While
the former (υ) depends on the hydrodynamics of the system,
the latter depends in the kinetics (io) and structural
parameters (a and L; see Table 1). At lower values of Ψ,
significant amounts of the gas bubbles accumulate inside the
porous electrode leading to a decrease in the pore electrolyte
conductivity. This is illustrated in Fig. 7. The figure shows
the distributions of the gas void fraction, ɛ(y), and the pore
electrolyte conductivity, κ(y), at Sk and Ss equal to 50 and
5, respectively, for which the same parameters used in Fig. 6.
Note that since Ss is relatively limited with respect to Sk ,
the reaction is pushed towards the back of the electrode
(compare Fig. 3, case c). This causes the formed bubbles to
travel along the electrode from the back (y=0) to the front of
the electrode. At constant kinetic and structural parameters,
the flow rate is an important operating parameter. At higher
flow rates (higher Ψ) lower potentials are obtained; hence, a

lower power requirement can be achieved to obtain the
specific rate of the process. Higher flow rates help to sweep
the bubbles out of the electrode bed leading to lower
polarization. However, higher flow rates may cause lower
concentrations of a desirable gas product in the outlet
streams. The last point is crucial when dealing with
simultaneous generation of a desirable gas, e.g., ozone or
chlorine. This calls for further mathematical modeling to
optimize the system to avoid higher polarization and, at the
same time, obtain considerable concentrations of desirable
flowing aqueous gas solutions.

Testing for the validity of the model

The model was tested by comparing the theoretical results
with the experimental data for oxygen evolution reaction
at RVC/Pt from flowing H2SO4 solutions of different
concentrations (0.1–2 M). The dimensional model
(Eqs. 6–8, 10–12) was solved using the fitting parameters
shown in Table 2. SEM images of RVC and RVC/Pt are
shown in Fig. 8a and b, respectively. Platinum loadings
are quite obvious on the RVC matrix. Since the conduc-
tivity of the sulfuric acid solution increases with concen-
tration at the studied range [37], it is feasible to test the
effects of the solution conductivity at fixed matrix
conductivity. Polarization curves for OER are shown in
Fig. 9. The symbols are experimental data and the solid
and dashed lines are the model predictions including and
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not including the bubble formation, respectively. Table 2
shows the fitting parameters, which were used in fitting
the model calculations with the experimental polarization
curves. Equation 9 was used to estimate the effective solid
conductivity of the solid matrix. The reversible electrode
potential Urev was calculated using the equation;

Urev ¼ 1:23� 0:0591 pH ð22Þ

The values of Urev at different acid concentration are
close to 1.20 V.

The values of a, θ, and σ, shown in Table 2, were used as
received by the company. The parameters L, T, and υ are
operating and structural parameters. The value of α and then
the value of io were used in fitting the data of the polarization
curve at 0.1 M H2SO4 and then they were used without
further modification in the other curves, i.e., at 0.5 and 2 M
H2SO4. The value of κo was changed with the acid
concentration as shown in Table 2. The io value of OER is
about an order of magnitude less than the reported value of
pure Pt at similar conditions [38]. This can be attributed to
the fact that a full coverage of RVC with Pt is not guaranteed
at the present conditions and yet some carbon surface
participates in the OER. As the concentration (conductivity)
of the H2SO4 solution increases the potential required to
obtain specific current (rate) decreases. The model predic-
tions show good agreement with the experimental data. It is
noteworthy to mention that the bubble effects should be
taken into consideration for the gas generating electrodes,
otherwise erroneous results can be obtained. When the
bubble effects are not included in the model calculations
(as shown in the dashed lines in Fig. 9) higher currents were
obtained than when they are included in the model
calculations (solid lines).

Summary and conclusions

Oxygen evolution reaction was simulated at flow-through
porous anode. The model predictions showed the impacts
of different combinations of the solution and matrix
conductivity in the absence and presence of gas bubble
formation. The potential required to attain a certain current
(rate) of the oxygen evolution decreases as both and/or one
of the conductivity group increases and/or the bubble group
increases. The model predictions were compared with
experimental data of OER at RVC/Pt anode in flowing
sulfuric acid solutions. A set of parameters was used in the
fitting procedure. Good agreement was obtained and
erroneous results are obtained if the bubble effects were
not included in the simulations. The present results call for
future mathematical modeling and experiments to optimize

concentrations of a desired gaseous product with the
possible lower potentials.

a Specific surface area, cm2 cm−3

b RT/F, V
F Faraday’s constant, 96,500 C mol−1

icell Applied cell current per unit cross-sectional area of
the packed bed, A cm−2

i1 Superficial local matrix current density (based on
cross section circular geometric area ), A cm−2

i2 Superficial local solution (ionic) current density
(based on cross section circular geometric area),
A cm−2

Io Total exchange current density, ioaL
io Exchange current density based on the reaction

area, A cm−2

J Local reaction current per unit volume of the
packed bed, A cm−3

Sk Dimensionless solution conductivity group
Ss Dimensionless matrix conductivity group
L Electrode thickness, cm
P Pressure, atm
Urev Reversible electrode potential, V
U Electrode potential, V
υ Electrolyte flow velocity, cm s−1

R Gas constant, 82.06 (cm3 atm)/(mol K−1)
T Absolute temperature, K
y Dimensionless distance within the electrode, x/L
α Charge transfer coefficient of the electrochemical

reaction
l Constant, 4PF/RT, C cm−3

ɛ Gas void fraction of the pore volume,
dimensionless, Eq. 8

κo Electrolyte conductivity in the bulk outside the
pores, Ω−1 cm−1.

σ Matrix conductivity, Ω−1 cm−1

σeff Effective matrix conductivity, Ω−1 cm−1

κ(x) Pore electrolyte conductivity, Ω−1 cm−1.
Φ1 Potential in the matrix phase, V
Φ2 Potential in the solution, V
Ψ Dimensionless bubble group
θ Porosity
wOH� Fraction of surface covered with adsorbed OH�
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