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Abstract A mathematical model for a porous, silver-based

electrode for the oxygen reduction in alkaline solutions,

based on the thin film flooded agglomerate theory, was

developed. These electrodes are employed in the energy-

efficient chlor-alkali electrolysis with oxygen depolarized

cathodes. The model parameters were determined from

overpotentials at different oxygen concentrations obtained

in half-cell measurements. For the description of the reac-

tion kinetics, it was necessary to introduce two Tafel equa-

tions, which might be explained by a change of the

adsorption isotherm of the intermediate species during

oxygen reduction. The model allows for a successful

description of the overpotentials in the region of industrially

relevant current densities. The analysis of the oxygen con-

centration distribution in the liquid electrolyte reveals that

massive diffusion limitations occur although the calculated

size of the agglomerates is only in the range of a few

micrometers.

Keywords Oxygen reduction � Ag � Chlor-alkali

electrolysis � Modeling

List of symbols

A Constant describing the exchange current density

(A m mol-1)

c Molar concentration of oxygen dissolved in

NaOH solution at boundary film–agglomerate

(mol m-3)

c* Molar concentration of oxygen dissolved in

NaOH solution at boundary gas–film (mol m-3)

ci Molar concentration of species i (mol m-3)

Dij Binary Maxwell–Stefan diffusion coefficient for

species i and j (m2 s-1)

Di,K Knudsen diffusion coefficient for species i (m2 s-1)

E� Equilibrium potential (V)

Echange Potential of change in Tafel slope (V)

F Faraday constant (= 96485.3399(24) C mol-1)

H Henry constant (Pa m3 mol-1)

j Current density (A m-2)

kc (Chemical) reaction rate constant (s-1)

L Characteristic length (m)

m Molality of NaOH solution (mol kg-1)

Mi Molar mass of species i (kg mol-1)

Ni Flux of species i (mol m-2 s-1)

Pi Partial pressure of species i (Pa)

Pm Saturation partial pressure of water above NaOH

solution (Pa)

R Universal gas constant

(= 8.314472(15) J mol-1 K-1)

r Radius (m)

rag Radius of agglomerates (m)

r Reaction rate (mol m-3 s-1)

Stf Specific surface area of thin film per total volume

of reaction layer (m2 m-3)

Ts Tafel slope (V decade-1)

T Temperature (K)

z Length domain in reaction layer (m)

z0 Length domain in gas diffusion layer (m)

z00 Length domain in boundary layer (m)

Greek letters

dtf Thickness of thin film (m)

Du Potential difference between solid electrode and

electrolyte (V)

e Porosity (dimensionless)
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c± Mean molal activity coefficient of NaOH solution

(dimensionless)

c Thiele modulus (dimensionless)

geff Effectiveness factor (dimensionless)

g Overpotential (V)

j Electronic/ionic conductivity (S m-1)

li Chemical potential of species i (J mol-1)

p ¼ 3:14159265. . .

qNaOH Density of NaOH solution (kg m-3)

s Tortuosity (dimensionless)

u Potential (V)

Subscripts

b Boundary layer

e Electronic, solid phase of agglomerates

g Gas chamber

i Ionic, liquid phase of agglomerates

n Agglomerate phase in reaction layer

s Gas diffusion layer

T Total

t Gas phase in reaction layer

tf Thin film

H2O Total water (gaseous ? liquid)

Superscripts

�� Standard state

eff Effective

g Gas phase

l Liquid phase

1 Introduction

Silver is an excellent catalyst for the oxygen reduction in

alkaline solutions and silver-based gas diffusion electrodes

or oxygen depolarized cathodes (ODCs) are used in alka-

line fuel cells, metal–air batteries, and advanced chlor-

alkali electrolysis processes. Especially the latter applica-

tion has attracted considerable interest since chlor-alkali

electrolysis—one of the most important chemical processes

with a world chlorine capacity of 62.8 million metric tons

in 2008 [1]—has a very high energy demand. In the clas-

sical process, chlorine, hydrogen, and sodium hydroxide

are produced from an aqueous sodium chloride solution

according to the following stoichiometry

2NaClþ 2H2O �! H2 þ Cl2 þ 2NaOH:

In cases where the byproduct hydrogen cannot be used

for chemical syntheses, the replacement of the standard

hydrogen evolving cathodes by an ODC allows for a cell

voltage reduction of about 1 V equivalent to 30% of the

electrical energy demand [2]. The overall reaction of this

modified process is

2NaClþ H2Oþ 1

2
O2 �! 2NaOHþ Cl2:

With currently available ODCs, the operation of the

electrolysis process at industrial current densities is only

possible with pure oxygen, the cost of which reduces the

overall economic advantage. However, it could be shown

in a recent study that even at present electricity prices the

application of ODCs in chlor-alkali electrolysis cells is

profitable [3]. Bayer MaterialScience AG have announced

that a first commercial plant using this new technology

with an annual chlorine capacity of 20 kt will go on stream

in 2011 [4].

For the further improvement of ODCs, it is highly

desirable to develop a mathematical model including the

relevant structural and physico-chemical properties of the

electrode and the reactants, i.e., oxygen and water in the

concentrated sodium hydroxide solution. To our knowl-

edge, only the papers of Wang and Koda deal with the

performance of an oxygen depolarized cathode in a chlor-

alkali electrolysis cell [5, 6]. However, several other

models for the description of cathodes in alkaline fuel cells

have been developed [7]. These electrodes have many

similarities to ODCs used for the chlor-alkali electrolysis.

The first developed models were based on a simple pore

and thin-film approach proposed by Austin and Will [8, 9]

and extended by Srinivasan [10, 11]. At the same time,

dual scale porosity models were used by Markin and

Bushtein [12, 13]. Grens proposed the flooded porous

electrode model [14, 15]. Finally, the flooded agglomerate

model from Giner [16] was extended by Cutlip to the so-

called thin-film flooded agglomerate (TFFA) model [17]

which was used in further study by Iczkowski, Björnbom,

and Yang [18–21]. This model can be regarded as current

state-of-the-art in fuel cell electrode modeling and was also

used by Wang and Koda [6] in their study.

In this article, we extended the model of Wang and

Koda taking additionally into account the presence of other

gases than oxygen (nitrogen and water vapor) as well as a

refined description of the electrolyte using the concentrated

electrolyte theory from Newman [22, 23]. We then deter-

mined reaction rate constants and the geometrical model

parameters by comparison with measured overpotentials as

a function of current density during oxygen reduction. The

most important limitations of the oxygen reduction in

ODCs and possible ways for improving the electrode per-

formance will be discussed.

2 Model assumptions

The model describes a porous oxygen depolarized cathode

in contact with the liquid electrolyte on the one hand side
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and gas on the other hand side (Fig. 1). Electrolyte and gas

are in intimate contact in the reaction layer whereas the

gaseous reactant is transported from the gas chamber

through a stagnant boundary layer and the part of the

electrode that is not filled with electrolyte (gas diffusion

layer). A comparison of typical geometrical model

assumptions with a real silver-based oxygen depolarized

cathode prepared by a spray method is shown in Fig. 2.

The left hand side of the figure shows a macroscopic view

of the porous structure with a thickness of less than 1 mm

placed on a metal net as current collector. On the right hand

side, one can see the assumed sizes of liquid and gas filled

regions as well as the real pore structure formed by Ag

particles and PTFE fibers. The model assumptions are as

follows:

1. The electrode is operated in steady state at constant

temperature.

2. The total pressure is constant in all regions.

3. The gas diffusion layer has a length zs and consists of

gas filled pores which can be characterized with the

average pore radius rs, the porosity es and the

tortuosity ss.

4. The reaction layer has the length zt and consists of

gas pores and agglomerates which are filled with

electrolyte and surrounded by a thin liquid film.

5. The gas pores in the reaction layer are of cylindrical

shape and have a uniform radius of rt. The volume

fraction of the gas channels in the reaction layer

corresponds to the porosity et. The tortuosity of the

gas channels st is 1 due to the cylindrical shape.

6. The ‘‘flooded agglomerates’’ consisting of the solid

electrode and the liquid electrolyte are also of

cylindrical shape and have a uniform radius rag, a

porosity en, and a tortuosity sn.

7. The thin film which surrounds the agglomerates has a

very small thickness dtf, thus the surface of the

agglomerates related to the volume of the reaction

layer Stf can be calculated with rag.

8. The considered gaseous species in the diffusion and

reaction layer are oxygen, water vapor, and nitrogen.

Both, the free and the Knudsen diffusion are

considered. Since there may be more than two

species present, the Maxwell–Stefan diffusion equa-

tions are used.

9. Between the porous ODC and the gas chamber, we

assume a stagnant film with a thickness zb. The

diffusion through the film is modeled with the

Maxwell–Stefan equations.

10. At the surface between the gas channels and the

liquid film, the oxygen dissolves in the electrolyte

and then diffuses perpendicular to the axis of the

agglomerate. It is assumed that the electrolyte is in

equilibrium with the oxygen in the gas phase and that

Henry’s law is applicable. Since the dissolution of

nitrogen in the electrolyte is neglected, it is sufficient

to describe the diffusion of oxygen in the film and the

agglomerate by Fick’s law.

11. Water is allowed to change between the gas phase

and the liquid phase and equilibrium is assumed

between these phases.

12. In the liquid phase, the species water, sodium ions,

hydroxide ions, and dissolved oxygen are assumed to

be present. As oxygen is only flowing perpendicular

to the other species, it is not considered in the

direction along the agglomerate. The other three

species are modeled with the Maxwell–Stefan

equations.

13. The electrochemical reaction considered is the direct

four electron reaction of oxygen and water

O2 þ 2H2Oþ 4e� �! 4OH�: ð1Þ

The possible formation of hydrogen peroxide as

intermediate is neglected because silver has a very

high catalytic activity for peroxide decomposition.

However, it is necessary to take into account a change

of the rate determining step in the overall reaction at a

certain potential Echange. This assumption will be

discussed in more detail later.

14. The electrochemical reaction is assumed to be first

order in the oxygen concentration.

3 Model equations

In this section the model equations for the various regions

(cf. Fig. 1) are summarized. For further illustration Fig. 3

shows all possible flow directions of the chemical species

and the current.

porous electrode

etylortcele

reaction layer gas diffusion layer

reyal
yradnuob

reb
mahc

sag

electrolyte

electrode

Fig. 1 Assumed geometry of the model
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3.1 Boundary layer in the gas chamber

The diffusion of the gases through the boundary layer

between the well-mixed part of the gas chamber and the

diffusion layer in the ODC is described with the Maxwell–

Stefan equations.

� 1

RT

dPi

dz00
¼
Xn

j¼1
j 6¼i

PjNi � PiNj

PT;bDg
ij

ð2Þ

3.2 Gas diffusion in the ODC

In contrast to Eq. 2, the diffusion is now taking place in a

porous medium and thus the effective values of diffusion

coefficients Deff
ij;s and Knudsen diffusion coefficients Deff

i;K;s

have to be considered.

� 1

RT

dPi

dz0
¼ Ni

Deff
i;K;s

þ
Xn

j¼1
j 6¼i

PjNi � PiNj

PT;sD
eff
ij;s

ð3Þ

� 1

RT

dPi

dz
¼ Ni

Deff
i;K;t

þ
Xn

j¼1
j 6¼i

PjNi � PiNj

PT;tD
eff
ij;t

ð4Þ

3.3 Electrolyte diffusion

Since a strong electrolyte consisting of the ions Na? and

OH- in H2O at high concentrations is considered, one must

account for the real behavior of the ions. This can be

achieved by using the chemical potential li of the different

species.

� ci

RT

dli

dz
¼
Xn

j¼1
j 6¼i

cjNi � ciNj

cTDeff
ij;n

ð5Þ

With the aid of the electroneutrality law and the

definition of the mean molal activity coefficient c±, one

obtains

lNaOH ¼ lNaþ þ lOH�

¼ l��NaOH þ RT ln c2
�m2

� �
:

ð6Þ

Thus, it is sufficient to calculate the change of the molality

m as a function of z.

dm

dz
¼ m

2RT
�

dlNaOH

dz

1þ m ln 10
d log c�

dm

ð7Þ

The change of c± with respect to z can be calculated with

the extended Debye–Hückel limiting law for strong

electrolytes [24].

log c� ¼
�u

ffiffiffiffi
m
p

1þ
ffiffiffiffiffiffi
2m
p þ Bmþ Cm2 þ Dm3 þ Em4

The derivative with respect to the molality gives

d log c�
dm

¼ �u
ffiffiffi
2
p

4mð
ffiffiffiffiffiffi
2m
p

þ 2Þ þ 2
ffiffiffiffiffiffi
2m
p

þ Bþ 2Cmþ 3Dm2 þ 4Em3:

ð8Þ

The missing gradient
dlNaOH

dz in Eq. 7 can be derived from

Eqs. 5 and 6 resulting in

dlNaOH

dz
¼ RTMH2O

qNaOH

�mMNaOH þ 1

2mMH2O þ 1

�
N l

H2O

Deff
Naþ;H2O;n

þ
N l

H2O � NOH�
mMH2O

Deff
OH�;H2O;n

 !
; ð9Þ

where qNaOH is the density of the sodium hydroxide solu-

tion. This equation is valid for a Na? flux of zero (see

Sect. 3.4).

<
1

m
m

electrolyte

gas

metal net/current collector

Ag + PTFE

Fig. 2 Structure of a silver-based oxygen depolarized cathode

Fig. 3 Possible flow directions of chemical species and current
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3.4 Material balances

From the overall integral material balances, it follows that

the fluxes of nitrogen and sodium ions are zero, because

they do not participate in the reaction (Eq. 1).

NN2
¼ 0 ð10Þ

NNaþ ¼ 0

Water on the other hand is able to flow from the gas chamber

to the electrolyte or vice versa, even in the absence of reac-

tion, depending on the conditions in the gas chamber.

In Fig. 3, it can be seen that water in the reaction layer

can either flow in the gas phase ðNg
H2OÞ or in the electrolyte

phase ðN l
H2OÞ. The sum of these two fluxes gives the total

flow of water

NH2O ¼ N
g
H2O þ N l

H2O: ð11Þ

If the electrochemical reaction takes place the flux of

oxygen at the beginning of the reaction layer is coupled

to the flux of OH- ions at the end of the reaction layer

according to the stoichiometry of the reaction.

NOH�ðz ¼ ztÞ ¼ 4NO2
ðz ¼ 0Þ ð12Þ

For the water consumed by the reaction, we obtain

NH2Oðz ¼ 0Þ � NH2Oðz ¼ ztÞ ¼ 2NO2
ðz ¼ 0Þ: ð13Þ

The flux of oxygen can be calculated with Faraday’s law

jeðz ¼ 0Þ ¼ �4FNO2
ðz ¼ 0Þ; ð14Þ

where ie is the current density in the solid electrode. The

integral material balances inside the reaction layer yield

NOH�ðzÞ ¼ NOH�ðztÞ � 4NO2
ðzÞ ð15Þ

NH2OðzÞ ¼ NH2OðztÞ þ 2NO2
ðzÞ ð16Þ

jeðzÞ ¼ �4FNO2
ðzÞ: ð17Þ

As no reaction is taking place in the diffusion layer and

the boundary layer, the fluxes of the gaseous species are

equal to the fluxes at the beginning of the reaction layer

Ng
i ðz ¼ 0Þ ¼ Niðz0Þ ¼ Niðz00Þ: ð18Þ

Equations 12–18 allow for the calculation of all fluxes if

the flux of oxygen is known at each position in the reaction

layer. This missing quantity can be calculated with the

differential material balance

r ¼ � dNO2

dz
; ð19Þ

where r is the reaction rate of oxygen.

With the equations above the partial pressures and

concentration profiles in the agglomerates can be calcu-

lated along the z-axis (Fig. 4a).

3.5 Diffusion and reaction of oxygen in the electrolyte

Before the electrochemical reaction takes place, oxygen

must dissolve in the film which is surrounding the

agglomerates. Henry’s law is used to describe the equi-

librium between the gas phase and the film (assumption

10)

c* ¼ PO2

H
; ð20Þ

where c* is the concentration of oxygen in the outer film

and H the (inverse) Henry constant (dot in Fig. 4b). The

oxygen then diffuses through the film followed by coupled

diffusion and reaction inside the agglomerates. In steady

state, the diffusion flux through the film has to be equal to

the reaction rate in the agglomerates. The diffusion flux

through the film can be described by

r ¼
Dl

O2

dtf

ðc*� cÞStf ð21Þ

with the thickness of the film dtf, the concentration

difference between the outermost and innermost point of

the film c*�c (straight line in Fig. 4b) and the specific

surface area of the thin film per total reaction layer volume

Stf. The specific surface area of the thin film related to the

total volume of the reaction layer can be calculated with

Stf ¼
2

rag

ð1� etÞ: ð22Þ

The coupled diffusion and reaction of oxygen in the

agglomerates can be described analogous to the well-

known phenomena taking place in a porous catalyst

particle [19]

reaction layer diffusion
layer

boundary
layer
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b

Fig. 4 Schematic of partial pressure and concentration profiles in the

various regions
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r ¼ kccgeffð1� etÞ; ð23Þ

where kc is the reaction rate constant, c the concentration of

oxygen at the outermost point of the agglomerate and geff

the effectiveness factor (cf. curve in Fig. 4b). The

effectiveness factor can be calculated with the aid of the

Thiele modulus c

geff ¼
tanhðcÞ

c
ð24Þ

where

c ¼ L

ffiffiffiffiffiffiffiffiffiffi
kc

Deff;l
O2

s
ð25Þ

and L the characteristic length which is

L ¼ rag=2 ð26Þ

for the considered cylindrical geometry.

With the maximum oxygen concentration c and the

effectiveness factor geff, one can also calculate an effective

concentration inside the agglomerate

ceff ¼ cgeff : ð27Þ

3.6 Electrochemical reaction, potential and current

density distribution

The electrochemical reaction is described with the Tafel

equation assuming that there is a change in the rate

determining step (assumption 13)

jtf ¼
A1c � 10

Du
Ts1 for g�Echange

A2c � 10
Du
Ts2 for g[ Echange

(
; ð28Þ

where jtf is the current density transferred per area of thin

film, which is connected with the reaction rate by

r ¼ jtf

4F
Stf : ð29Þ

A1 and A2 are constants describing the exchange current

density, Ts1 and Ts2 the corresponding Tafel slopes, g the

overpotential, and Du the potential difference between the

solid electrode and the electrolyte in the porous electrode

Du ¼ ue � ui: ð30Þ

The potential distribution inside the solid electrode ue

and the electrolyte ui can be calculated by Ohm’s law

due

dz
¼ � je

je

ð31Þ

dui

dz
¼ � ji

jeff
i

ð32Þ

with the conductivity of the solid electrode je and the

effective conductivity of the electrolyte jeff
i inside the

pores of the agglomerate, which can be calculated from the

conductivity of the free electrolyte ji

jeff
i ¼ ji

en

sn

ð1� etÞ ð33Þ

with the porosity of the agglomerates

en ¼
es � et

1� et

: ð34Þ

The current density distribution of the electrode was

already given in Eq. 17 and the current density distribution

of the electrolyte can be easily calculated with

j ¼ je þ ji ð35Þ

where j is the current density externally applied to the

ODC.

The overpotential g is defined as

g ¼ ½ueð0Þ � uiðztÞ� � E� ð36Þ

because the bracketed potential difference can be measured

experimentally. E� is the standard potential at T = 80 �C

and a partial pressure of oxygen in the gas chamber of

1 bar which is equal to 0.218 V [25].

3.7 Diffusion coefficients

The Knudsen diffusion coefficients are calculated with

Di;K;x ¼
2

3
rx

ffiffiffiffiffiffiffiffiffi
8RT

pMi

r
with x ¼ s; t ð37Þ

based on the kinetic gas theory. All required effective

diffusion coefficients are calculated by multiplying the free

binary diffusion coefficients with the porosity–tortuosity

factor. The same holds for the calculation of the effective

Knudsen diffusion coefficients and the effective diffusion

coefficient of oxygen in the agglomerate.

Deff
x ¼

ex

sx
Dx with x ¼ s; t; n ð38Þ

Deff;l
O2
¼ en

sn

Dl
O2

ð39Þ

3.8 Model implementation and boundary conditions

The model was build in Aspen Custom Modeler (ACM)

using all shown equations above except Eqs. 1, 5, and 6

which were only numbered for referencing purposes.

Equation 2 was used for oxygen and water vapor while the

nitrogen partial pressure was calculated as difference to the

total pressure

PT;b ¼
X

Pi: ð40Þ

The total pressure in the boundary layer equals the total

pressure in the gas chamber due to assumption 2
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PT;b ¼ PT;g: ð41Þ

The boundary conditions for these two differential

equations are that the ‘‘inlet’’ partial pressures are equal

to the partial pressures in the gas chamber

Piðz00 ¼ 0Þ ¼ Pi;g with i ¼ O2;H2O: ð42Þ

The same principle was used for the gas diffusion layer and

the gas channels in the reaction layer (Eqs. 3, 4) except that

the ‘‘inlet’’ partial pressures of the domains are the ‘‘outlet’’

partial pressures of the previous domains, i.e.,

Pi;sðz0 ¼ 0Þ ¼ Pi;bðz00 ¼ zbÞ with i ¼ O2;H2O

ð43Þ

Pi;tðz ¼ 0Þ ¼ Pi;sðz0 ¼ zsÞ with i ¼ O2;H2O:

ð44Þ

The boundary condition for Eq. 7 is

mðztÞ ¼ 11:25 mol kg�1 ð45Þ

which is the concentration of the considered electrolyte. After

calculation of the concentration profiles in the electrolyte, the

partial pressure of water in the gas channels of the reaction

layer is immediately known due to assumption 11

PH2O ¼ Pm ð46Þ

with Pm as the saturation partial pressure of water above

the aqueous sodium hydroxide solution. As the partial

pressure of water in the gas chamber is also known, the flux

of water vapor in the gas diffusion layer and the boundary

layer can be calculated. However, since the flux of oxygen

is given by Faraday’s law (Eqs. 14, 18), conflicts arise if

the case of a gas phase containing only oxygen without

nitrogen is considered. Therefore, we have chosen to

always assume that a certain amount of nitrogen is present

in the system (for further details see [26]). To calculate the

case of pure oxygen in the gas chamber, we use a partial

pressure of nitrogen of 0.1 bar which is also added to the

total pressure of the system.

In order to achieve that no (gaseous) oxygen is

exchanged with the electrolyte at the end of the reaction

layer, the following boundary condition for Eq. 19 is used

NO2
ðztÞ ¼ 0: ð47Þ

The same applies to water vapor at that boundary

Ng
H2OðztÞ ¼ 0 ð48Þ

and for liquid water at the boundary between reaction layer

and gas diffusion layer

N l
H2Oðz ¼ 0Þ ¼ 0: ð49Þ

The remaining boundary conditions concern Ohm’s

laws. For Eq. 31, the current density in the solid electrode

at the beginning of the reaction layer equals the externally

applied current density

jeðz ¼ 0Þ ¼ j ð50Þ

and for Eq. 32, we have chosen to set

uiðz ¼ 0Þ ¼ 0; ð51Þ

because the two potentials ue and ui cannot be observed

independently.

4 Determination of experimental and model

parameters

The electrode used for the measurement of overpotentials

was prepared by a spray method that will be described

elsewhere. It had a thickness of 300 lm and consisted of a

mixture of 97 wt% silver and 3 wt% PTFE. The oxygen

reduction was carried out in a half-cell from Gaskatel

GmbH, Germany, under galvanostatic conditions at 80 �C

and ambient pressure with controlled flows of NaOH and

mixtures of oxygen and nitrogen (saturated with water

vapor at ambient temperature) on both sides of the elec-

trode. The potential as a function of current was measured

with the aid of a Luggin capillary placed directly on the

surface of the catholyte side of the ODC. A HydroFlex

electrode from Gaskatel GmbH, Germany, was used as

reference electrode. The measured electronic conductivity

of the electrode was found to be C105 S m-1. The exper-

imental and model parameters required for the simulations

are listed in Tables 1 and 2.

The current density was calculated through dividing the

applied current by the geometrical surface of the electrode

exposed to the electrolyte. The measured potential (vs.

RHE) of the electrode was first corrected to NHE and then

the standard potential of the oxygen reduction reaction

(ORR) was subtracted to obtain the overpotential.

5 Results and discussion

The developed ODC model allows for the simulation of

overpotentials as a function of current density for various

operating conditions. Before attempting to fit the model

parameters to the measured overpotentials, a numerical

study was performed to identify the most significant

parameters. In agreement with [6], it was found that the

diffusion of oxygen in the gas phase is only limiting when

the radii of the gas pores are very small. For the pore radii

in the electrode (Table 1) the diffusion of oxygen is never

limiting even at extremely high current densities. The most

relevant phenomena are thus the electrochemical reaction

and the diffusion of oxygen in the liquid electrolyte.
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We started with the description of the overpotential in

the region of current densities below 0.5 kA m-2, where

diffusion resistances are relatively low for the case of

100% oxygen. First, it was attempted to describe the

measured results based on a single Tafel equation (light

gray lines in Fig. 5a). Note that the gray area where the

Tafel equation is assumed to be invalid refers to potentials

up to 5RT/4F = 38 mV. With a single Tafel equation,

however, it was not possible to predict the relatively high

overpotentials at higher current densities with severe dif-

fusion limitations as indicated by the thin gray line in

Fig. 5b. Therefore, we introduced a second Tafel equation

in the region of higher potentials ([0.155 V) with about

twice the slope of the low potential curve. With this

Table 1 List of constant model parameters for standard case (100% O2)

Name Symbol Unit Value Remarks

Boundary layer in gas chamber

Thickness zb m 15 9 10-3 Own estimate

Gas diffusion layer

Averaged radius rs m 5.0 9 10-7 Own estimate

Porosity es Dimensionless 0.40 Own estimate

Tortuosity ss Dimensionless 3 Own estimate

Reaction layer

Averaged radius for the gas channels rt m 2.5 9 10-7 Own estimate

Tortuosity for the gas channels st Dimensionless 1 Assumption 5

Tortuosity of the agglomerates sn Dimensionless 3 Own estimate

Operating conditions

O2 partial pressure in gas chamber PO2 ;g Pa 1.0 9 105

H2O partial pressure in gas chamber PH2O;g Pa 0.0234 9 105 Saturated at 20 �C

N2 partial pressure in gas chamber PN2 ;g Pa 0.1 9 105 See text

NaOH molality in catholyte m mol kg-1 11.25

Temperature T K 353.15

Electrochemical reaction

Equilibrium potential E� V 0.214 [24, 25]

(Fixed) property data

Electronic conductivity of the electrode je S m-1 1 9 105 See text

Ionic conductivity of the electrolyte ji S m-1 120 [27 Figure H10]

(Inverse) Henry constant H Pa m3 mol-1 8.55 9 106 [28]

O2 diffusion coefficient in the electrolyte Dl
O2

m2 s-1 2.54 9 10-9 [28]

Table 2 Property data dependent on temperature or other parameters (m, r)

Name Symbol Unit Remarks

Diffusion coefficients

Binary gas diffusion coefficients Dg
ij m2 s-1 [29]a

Knudsen diffusion coefficients Di;K m2 s-1 Eq. 37

Binary liquid diffusion coefficients Dl
ij

m2 s-1 [22]b

Catholyte data

Mean molal activity coefficient of NaOH in aqueous NaOH solution c± Dimensionless [24]c

Vapor pressure of H2O in aqueous NaOH solution Pm Pa [24]c

Activity of H2O in aqueous NaOH solution aH2O Dimensionless [24]c

Saturation vapor pressure of pure H2O Psat
H2O Pa [30]

Density of aqueous NaOH solution qNaOH kg m-3 [31]

a With corrected equation 11-3.1
b Calculated for KOH with viscosity data of NaOH from [31], because NaOH data are not available
c 0.1–17 mol kg-1, 0–70 �C! data extrapolated
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extension it was possible to describe the overpotentials in

both the kinetic regime and for industrially relevant current

densities (Fig. 5). The differences between the broken lines

in Fig. 5a, that denote the Tafel slopes, and the solid lines,

which were calculated with the full model, reveal that the

influence of mass transfer resistances already becomes

relevant at current densities as low as 0.1 kA m-2 (see also

discussion of Fig. 8).

A possible reason for the apparent change in the Tafel

slope could be a change of the adsorption isotherms. This

was found during the ORR on platinum catalysts where the

charge transfer step was rate determining in both potential

regions and the observed difference in the Tafel slopes

arose solely from different adsorption isotherms of the

intermediate species in the both regions [32, 33] . Another

explanation for this effect could be the porous nature of the

ODC itself. With a statistical model, Soderberg et al. [34]

have shown that strongly different electronic and ionic

conductivities may lead to an apparent doubling of the

Tafel slope even in the absence of mass transfer

resistances.

The diagrams in Fig. 6 reveal that the developed model

also allows for the description of measurements obtained at

different oxygen concentrations with quite good accuracy.

The Tafel curves depicted in Fig. 6a are shifted to lower

current densities according to the lower equilibrium oxy-

gen concentration in the electrolyte. The calculated limit-

ing current densities for diluted gas mixtures with 30 to

50% O2 are around 2 and 3.5 kA m-2, respectively.

However, these predicted limiting current densities cannot

be measured, because the reaction will switch from the

ORR to the hydrogen evolution reaction if the potential for

this reaction is lower than that of the ORR. Nevertheless,

the results clearly show that industrially relevant current

densities of 4 kA m-2 or higher can only be reached with

oxygen concentrations of or close to 100%.

Some interesting further simulation results are summa-

rized in Fig. 7. Figure 7 shows the fluxes of all the species

in the reaction layer for an externally applied current

density of 4 kA m-2 and 100% oxygen. As described

earlier the flux of oxygen can be calculated by Faradays

law and has to decrease to zero at the end of the reaction

layer. In contrast, the flux of the hydroxide ions rises from

0 to 4 times the flux of oxygen at z = 0, and the difference

of the fluxes of the total water NH2O between z = 0 and

z ¼ zt has to be twice the flux of oxygen at the beginning of

the reaction layer (Eq. 13). The net flux of water toward the

gas chamber is caused by the lower partial pressure of

water in the gas chamber compared to that in the reaction

layer. The consequence of the rising flux of OH- ions

a b

Fig. 5 Comparison between simulation results and measurements for 100% O2

a b

Fig. 6 Dependence of overvoltage on current density for different oxygen concentrations
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toward the electrolyte is that the molality of the sodium

hydroxide solution is decreasing which also causes a rise of

the partial pressure of water around the agglomerates

(Fig. 7b). This results in a negative flux of the water vapor,

and to fulfill Eq. 11 the flux of liquid water is positive in

most cases. The sharp edges at the ends of the gas and

liquid fluxes of water result from the conditions given in

Eqs. 48 and 49 and the fact that no kinetic limitation for the

phase transfer of water was taken into account.

It is also very instructive to discuss the calculated

oxygen distribution inside the agglomerates and the sur-

rounding film as shown for three different current densities

in Fig. 8. The spatial distribution of oxygen concentration

for an isothermal reaction–diffusion system with first order

kinetics can be calculated with [35]

cðr; zÞ ¼ cðrag; zÞ
cosh r

rag
cðzÞ

� �

coshðcðzÞÞ : ð52Þ

For simplicity, only results in the middle of the reaction

layer are shown. Already for a relatively low current

density of 0.5 kA m-2 the oxygen concentration decreases

to almost zero in a thin outer layer of the agglomerate.

Thus more than 90% of the agglomerates do not participate

a b
Fig. 7 a Fluxes of species,

molality of NaOH and b water

partial pressure distribution in

the reaction layer

Fig. 8 Distribution of oxygen concentration in film and agglomerate at different current densities for 100% O2, thin film magnified by a factor

of 10
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in the reaction and the effective concentration ceff is around

60 times lower than the maximum concentration in the

agglomerate c. This value is still similar to the maximum

concentration in the film c* indicating no significant

resistance due to film diffusion.

The supply of oxygen to the active sites of the silver

electrocatalyst is even worse for an industrial relevant

current density of 4 kA m-2 where one already can see a

significant influence of the film surrounding the agglom-

erate. The oxygen concentration reaching the agglomerate

drops by about 40% and the concentration inside the

agglomerate falls so rapidly that it cannot be depicted

anymore. Although the effective concentration in the

agglomerates is now around 1500 times lower than the

equilibrium value, the electrode is still working properly

below the limiting current density, however, at the expense

of an overpotential of more than 500 mV. At a current

density of 7.5 kA m-2 the electrode reaches the border of

the mass transfer limitation with the concentration at the

end of the liquid film being hardly more than 10% of the

maximum value.

The kinetic parameters for the electrochemical reaction

could be determined with quite good accuracy (cf. Fig. 5).

Nevertheless, future measurements on non-porous elec-

trodes made from the same silver catalyst should help to

verify the electrokinetics independently. The remaining

model parameters that had to be adjusted were the thick-

ness and porosity of the reaction layer as well as agglom-

erate radius and thickness of the surrounding film

(Table 3). The film thickness for which a very low value of

60 nm was obtained can be determined relatively inde-

pendently from the onset of mass transfer limitation at a

given oxygen concentration in the gas phase. The other

three geometric parameters, however, can only be deter-

mined simultaneously and different parameter sets allow

for the description of the measured overpotentials with

similar accuracy. To determine these parameters more

precisely, it would be highly desirable to measure the

distribution of the liquid electrolyte in the porous electrode

under reaction conditions. This is, however, a quite difficult

task for future investigations given the estimated average

agglomerate radius in the range of only 5 lm.

6 Conclusion

We have presented a model for the calculation of the

overpotential during oxygen reduction on a silver-based

ODC in a wide range of current densities. With this model

it is possible to study the influence of reaction conditions

such as temperature, electrolyte concentration, and gas

composition on the electrode performance. It is also evi-

dent that the electrode can be operated at high current

densities although the by far larger parts of the agglomer-

ates do not contribute to the reaction. Thus the electro-

chemical reaction in the working parts of the electrode is

extremely fast. Therefore, an improved electrode should

consist of very small catalyst particles, which are only

wetted by a film of similar size, provided that the flow of

hydroxide ions does not become the rate determining step.

The size of the gas channels is of lesser importance as

diffusion in the gas phase is orders of magnitude faster than

in the electrolyte. Such an improved geometric electrode

design would result in high surface areas between gas

phase and electrolyte as well as between electrolyte and

solid catalyst.

Table 3 Adjusted model parameters to fit measured data

Name Symbol Unit Value Remarks

Gas diffusion layer

Thickness zs m 1.0 9 10-4 a

Reaction layer

Thickness zt m 2.0 9 10-4 a

Porosity et Dimensionless 0.32

Averaged radius for the agglomerates rag m 5.0 9 10-6

Thickness of the film dtf m 6.0 9 10-8

Electrochemical reaction

Low potential region

Constant A1 A m mol-1 0.007

Tafel slope Ts1 V decade-1 0.08

High potential region

Constant A2 A m mol-1 4.0

Tafel slope Ts2 V decade-1 0.20

a Sum of zs and zt assumed to be equal to total thickness of electrode
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