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Introduction

Over 60 % of all goods in the chemical industry contain chlor-
ine as a basic chemical. In 2017, 89 million tons of chlorine

were produced worldwide. By using traditional NaCl mem-
brane electrolysis, this corresponds to a consumption of

195 800 GWh electrical energy per year and the emission of 82
million tons of CO2.[1] An energy-saving alternative is given by
advanced chlor-alkali electrolysis with oxygen depolarized

cathodes (ODCs), which reduces the required energy by about
30 %.[2] Here, in contrast to the standard process, no hydrogen

is produced as a coproduct, but oxygen is consumed at the
cathode.[3] The centerpiece of this technique is the silver cata-

lyst based gas diffusion cathode,[4] at which the oxygen reduc-
tion reaction (ORR) takes place [Eq. (1)]:

O2 þ 2 H2Oþ 4 e@ ! 4 OH@ ð1Þ

The ODCs themselves consist of a porous structure of silver
particles and a polytetrafluoroethylene (PTFE) coating of 300
to 1000 mm thick. Typical operating conditions are NaOH con-

centrations of around 10 m, a temperature range from 80 to
90 8C,[2, 5] and current densities of 4 to 6 kA m@2.[6] Under these

conditions, silver shows the same electrochemical activity as
that of a platinum catalyst.[7] However, regardless of the great

importance of the ORR, the key drivers for the observed high
current densities of the ODCs and the underlying limiting pro-
cesses are not well understood. Essential properties such as

the local distribution of the gaseous and liquid phase within
the electrode are unknown.[8] Because the solubility of oxygen
in the liquid electrolyte is poor due to the high ionic concen-
tration and temperature, the attained high current densities

are presently not explainable.[9] The behavior of the ORR and
the ODCs in alkaline media have been investigated in several

studies : Blizanac et al. examined the reaction pathway of the
ORR on silver single-crystal surfaces with rotating ring disk
electrodes.[10] The electrochemistry of oxygen in concentrated

NaOH electrolyte was evaluated by Zhang et al.[11] Later
Pinnow et al. presented a model that describes the stationary

performance of ODCs under various working conditions.[12] The
ODCs were characterized under industrial working conditions

by Moussallem et al. , with varying catalyst particle size distri-

butions, PTFE and silver contents, and porosities.[8] Clausmeyer
et al. performed examinations with different NaOH concentra-

tions in the electrolyte.[13] In 2018, Botz et al. uncovered infor-
mation about local activities directly at the electrode surface.[9]

However, the interplay of mass transport, processes at the
gas–liquid interface, and reaction kinetics are not well under-
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stood, although this knowledge is essential for un-
derstanding the overall performance drivers and lim-

iting factors. An appropriate, not yet applied,
method to explore this issue is dynamic model-

based analysis.
As shown previously in multiple studies, dynamic

simulation provides information on the importance
and interaction of mass transport, reaction mecha-

nisms, and kinetics or geometrical structures; this is

difficult to access in steady-state simulations. Exam-
ples of complex dynamic analysis and methods are

the identification of reaction kinetics by using small
sinusoidal signals,[14] that is, electrochemical impe-

dance spectroscopy; or state and concentration esti-
mation from large sinusoidal signals,[15] that is, nonlinear fre-

quency response analysis. A notable, tangible alternative is

given by the evaluation of potential steps (multistep chro-
noamperometry), chronoamperometry, or potentiometry.

These methods have been successfully used, among other
things, for the identification of transport and reaction process-

es in direct methanol fuel cells[16] or to investigate the limiting
factors for the ORR in metal–air batteries.[17]

To explore the performance-limiting subprocesses of the

ODC and to lay the foundation for a systematic improvement,
herein, a dynamic, one-dimensional, three-phase model of the

porous ODC for the ORR is introduced. To the best of our
knowledge, it is the first dynamic model of an ODC and the

first ODC model, in general, that takes the mass transport of
water and hydroxide ions within the liquid phase and the cor-

responding phase equilibrium into consideration, so that the

location of the gas–liquid interface can be identified. In con-
trast to stationary models, for example, the state-of-the-art

thin-film flooded agglomerate model by Pinnow et al. ,[12] time
constants can be simulated for a deeper analysis of the limit-

ing factors and their interaction. Herein, polarization curves
taken from the literature are used to validate the model. Next,

dynamic simulations are evaluated to determine the relevant

time constants and the limiting processes of the system. Final-
ly, the evaluation is completed with a sensitivity study to show

the impact of model parameters on the overall performance of
the ODC. Through this procedure, we show that the mass

transport of water and, particularly, hydroxide ions in the liquid
electrolyte is determined as the overall restricting factor.

Model Concept and Assumptions

The ODC consists of a porous structure of silver particles and
PTFE. Whereas silver serves as the heterogeneous catalyst for

the ORR, PTFE is needed for the hydrophobic properties of the
porous structure, to prevent a breakthrough of the aqueous

NaOH electrolyte.[2] Under operating conditions, the ODC is im-

pinged by oxygen from one side and by the liquid electrolyte
from the other side (cf. Figure 1). Due to the combination of

the hydrophilic silver catalyst and hydrophobic PTFE, only a
part of the ODC gets flooded, so that three different segments

within the ODC are expected. The section facing the oxygen
inlet contains a pure gas phase, whereas the section facing the

electrolyte is electrolyte flooded. Between the interface of

both phases, the three-phase area is located. Processes occur-

ring directly at the interface are the evaporation of water and
the dissolution of oxygen into the electrolyte. Due to poor sol-

ubility of oxygen into the electrolyte, it is estimated that the
ORR [Eq. (1)] takes place in the first few nanometers of the

electrolyte.[9, 12] In addition to the transport of oxygen into the
reaction zone, the provision of water and removal of hydroxide

ions are mass transport processes.

To transfer the complex behavior of the ODCs to a suitable
dynamic model, the following assumptions are made:

1 No pressure drop occurs within the electrode.

2 The temperature in the electrode is constant and homoge-
neous.

3 A complete ORR [Eq. (1)] is assumed. Possible incomplete

ORR with hydrogen peroxide as a final product is not con-
sidered, due the high catalytic activity of silver for reducing

hydrogen peroxide.[18]

4 Due to the high overpotential, the anodic current is negli-

gible; hence the kinetics can be described with the Tafel
equation.

5 The location of the gas–liquid interface is stationary over

time.
6 Within the electrolyte, electroneutrality is assumed.
7 Because the reaction zone in the electrode is very thin and

the catalyst and electrolyte are highly conductive, no inter-

nal voltage distribution is considered.
8 The high concentration of NaOH results in a low viscosity

of electrolyte; thus, a liquid diffusion layer between the
ODC and bulk electrolyte has to be considered, even if the
bulk electrolyte itself is ideally stirred.

9 A gaseous diffusion layer is not relevant. As shown later,
the diffusion length in the gas phase does not contribute

significantly to the total mass transport resistance and
would not affect the ODC performance.

10 In all liquid sections, multicomponent diffusion is described

by Maxwell–Stefan diffusion. Because the concentrations of
hydroxide ions and water are both about 106 times higher

than that of the oxygen concentration, the influence of
oxygen diffusion on water and hydroxide diffusion is negli-

gible.

Figure 1. Schematic view of the model, including reactions and mass transport.



11 The change of the electrolyte concentration due
to the ORR leads to a change of electrolyte den-

sity (see Figure 14 in the Appendix). With the
further assumption of local stationary phases, an

overlying convection is assumed, to consider the
according change in electrolyte volume. To cal-

culate this flux, the simplification ctotal = ctotal(z =

0, t = 0) is used (see Figure 10 in the Appendix).
The error is less than 0.8 %; a more in-depth

error estimation is given in the Appendix. Fur-
ther convection caused by water evaporation

and oxygen dissolution is implemented in both
phases.

12 The concentration of Na+ is calculated from the equation
for electroneutrality. To consider its influence on mass

transport, the binary diffusion coefficient, Dliq
H2 O;NaOH, of

NaOH versus H2O within the liquid electrolyte is calculated
with the concentrated solution theory, which takes OH@

and Na+ into account.[19]

13 In the ODC, the gradients in the through-plane direction (z

direction) are decisive. A homogeneous distribution of the
phases and their components in the x and y directions in-

plane is assumed.

The one-dimensional, three-phase, thin-film-model is divided

into four spatially resolved sections. As shown in Figure 1,
three of them are located within the porous ODC: a pure gas

phase; a thin film; and a flooded porous structure, which is de-
noted as flooded agglomerates hereafter. The thin film repre-

sents the interface of liquid and gas phases within the elec-

trode; this approach is a common method for modeling phase
boundaries with a high specific interface.[20] Typical values for

the thin-film thicknesses are between 25 and 300 nm.[21] The
fourth section is a liquid boundary layer beyond the electrode.

For the thin film, the flooded agglomerates and liquid diffusion
layer, hereafter, the collective term liquid phase is used.

The gas phase contains exclusively gases, namely, oxygen

and water vapor. Whereas oxygen is provided by the gas bulk
phase on the left, water evaporates from the liquid phase at
the right-hand side. Additionally, oxygen is dissolved in the
thin film and transported into the flooded agglomerates,

where the ORR occurs. The thin film itself is an exclusive trans-
port layer, where no reaction takes place. The upstream liquid

boundary layer is included because a significant diffusion re-
sistance is expected.[9]

Because a homogeneous distribution of the gas–liquid inter-

face and concentrations in the x and y directions is assumed,
the specific surface area of the interface (Sinterface) is defined by

Equation (2) and represents the phase interface area per geo-
metric cross-sectional area of the electrode:

Sinterface ¼
Aphase interface

Ageometric
ð2Þ

This parameter enables the one-dimensional model approach

to meet the characteristics of a large gas–liquid interface
within the ODC, as displayed in Figure 2. Because a steep

oxygen gradient within a few nanometers of the gas–liquid in-

terface is assumed,[9] the meaningful area for dissolution and
subsequent mass transport of oxygen is defined as the specific
interface area (cf. Figure 2). The thin film represents the liquid

side of the gas–liquid interface; hence the interface area is also
relevant for the transport of water and hydroxide ions through

the thin film. In contrast, the area for transport in the gas
phase and for the transport of water and hydroxide ions in the

flooded agglomerates is given by the geometric cross section.

Model Equations

Electrochemical reaction kinetics, double-layer capacitance,
and internal resistance

The Faradaic current density, jF, is modeled by using Faraday’s

law [Eq. (3)] and the Tafel equation [Eq. (4)] . All given current
densities are referenced to the geometric cross section:

jF ¼ F4r ð3Þ

in which the reaction rate, r, is calculated from Equation (4):

r ¼ k0aO2
a2

H2Oexp
ð1 aÞFhreaction

RT

. -
ð4Þ

in which k0 is the kinetic reaction rate constant, ai are the activ-

ities of the species i, hreaction is the overpotential, a is the
anodic symmetry factor, and T is the temperature.

The concentration- and temperature-dependent activity,

aH2O, is based on empirical studies of Balej,[22] whereas for the

oxygen activity, aO2
, an approximately ideal behavior is as-

sumed [Eq. (5)]:

aO2
¼ f O2

cO2

cA
O2

ð5Þ

Hence, aO2
is calculated from the fugacity coefficient, fO2

= 1;

the standard concentration, cA
O2

= 1 kmol m@3 ; and the concen-
tration of dissolved oxygen in the electrolyte, cO2

.

The overpotential of the ORR, hreaction, is defined as the differ-

ence between the open-circuit potential (OCP), E0, and the po-
tential in the reaction zone, Eint [Eq. (6)]:

hreaction ¼ Eint E0 ð6Þ

Figure 2. Mass transport processes at the gas liquid interface.



Ohmic potential losses can be calculated according to Ohm’s
law [Eq. (7)] as the difference between the external applied po-

tential and the potential in the reaction zone:

Eext E int ¼ Rspecificj ð7Þ

in which Eint is the potential in the reaction zone, which equals

the external applied potential, Eext, under consideration of the

specific Ohmic resistance, Rspecific. The current density, j, is the
sum of the Faradaic and capacitive current density: j = jF + jdl.

By assuming a constant double-layer capacitance, Cdl, the

charge balance in the reaction zone is given by Equation (8):

Cdl

dEint

dt
¼ j F4r ð8Þ

Mass transport in the gas phase and processes at the gas–
liquid interface

To model mass transport in the gas phase, the evaporation of
water and dissolution of oxygen at the gas–liquid interface

have to be taken into account as major effects. Because the
absolute values of these two fluxes are typically unequal, in ad-
dition to diffusion, an overlaying convection has to be taken
into account. This process is described by the bilateral non-
equimolar diffusion, which is characterized by Fick’s diffusion

with an overlying convective Stefan flow.[23] The resulting spe-
cies balance for i = {H2O, O2} in the gas phase is given by Equa-

tion (9):

@pi

@t
e ¼ @2pi

@z2 Dgas;eff
i;j þ @pi

@z
vgas

ð9Þ

in which pi is the partial pressure of species i, t is the time, e is
the porosity, z is the location in the z direction, Di,j

gas,eff is the

effective binary diffusion coefficient, and vgas is the velocity of
the convective flow. Di,j

gas,eff is calculated from the free diffusion

coefficient, Di,j
gas ; porosity, e ; and tortuosity, t [Eq. (10)]:

Dgas;eff
i;j ¼ Dgas

i;j

e

t
ð10Þ

The tortuosity is approximated with the Bruggemann relation-
ship: t= e@0.5.[24]

To calculate the Stefan flow, a constant pressure of ptotal is
assumed. The only sinks and sources for both components are

dissolution and evaporation at the gas–liquid interface, z = zgas,
and further inclusion of the ideal gas law results in the same

convective velocity over the whole gas phase [Eq. (11)]:

dvgas

dz
¼ 0 ð11Þ

Thus, the velocity at every point in the gas phase exclusively

depends on mass transfer over the gas–liquid interface
[Eq. (12)]:

_Nconvection
total ¼ _Nevaporation

H2O
_Ndissolution

O2
ð12Þ

The resulting convective mass flow, _Nconvection
total , can also be de-

scribed by the velocity of the flow in gaseous phase [Eq. (13)]:

_Nconvection
total ¼ ptotal

RT
vgas ð13Þ

The evaporation of water is described by Raoult’s law, in which
the partial pressure of water, p*

H2O, directly at the gas side of

the interface equals the vapor pressure, pvap
H2O, which is a func-

tion of the concentration of sodium hydroxide, c*
NaOH, and of

water, c*
H2 O, immediately at the interface. The vapor pressure

dependence, pvap
H2O(c*

NaOH,c*
H2O,T), is taken from Hirschberg;[25] c*

NaOH

and c*
H2O are calculated by considering mass conservation

during the evaporation process with the use of a steady-state
mass balance [Eq. (14) and Figure 3]:

_NTF;out
H2O ¼ _Nevaporation

H2O ¼ _NGas;in
H2 O ð14Þ

in which _Nevaporation
H2O is the mass flow of evaporating water,

which equals the sink of water in the liquid phase, _NTF;out
H2O , as

well as the source of water in the gas phase, _NGas;in
H2O . By solving

the given equations [Eqs. (9), (14), and (17)] , a dynamic imple-

mentation of Raoult’s law can be obtained. A detailed descrip-

tion of this procedure was reported by Schrçder et al.[17] For
technical implementation, this approach is used to interpolate

the concentrations and, in particular, the partial pressures from
the center of an adjacent gas volume element and thin-film

volume element at the gas–liquid interface to the common
border between these volume elements (cf. Figure 3).

A similar method is implemented for the dissolution of

oxygen into the electrolyte, for which the flux leaving the gas
phase, _NGas;out

O2
, is equal to the flux entering the liquid electro-

lyte, _NTF;in
O2

[Eq. (15)]:

_NGas;out
O2

¼ _Ndissolution
O2

¼ _NTF;in
O2

ð15Þ

Here, Henry’s law comes into effect to determine the oxygen
concentration, c*

O2
, directly at the gas–liquid interface, depend-

Figure 3. Illustration of a model of water evaporation and oxygen dissolu
tion immediately at the gas liquid interface. While oxygen is dissolved from
the gas phase into the liquid electrolyte (top), water evaporates from the
liquid electrolyte into the gas phase (bottom).



ing on the oxygen partial pressure, p*
O2

. The inverse Henry con-
stant for oxygen dissolution HO2

is also a function of c*
NaOH and

c*
H2O [Eq. (16)]:[26]

c*
O2
¼ p*

O2

HO2
ðc*NaOH; c*H2 OÞ ð16Þ

The concentration-dependent functions of the water vapor
pressure, pvap

H2O(c*
NaOH,c*

H2O) (Figure 12), and the Henry constant for

oxygen dissolution, HO2
(cNaOH,cH2 O) (Figure 11), are shown in the

Appendix.

Mass transport in the thin film

Mass transport in the thin film is characterized by a diffusion
process with an overlying convection of all species due to

evaporation. This results from the assumption of a nonmoving

interface and a constant thin-film volume. Because there are
three species i in the thin film, i = {OH@ , H2O, O2}, for the diffu-

sion process, the Maxwell–Stefan diffusion has to be taken into
account [Eq. (17)]:

@ci

@t
¼

Xn

j 1
i 6 j

ð@
2ci

@z2

cj

ctotal

@2cj

@z2

ci

ctotal
ÞDliq

i;j þ
@ci

@z
vliq;evaporation ð17Þ

Again, the oxygen concentration is very low; thus, no reason-
able effect from oxygen diffusion to the diffusion of water and

hydroxide ions is expected, which leads to j = {OH@ , H2O}. As in

the gas phase, the liquid evaporation velocity, vliq,evaporation, is
constant throughout the thin film [Eq. (18)]:

dvliq;evaporation

dz
¼ 0 ð18Þ

Thus, the velocity of the convective flow is directly proportion-

al to the evaporation rate [Eq. (19)]:

vliq;evaporation ¼
_N

Gas;in

H2 O

c*H2O

ð19Þ

Mass transport in the flooded agglomerates

Mass transport within the flooded agglomerates is also de-

scribed by Maxwell–Stefan diffusion with overlying convection,
vliq. The effective diffusion coefficient takes the porous struc-

ture into account and is calculated from Equation (10). More-
over, the sinks and sources due to the ORR have to be mod-

eled; this yields the species balance in Equation (20)]:

@ci

@t
e ¼

Xn

j 1
i 6 j

ð@
2ci

@z2

cj

ctotal

@2cj

@z2

ci

ctotal
ÞDliq;eff

i;j þ @ci

@z
vliq r ð20Þ

in which i = {OH@ , H2O, O2} and j = {OH@ , H2O}.

In addition to the above-described convection caused by
evaporation, there is a further effect due to the reaction. The
ORR causes a local change of water and hydroxide concentra-
tion, which consequently leads to a change in liquid density

(cf. Figure 14 in the Appendix). Although the molecules of
water and hydroxide per volume change depend on the reac-

tion, the total concentration, ctotal, stays almost totally constant
(cf. Figure 10 in the Appendix). Consequently, the additional
convection based on the density change between the reaction

area and the electrolyte bulk phase can be described by the
removal of additionally produced ions [Eqs. (21) and (22)]:

vliq;react zð Þ ¼ ðjnORR
H2 Oj jnORR

OH jÞ
Z

z

0

r zð Þ
ctotal

dz ð21Þ

dvliqreact

dz
6¼0 ð22Þ

in which r is the reaction rate, nORR
H2O is the stoichiometric factor

of water, and nORR
OH is the stoichiometric factor of hydroxide

ions in the ORR.

Finally, the local total velocity, vliq, for each location z can be
calculated from the velocity of evaporation, vliq,evaporation, and

the location-dependent velocity of the reaction, vliq,react

[Eq. (23)]:

vliqðzÞ ¼ vliq,evaporation þ vliq,reactðzÞ ð23Þ

Mass transport in the liquid diffusion layer

Mass transport in the liquid diffusion layer is described by the
same equations as those of mass transport within the flooded

agglomerates. In this layer, free diffusion occurs, so the free
binary diffusion coefficient is used [Eq. (24)]:

@ci

@t
¼

Xn

j 1
i 6 j

ð@
2ci

@z2

cj

ctotal

@2cj

@z2

ci

ctotal
ÞDliq

i;j þ
@ci

@z
vldl ð24Þ

in which i = {OH@ , H2O, O2} and j = {OH@ , H2O}.

Because there are no sinks and sources in the liquid boun-
dary layer, the convective velocity, vldl, is equal to that at z = zl

(cf. Figure 1) of the flooded agglomerates [Eqs. (25) and (26)]:

vldl ¼ vliqðz ¼ zlÞ ð25Þ
dvldl

dz
¼ 0 ð26Þ

Boundary conditions

Due to the high flux of oxygen in the gas bulk phase, the

boundary conditions are defined by Equations (27) and (28):

pO2
ðz ¼ 0Þ ¼ ptotal ð27Þ



pH2Oðz ¼ 0Þ ¼ 0 ð28Þ

Because the electrolyte bulk phase is assumed to be ideally
stirred, the concentration of oxygen is expected to be zero

[Eq. (29):

cO2
ðz ¼ ztÞ ¼ 0 ð29Þ

The amount of water in the electrolyte bulk phase can be cal-

culated as a function of sodium hydroxide concentration,[27]

which is constant [Eqs. (30) and (31)]:

cNaOHðz ¼ ztÞ ¼ cNaOHðz ¼ zt; t ¼ 0Þ ð30Þ
cH2Oðz ¼ ztÞ ¼ f cNaOHðz ¼ zt; t ¼ 0Þ½ A ð31Þ

Parameterization

The model was implemented in MATLAB. For parameter iden-
tification, data reported by Pinnow et al. was used.[12] The ex-
amined ODC was manufactured through a spray method and
contained 97 wt % silver and 3 wt % PTFE. The experiments

were performed at 80 8C and with a NaOH molality of mNaOH =

11.25 mol kg@1,[12] which, under the given conditions, corre-
sponded to a NaOH concentration of cNaOH(z = zt) = 1.01 V
104 mol m@3.[25, 27] All further constant model parameters, set to
their respective values obtained from experiments, are given in

Table 1, and concentration-dependent parameters are listed in
Table 2. The literature data were measured from j = 0 to

4 kA m@2. Because the ORR will switch to the hydrogen evolu-

tion reaction at current densities close to the predicted limiting
current, it is impossible to measure accurate ORR currents in

this range. Therefore, hydrogen evolution free higher current

densities have been simulated by the same authors.[12, 28]

Identified model parameters are the kinetic reaction rate

constant, k0 ; the specific interface area, Sinterface ; the specific re-
sistance, Rspecific ; and the length of flooded agglomerates, zfa.

The manually adjusted parameters that best reproduce the po-
larization curve documented by Pinnow et al.[12] are given in

Table 3. The corresponding curve in Figure 4 shows that the

data matches very well ; thus, the model can reproduce the
steady-state polarization curve.

The identified specific gas–liquid interface area, Sinterface, is
about 2.5 times higher than the interface modeled by Pinnow

et al.[12] This deviation may originate from the strict consider-
ation of the ion concentration dependent equilibrium at the

gas–liquid interface applied herein. The ion concentration de-

pendency of the phase equilibrium also enables an estimation

Table 1. List of constant parameters and operation conditions.

Parameter Symbol Unit Value Source

Electrode geometry
electrode thickness zelectrode m 300 V 10 6 [12]
thin film thickness ztf m 60 V 10 9 [12]
liquid diffusion layer thickness zldl m 50 V 10 6 own estimation
porosity E 0.4 [12]
tortuosity T 1.58 [24]
Operation conditions
pressure in gas chamber[a] pO2

Pa 1 V 105 [12]
NaOH concentration in electrolyte bulk[a] cNaOH(z = zl) mol m 3 1.01 V 104 [12]
H2O concentration in electrolyte bulk cH2 O(z = zl) mol m 3 4.97 V 104 [25]
temperature[a] T K 353.15 [12]
Electrochemical and kinetic data
OCP E0 V 0.216 [30]
symmetry factor[b] A 0.15 [31]
no. electrons in the reaction nt 4 [10]
no. electrons in rate determining step nrd 1 [10]
double layer capacitance Cdl F m 2 50 [32]
Diffusion coefficients
binary gas diffusion coefficient Dgas

O2 ,H2 O m2 s 1 2.98 V 10 5 [33]
binary liquid diffusion coefficient[b,c] Dliq

O2 ,H2 O m2 s 1 2.12 V 10 9 [33, 34]
binary liquid diffusion coefficient[b,c] Dliq

O2 ,NaOH m2 s 1 3.16 V 10 9 [33, 34]
binary liquid diffusion coefficient[d] Dliq

H2 O,NaOH m2 s 1 1.19 V 10 9 [19]

[a] Experimental operation conditions taken from Ref. [12] . [b] Measured with 6.5 m KOH. [c] Calculated by using a modified Wilke and Chang equation[33] ,
with V= 3.9 and a = 0.5, for the best fit to the experimental data reported in Ref. [34] . [d] No NaOH data available; modeled for KOH with the NaOH vis
cosity reported in Ref. [27] .

Table 2. Electrolyte concentration dependent variables ; dependencies
are shown in Figures 11 and 12 in the Appendix.

Name Symbol Unit Source

inverse Henry constant[a] HO2
Pa m3 mol 1 [26]

activity of H2O[b] aO2
[35]

density of electrolyte 1 kg m 3 [27]
water vapor pressure pvap

H2 O Pa [25]

[a] Extrapolated from cNaOH,6 m, but as shown in Ref. [11] extrapolated
values fit very well to experimental results for cNaOH,12 m. [b] Extrapolat
ed data from 343.15 to 353.15 K.



of the location of the gas–liquid interface. The average value

of the distributed gas–liquid interface is located 11.5 mm from
the end of the electrode facing the liquid side, so that only a
small part of the ODC is flooded with the liquid electrolyte

(Figure 2). Because the diameter of the pores of comparable
ODCs is typically less than 1 mm[29] and PTFE has a strongly hy-

drophobic character, this value seems to be valid. Present the-
ories about the shape of the gas–liquid interface are, for exam-

ple, cylindrical electrolyte flooded agglomerates surrounded by
the gas phase[12] or microscopic gas channels reaching into the

flooded electrode part.[13] If assuming a regular cylindrical
shape of the catalyst agglomerates in the electrode, which are
oriented perpendicular to the electrode surface,[28] agglomer-

ate diameters of dag = 0.62 mm are obtained. This comparably
small diameter may indicate microscopic gas channels into the

flooded agglomerates, an uneven surface following the cata-
lyst particles, or a moving interface. As discussed in the section

on parameter sensitivities below, all identified parameters have

a characteristic influence on the polarization curve, which is in-
dicated by different sensitivities of the overpotential to the pa-

rameters at kinetic, ohmic, and mass transport governed oper-
ation conditions. Nevertheless, the identified parameter set

may not be unique. Reliable parameterization would require
additional, especially dynamic, measurements that enable a

strict separation of slow and fast processes. However, based on
the comparison to literature values, we assess the parameter

set to be reasonable.

Results and Discussion

Steady-state analysis

To develop a deeper understanding of the processes within

the ODC, the states underlying the simulated polarization
curve (cf. Figure 4) are analyzed in the following section in

detail. The electrode potential is referred to the open-cell po-
tential, E0, of the simulated process conditions: E = Eext E0. As

shown in Figure 5 a, the oxygen concentration is depleted

strongly within the electrode close to the gas–liquid interface.
The drop gets steeper with increasing negative current densi-

ties. Even at medium current densities of about 5 kA m@2, dis-
solved oxygen can be found only in the first 200 nm of the

flooded electrode section. Although only a small fraction of
the catalyst is involved in the reaction, the kinetic losses are

comparably low, which indicates a high catalytic activity of

silver for the ORR in alkaline media. At higher current densities,
only the region directly behind the interface stays electro-

Table 3. Identified parameters that best reproduce the polarization
curve.

Name Symbol Unit Value

reaction kinetic rate constant k0 mol s 1 m 2 165
specific interface Sinterface m2 m 2 134
overall specific resistance Rspecific R m2 1.9 V 10 5

length of flooded agglomerates zfa m 11.5 V 10 6

length of gas phase[a] zgas m 288 V 10 6

[a] Calculated by zgas + ztf + zfa = zelectrode.

Figure 4. Simulated polarization curve in comparison with experimental data
reported in the literature.[12]

Figure 5. Dependence of simulated a) oxygen and b) water concentration
profiles within the liquid phase on current density.



chemically active, which supports findings previously report-
ed.[9, 12] Here, two major effects are identified, leading to the

transport limitation of oxygen. First, for increasing current,
more oxygen is consumed by the ORR, as indicated by the

steeper gradient of oxygen concentration in the thin film and
flooded agglomerates. Second, the higher reaction rate at

higher currents causes an enrichment of the concentration of
OH@ ions as the reaction product of the ORR and an accompa-
nying decline in water concentration as an educt of the ORR

(cf. Figure 5 b). Because the Henry constant is a function of ion
concentration (cf. Figure 11), the solubility of oxygen decreases
at higher current densities and limits the amount of dissolved
oxygen in the liquid electrolyte. This effect can be recognized
by the decreasing oxygen concentration at the gas–liquid in-
terface. The high sensitivity of oxygen solubility to the ion con-

centration also explains the mass transport impact document-

ed in previous studies, even at low current densities of about
0.1 kA m@2.[28] The water concentration only decreases by

14.3 % to 4.35 V 104 mol m@3 at j = 8.4 kA m@2, whereas the ion
concentration increases by 37.3 % to 1.61 V 104 mol m@3. Hence,

no significant consequences result from the lower water con-
centration available for the reaction but do result in the previ-

ously mentioned change of the phase equilibrium. The change

of water concentration at the interface of the flooded agglom-
erates to the liquid diffusion layer shows that not only is mass

transport within the ODC important, but so is mass transport
across the liquid diffusion layer.

To analyze the driving forces of the mass flow in the liquid
phase, the fraction of mass flow driven by diffusion, _Ndiffusion

i , in

relation to the total mass flow, _Ni ¼ _Ndiffusion
i þ _Nconvection

i , of spe-

cies i is calculated by xi ¼ j _Ndiffusion
i j=j _Nij. For all species, the

mass flow in the liquid phase is dominated by diffusion. As

shown in Figure 6, the oxygen mass transport, in particular, is
almost entirely diffusion driven, due to the steep concentration

gradient and low concentration in the flooded agglomerated.
Because oxygen is depleted with increasing depth into the

flooded agglomerates, an evaluation of oxygen mass transfer

is only possible directly behind the thin film (cf. Figure 6). For

water and hydroxide ions, lower values are obtained:
xH2O & 70 % and xOH & 90 %, respectively. Because the con-

centration gradient of water or hydroxide ions is practically the
same, but opposite in direction within the flooded agglomer-

ates, the diffusion mass flow is in the same range for both spe-
cies. In contrast, the convection-based mass flow of each spe-

cies is proportional to the concentrations, which is higher for
water than that for the hydroxide ions. Accordingly, relative to

the total mass transfer, the diffusion-driven mass transfer is

lowest for water and highest for oxygen. The high ratio of con-
vective mass flow of water and hydroxide at low currents close

to the thin film is caused by the evaporation of water.
The concentration-dependent equilibrium at the gas–liquid

interface also affects the partial pressures and mass transfer in
the gas phase. The vapor pressure of water decreases by a
factor of 2.93 (cf. Figure 12) and the inverse Henry constant in-

creases by a factor of 5.81 (cf. Figure 3) upon increasing the
current to a maximum. As a consequence of changes to the

equilibrium for water evaporation and oxygen dissolution, the
velocity of convection decreases from vgas(j = 0) = 7.18 V

10@5 ms@1 to vgas(j = jmax) = 1.78 V 10@5 ms@1. As a result, the par-
tial pressure of water decreases with higher current densities.

To gain a deeper impression of the outlined findings and to

separate the different effects, as well as to obtain information
about their interaction, dynamic results are presented in the

next section.

Dynamic analysis

In this section, dynamic simulations with potential steps are

presented; these enable the separation and identification of
the interactions in the reaction and different mass transfer pro-

cesses. To cover typical operation current densities of 4 to
6 kA m@2,[6] potential steps from E = 0.55 to 0.65 V and

from E = 0.6 to 0.55 V versus OCP have been chosen; these

correspond to steady-state currents of 3.76 and
5.30 kA m@2. The variations in applied potential, E, and cur-

rent density, j, with respect to the system response are depict-
ed in Figure 7. Two significantly different time constants can

be distinguished: a rapid and strong change of the current
within milliseconds and a slow relaxation of smaller amplitude

within 5 s. The response signal to steps up and down in poten-
tial are identical, but with opposite sign. The rapid change ob-

served for the positive and negative steps results from the
charging or discharging of the double layer. The second ob-
served, significantly larger, time constant results from mass

transfer within the ODC following the consumption and pro-
duction of species, as well as from the potential-sensitive

charge transfer. In Figure 8 a, it can be seen that, after the po-
tential step, both water and oxygen concentrations require ap-

proximately 5 s to reach the new steady state; no overshoot-

ing is observed. Because the diffusion pathways of water and
hydroxide ions between the reaction zone and bulk phase are

much longer than the diffusion pathway of oxygen through
the thin film into the reaction area, at least two time constants

for the mass transfer are expected. Indeed, in Figure 8 a, one
may see that the oxygen concentration change is significantly

Figure 6. Fraction of mass flow driven by diffusion in comparison with the
total mass flow in the flooded agglomerates as a function of the current
density at various locations; tf = thin film, fa = flooded agglomerates.



steeper in the first second, but then slows down and reaches
steady state at the same time as that of water. Comparing

both plots in Figure 8, the concentration of water and oxygen
at the boundary between the thin film and flooded agglomer-

ates shows the same relaxation time as that of the current.
This supports the conclusion that the shift of the phase equi-

librium couples both processes and dominates the dynamic re-
sponse.

To analyze the time behavior of oxygen mass transport, the
oxygen partial pressure in the gas phase has to be taken into

account (see Figure 8 b). Unexpectedly, the oxygen partial pres-
sure rises simultaneously with stronger current. Two aspects
can be identified. First, although more oxygen is consumed at
higher current densities, the partial pressure of oxygen in the
gaseous phase is increasing. Second, a comparison of the dy-

namics in the gas phase with the dynamics in the liquid phase
shows almost the same shape and time constants, thus sug-
gesting similar rate-determining steps. The rise in partial pres-
sure can be attributed to a lowering of the water activity due
to the production of hydroxide ions and the consumption of
water, which decrease the oxygen solubility and vapor pres-

sure of the electrolyte. For a deeper analysis, the time con-
stants of the different mass transport processes can be ap-
proximated by Equation (32), under the valid assumption that

the mass transfer is dominated by diffusion (see Figure 6):

tmt &
Dz2

D
ð32Þ

Because the oxygen partial pressure in the gaseous phase is in-
creasing with higher current densities, the decreasing concen-

tration of oxygen in the liquid phase at high current densities
can be attributed to mass transport through the liquid phase,
but not the gas phase. Inserting the thickness of the thin film
as the diffusion length, a time constant of about tmt, O2

&1.70 V
10@6 s is calculated, which explains the significantly steeper fall

of oxygen concentration than that of water in the first millisec-
onds after the potential step. For the mass transport of water

and hydroxide ions between the reaction zone and the bulk
phase, the overlapping time constants for effective diffusion in

the porous structure of the flooded agglomerates, tfa
mt, H2O, and

free diffusion in the liquid diffusion layer, tldl
mt, H2O, have to be de-

termined separately. Here, tldl
mt, H2O&2.10 s and by considering

the porous structure [cf. Eq. (20)] , a value of tfa
mt, H2O&0.176 s is

calculated. Due to the more rapid decrease in water concentra-

tion within about 1 s after the potential jump, on one hand,
and the comparably long relaxation time to a new steady state

of about 5 s, on the other hand (cf. Figure 8 a), it can be con-

cluded that the observed current density response is dominat-
ed by both mass transport in the flooded agglomerates and

mass transfer in the liquid diffusion layer.

By combining the given information, it can be concluded
that the process governing the dynamic behavior is slow mass
transport of water and hydroxide ions through the liquid

phase. Thus, their interplay with the phase equilibrium domi-
nates the overall performance of the ODC.

Parameter sensitivities

To analyze the influence of the parameters for the evaluated
electrode on the model output systematically, a local sensitivity

analysis has been performed. The relative sensitivity, s&, of the
electrode potential, EExt, to the parameter & is determined from

Figure 7. Electrode potential and current dependence on time for a poten
tial step of 0.55 to 0.65 V versus OCP at t = 10 s and back at t = 20 s.

Figure 8. a) Concentration responses of oxygen and water at the thin film
liquid interface for a potential step of 0.55 to 0.65 V versus OCP at
t = 10 s and back at t = 20 s, and b) the response of oxygen partial pressure
at various locations.



Equation (33):

sj ¼

Eext E2ext

E2ext

j j2

j2

ð33Þ

in which &8 denotes the value at the reference point and & is

one for an increased or decreased parameter. Every parameter
is varied by :5 %: &= &8·(1:0.05). The results given in Figure 9

are the mean of individual results of the positive and negative
modified parameter. A high sensitivity of a parameter indicates

a strong impact on the electrode potential, whereas a sensitivi-

ty close to zero indicates a negligible influence.[36]

Sensitivity analysis is presented for three characteristic re-

gimes (cf. Figure 4): current densities of 4 kA m@2 as the indus-
trial operating point, 0.5 kA m@2 as a kinetically governed oper-

ating point, and 8 kA m@2 as a mass transport governed operat-
ing point. For the evaluation, it is important to note that the

slope of the polarization curve (cf. Figure 4) at 0.5 and
8 kA m@2 is much higher than that at 4 kA m@2. Consequently,

the parameters may exhibit smaller sensitivities at 4 kA m@2

than those at the other two points of the polarization curve.
The varied parameters are further segmented into three differ-

ent groups: kinetic parameters, structural and geometric pa-
rameters, and operation conditions (Figure 9).

As expected, the reaction rate constant, k0, affects the po-
tential most at low currents. Although the performance at high

current densities is dominated by mass transport, the per-

formance shows significant sensitivity to high catalyst activity
and a high catalyst surface. The symmetry factor, a, has a

medium–high influence on the ODCs over the entire operation
range.

To evaluate the sensitivity of the thickness of different elec-
trode sections individually, the boundary condition zgas + ztf +

zfa = zelectrode was ignored. The thickness of the liquid phase, ztf,
has the largest influence on the cell potential ; the length of

the gas phase, zg, is not selective. This supports the prior con-
clusion of a limitation resulting from the mass transport of

water and hydroxide ions across the liquid phase, whereas
mass transport in the gas phase is not limiting. The ODC per-

formance may thus be improved through a reduction of the
flooded part, especially at higher currents. This could be ach-

ieved with a more hydrophobic ODC, by using either smaller

pores or a higher amount of hydrophobic PTFE. Because a
lower porosity and tortuosity, due to smaller pores, and a

lower reaction rate, due to a smaller catalyst surface, would
lead to a decrease in cell performance, optimum levels of

these parameters have to be found. Furthermore, the length of
the flooded part, zfa, cannot be arbitrarily reduced because a

certain space is required for a large specific interface. The

same holds for the diffusion layer in the liquid electrolyte: a
thicker liquid diffusion layer has, especially at higher current

densities, a negative impact on the operation conditions of the
electrode. Herein, an approach to improve the electrode per-

formance is given by an artificial convective flow to reduce the
diffusion layer thickness, zldl. Moreover, the thin film acts as an

additional diffusion resistance for oxygen dissolved by the gas-

eous phase;[20] thus the high sensitivity of the thin-film thick-
ness at diffusion-limiting current densities is explainable. It has

been shown that the thin-film thickness, in particular, domi-
nates the shape of the polarization curve.[21] Finally, the specific

interfacial area, SInterface, between liquid and gas phases is par-
ticularly important at high current densities, at which oxygen

solubility limits the performance.

The great sensitivity to electrolyte concentration, cNaOH(z = zt),
emphasizes the previously discussed solubility limitation by

the ion concentration at the gas–liquid interface. Previous
studies have shown that the highest current densities for the

ORR could be achieved with electrolyte concentrations of
5 m.[13] We suggest that process conditions with high concen-

trations of over 5 m lead to mass transport limitations. Howev-

er, because the hydroxide ions are the desired product of the
ORR in advanced chlor-alkali electrolysis, the only way for a

higher efficiency of the process is a faster removal of ions. The
potential is sensitive to oxygen partial pressure. The decrease

in the electrode potential with increasing pressure, pgas, results
from lower mass transfer limitations of oxygen due to the

higher amount of dissolved oxygen in the electrolyte. Al-
though better performance with higher pressure is document-
ed,[13] it has to be mentioned that the pressure of oxygen can

only be increased over a defined range to avoid a break-
through of gas to the electrolyte side.[8] Also notable is the

sensitivity for pressure, even at low current densities, which is
in agreement with the results of previous studies, that mass

transport influences ODC losses,[28] even at kinetically con-

trolled current densities.

Conclusions

The first dynamic three-phase model of a porous ODC for ad-
vanced chlor-alkali electrolysis has been presented. Suitable

Figure 9. Relative sensitivity, s&, of the electrode potential to parameter varia
tion of :5 % for three different constant current densities. Upon increasing
cNaOH, the current density of j = 8 kA m 2 could not be reached; thus only re
sults for negative variation are shown.



model parameters were partly obtained from the literature and
partly identified from published polarization curves. It was

shown that, under industrial operation conditions, the ORR
only took place close to the gas–liquid interface because of

the depletion of dissolved oxygen. The consumption of water
and the production of hydroxide ions leads to a significant

change of the phase equilibrium with current density, which
causes a lower solubility of oxygen in the liquid electrolyte.

This effect intensifies at higher reaction rates and causes a

total depletion of oxygen, and thus, the limiting current. Water
is sufficiently available for the reaction and does not limit the

maximum current density in a direct way. A deeper dynamic
evaluation of this behavior revealed that the removal of ions

from the reaction area was the slowest process. It has a signifi-
cant impact not only on stationary performance, but also on
the full dynamic behavior of all concentration profiles, and

thus, of the dynamic response. In this context, it was also
shown that only a few micrometers of the ODC were flooded

with the liquid electrolyte under industrial working conditions.
Hence, dynamic analysis is a highly potent method to reveal
the interaction of processes in the ODC and to determine its
state. Dynamic measurements should be conducted for reli-

able, unique parameterization and for further validation of the

model.
A sensitivity analysis of the kinetic, geometric, and process

parameters indicated that an improvement of the ODC per-
formance could be affected most with better mass transport

properties in the liquid phase, for example, through a smaller
level of flooding within the electrode or a smaller liquid diffu-

sion layer.

Appendix

Error estimation

For all concentration-dependent calculations, the assumption of a
constant total concentration, ctotal ctotal(z 0, t 0), is used. As
shown in Figure 10, the respective error is less than 0.8 % [Eq. (34)]:

ctotalðcNaOHÞ ctotalðcNaOHðz zt;t 0ÞÞ
ctotalðcNaOHðz zt;t 0ÞÞ

4444 4444 , 0:008,

for cNaOH ½1:05> 104 1:75> 104 mol m 3A
ð34Þ

Concentration-dependent parameters

As observed in Figure 11, the inverse Henry constant is highly sen-
sitive to water, and thus, the hydroxide concentration increases
over the simulation range by a factor of 5.81.[26]

Depending on the water and hydroxide concentration, the vapor
pressure of water decreases over the simulation range by a factor
of 2.91 (see Figure 12).[25]

As shown in Figure 13, based on the enrichment of hydroxide ions,
the water activity decreases by a factor of 2.22.[35]

The concentration change of the liquid electrolyte leads to a
volume change, and thus, to a convective flow (see Figure 14).[27]

Figure 10. Total, water, and sodium hydroxide concentration of liquid elec
trolyte, calculated based on Hirschberg 1999[25] and implemented in the
model, depended on the modeled water concentration in the range of the
simulation at T = 353.15 K.

Figure 11. Inverse Henry constant over water concentration at T = 353.15 K,
hydroxide concentration according to Figure 10.

Figure 12. Vapor pressure of water as a function of water concentration at
T = 353.15 K, hydroxide concentration according to Figure 10.
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Figure 14. Density of electrolyte as a function of water concentration at
T = 353.15 K, hydroxide concentration according to Figure 10.

Figure 13. Activity of water as a function of water concentration at
T = 353.15 K, hydroxide concentration according to Figure 10.




