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Silver based oxygen depolarized cathodes (ODC) are a promising technology to reduce the specific elec- 

trical energy demand of chlor-alkali electrolysis by around 30 %. Here we present the first modeling

approach of an ODC for evaluating the influence of inhomogeneities on electrochemical performance and

electrode dynamics. The focus is laid on the electrolyte distribution in the electrode because it is cru- 

cial for the gas-electrolyte interface and thus electrode performance and dynamics. To model the inho- 

mogeneities, several one-dimensional three-phase models with different flooding degree of the electrode

are coupled in parallel. The model is validated against polarization curves and electrochemical impedance

spectra for ODC with silver content of 92, 97, 98 and 99 wt-% Ag. The electrochemical impedance spec- 

troscopy measurements show flattened semicircles in the Nyquist plot with one apparent fast time con- 

stant, which ranges from 0 . 0015 s to 0 . 03 s depending on the respective ODC composition. The fast time

constants result from electrochemical reaction and double layer; no time constant for a mass transport

was identified. According to the simulations, the distorted form of the semi-circles is caused by local dis- 

tribution of the liquid electrolyte within the ODC. It is revealed that there are strong gradients in local

performance inside the electrode. Domains with a low intrusion of liquid electrolyte seem to be elec- 

trochemically highly active whereas flooded domains are almost inactive. The comparison of ODC with

varying silver/polytetrafluoroethylene ratio suggests that the size and location of the gas-liquid interface,

rather than the wetted catalyst surface area, is the key to achieving high ODC performance. We reveal

that the electrochemical impedance spectroscopy is sensitive to the electrolyte distribution, while polar- 

ization curves do not contain sufficient information about the location and distribution of the electrolyte.
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. Introduction

The alkaline oxygen reduction reaction (ORR), Eq. (1) , plays a 

ey role in many different electrochemical applications – such as 

uel cells, metal-air batteries or a new generation of industrial- 

cale chlor-alkali electrolyzers [1] . 

 2 + 2 H 2 O + 4 e − → 4 OH 

− (1) 

n the latter example, the ORR is of particular importance: In 

he advanced chlor-alkali electrolysis, oxygen depolarized cathodes 

ODC) are used to reduce oxygen to hydroxide, instead of produc- 

ng hydrogen. This decreases the needed cell voltage by about 1V 

nd therefore the demand of electrical energy by around 30% [2] . 
∗ Corresponding author.

E-mail address: ulrike.krewer@kit.edu (U. Krewer).
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Typically, silver is used as a catalyst in ODC, as it has a high cat-

lytic activity for the ORR that is comparable to platinum when op- 

rating under industrial conditions [3] of NaOH-electrolyte concen- 

rations exceeding 10 M and temperatures of 80 to 90 ◦C [4] . Since

he oxygen solubility in the electrolyte is very poor at these condi- 

ions [5] , a large interface between liquid electrolyte and gaseous 

xygen is needed to overcome the mass transport limitation due 

o the absence of oxygen in the liquid phase [6] and to ensure the 

equired current densities of 4 to 6 kA m 

−2 [7] . Therefore, ODC are

ealised as porous gas diffusion electrodes (GDE). To form a large 

nterface between the liquid and the gaseous phase, ODC con- 

ain hydrophobic polytetrafluoroethylene (PTFE) as second compo- 

ent in addition to the hydrophilic silver. This prevents a com- 

lete flooding of the ODC by the liquid electrolyte. As stated re- 

ently, the ratio of PTFE and silver of utmost importance for the 

lectrode performance. In their experimental study, Franzen et al. 

8] analyzed ten ODC with a silver content of 90 to 99 wt-% (10 to
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List of Symbols 

A geometrical Geometrical electrode Area (m 

2 ) 

a i Activity of species i ( −) 

b i Molality of species i (mol kg −1 ) 

C dl Double layer capacitance (F m 

−2 ) 

c i Concentration of species i (mol m 

−3 ) 

D i j Binary Fick’s diffusion coefficient for species i 

and j (m 

2 s −1 ) 

Ði j Binary Maxwell-Stefan diffusion coefficient for 

species i and j (m 

2 s −1 ) 

E Potential (V) 

E 0 Open circuit potential (V) 

E 00 Standard electrode potential (V) 

F Faraday constant ( = 96485.34) (C mol −1 ) 

f Frequency (s −1 ) 

H i (Inverse) Henry constant of species i (Pa m 

3 

mol −1 ) 

j Current density (A m 

−2 ) 

k 0 Reaction rate constant (mol s −1 ) 
˙ N i Mass flow density of species i (mol s −1 m 

−2 ) 

p Pressure (Pa) 

p i Partial pressure of species i (Pa) 

p v Proportion of the flooded pore volume ( −) 

R Universal gas constant ( = 8.3145) (J mol −1 K 

−1 ) 

R specific Specific resistance ( � m 

2 ) 

R CT Charge transfer resistance ( �) 

r Reaction rate (mol s −1 ) 

S cat Specific surface area of the Ag catalyst per elec- 

trode volume (m 

2 m 

−3 ) 

S domain,k Specific surface area of domain k per geometri- 

cal electrode area of the domain k (m 

2 m 

−2 ) 

S phase interface Specific surface area of the interface per geo- 

metrical electrode area (m 

2 m 

−2 ) 

T Temperature (K) 

v Velocity (m s −1 ) 

x i Mole fraction of species i ( −) 

z Length (m) 

| Z| Impedance ( �) 

α Charge transfer coefficient ( −) 

ε Porosity ( −) 

γi Activity coefficient of species i ( −) 

γ± Mean activity coefficient of NaOH ( −) 

ηreaction Reaction overpotential (V) 

μi Chemical potential of species i (J mol −1 ) 

νORR 
i 

Stoichiometric coefficient of species i in ORR 

( −) 

τ Time constant (s) 

τ Tortuosity ( −) 

Sub- and superscripts 

3PA three-phase area 

cat Related to the catalyst surface 

DL Double layer 

d Distance from the liquid side of the ODC 

eff Effective 

ext External 

F Faradaic 

fa Flooded agglomerates 

gas Gaseous / gas phase 

geo Geometrical / related to the geometric ODC surface 

int Internal 

i Imaginary 

k Index of domain 
h

l Thickness of ODC

liq Liquid / liquid phase 

ldl Liquid diffusion layer 

R Real 

t Total 

tf Thin-film 

	 Standard state 

∗ At gas-liquid interface 

 wt-% PTFE, respectively) and identified a silver content of 

8 wt-% as best. The amount of silver had a very low influence 

n the polarization curve at low, e.g. kinetically governed current 

ensities, but a significant influence on the performance at high 

urrent densities, i.e. in the mass transport dominated range of 

he polarization curve. It was hypothesized that the hydrophilic 

DC with a high silver content of 99 wt-% was flooded by the 

iquid electrolyte, whereas ODC with a high PTFE content above 

 wt-% were too hydrophobic and electrolyte intrusion was insuf- 

cient. Both effects may lead to a decrease in the extent of the 

as-liquid interface and thus to limitations due to oxygen avail- 

bility. The authors pointed out that the electrolyte distribution is 

f upmost importance for understanding the ODC performance [8] . 

aulisch et al. [9] investigated the electrolyte distribution in detail 

y operando X-ray radiography and chronoamperometric measure- 

ents. They showed that the pore structure as well as the dis- 

ribution of the electrolyte during operations is inhomogeneous: 

ome pores were barely flooded by the electrolyte, whereas a lo- 

al breakthrough of the electrolyte to the oxygen side was ob- 

erved in other pores [9] . The locally high electrolyte saturation 

eems surprising, as previous studies have shown that even very 

mall amounts of PTFE lead to a non-wettability of a pore system 

10] . In conclusion, the influences of PTFE content and local inho- 

ogeneities on ODC performance are not fully understood yet, no

odels to quantitatively describe this influence are available. This

ampers the knowledge-driven design of high performing elec- 

rodes. The importance of understanding inhomogeneities in liq- 

id distribution in porous electrodes was already emphasized by

arious experimental and stimulative studies inter alia for proton- 

xchange membrane fuel cell (PEMFC) [11–13] . 

Methodically, dynamic simulations and experiments have been 

sed successfully to discriminate processes by their time constants 

n many studies on various electrochemical systems [14,15] . This 

llows one e.g. to determine reaction kinetics [16] or to sense 

oncentrations [17] . Model-based studies to investigate inhomo- 

eneities were inter alia performed by Levi et al. who connected 

wo different diffusion paths in parallel to study diffusion time 

onstants for particle size distributions in non-uniform composite 

raphite electrodes for lithium-ion batteries [18] or by Jüttner and 

orenz who investigated the influence of surface inhomogeneities 

n corrosion processes for different metal electrodes in sodium hy- 

roxide electrolyte [19] . Chevalier et al. interconnected single cell 

odels to draw conclusions about the local distribution of the 

tate-of-health of a PEMFC stack from the stack impedance spec- 

ra [20] . Krewer et al. have shown that local inhomogeneities in 

oncentration in direct methanol fuel cells (DMFC) lead to charac- 

eristic changes of the dynamic behavior [21] . 

In this study, we present the first model for describing the in- 

uence of inhomogeneities in electrolyte distribution on ODC per- 

ormance. Motivated by prior studies, dynamic model-based anal- 

sis is chosen as a tool because it offers a deeper insight. To this 

nd, a previously published dynamic one-dimensional three-phase 

odel of ODC [6] was extended to incorporate multiple electrode 

omains, each with different representative characteristics. The in- 

omogeneous ODC model is used to analyze experimental elec- 
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Fig. 1. Experimental [8] and simulated polarization curves of ODC with different

Ag-content.
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rochemical impedance spectra (EIS) as well as polarization curves 

f ODC with systematically varied silver catalyst content. We will 

how how to interpret the observed flattened semicircles in the 

mpedance spectra regarding to local inhomogeneities. We demon- 

trate how the structure and silver content of ODC affect the elec- 

rolyte distribution, electrode performance and dynamics. The aim 

f this study is to infer the macroscopic distribution of the elec- 

rolyte from the performance and impedance spectra of the ODC. 

he methodology used does not allow conclusions to be drawn 

bout microstructures such as pore size distribution or local elec- 

rolyte distributions. It will be discussed that not only the size of 

he gas-liquid interface but also the location is of importance for 

he performance. These are key findings to understand the influ- 

nce of the electrode structure on the electrode performance and 

ynamics. EIS is shown to be a highly sensitive tool for diagnosing 

he electrolyte distribution within ODC. 

. Experimental

.1. Electrode preparation 

The preparation method and physical characterization for the 

xamined electrodes is given in detail in a previous publication 

8].  In short: For each electrode, we used a suspension contain-

ng silver particles (SF9ED, Ames Advanced Materials Corp., me- 

ian of particle diameter: 2.  5 μm ), [22] a methyl cellulose solution

1 wt-% WALOCEL TM MKX 70 0 0 0 PP 01) as pore building agent and
hickener, demineralized water and a PTFE dispersion (TF 5060GZ, 
M 

TM Dyneon 

TM ) in the desired ratio. The suspension was supplied

ith a spraying piston (Evolution, 0.  6 mm pin hole, Harder & Steen-
eck) on a conductive support (nickel mesh, 106 μm x 118 μm 

esh size, 63 μm thickness, Haver & Boecker OHG) with a total of 

0 layers. In the further production steps the electrodes were hot 
ressed (LaboPress P200S, Vogt, 15 MPa, 130 ◦C, 5 min) and sin- 

ered in an air oven (330 ◦C, 15 min) to improve the mechanical 

tability and to form the pore system by burning out the methyl 

ellulose completely. Detailed characteristics of the ODC, such as 

atalyst loading or electrode density, are also given in a previous 

ublication [8].  

.2. Electrochemical characterization 

Electrochemical experiments were performed using a half-cell 

et up (FlexCell HZ PP01, Gaskatel GmbH) with a geometrical cell 

rea of 3.14 cm 

2 in a three electrode configuration. A platinum 

ire acts as a counter electrode while the potentials were mea- 

ured with a reversible hydrogen electrode (RHE) through a Luggin 

apillary in front of the GDE. 

The half-cell consists of an electrolyte and gas compartment 

ivided by the GDE. As electrolyte approximately 30 mL of 

 30 wt-% NaOH solution was prepared from caustic flakes 

 ≤ 99 wt-%, Carl Roth) and demineralized water. In the gas com- 

artment pure oxygen with a flowrate of 50 mLN min 

−1 and a 
mall back pressure using a 1mm water column was applied. The 

hole half-cell was heated up to 80 ◦C to correspond to industrial 

onditions [4].  The experiments were carried out with a Zennium

ro Potentiostat (Zahner GmbH) following the same routine for 

ach electrode. In a startup procedure current densities of 1, 2, 3 

nd 4 kA m 

−2 were applied for conditioning the electrodes. After- 
ards pseudo-galvanostatic impedance measurements were per- 

ormed at current densities of 2 kA m 

−2.  A 10 mV amplitude was
pplied using a single sine with a starting frequency of 1 Hz going 

p to the upper limit of 50 kHz and sweeping down to the lower 

imit of 100 mHz. Sampling the frequencies between in the high 

requency range twice is a standard proceed to stabilize the mea- 

urement. Afterwards linear sweep voltammetry (LSV) starting at 
pen cell potential (OCP) to 200 mV vs. reversible hydrogen elec- 

rode (RHE) with a scan rate of 0.5 mV s −1 was performed to ob- 

ain the polarization curves. 

. Measurement results

In this section, the measurement results which will be used for 

alidating the simulations are explained and interpreted. As dis- 

ussed in detail by Franzen et al., the Ag ratio of the ODC has a

ajor effect on the stationary performance of ODC [8] . Thus, the 

olarization curves of four ODC with distinct silver-PTFE ratio have 

een chosen for further analysis from previously published data 

8] :

• 92 wt-% Ag : This composition exhibits a medium performance

and hydrophobic properties. (Electrode thickness: 292 μm ) [8]

• 97 wt-% Ag : The structure of an ODC with 97 wt-% Ag has been

analysed by Neumann et al. [23] , so that identified structure pa- 

rameter can be used in this study. (Electrode thickness: 297 μm

[8] )

• 98 wt-% Ag : This composition exhibits the best performance

[8] . (Electrode thickness:

335 μm )

• 99 wt-% Ag : This composition exhibits a low performance and

hydrophilic properties [8] (Electrode thickness: 356 μm ).

In the following, the ODC are denoted by their silver content;

he PTFE content is equal to rest of the mass fraction. The po- 

arization curves of these ODC are given in Fig. 1 . The main dif- 

erences between the electrodes occur at current densities above 

0 0 0 A m 

−2 . To explore the reasons of the different performances, 

lectrochemical impedance measurements are conducted in this 

tudy, the results of which are given in Fig. 2 a). All impedance 

pectra show distorted semi-circles. For the ODC with 99 wt-%, 

 second semicircle emerges at high frequencies. The ODC mainly 

iffer in terms of ohmic and charge transfer resistance. The ohmic 

nd the charge transfer resistance R CT of the different impedance 

pectra is determined as [24] : 

 CT = Z R ( f min ) − Z R ( f max ) (2) 

ith Z R as the real part of the impedance Z and f as the fre- 

uency, where Z R ( f max ) is the ohmic resistance. There is no sys- 

ematic correlation between ohmic resistance and silver content or 

erformance of ODC; the differences result from slightly different 

istances between the ODC and the reference electrode, since seal- 

ng elements are tightened by hand and therefore their compres- 





Table 1

Model equations.

Electrode charge and reaction

Faraday current

j F (t) = −F · 4 ·
∫ zl

z l −z fa

r(z, t) d z (6)

Reaction rate [34]

r(z) = k 0,cat · S cat · a O 2 (z, t) · exp 

(
− (1 − α) · F · ηreaction (z, t)

R · T 

)
(7)

Reaction overpotential

ηreaction (z, t) = E int (t) − E 0 (z, t) (8)

Nernst potential [34]

E 0 (z, t) = E 00 + 

R · T

4 · F 
ln

(
a O 2 (z, t) · a 2 H 2 O 

(z, t)

a 4
NaOH 

(z, t)

)
(9)

Activity of O 2

a O 2 (z, t) = x O 2 (z, t) · γO 2 (z, t) (10)

Activity of NaOH

a NaOH ( z, t ) = 

b NaOH ( z, t )

b 	
NaOH

· γ±( z, t ) (11)

Molality of NaOH

b NaOH (z, t) = 

n NaOH (z, t)

m electrolyte (z, t) 
(12)

Ohmic drop

E ext (t) − E int (t) = R specific · j(t) (13)

Charge balance ∫ zl

z l −z fa

c dl,cat · S cat d z 
d E int (t) 

d t
= j(t) − F · 4 ·

∫ zl

z l −z fa

r(z, t) dz (14)

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

Species balance

∂ p i (z, t) 

∂t
· ε = 

∂ 2 p i (z, t)

∂z 2 
· D 

gas,eff
i, j 

+ 

∂ p i (z, t)

∂z
· v gas (t) (15)

with i = { H 2 O , O 2 } 
Effective diffusion coefficient

D 

gas,eff
i, j 

= D 

gas 
i, j 

· ε

τ
(16)

Bruggemann correlation

τ = ε −0 . 5 (17)

Henry’s law

c ∗O 2 (t) = 

p ∗O 2 (t)

H O 2 (c ∗
NaOH 

(t ) , c ∗
H 2 O 

(t ))
(18)

Stefan flow

p total 

R · T 
· v gas (t) = 

˙ N evaporation 
H 2 O 

(t) − ˙ N dissolution 
O 2 

(t) (19)

Specific surface area of phase interface

S phase interface = 

A phase interface 

A domain 

(20)

( continued on next page )



Table 1 ( continued )

Mass transport in the thin film

Species balance

dc i (z, t) 

dt
= 

n ∑ 

j=1 
i � = j

- D i, j 

R T

((
∂ 2 μi (z, t) 

∂z 2
− ∂ 2 μ j (z, t)

∂z 2

)
· c i (z, t) c j (z, t) 

c total 

(21)

+ 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
· ∂c i (z, t) 

∂z

c j (z, t) 

c total 

+ 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
· ∂c j (z, t) 

∂z

c i (z, t) 

c total 

)
(22)

+ 

∂c i (z, t)

∂z
· v liq,evaporation (t) (23)

with i = { OH 

−
, H 2 O , O 2 } , j = { OH 

−
, H 2 O } 

Chemical potential of NaOH [26]

μNaOH (z, t) = μNa + (z, t) + μOH (z, t) = μ	
NaOH + R T ln

(
γ 2 

± (z, t) 
(

b NaOH (z, t)

b 	
NaOH

)
2

)
(24)

Chemical potential of H 2 O and O 2

μi (z, t) = μ	
i (z, t) + R T · ln (a i (z, t)) (25)

with i = { O 2 , H 2 O } 
Maxwell-Stefan Diffusity [37]

- D O 2 , j (z, t) = D O 2 , j 

∂ ln (x O 2 (z, t)) 

∂ ln (a O 2 (z, t)) 
(26)

with j = { OH 

−
, H 2 O } 

Velocity due to evaporation

v liq,evaporation (t) = 

˙ N gas,in 
H 2 O

(t)

c ∗
H 2 O 

(t)
(27)

Mass transport in the flooded agglomerates

Species balance

dc i (z, t) 

dt
· ε =

n ∑ 

j=1 
i � = j

- D 

liq,eff
i, j 

R T

((
∂ 2 μi (z, t) 

∂z 2
− ∂ 2 μ j (z, t)

∂z 2

)
· c i (z, t) c j (z, t) 

c total 

(28)

+ 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
· ∂c i (z, t) 

∂z

c j (z, t) 

c total 

+ 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
· ∂c j (z, t) 

∂z

c i (z, t) 

c total 

)
(29)

+ 

∂c i (z, t)

∂z
· v liq (z, t) − r(z, t) (30)

with i = { OH 

−
, H 2 O , O 2 } , j = { OH 

−
, H 2 O } 

Velocity due to reaction

v liq,react (z, t) = (| νORR 
H 2 O 

| − | νORR 
OH 

| ) 
∫ zl

z l −z fa

r(z, t)

c total 

d z (31)

Total velocity

v liq ( z, t ) = v liq,evaporation ( t ) + v liq,react ( z, t ) (32)

Mass transport in the liquid diffusion layer

Species balance

dc i (z, t) 

dt
· ε =

n ∑ 

j=1 
i � = j

- D 

liq,eff
i, j 

R T

((
∂ 2 μi (z, t) 

∂z 2
− ∂ 2 μ j (z, t)

∂z 2

)
· c i (z, t) c j (z, t) 

c total 

(33)

+ 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
· ∂c i (z, t) 

∂z

c j (z, t) 

c total 

+ 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
· ∂c j (z, t) 

∂z

c i (z, t) 

c total 

)
(34)

+ 

∂c i (z, t)

∂z
· v ldl (t) (35)

with i = { OH 

−
, H 2 O , O 2 } , j = { OH 

−
, H 2 O } 

Interconnection of the ODC domains

Specific domain area

S domain,k = 

A domain,k 

A geo
(36)

( continued on next page )



Table 1 ( continued )

Molar flow density out of / into liquid

diffusion layer

˙ N ldl (t) = 

n =5∑
k =1

˙ N fa i,k (t) · S domain,k (37)

Molar flow density out of / into

flooded agglomerates

˙ N i 
fa 
(t) = −

n ∑
j=1 
i � = j

(
- D i, j 

R T

c i (z, t) c j (z, t) 

c total 

(
∂μi (z, t) 

∂z
− ∂μ j (z, t)

∂z

)
+ c i (z, t) · v liq,k (z, t) 

)∣∣∣∣
z= zl

(38)

Local velocity

v ldl (t) = 

n =5∑
k =1

S domain,k · v liq,k (z = z l , t) (39)

Total current density

j ODC (t) = 

n =5∑
k =1

j domain,k (t) · S domain,k (40)

Boundary conditions

O 2 in gas bulk

p O 2 (z = 0) = p total (41)

H 2 O in gas bulk

p H 2 O (z = 0) = 0 (42)

O 2 in electrolyte bulk

c O 2 (z = z t ) = 0 (43)

NaOH in electrolyte bulk

c NaOH (z = z t ) = c NaOH (z = z t , t = 0) (44)

H 2 O in electrolyte bulk a 

c H 2 O (z = z t ) = f ( c NaOH (z = z t , t = 0)) (45)

Electrode geometry

z gas + z tf + z fa = z l (46)

a Calculated as in [38]
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nter alia already been reported for DMFC anodes and cathodes 

32] , or for acid ORR in PEMFC cathodes [33] . Based on this anal-

sis of the experimental data, we employ a dynamic three-phase

odel which encompasses the effects of local inhomogeneities on

he electrode to further analyze the processes in an ODC.

. Modelling

It is known, that the electrodes are inhomogeneous in parti- 

le size, pore size distribution as well as in the local catalyst and 

inder loading [23] . These local inhomogeneities in turn lead to a 

istribution of hydrophilic and hydrophobic properties of the dif- 

erent pores [10] and may explain the previously observed elec- 

rolyte distribution [9] . The processes in the inhomogeneous three- 

imensional GDE are very complex and include the effects of mi- 

rokinetics [34] , electrowetting [9] or closed pores [8] . Thus it is 

ecessary to simplify the structure and processes in macroscopic 

odel approach to describe electrode performance. The presented 

odel focuses on the effect of an inhomogeneous electrolyte dis- 

ribution and three-phase area on electrode performance. Deter- 

ining an electrolyte distribution from the electrode microstruc- 
ure would require a detailed understanding of factors such as pore 

ize distributions, local surface properties inside the pores or local 

ortuosity, but also two-phase flow in porous media, and is out of 

cope of this work. The electrolyte distribution is particularly im- 

ortant because it governs the mass transfer paths for the water 

nd the hydroxide ions in the liquid phase, the oxygen dissolution 

ia the size and location of the gas-liquid interface and the area 

or reaction and double layer charge/discharge via the size of the 

etted catalyst surface per volume. 

The model of an inhomogeneous ODC is developed by divid- 

ng the ODC in multiple domains perpendicular to the through- 

lane coordinate z. The domains are connected in parallel and 

iffer in the penetration depth of the electrolyte and the size of 

he gas-liquid interface, as shown in Fig. 3 a). Each domain sub- 

odel is discretised in through-plane direction (z), see Fig. 3 b). 

his model is based on the assumption that the preferred mass 

ransport is along the z coordinate in the through-plane direc- 

ion, between the gas and the liquid bulk. Since the mass trans- 

ort ways in in-plane direction are comparatively long (electrode 

hickness: 0 . 3 mm thick; electrode diameter: 20 mm ) and run par- 

llel to the two bulk phases, mass transport in in-plane direction 



Fig. 3. a) Schematic view of the model of an inhomogeneous ODC comprised of multiple homogeneous sub-domains, b) Schematic view of the domain sub-model including

reaction and mass transport, c) zoom at the gas-liquid interface.
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s assumed to be negligible. The aim of the model is to demon- 

trate how the inhomogeneity influences the performance and the 

ynamics of the ODC. The used approach does not allow one to 

eplicate electrode structures in all aspects, but to derive important 

onclusions about the impact of the inhomogeneous electrolyte 

istribution. 

In the following, first the domain sub-model is explained. Sub- 

equently, the interconnection of the domain sub-models to an 

nhomogeneous ODC is outlined. Model equations are given in 

able 1 . 

.1. The domain sub-model 

The domain sub-model is adapted from our previously intro- 

uced model of an ODC with a homogeneous structure [6] . Herein 

he domain sub-model is shortly summarized, a detailed descrip- 

ion including all model assumptions is given in the corresponding 

ublication mentioned above. 

The dynamic one-dimensional three-phase thin-film model of 

 homogeneous ODC, is divided into four sections in in-plane (z-) 

irection. Three of them are located within the ODC, a gas phase, 

 liquid phase and a thin-film (cf. Fig. 3 b)): The oxygen enters the

lectrode through the gas phase and the evaporated water leaves 

hrough it. The flooded agglomerates resemble the flooded part of 

he GDE where reaction and liquid transport take place. The thin- 

lm is the interphase between the gas and the liquid phase, where 

pecies change from liquid to gaseous state and vice versa. 

The Faradaic current density j F (t) of the ORR is modeled by 

araday’s law Eq. (6) and the Tafel Eq. (7) . Complete ORR ( eq. 1 )

s assumed, where the rate determining step is the formation of 
he superoxide radical anion under the acceptance of one electron 

34,35] . This mechanism is valid in ODC for reaction overpotentials 

0 . 155 V [26] . The reaction overpotential of the ORR is calculated 

s the difference between potential in the reaction zone E int (t) and 

he open circuit potential E 0 (z, t) Eq. (8) , which is calculated by the

ernst equation (9) . Hereby, the internal potential E int (t) is calcu- 

ated by subtracting the ohmic drop Eq. (13) from the measured 

xternal potential E ext . Finally, the charge balance Eq. (14) con- 

ains the charge storage by internal potential, double layer ca- 

acitance C dl and the production or consumption of charge by 

eaction. 

The mass transport in the gas phase across the porous electrode 

s described by the bilateral non-equimolar diffusion Eq. (15) [36] , 

hich includes, besides Fick’s diffusion, also the convective Stefan 

ow as a result of water evaporation Eq. (19) and oxygen dissolu- 

ion Eq. (18) at the gas-liquid interface. For Stefan flow, constant 

ressure p total and therefore a constant local velocity is assumed. 

he velocity is obtained from the difference between the fluxes of 

xygen dissolution and water evaporation. The specific surface of 

he gas-liquid interface for each domain is modeled by Eq. (20) (cf. 

ig. 3 c). 

The multi-component mass transport in the thin-film is mod- 

led by Maxwell-Stefan diffusion with overlaying convection due 

o evaporation Eq. (23) . In contrast to our previous publications 

6,25] , the Maxwell-Stefan diffusion is modeled to be not concen- 

ration, but chemical potential driven. The chemical potential of 

aOH is calculated respecting the law of electroneutrality using 

he mean activity coefficient γ±(z, t) , Eq. (24) [26] . Fick’s diffusion 

oefficient of oxygen is adapted by an approach given by Bird and 

lingenberg [37] , Eq. (26) . The velocity of the convective flow is 
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Table 2

Geometrical dimensions of the three-phase area of the differ- 

ent domains.

Domain z 3PA,l 
a z 3PA,r z fa �z 3PA

- μm μm μm μm

1 0 . 01 · z l 0 · z l 0 . 005 · z l 0 . 01 · z l 
2 0 . 032 · z l 0 . 01 · z l 0 . 022 · z l 0 . 022 · z l 
3 0 . 1 · z l 0 . 032 · z l 0 . 066 · z l 0 . 068 · z l 
4 0 . 316 · z l 0 . 1 · z l 0 . 208 · z l 0 . 216 · z l 
5 1 . 0 · z l 0 . 316 · z l 0 . 658 · z l 0 . 684 · z l 

a Logarithmic scale from 0.01 to 1.
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ssumed to be constant over the length of the thin-film and calcu- 

ated by Eq. (27).  

The mass transport within the flooded agglomerates is de- 

cribed by Maxwell-Stefan diffusion with overlaying convec- 

ive Stefan flow Eq. (30).  The velocity of the convective flow

 liq (z, t) consists of two components, one due to evaporation 

 liq,evaporation (t) and one due to the change in density of the liq- 

id electrolyte caused by the reaction rate dependent enrichment 

f ions v liq,react (z, t),  Eq. (31).  

The mass transport in the liquid diffusion layer is similar to 

he mass transport in the flooded agglomerates, but assuming free 

iffusion. The convective velocity within the liquid diffusion layer 

oes not change over the location. The calculation of the convec- 

ive velocity is discussed in detail in next section with regard to 

he model of an inhomogeneous ODC. The boundary conditions are 

iven in Eq. (41) –(45).  

.2. The inhomogeneous ODC Model 

This model connects the single sub-domain models to an inho- 

ogeneously flooded ODC model. Each domain k takes up a speci- 

ed proportion S domain,k of the total geometrical electrode area A geo 

 Eq. (36) ). The domains are separated in through-plane direction, 

ut connected by a common liquid diffusion layer (cf. Fig. 3 a)). The 

oncentrations ci  at the boundary between the flooded agglomer-

tes and the liquid diffusion layer are obtained by solving Eq. (37). 

ccordingly, the velocity of the convective flow in liquid diffusion 

ayer is calculated by Eq. (39).  Since it has been shown that oxygen

ransport in the gas phase does not significantly affect the dynam- 

cs and performance of the ODC [6],  it was decided not to inter-

onnect the mass transport in the gas phase to simulate the in- 

omogeneities. Electrically, the domains are connected in parallel 

ircuit, so that the total current density of the cathode equals the 

um of all cathode domains, weighted by their share of the total 

rea, Eq. (40).  

.3. Properties and parameters of ODC and representative electrode 

omains 

In this section, the properties of the different ODC and their 

epresentative domains are discussed. The model parameters are 

lassified on three levels: 

1. Parameters that are assumed to be identical for all ODC and to

have no distribution in the ODC: The catalyst surface area spe- 

cific reaction rate constant k 0,cat and the catalyst surface area

specific double layer capacitance C dl,cat .

2. Parameters that are assumed to be constant for each ODC,

but differ between the individual ODC: The ohmic resistance

R specific , the porosity ε and the specific surface area of the cat- 

alyst S cat .

3. Parameters that are assumed to be distributed within the ODC:

The intrusion length z fa of the electrolyte and the local size of

the gas-liquid interface S phase interface as well as relative size of

the domains S domain,k .

As it is clear that properties are distributed and that the goal

f the study is to identify a distribution that can reproduce the 

xperiments via numerical parameterization, we limit the number 

f simulated domains to five. This number allows to have flooded, 

mpty and several differently flooded pores; areas with similar 

ooding degrees are lumped together, as the domains do only in- 

eract via the joint bulk phases. Since some parameters are inde- 

endent while other parameters are connected through physical 

nterrelationships to others, their (in)dependencies are discussed in 

he following. 
First, we fixed an electrolyte distribution that covers a three- 

hase zone which extends across the entire ODC. For this pur- 

ose, the flooding length of the different domains z fa , as well as 

he length of the three-phase areas �z 3PA – calculated by their left 

 3PA,l and right boundaries z 3PA,r – are considered: As illustrated in 

cf. Fig. 3 c) the maximum intrusion depth of the electrolyte in each 

epresentative electrode domain marks the left side boundary of 

he three-phase area z 3PA,l . We assume that some pores are blocked 

y hydrophobic PTFE at the beginning of the electrode, while other 

ores are completely flooded. Thus the maximium intrusion depth 

f the electrolyte is assumed to be in the rang between 1 % up to

00 % of the electrode thickness. A logarithmic scale was chosen 

ince it is expected that due to the high hydrophobicity of PTFE 

any pores are impermeable to the liquid electrolyte, leaving a 

arge part of the electrode area with almost no electrolyte intru- 

ion. In Table 2 , the values of z 3PA,l for the five representative elec- 

rode domains are shown. The flooding degree increases monoton- 

cally from domain 1 (minimum flooding) to domain 5 (maximum 

ooding). A second assumption is that the three-phase area of the 

ull electrode extends over the entire electrode thickness, but is 

plit between the domains: For the more flooded domains, it is lo- 

ated closer to the gas bulk, and for the least flooded parts it is 

ocated close to the liquid diffusion layer. The right side bound- 

ry of the three-phase area z 3PA,r of one domain equals the left 

ide boundary of the next less flooded domain so that there are 

o overlaps or gaps in the three-phase area. The thickness of the 

hree-phase area is calculated by �z 3PA = z 3PA,l − z 3PA,r . The mean 

ength of the flooded agglomerates of a domain z fa is the mean 

alue of the left side and the right side boundary of the three- 

hase area of the domain (cf. 3 a), more detailed in Fig. 1 and

ig. 2 in [6] ). The oxygen gradient within the liquid electrolyte is 

ery steep, [26,39] , thus almost no ORR outside of the three-phase 

rea takes place, especially at higher current densities [6] . The re- 

ulting values for z 3PA,l , z 3PA,r and z fa are given in Table 2 . 

Next the dependency of the local reaction rate (cf. Eq. (7) ) as 

ell as the double layer capacitance (cf. Eq. (14) ) on the catalyti- 

ally active Ag surface S cat area are discussed. It can be assumed 

hat the surface area specific reaction rate constant k 0,cat as well 

s the surface area specific double layer capacitance C dl,cat are con- 

tant material properties. Thus differences in total catalytic activ- 

ty and double layer capacitance between the different ODC only 

esult from differences in electrode design, and thus in the spe- 

ific catalyst surface area S cat and in the wetted share of the cat- 

lyst. Neumann et al. obtained a specific surface area of S cat = 

 × 10 5 m 

2 m 

−3 Ag catalyst per electrode volume for ODC with 

7 wt- % Ag [23] . Taking these values into account, Eqs. (7) and 

14) can be used to identify k 0,cat and C dl,cat from the measure- 

ents of ODC with 97 wt- % . The values for k 0,cat and C dl,cat are

sed for all investigated ODC, and only the specific catalyst surface

rea is adjusted for each electrode. As shown before, the double

ayer capacitance depends on the current density [29] , therefore,

he value of C dl,cat determined here is only valid for current densi- 

ies of j = 20 0 0 A m 

−2 .



Table 3

Parameters identified from (electrochemical) experiments and ODC model for electrodes with different Ag content as

well as literature data.

Name Symbol Unit 99 wt-% 98 wt-% 97 wt-% 92 wt-%

Reaction rate constant k 0,cat mol m 

−2 
s −1 0.39

Double layer capacitance C dl,cat F m 

−2 1.22

Porosity ε − 0.4 0.37 0 . 355 a 0.26

Specific catalyst interface S cat μm 

2 μm 

−3 0.92 0.79 0 . 6 a 0.58

Specific resistance b R specific �m 

2 4 . 15 × 10 −5 2 . 83 × 10 −5 2 . 32 × 10 −5 2 . 82 × 10 −5 

a Determined by Neumann et al. [23] . b High frequency resistance from EIS measurements.

Table 4

Distributed parameters identified from electrochemical experiments and ODC model for electrodes with different Ag

content.

Name Symbol Unit Domain 99 wt-% 98 wt-% 97 wt-% 92 wt-%

Specific domain area S domain % 1 3 . 20 5 . 19 12 . 1 22 . 0

2 10 . 4 16 . 86 16 . 9 22 . 0

3 24 . 0 37 . 74 38 . 6 35 . 2

4 18 . 4 22 . 05 19 . 3 12 . 3

5 44 . 0 18 . 16 13 . 3 8 . 5

Specific gas- liquid

interface per thickness

of three-phase-area

S phase interface

�z 3PA
μm 

2 μm 

−3 1 2 . 94 4 . 48 3 . 54 2 . 68

2 8 . 71 9 . 89 7 . 65 6 . 02

3 4 . 30 6 . 55 3 . 44 1 . 9

4 0 . 08 0 . 15 0 . 11 0 . 05

5 0 . 02 0 . 03 0 . 02 0 . 01
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Within ODC the porosity ε may be distributed. Future work 

ight elucidate how the local porosity is related to the silver/PTFE 

istribution and the electrolyte intrusion. Since this complex re- 

ationship is not clear yet, we use the simplifying assumption of 

qually distributed porosities, so that average porosity ε is set to 

e constant for all domains of a given electrode. The porosity, how- 

ver, is dependent on the electrode design and electrode structure. 

t has been calculated to be 0.355 for the ODC with 97 wt - % Ag 

23] and is adjusted for all further investigated electrodes and do- 

ains to reproduce the measurements.

The area-specific internal resistance of the different electrodes 

 specific was calculated from the impedance at the intersection 

ith the real axis at high frequencies. The electric conductivity 

f the ODC is assumed to be high due to the high amount of Ag

26] ; thus, variations in electric conductivity can be neglected and

 specific is set to be constant for all domains. The proportion of

lectrode area attributed to a domain S domain and the specific gas

iquid interface S phase interface of each domain have been adjusted

ndividually to reproduce the measurements.

The model was implemented in Matlab. Measured polarization 

urves (cf. Fig. 1 ) as well as impedance spectra (cf. Fig. 2 ) have

een used for manual model parameter identification. The pa- 

ameters were adjusted one by one in multiple iteration loops to 

inimize discrepancies between experiments and simulation re- 

ults. The identified parameters values for non-distributed elec- 

rode properties are given in Table 3 . The identified sizes and 

he specific gas-liquid interfaces for all ODC domains are given 

n Table 4 . All constant model parameter are given in Table 5 , all

oncentration-dependent parameters are given in Table 6 . The pa- 

ameters and the model output are discussed in the next section. 

. Comparative model based analysis of inhomogeneous ODC

In Fig. 2 a) the experimental and simulated impedance spec- 

ra are presented. The simulations reproduce the measurements 

ell regarding the distorted shape of the semi-circles, the trend 

n charge transfer resistance with silver content ( Fig. 2 b)), and the 

ime constant ( Fig. 2 c)). Additionally, in Fig. 1 , the experimental 

nd simulated polarization curves are given, which also agree with 

light deviations in the range of very high and very low current 
ensities. Deviations in the low current range may result from the 

hange of the Tafel-slop at a overpotential of about 0 . 16 V vs. OCP 

IR-corrected) [8,26] . As discussed in [26] , the reason for this be- 

avior is not clear, possible reasons may be different adsorption 

sotherms of intermediates in low the potential region [49] , or 

nfluences by electronic or ionic conductivities which also could 

ead to a change in Tafel-slope [50] . Even though the experimental 

etup is temperature-controlled [8] , the electrode may heat up at 

igh currents. This could explain the deviations in the higher cur- 

ent range. Moreover, it is possible that the inhomogeneities are 

ot limited to an inhomogeneous electrolyte distribution. This may 

ead to effects not considered in the model. The model is addi- 

ional validated against EIS spectra of the high performing ODC 

ith 98 wt- % Ag at current densities of 1 kA m 

−2 and 4 kA m 

−2 . 

s shown in the appendix ( Fig. 8 ) the simulation data agree well

ith the experimental impedance spectra in term of shape, time 

onstant and charge transfer resistance. All in all, the presented 

odel can describe the electrode behaviour reasonably well. 

In the following, we will first discuss the influence of inhomo- 

eneities on electrode performance by analysing the contributions 

f the representative electrode domains to the polarization curves. 

ubsequently, the influence of the inhomogeneities on the dynamic 

ehaviour will be discussed by analysing the EIS spectra. The pa- 

ameters of the individual ODC in Tables 3 and 4 are evaluated and 

ompared in more detail during the analysis. 

In Fig. 4 , the individual contributions of the different domains 

owards the overall performance are shown for the ODC with 92 

nd 98 wt-% Ag. 

The local current density of each domain is plotted versus the 

otential. In both ODC the representative domains strongly differ 

n their performance. For the ODC with 92 wt-% Ag, the current 

ensity in domain 1, which has the lowest electrolyte intrusion, ap- 

roaches a plateau at around 0.5V, indicating a depletion of oxygen 

n the liquid phase. In contrast, the medium flooded domains 2 and 

, amounting to ca. 50 % of total electrode area, are most active 

nd have not yet reached their limiting current density at 0.5 V vs. 

HE. The highly flooded domains 4 and 5, amounting to ca. 40 % 

f electrode area, contribute only little to the total current density. 

ven though the ODC with 98 wt-% has comparable proportions 

f active regions, it reaches a significantly higher performance. To 



Table 5

List of constant parameters and operating conditions.

Name Symbol Unit Value

Operating conditions

Pressure in gas chamber a P = P O 2 Pa 1 . 013 × 10 5 

NaOH concentration in electrolyte bulk a c NaOH (z = z t ) mol m 

−3 
9 . 68 × 10 3 

H 2 O concentration in electrolyte bulk [38] c H 2 O (z = z t ) mol m 

−3 
50 . 0 × 10 3 

Temperature a T K 353.15

Electrochemical and kinetic data

Charge transfer coefficient b [40] α – 0.15

Stoichiometric coefficient H 2 O νORR
H 2 O

– −2

Stoichiometric coefficient OH 

− νORR
OH 

– +4

Open circuit potential [8] E 0 V vs. RHE 1.13

Binary diffusion coefficients

For gaseous oxygen/water [41] D 

gas 
O 2 , H 2 O

m 

2 s −1 2 . 95 × 10 −5 

For liquid oxygen/water c [41,42] D 

liq 
O 2 , H 2 O

m 

2 s −1 2 . 18 × 10 −9 

For liquid oxygen/NaOH 

c [41,42] D 

liq 
O 2 , NaOH

m 

2 s −1 3 . 25 × 10 −9 

For liquid water/NaOH 

d [43] - D liq 
H 2 O , NaOH

m 

2 s −1 1 . 26 × 10 −9 

Geometrical parameter

Thin-film thickness [26] z tf m 60 × 10 −9 

Thickness of liquid diffusion layer e [25] z ldl m 10 × 10 −6 

a Experimental operating condition. b Measured with 6.5 M NaOH. c Calculated with modified

Wilke and Chang equation, with 	 = 3 . 9 and a = 0 . 5 chosen, adjusted to experimental data 

from Chatenet et al. [42] . d No NaOH data available, modeled for KOH with NaOH viscosity

from Oisson et al. [44] , described in [26] . e Estimated to be independent of current density.

Taken from our previous study where it was identified to be 10 μm for measurements with

horizontally orientated ODC [25] , the measurement results in the set-up used here corre- 

spond to those in the reference cell [8] .

Fig. 4. Simulated current density dependent on the potential in each domain k and

for total ODC, for ODC with a) 92 wt- % Ag and b) 98 wt- % Ag.

Table 6

Electrolyte concentration-dependent variables.

Name Symbol Unit

Inverse Henry constant a [5] H O 2 Pa m 

3 mol 
−1 

Activity coefficient of O 2 
b [45] γO 2 -

Activity of H 2 O [46] a H 2 O -

Mean activity coefficient of NaOH [47] γ± kg mol 
−1 

Density of electrolyte [44] ρ kg m 

−3 

Water vapor pressure [38] p vap 
H 2 O 

Pa

a Extrapolated from c NaOH ≤ 6M , but as shown in [48] extrapolated val- 

ues fit very well to experiments with c NaOH ≤ 12M . b Extrapolated from 

c NaOH ≤ 5 . 5M , but as shown in original research, calculations for e.g. 

c KOH ≤ 13 . 5M are valid [45] . 
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nderstand this discrepancy in performance between the two ODC 

nd their different domains, the differences of electrolyte intrusion 

s well as the gas-liquid interface have to be taken into account. 

n Fig. 5 a), the proportion of the pore volume that is filled with 

lectrolyte, p v , is displayed over the dimensionless electrode thick- 

ess for all ODC. The proportion is calculated according to Fig. 3 a) 

y accumulating the relative sizes of the domains k , which is equal 

o the relative volume fraction of the respective domains, that are 

ooded at a respective location. We assume that pores are flooded 

o different degrees in the three-phase zone. For the calculation we 

se an average degree of 50 % flooding since no further informa- 

ion on the degree of flooding in the three phase area is available. 

hus, only half of the relative size of the domain is taken into ac- 

ount if the three-phase area is present at the respective location. 

q. (47) describes the calculation of the electrolyte filling over the 

lectrode depth, z d is the distance from the end of the electrode 

acing the liquid diffusion layer: 

p v (z d ) = 

⎧ ⎪ ⎨ 

⎪ ⎩ 

∑ 1 
k =1 S domain,k − 0 . 5 · S domain,1 for z d < 0 . 01 · z l ∑ 2
k =1 S domain,k − 0 . 5 · S domain,2 for 0 . 01 · z l ≤ z d < 0 . 032 · z l 

· · · · · ·∑ 5
k =1 S domain,k − 0 . 5 · S domain,5 for 0 . 316 · z l ≤ z d < z l 

(47) 

mong the electrodes a trend of decreasing electrolyte saturation 

ith higher PTFE content is clearly visible. This agrees with the 



Fig. 5. Identified properties of ODC with different Ag-content: a) Electrolyte distri- 

bution dependent on the dimensionless location within the gas diffusion electrode

(calculated by Eq. (47) ); b) average area of gas-liquid interface per electrode vol- 

ume dependent on the dimensionless location within the gas diffusion electrode

(calculated by Eq. (48) ); c) Schematic illustration of the electrolyte intrusion and

gas-liquid interface distribution for reference.
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esults of a radiographic study of Paulisch et al. on similar elec- 

rodes, who found that a higher Ag content leads to a higher elec- 

rolyte saturation [9] . The effect can be attributed to the hydropho- 

ic properties of the PTFE. According to our simulation results, also 

he porosity of the ODC decreases with increasing PTFE content –

his trend agrees qualitatively with FIB/SEM analyses of ODC with 

arying Ag amount [8] . The porosity change may have an addi- 

ional effect on the wettability of the electrodes as smaller pore 

iameters cause higher capillary forces. Although the wetted cata- 

yst surface is the largest in the 99 wt- % Ag, this ODC has the low- 

st performance. This is interpreted as an indication that the actual 

lectrochemical reaction rate is not the performance limiting step, 

ven at medium current densities. The poor solubility of oxygen 

n liquid electrolytes is a well-known phenomenon [5] . Therefore 

he size of the gas-liquid interface can limit the performance. With 

he simulation data, an estimation of the size of the interface de- 

endent on the location within the ODC has been made, which is 
iven in Fig. 5 b). The specific area of the gas-liquid interface within 

 given volume at each location z d is calculated by scaling the spe- 

ific gas-liquid interfaces of the respective domains according to 

heir share of the total electrode area ( eq. 48 ): 

 v (z d ) = 

⎧ ⎪ ⎪⎪⎪⎪⎪ ⎨ 

⎪ ⎪ ⎪⎪ ⎪ ⎪ ⎩

S phase interface,1 

�z 3PA,1 

· S domain,1 for z d < 0 . 01 · z l 

S phase interface,2 

�z 3PA,2

· S domain,2 for 0 . 01 · z l ≤ z d < 0 . 032 · z l

· · · · · ·
S phase interface,5

�z 3PA,3 

· S domain,5 for 0 . 316 · z l ≤ z d < z l 

(48) 

According to Fig. 5 b), the ODC with 98 wt - % Ag exhibits the 

argest gas-liquid interface and – as the reaction mostly takes place 

lose to the phase interface – this electrode has thus the largest ac- 

ive three-phase region and the lowest charge transfer resistance. 

his causes the high current densities presented in Fig. 4 b). It 

eems that the electrode composition of 98 wt - % Ag and 2 wt- % 

TFE leads to an optimal balance between hydrophilic and hy- 

rophobic properties and thus the highest performance. In con- 

rast, the ODC with 99 wt - % Ag is highly flooded so that the low 

erformance can be attributed to missing gas phase. On the other 

ide, the ODC with 92 wt - % Ag is barely flooded. Thus the gas- 

iquid interface is too small due to insufficient electrolyte intru- 

ion. Furthermore, the model suggests what would be intuitively 

xpected: Stronger hydrophobic properties of the electrodes lead 

o a shift of the three-phase boundaries towards the gas side. Al- 

ost the full gas-liquid interface, and thus active area, is located 

ithin the first 10 % of the electrode from the liquid side whereas 

uch of the Ag electrode at the gas side is not electrochemi- 

ally active. This also suggests that there is mostly a small dis- 

ance only from the gas-liquid interface to the liquid bulk, and 

hus little mass transport resistance, which agrees with previous 

tudies [25] . 

The claim of negligible mass transport limitation is also sup- 

orted by the time constant analysis of the EIS measurements in 

ection 2 . As presented in our previous publication, long mass 

ransport ways in the liquid phase between the electrochemical ac- 

ive zone and the electrolyte reservoir lead to characteristic time 

onstants [25] . Due to the fact that no mass transport time con- 

tants in any ODC were measured and due to the fact that the 

ost flooded electrode with 99 wt-% Ag performs worst, we con- 

lude that the flooded domains 4 and 5 of the ODC contribute very 

ittle to the total electrochemical activity. The conclusion that the 

ighly flooded domains are inactive is counter intuitive, since in 

his domains both the gas phase and the liquid phase are present, 

hus the presence of a physical gas-liquid interface is expected (cf. 

ig. 3 ) The electrochemical measurements as well as the macro- 

copic model strongly suggest that the three-phase areas in the 

iddle of the ODC and close to the gas side are electrochemically 

lmost ”dead”. To clarify the mechanism, further simulations on 

 pore scale or detailed experimental studies that link the elec- 

rode microstructure with the local performance would be neces- 

ary. Possible reasons for the low activity of largely flooded pores 

ight be long mass transport ways across the ODC or bottlenecks 

n the pore system leading to a high ionic resistance. Perhaps also 

ocal salt accumulations due to the ORR [39] lead to a quasi in- 

olubility of oxygen. The availability of oxygen affects the OCP and 

he reaction rate of the ORR. In fact, the here presented gas-liquid 

nterface should be interpreted as the active interface of ionically 

nd electrically well-connected pores with exposed silver surface, 

nd not the physical gas-liquid interface. 

We will now discuss the impact of inhomogeneities on EIS. Us- 

ng the presented model, the different local electrolyte saturation 



Fig. 6. Bode plots for EIS at j = 20 0 0 A m 

−2 f or ODC with 98 wt-% Ag f or full electrode and single electrode domains. The three scenarios: a), b) inhomogeneous ODC (five 

domains); c), d) homogeneous ODC (one domain; 
S phase interface 

�z 3PA 
= 1 . 06 μm 

2 μm 

−3 ); e), f) semi-homogeneous ODC (five domains, 
S phase interface 

�z 3PA 
= 6 . 4 μm 

2 μm 

−3 ; S k 
domain 

= 20 % ). 
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nd the differences in local performance are shown to be respon- 

ible for the distorted shape of the semi-circles in the impedance 

pectra. The sinusoidal current of the total ODC is composed of the 

inusoidal currents of all single domains. It represents the time 

onstants and thus the phase shifts of all domains. The domains 

iffer in double layer capacitance, in local performance, and thus 

n charge transfer resistance, therefore they all are characterized 

y their own time constant (cf. Eq. (5) ). The impedance spectra can 

e examined in more detail by including the Bode plots, which are 

iven for the example of the ODC with 98 wt- % Ag in Fig. 6 a) and

). Besides the phase shift ϕ and impedance | Z| of the entire ODC, 

he impedance values for the individual domains are also plotted 

eparately. 

The minima in phase shift of the domains extend over four or- 

ers of magnitude in frequency as shown in Fig. 6 a). The phase 

hift ϕ at higher frequencies is governed by the less flooded do- 

ains (domains 1 and 2) and the more flooded domains (domain 

 and 5) govern the lower frequency range. The resulting overall 

hase shift curve reproduces the measurements well. 

The model also is able to reproduce the trend of the EIS time 

onstants over the Ag content which is evident in the experi- 

ental results. In Fig. 2 b), it can be seen that the characteris- 

ic time constant is slightly increasing with the silver content in 
xperiment and in simulation. The characteristic time constant 

quals the product of the double layer capacitance and the charge 

ransfer resistance (cf. Eq. (5) ). While R CT from 92 to 99 wt - % 

g only increases by about a factor of 1.5, the time constant in- 

reases by a factor of 20 (cf. Fig. 2 ). A major part of the in-

rease in the time constant can be attributed to an increase in 

ouble layer capacitance: Due to the more hydrophilic properties 

f the ODC with a higher Ag ratio, a higher part of the ODC 

s flooded, which leads to a larger share of wetted catalyst sur- 

ace, where the double layer charge and discharge takes place. 

dditionally, the higher amount of silver catalyst within the ODC 

lso results in a higher available total Ag surface area S cat . This 

lso explains, why the time constant of the ODC with 92 wt - % 

g is faster than the time constant of the ODC with 98 wt - % 

g although the charge transfer resistance increases. The identi- 

ed double layer capacitances are within the range of previous 

tudies [29] . 

As mentioned before, a slightly different shape of the EIS spec- 

rum was observed for ODC with 99 wt - % Ag: The impedance 

pectrum shows a second, less pronounced semi-circle. Accord- 

ng to the model results, the higher frequency semicircle can be 

ssigned to the active pores, while the lower frequency semicir- 

le is assigned to the flooded pores. In the remaining ODC, the 







Table 7

Parameters identified from electrochemical experiments and ODC model for ODC with 98 wt - % Ag

with hypothetical scenarios.

Name Symbol Unit Semi-homogeneous Homogeneous

Reaction rate constant k 0,cat mol m 

−2 
s −1 0.28 0.51

Double layer capacitance C dl,cat F m 

−2 3.04 5.21

Porosity a ε − 0.4

Specific catalyst interface a S cat μm 

2 μm 

−3 0.79

Specific resistance a,b R specific � m 

2 2 . 83 × 10 −5 

a Same parameter value as identified for the inhomogeneous modeled ODC. b High frequency resis- 

tance from EIS measurements [8] .
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