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Abstract
The influences of the polytetrafluoroethylene (PTFE) content in silver-based gas diffusion electrodes on the resulting physi-
cal properties and the electrochemical performance during oxygen reduction in concentrated sodium hydroxide electrolyte 
were investigated through half-cell measurements. A systematic variation of the pore system was achieved by application of 
different silver/PTFE ratios during the production of the gas diffusion electrodes (GDE). In all electrodes, a silver skeleton 
structure with relatively constant properties was formed, while the PTFE fills up part of the open pore space. The resulting 
structures were characterized with a variety of methods for the physical properties supported by focused ion beam milling 
and scanning electron microscope (FIB/SEM) tomography. It could be shown that variations in the obtained pore system 
strongly influence the electrochemical performance of the electrodes. Determination of the Tafel slopes revealed that this is 
not due to changes in the electrocatalytic activity but rather caused by variations in the electrolyte uptake. While too small 
amounts of PTFE (1 wt%) lead to decreased performance through electrolyte flooding, higher PTFE contents above about 
5 wt% also deteriorate the electrode performance because the extent of the three-phase boundary diminishes. The decisive 
role of the electrolyte intrusion was confirmed by measurements at higher electrolyte pressure. While the best electrochemi-
cal performance was achieved with an electrode containing 98 wt% silver, a slightly higher PTFE content is advisable to 
prevent breakthrough of the electrolyte.
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1  Introduction

The global chlorine production is mainly based on the 
chlor-alkali electrolysis, which is one of the most energy-
intensive processes in the chemical industry [1]. During 
the classical variant of the electrolysis process, chlorine 
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gas is formed at the anode, while hydroxide ions are pro-
duced together with hydrogen gas at the cathode. A sig-
nificant reduction of the electrical energy demand of this 
process was obtained by introducing a gas diffusion elec-
trode (GDE) to the process resulting in oxygen reduction 
at the cathode rather than hydrogen evolution. The achiev-
able cell voltage decreases of approximately 1 V lead to 
electrical energy savings of up to 30% of this so-called 
oxygen depolarized cathode (ODC) technology [2]. The 
development of processes and suitable catalyst materials 
for the required GDE have already been discussed in pre-
vious work [3]. Despite intensive research over several 
decades, the stability of carbon-based materials has proven 
to be insufficient under the harsh process conditions dur-
ing technical electrolysis (80–90 °C, 30–32 wt% NaOH). 
On the other hand, silver has a similarly good activity for 
the oxygen reduction reaction (ORR) under these condi-
tions [4]. Hence, commercial GDE for ODC electrolysis 
is carbon- and platinum-free and is based on silver as 
electrocatalyst.

In previous work, variations of silver raw materials and 
compositions of silver-based GDE lead to optimized elec-
trodes regarding energy consumption and long-term stabil-
ity [5]. However, proper structure–property relationships 
explaining why certain electrodes perform better than others 
are still lacking. Furthermore, models describing the pro-
cesses within the GDE [6] and ODC chlor-alkali electrolysis 
cells [7] were developed. These simulations revealed that 
especially at high current densities, an insufficient supply 
of oxygen at the surface of the electrocatalyst occurs. That 
would mean that mass transport rather than the electro-
chemical activity is the limiting factor in these electrodes. 
This assumption is supported by findings obtained with elec-
trodes containing very low amounts of the silver catalyst 
in dendritic form. These materials also revealed excellent 
performance, however at the expense of lower long-term 
stability [8]. It can be expected that a proper characterization 
of the pore system and the processes in the pores offer fur-
ther major potential for improvement of silver-based GDE.

An efficient tool in the visualization of internal pore 
structures is the focused ion beam (FIB) tomography com-
bined with a scanning electron microscope (SEM) [9]. On 
the basis of this image data, reconstructions of the pore sys-
tem as 3D models coupled with numerical simulations of the 
transport processes are possible [10]. The disadvantages are 
that the provided image sections are rather small and offer 
only a limited overview. For the GDE examined in this work, 
a stochastic model based on FIB tomography was devel-
oped that represents the structure on a larger scale [11]. The 
structure serves as a basis for further numerical simulations 
considering, for example, transport phenomena inside the 
electrode. However, such large-scale simulations still pose 
challenges to modern computing systems.

Therefore, in this contribution the physical and electro-
chemical properties of silver-based GDE are analyzed using 
established characterization methods [12] supported by FIB 
tomography and the generated 3D reconstructions [13]. For 
a series of electrodes with different composition, the result-
ing electrochemical performance is determined via half-cell 
measurements.

2 � Experimental

2.1 � Electrode preparation

For each electrode, a suspension containing 30 g silver 
particles (SF9ED, Ferro GmbH) and a PTFE dispersion 
(TF 5060GZ, 3 M™ Dyneon™) in the desired ratio was 
prepared. 50 g of a methyl cellulose solution containing 
1 wt% hydroxyethylmethyl cellulose (WALOCEL™ MKX 
70000 PP 01) and demineralized water was added as pore 
building agent and thickener. Depending on the GDE com-
position, a further amount of demineralized water was 
required to maintain a proper viscosity. The suspension was 
applied on a nickel mesh as conductive supporting material 
(106 µm × 118 µm mesh size, 63 µm thickness, Haver & 
Boecker OHG) using a spraying piston (Evolution, 0.6 mm 
pin hole, Harder & Steenbeck). For each electrode, 80 coat-
ings were applied on a heating table allowing simultaneous 
drying leading to the formation of a homogeneous surface 
[14]. In the subsequent processing steps, the electrode was 
hot pressed (LaboPress P200S, Vogt, 15 MPa, 130  °C, 
5 min) and heat-treated in an air oven (330 °C, 15 min) to 
burn out the methylcellulose and to improve the mechanical 
stability through PTFE sintering. Afterwards, the electrode 
thickness and catalyst load were determined. The mean 
thickness was obtained from measurements at six points 
with a thickness dial gauge (FD 50, Käfer GmbH), while 
the catalyst load was determined by weighing. For industrial 
applications, silver contents of 92–98 wt% facing the electro-
lyte side and 95–99.9 wt% facing the gas side, respectively, 
with catalyst loadings of 140–250 mg cm−2 are desired [15]. 
To investigate a uniform porous layer, only single-layer GDE 
with silver contents of 90–99 wt% was prepared. A list of the 
properties for all electrodes produced is provided in Table 1. 
In the following, the electrodes will be referred to by val-
ues for the silver content rounded to full weight percentage 
points.

2.2 � Physical characterization

The true density of the produced electrodes was obtained 
with a helium pycnometer (Pycnomatic ATC, Quan-
tachrome), which measures the volume of the displaced 
helium. As the helium penetrates all open pores, the true 
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density is independent of the porosity. On the other hand, 
the expected density was calculated based on the electrode 
weight and the true densities of silver (10.49 g cm−3), PTFE 
(2.2 g cm−3), and nickel (8.91 g cm−3), and should also be 
independent of the porosity. Flow-through pores and bubble 
point pressure were determined using capillary flow porome-
try (Porometer 3G, Quantachrome). A wetting fluid (Porofil, 
Quantachrome) was applied to the probe which was adjusted 
in the device. Afterwards, the fluid was driven out of the 
pores with a pressure gradient. The resulting nitrogen flow 
was detected on top of the probe. The bubble point pressure 
was determined at a nitrogen flow rate of 0.1 L min−1. The 
flow-through pore distribution was finally determined by 
comparing the nitrogen flow through the wet and dry probe. 
Specific surface areas of the electrodes were determined 
using the BET method (3 Flex, Micromeritics Instrument 
Corp.) with krypton as a sample gas. This minimized the 
device error in view of the small overall inner surface area. 
Mercury porosimetry (Pascal 140 + 440, Thermo Fisher Sci-
entific) measurements were tested as an additional method, 
but due to amalgam formation, reproducible results could 
not be obtained. Visualization of the microstructure inside 
the electrodes was investigated by means of FIB milling 
combined with SEM. Segments with a size of 2 mm × 4 mm 
were extracted mechanically from the center of the GDE and 
fixed on SEM sample holders with carbon pads. For ion cut-
ting, a Zeiss Crossbeam 340 Gallium-FIB/SEM device was 
used. The coarse cut was done using an acceleration voltage 
of 30 keV and an ion current of 50 nA. For the final polish-
ing setup, 30 keV and 700 pA were employed. The silver 
fraction in the GDE microstructure was calculated with the 
imaging software Fiji [16].

2.3 � Electrochemical characterization

Electrochemical properties were determined in half-cell 
measurements (FlexCell HZ-PP01, Gaskatel GmbH) at 

80 °C using 30 wt% NaOH as electrolyte prepared from 
caustic flakes (≥ 99 wt%, Carl Roth) and demineralized 
water. All reported current densities are related to the geo-
metric cell area of 3.14 cm2. Experiments were performed 
with a Zennium Pro Potentiostat (Zahner GmbH). The 
electrodes were characterized following the same routine, 
including a start-up procedure and cell resistance determina-
tion with pseudo-galvanostatic impedance measurements. 
Finally, an iR compensated linear sweep voltammetry 
(LSV) measurement starting at open cell potential (OCP) to 
200 mV versus reversible hydrogen electrode (RHE) with a 
scan rate of 0.5 mV s−1 was performed.

The half-cell contained a gas and an electrolyte cham-
ber separated by the GDE. Measurements were performed 
using a three-electrode configuration with the GDE as work-
ing electrode. As the counter electrode, a platinum wire 
was placed inside the electrolyte chamber with a volume 
of approximately 30 mL. The potentials were measured in 
front of the working electrode using a Luggin capillary with 
a RHE (Hydroflex, Gaskatel GmbH). On the gas side pure 
oxygen was supplied with a flow rate of 50 mLN min−1 and 
a small backpressure using a 1 mm water column.

Additional experiments applying an increased electrolyte 
pressure were performed in a special plant with an electro-
lyte cycle and separate pressure control for the electrolyte 
and gas supply. The half-cell design (Fig. 1) is similar to 
the FlexCell, providing the same electrode configuration. 
Pressure and temperature on gas and electrolyte side were 
monitored with sensors. During these experiments, gas 
and electrolyte pressure were set to 1000 mbar first. Subse-
quently, the electrolyte pressure was increased stepwise. All 
other process parameters were kept at the same conditions 
as during the experiments in the FlexCell.

To determine proper equilibrium potentials of the oxygen 
reduction reaction (ORR) versus RHE, standard potentials 
for both reactions were calculated using the Nernst equa-
tion. The temperature dependence of the standard potentials 
was taken into account according to Bratsch [17], while the 
activities of water [18] and OH− ions [19] were based on the 
work of Balej. Additionally partial pressures of hydrogen, 
at the RHE, and oxygen, at the GDE, were corrected by the 
water vapor pressure above the NaOH solution at the given 
temperature [18]. Finally the solubility of oxygen was deter-
mined with the model of Tromans [20]. Overall, the standard 
potential of the ORR vs. RHE could be determined as 1.13 V 
at the given process conditions.

Evaluation of the LSV measurements was done by deter-
mining Tafel slopes and exchange current densities from 
the polarization curve. As will be shown later, two lin-
ear regions on the logarithmic current density scale were 
observed. This behavior is typical for the ORR in alkaline 
electrolyte [21] and was observed by Pinnow et al. [6] dur-
ing their measurements with Ag/PTFE electrodes. While the 

Table 1   Overview about electrode properties

Silver content Silver load PTFE load Thickness
wt% mg cm−2 mg cm−2 µm

99.0 155.7 1.7 356
97.9 150.5 3.2 335
97.0 131.4 4.1 297
96.0 129.1 5.4 293
94.9 125.6 6.8 292
94.0 131.6 8.4 302
93.0 139.9 10.5 321
91.8 138.3 12.3 319
90.8 158.9 16.1 375
89.9 136.9 15.4 330
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first Tafel slope was obtained for overpotentials between 80 
and 120 mV, the second slope refers to overpotentials in the 
range between 200 and 250 mV. For all measurements, the 
range was defined individually to maximize the linear cor-
relation factor.

3 � Results and discussion

3.1 � Influence of PTFE content on pore system

In Fig. 2, the results of the porometry and bubble point 
measurements are shown for all prepared electrodes. It can 
be seen that the electrode with the highest silver content 
(99 wt%) has the largest median pore size of about 1 µm 
and a relatively sharp pore size distribution. Increasing the 
PTFE content decreases the pore size and broadens the pore 
size distribution. For the lowest applied silver content of 

90 wt%, the median pore size is decreased to approx. 0.2 µm. 
The right-hand diagram in Fig. 2 shows that rising PTFE 
content and thus smaller pores lead to an increase of the 
bubble point pressure. While the bubble point pressure of 
the electrode with 99 wt% silver is only 0.5 bar, this value 
rises strongly reaching 2.5 bar for 90 wt% silver. However, 
these measurements were performed with a wetting fluid 
at room temperature and bubble points could differ when 
using the electrolyte at process conditions. Furthermore, 
electrowetting effects are not considered [22]. Nevertheless, 
the bubble point pressure is a good indicator for the wettabil-
ity at process conditions. A low value will probably lead to a 
complete flooding of the electrode and thus higher transport 
resistance through the electrolyte. High values could cor-
respond to severe blocking of the electrolyte paths inside 
providing only minimal electrolyte penetration. In both 
cases, the accessible reactive surface of the GDE would be 
strongly reduced.

Fig. 1   Half-cell for the meas-
urements at elevated electrolyte 
pressure, electrolyte outlet is 
located behind the counter 
electrode

Fig. 2   Results of capillary flow 
porometry and bubble point for 
electrodes with different silver 
contents
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The FIB/SEM images (Fig. 3) of the electrodes provide 
a look inside the electrodes, revealing details of the pore 
system. While the bright parts are silver, the darker shapes 
represent PTFE. The high contrast between these two phases 
allows for a clear differentiation. It can be seen that the elec-
trode with 99 wt% silver has almost no PTFE inside the 
pores. With rising PTFE content of the electrode, the silver 
surface becomes increasingly covered with PTFE. The inves-
tigated pores of the electrode with 91 wt% silver appear to 
be almost completely filled with the PTFE. Interestingly, the 
shape of the silver structure remains constant and is appar-
ently not influenced by the amount of PTFE. Hence, the 
PTFE only fills up part of the free space inside the silver 
skeleton. According to the image analysis, all electrodes 
consist of silver with approx. 60% volume fraction, while 
40% are shared by open pore space and PTFE. However, 
it has to be kept in mind that the images show only a small 
area of the whole electrode. The results of the capillary flow 
porometry reveal that open pathways must exist even for 
electrodes with high amounts of PTFE. On the other hand, 
PTFE apparently blocks part of the open silver surface and 
the electrochemical activity of these electrodes is expected 
to drop significantly.

In Fig. 4, true and expected electrode densities as well as 
the BET surface areas are shown. While the expected den-
sity, which is calculated based on the true material densities 
and the weight data, slightly decreases with rising PTFE 
content, a much stronger decline is observed for the true 
density determined by pycnometry. This result is an indica-
tor for closed pores within the electrode which cannot be 
intruded by the helium during pycnometry. The total volume 
of the closed pores becomes larger with a decreasing amount 
of silver reaching approximately 20% of the whole electrode 
volume at 90 wt% silver. As these closed pores should not 
take part in the electrochemical reaction, the silver catalyst 
utilization is expected to decrease with rising PTFE content.

The right-hand diagram of Fig. 4 shows that the PTFE 
content of the electrode does only have minor effects on 
the BET surface area which is in the range of 0.1 m2 g−1. 
Only for low silver contents of 92 wt% and less, the sur-
face area slightly increases, however, at rising measuring 
errors. According to the manufacturer’s specifications, the 
BET surface area of the pristine silver particles is between 
0.7 and 1.2 m2 g−1, while the surface area of the PTFE par-
ticles corresponds to approx. 13 m2 g−1 derived from the 
given diameter of the particles. Obviously, the surface area 

Fig. 3   FIB/SEM images of four electrodes with 99 wt% (a), 98 wt% (b), 96 wt% (c), and 91 wt% (d) silver
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of the starting materials decreases quite strongly during the 
fabrication process for which pore filling and sintering might 
be responsible.

3.2 � Influence of PTFE content on ORR activity

The cell resistance for each electrode was determined using 
electrochemical impedance spectroscopy. The obtained val-
ues were in the range between 70 and 200 mOhm without any 
correlation to the silver content. It is therefore assumed that 
the conductivities of all electrodes are sufficient for a techni-
cal application. The iR compensated polarization curves of 
the electrodes with different compositions are shown in Fig. 5 
revealing a clear trend of the electrochemical performance 
in dependence of the silver content. While all electrodes 
exhibit nearly the same overpotential for low current densi-
ties, the differences are getting more and more pronounced 
for current densities above 1 kA m−2. The electrodes with 
the smallest silver content of 90 wt%, 91 wt%, and 92 wt% 
reach their limiting current density at 2 kA m−2, 4 kA m−2, 
and 7 kA m−2, respectively. On the other hand, the 99 wt% 
electrode does show transport limitations, too, but the effect 
is less significant. While the lower performance of the elec-
trodes with high PTFE content might be explained by pore 
blocking and the resulting low filling degree with electrolyte, 
the high overpotentials for the 99 wt% electrode are most 
likely the result of a too low PTFE content which allows 
flooding with electrolyte. The lowest overpotentials are 
reached with a silver content of 98 wt%, which slightly dif-
fers from the optimum of 97 wt% found by Moussallem et al. 
[5]. Even for the highest applied current density of 8 kA m−2, 
this electrode does not show any sign of transport limitations. 
The electrodes with silver contents between 97 and 93 wt% 
do neither reach a limiting current density, but their overpo-
tentials become slightly larger with decreasing silver content.

The logarithmic diagram in Fig.  5 reveals that the 
polarization curves can be divided into two regions with 
different Tafel slopes. The resulting values for the Tafel 

slopes are depicted in the left-hand diagram of Fig. 6. It 
can be seen that the Tafel slopes for the 1st range are not 
dependent on the silver content and have a constant value 
of – 60 mV dec−1. In the 2nd range, the slopes change as a 
function of the silver content in the electrode. The best elec-
trode with 98 wt% silver shows a slope of –120 mV dec−1, 
which slightly decreases for rising PTFE contents with a 
minimum of − 140 mV dec−1 at a silver content of 94 wt%.

This observed doubling of the Tafel slope is typical for 
ORR kinetics in alkaline electrolyte and has been reported 
by other researchers, too. Sepa et al. observed Tafel slopes 

Fig. 4   Densities and BET sur-
face area as a function of silver 
content

Fig. 5   Overview of polarization curves for electrodes with different 
silver contents in logarithmic (top) and linear (bottom) representation
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of − 60 mV dec−1 and − 120 mV dec−1 for the ORR in aque-
ous LiOH solution in a temperature range of 5–45 °C [21]. 
Similar values where observed for different systems using 
rotating disc electrodes (RDE) [23–25]. At conditions simi-
lar to those employed in this study, Blizanac et al. observed 
slopes of approx. – 70 mV dec−1 and – 130 mV dec−1 (0.1 M 
KOH, 60 °C) on single-crystal surfaces, which were found 
to be independent of the crystal structure [26]. Pinnow et al. 
observed values of − 80 mV dec−1 and − 200 mV dec−1 with 
silver/PTFE GDE [6]. In addition to these experimental find-
ings, Shinagawa et al. showed that the two Tafel slopes can 
also be derived from the microkinetics of the ORR [27].

For the 98% electrode, Tafel slopes close to the true kinet-
ics were determined and almost no influence of transport 
phenomena can be seen. For decreasing silver content, an 
increasingly larger transport effect is overlapping resulting 
in decreasing Tafel slopes. Additionally, the corresponding 
exchange current densities in both ranges are depicted in 
the right-hand diagram of Fig. 6 showing only little varia-
tion for all tested electrodes. These results indicate that the 
electrocatalytic activity of the silver particles in the different 
electrodes is very similar and independent of the particular 
GDE composition. On the other hand, this means that the 
overall electrode performance is due to the extent of the 
three-phase boundary between gaseous oxygen, liquid elec-
trolyte, and solid catalyst, which is determined by the filling 
degree and the individual liquid pathways in the complex 
three-dimensional pore system. For the given electrolyte 
distribution, not only the transport of oxygen but also the 
local ion activity distribution are of decisive importance as 
recently shown by Botz et al. [28] through scanning electro-
chemical microscopy (SECM) measurements.

3.3 � Influence of electrolyte pressure 
on overpotentials during ORR

All experiments discussed so far were obtained at atmos-
pheric pressure (approx. 950 mbar at Clausthal-Zellerfeld) 

with the Gaskatel half-cell. Selected electrodes with silver 
contents of 98 wt% and 94 wt% were additionally tested 
under various electrolyte pressure conditions in the specially 
designed half-cell. The results of these measurements are 
shown in Fig. 7. It can be seen that for the best perform-
ing electrode with a silver content of 98 wt%, an increased 
electrolyte pressure has a positive effect on the overpoten-
tials for current densities below 3 kA m−2. However, for a 
current density above approx. 5.5 kA m−2 the overpotential 
increases for higher electrolyte pressures. This result might 

Fig. 6   Tafel slopes (left) and 
exchange current densities 
(right) as a function of silver 
content

Fig. 7   Polarization curves for two selected electrodes at different 
electrolyte pressures
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be due to an increased filling level of the electrode pores 
with electrolyte resulting in deteriorated oxygen supply. This 
interpretation is supported by the fact that for the highest 
applied electrolyte pressure of 1200 mbar a larger amount 
of liquid passing from the electrolyte to the gas chamber was 
observed. For the 94 wt% electrode, a moderately increased 
electrolyte pressure of 1000 mbar has a clear positive effect 
on the electrochemical performance in the whole range 
of current densities. However, at even higher pressures a 
significant increase of the overvoltage at current densities 
above 5 kA m−2 becomes visible. At the highest pressure 
of 1200 mbar, this effect becomes so strong that the elec-
trode performance becomes worse than in the cell operated 
at atmospheric pressure. The increased pressure might lead 
to a deeper penetration of the electrolyte into the pore system 
and thus to a better performance. However, at too high pres-
sures parts of the electrode are flooded and larger transport 
resistances in the electrolyte occur.

During technical application of the GDE in a chlor-
alkali electrolysis cell, the electrode should be capable of 
withstanding a certain pressure difference between gas and 
electrolyte chamber without loss of performance. A stable 
electrolysis process is only guaranteed if the electrode is 
prevented from electrolyte breakthrough. Considering this, 
an electrode containing 97 wt% silver is still the best com-
promise between electrochemical performance and practical 
applicability [5].

4 � Conclusion

In the present contribution, a systematic variation of the 
PTFE content in the production of silver-based GDE and 
a thorough physical and electrochemical characterization 
during oxygen reduction was carried out. Based on capil-
lary flow porometry and FIB tomography, it can be con-
cluded that a silver skeleton is build up, while the PTFE 
is embedded into the free pore space and fills increas-
ingly larger parts of the pore system. In addition, a ris-
ing fraction of completely inaccessible parts in the pore 
system is also formed at too high PTFE contents. Based 
on LSV measurements, a clear relationship between the 
formed pore system and the electrochemical performance 
was identified. On the one hand, all examined electrodes 
showed very similar electrocatalytic properties in the 
kinetic regime which can be described with two Tafel 
slopes showing the typical doubling characteristic for the 
ORR in alkaline media. On the other hand, the electrode 
performance at technically relevant higher current density 
is mainly determined by transport resistances. The best 
compromise between too strong filling with electrolyte 
at very low PTFE contents and too severe hydrophobic 
behavior at higher PTFE fractions offers an electrode 

containing 98 wt% silver. For this electrode, no signs of 
any transport limitation occur even at the highest applied 
current density of 10 kA m−2 under atmospheric electro-
lyte pressure. However, during application of an increased 
electrolyte pressure, signs of transport limitations at higher 
current densities emerged. Overall, the findings revealed 
that the electrolyte distribution inside the electrode is the 
key element for understanding the electrochemical per-
formance. Therefore, in situ measurements of a working 
silver-based GDE should be carried out revealing the elec-
trolyte distribution, as it has been already done for carbon-
based GDE used in fuel cells [29]. These measurements 
are presently carried out in our research groups and will 
be reported in a forthcoming paper.
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