
B

S
a

b

a

A
R
R
A
A

K
U
E
E

1

d
t
e
r
s
p
o
a
t
f
r
y
w
e
d
u
s
a
t
s

0
d

Electrochimica Acta 56 (2011) 4287–4293

Contents lists available at ScienceDirect

Electrochimica Acta

journa l homepage: www.e lsev ier .com/ locate /e lec tac ta

ifunctional electrodes for unitised regenerative fuel cells

ebastian Altmanna, Till Kazb, Kaspar Andreas Friedricha,b,∗,1

Institute of Thermodynamics and Thermal Engineering, University Stuttgart, Pfaffenwaldring 6, 70550 Stuttgart, Germany
Institute of Technical Thermodynamics, German Aerospace Centre, Pfaffenwaldring 38–40, 70569 Stuttgart, Germany

r t i c l e i n f o

rticle history:
eceived 20 October 2010
eceived in revised form 14 January 2011
ccepted 21 January 2011
vailable online 28 January 2011

a b s t r a c t

The effects of different configurations and compositions of platinum and iridium oxide electrodes for the
oxygen reaction of unitised regenerative fuel cells (URFC) are reported. Bifunctional oxygen electrodes
are important for URFC development because favourable properties for the fuel cell and the electrolysis
modes must be combined into a single electrode. The bifunctional electrodes were studied under different
combinations of catalyst mixtures, multilayer arrangements and segmented configurations with single
eywords:
nitised regenerative fuel cell
lectrolysis
lectrode design

catalyst areas. Distinct electrochemical behaviour was observed for both modes and can be explained
on the basis of impedance spectroscopy. The mixture of both catalysts performs best for the present
stage of electrode development. Also, the multilayer electrodes yielded good results with the potential
for optimisation. The influence of ionic and electronic resistances on the relative performance is demon-
strated. However, penalties due to cross currents in the heterogeneous electrodes were identified and
explained by comparing the performance curves with electrodes composed of a single catalyst. Potential

feren
improvements for the dif

. Introduction

Fuel cells offer attractive benefits as energy supply devices for
ifferent portable and mobile applications. In comparison to bat-
eries, the energy density and the specific energy are higher, and
xtended operation times without external energy support can be
ealised. Mass and volume benefits can be achieved in advanced
tack and system designs. However, one drawback of fuel cells for
ortable applications is the need for an external continuous supply
f hydrogen and oxygen. While the latter can be acquired from the
ir, the use of fuel cells needs an infrastructure with H2 produc-
ion facilities and refilling stations.By using a unitised regenerative
uel cell (URFC), a closed loop system can be achieved. URFCs can
egenerate fuel (hydrogen) and oxidant (oxygen) by water electrol-
sis with an external energy supply, such as a photovoltaic cell or a
ind turbine. This combination has the potential to be a near-zero

mission energy supply system. In this respect, a URFC system is
irectly comparable to a secondary battery, especially in terms of
ser handling and the charging/discharging behaviour. The high

pecific energy and the increased energy density of a URFC are
ttractive for aerospace applications (i.e., satellites and high alti-
ude aircrafts) and for energy storage in terrestrial regenerative
ystems [1–5].

∗ Corresponding author.
E-mail address: Andreas.Friedrich@dlr.de (K.A. Friedrich).

1 ISE member.

013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.01.077
t compositions are discussed.
© 2011 Elsevier Ltd. All rights reserved.

An ordinary pure hydrogen/air polymer electrolyte fuel cell uses
Pt as the catalyst for the hydrogen electrode. The electrode for
the oxygen reaction is more complex. Pt shows superior reactivity
in fuel cells, but it simultaneously produces very high overpoten-
tials in the electrolysis mode. In the literature [3,6–15], different
alternative catalysts are proposed, primarily Ir, Ru, their oxides
and combinations of them. To identify the best catalyst for oxygen
evolution in combination with the DLR dry spraying technique, a
screening study of commercially available catalyst powder mate-
rials was performed. IrO2 was found to perform best with superior
long-term stability. Unfortunately, the activity of this material for
oxygen reduction in the fuel cell mode is rather low. Hence, the use
of two catalysts is inevitable.

In this work, various electrode designs with Pt and IrO2 catalysts
were investigated. For the hydrogen electrode, platinum was used
as the catalyst and the configuration was not changed during the
experiment.

2. Approach

The three different options that are compared in the fuel cell
(FC) and the electrolysis modes (EC) are illustrated in Fig. 1.
2.1. Option 1 – mixture

A simple mixture of both materials is the most common
configuration in the literature [3,7,9,15], and it is used as the ref-
erence design for this work. The advantage of this option is the

dx.doi.org/10.1016/j.electacta.2011.01.077
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:Andreas.Friedrich@dlr.de
dx.doi.org/10.1016/j.electacta.2011.01.077
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Fig. 1. Oxygen electrode configurations (left: Option 1 – mixture of both cataly

imple preparation of the membrane electrode assembly (MEA),
hich requires only one production step. However, the mix-

ure of two different catalysts for separate chemical reactions
nvolves compromises in structure and reactivity. Because there
re no specific reaction areas, the properties of the gas diffu-
ion layer (or backing; GDL) have to be a compromise between
ydrophobic (fuel cell mode) and hydrophilic (electrolysis mode)
roperties.

.2. Option 2 – multilayered electrode

As an alternative to the mixture, two electrode layers, one for
he FC mode and another for the EC mode, are applied onto the

embrane. During operation, specific electrodes for both working
irections are available. The order of the layers can be varied with
t in contact with either the electrolyte (Option 2 1) or the GDL
Option 2 2). In this multilayered electrode, the electrical and the
onic resistances are important properties. While the inner layer
xhibits superior proton transfer to the membrane, the outer layer
as better electronic conductivity to the bipolar plate. To obtain a
etter understanding of the behaviour of the electrodes, the Option
MEAs were equipped with different loadings of IrO2. With this

pproach, the number of catalyst particles and the thickness of the
atalyst layer changes.

The use of multilayer electrodes offers fully active areas of the
lectrode for each mode, and good performance can be expected.
owever, the electrical and ionic contacts between the electrode,

embrane and current collector can be a problem. Also, the trans-

ort of gases or water can be reduced because of small pores
ithin the outer layer, and this may lead to diffusion limitation

t specific current densities, which is well known in fuel cell
evelopment.

able 1
repared membrane electrode assemblies.

Name Hydrogen Oxy

Catalyst Loading (mg/cm2) Cata

Option 1 Pt black 1.56 IrO2

Option 2 1 Pt black 0.70 Pt an
Option 2 2 Pt black 0.70 IrO2

Option 3 11 Pt
black

0.87 IrO2Option 3 12
Option 3 2 Pt black 0.87 IrO2
iddle: Option 2 – multilayer electrode, right: Option 3 – segmented electrode).

2.3. Option 3 – segmented electrode

In the third design, the active areas are split into separate zones
for the fuel cell and the electrolysis reactions. Different configu-
rations are possible, such as a few large areas (square design) or
smaller sizes (design with stripes). As a further step, the segment
geometry can be adapted to the flow field.

The segmented electrode allows the use of partially optimised
gas diffusion media. The GDLs can be structured with an adapted
level of hydrophobicity. In this configuration, pure catalysts that
yield very good performance for specific operation modes are
applied. However, by dividing the electrode into different parts,
the active area is effectively reduced. Therefore, the current and
performance of the entire cell are expected to decrease.

3. Experimental

All of the MEAs were manufactured by a dry spraying technique
developed at DLR [16]. Platinum black (Pt) and iridium (IV) oxide
(IrO2) are used as the catalysts. To increase the proton conduc-
tivity of the electrodes 30 wt.% Nafion is added. The membrane
for all of the MEAs is Nafion® 1135. The membranes were pre-
treated in H2O2 and H2SO4 before use. To fix the catalytic layer
to the membrane at the end of the preparation, all of the MEAs
were hot rolled at standard DLR conditions, which are a rolling tem-
perature of 433 K, a rotation speed of 0.6 Hz and contact pressure
of 90 kg.
Table 1 shows all of the MEAs that were used to compare the
three options. All of the hydrogen electrodes with the exception of
Option 1 had a lower loading of Pt on the hydrogen electrode as
compared to the oxygen electrode because the oxygen electrode is
expected to significantly influence the cell performance.

gen Structure

lyst Loading (mg/cm2)

+ Pt (1:1) 1.61 Mixed

d IrO2 0.93/0.78 Multilayer (Pt inside)
and Pt 0.78/0.87 Multilayer (IrO2 inside)

/Pt 0.73/0.73
Segmented
(square)

/Pt 0.73/0.73 Segmented (stripes)
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Fig. 3. E(j) curves of Option 2 and Option 1 membrane electrode assemblies. (fuel cell
ig. 2. Electrode of an Option 2 MEA with the platinum layer next to the membr
EM/EDX).

The MEAs were tested in a single cell with Sigracet SGL 35 DC
as diffusion media (backing) and a parallel serpentine flow field.
ydrogen and oxygen were fed as reactant gases because of the

eversibility of the system. The cell temperature in fuel cell mode
as between 353 and 358 K, and it was 368 K in electrolysis mode.

he gas flow was 0.25 l min−1 at the anode and 0.2 l min−1 at the
athode. In fuel cell mode, both gases were fully humidified. The
olarisation curves E(j) were performed potentiostatically in fuel
ell mode (beginning at the open cell output potential difference)
nd galvanostatically in electrolysis mode (starting at 0 A). Each
tep was maintained for 2 min.

An IM6/PP240 (Zahner GmbH) was used for the electrochemi-
al impedance spectroscopic (EIS) measurements between 30 mHz
nd 100 kHz. For the polarisation curve determination, an elec-
ronic load EL 1000 (Zentro GmbH) was used.

All MEAs (except Option 3 11) were tested in the same way.
he electrolysis mode, polarisation curves and EIS measurements
ere recorded for 6–8 h. The cell was then switched to the fuel cell
ode, and the analyses were repeated. Option 3 11 was evaluated

n the opposite way. For this option, the tests were started in fuel
ell mode and then switched to electrolysis mode.

. Results and discussion

Variations in the cell design for Option 2 and Option 3 and
heir behaviour are discussed in the following section. Option 1
as chosen as the reference design case, and the variations are not
iscussed here.

.1. Option 2

For investigations on multilayer MEAs, the arrangement of lay-
rs in the electrode is of high interest. Fig. 2 shows one of the
onfigurations for a multilayer MEA. Here the platinum electrode
or the fuel cell mode is next to the membrane, and IrO2 is layered
n top. This configuration is named Option 2 1. In the other config-
rations, called Option 2 2, the Pt layer is located on the exterior,
nd the IrO2 layer is next to the membrane. By using scanning elec-
ron microscopy (SEM) and energy-dispersive X-ray spectroscopy
EDX), the configuration of the electrode is determined by identi-

ying the two materials (Fig. 2). In addition, the thickness of both
lectrodes is checked. In Fig. 2, the layers are homogeneous. Images
t other positions on this MEA showed similar results. At a few loca-
ions, the thickness of the layers varied significantly due to either
1) the preparation by dry spraying and hot rolling or (2) the prepa-
mode: cell temperature 358 K, ambient pressure, gases fully humidified, hydrogen
flow 0.4 l min−1, oxygen flow 0.4 l min−1; electrolysis mode: cell temperature 368 K,
ambient pressure; no flows).

ration of the cross-sections (the samples are imbedded in resin and
then cut). However, the effects of those fluctuations (10 �m ± 1 �m
for each electrode) are about 10%. The black spots inside the elec-
trodes are the results of holes due to the preparation of the MEA
for the SEM and EDX studies and are not related to the dry spraying
technique.

The polarisation curves for all of the Option 2 MEAs are shown
in Fig. 3. For comparison, the E(j) curves of the Option 1 MEAs are
included. The performance of the multilayered MEA is linked to the
sequence of the catalysts layers in the electrode. If the Pt layer is
inside and therefore in direct contact with the membrane (Option
2 1), superior results in the fuel cell mode are achieved, and the
polarisation curve is nearly the same as the Option 1 MEA. However,
the performance in electrolysis mode for the same configuration
shows higher overpotentials than the Option 1 MEA. Comparing
this result with the second Option 2 MEA having the IrO2 layer next
to membrane (Option 2 2), the results are interchanged. Superior
performance is achieved in electrolysis mode, and lower perfor-
mance is found in fuel cell mode.

To understand the behaviour of the Option 2 MEAs, EIS was
used to obtain detailed information about the characteristics of

each component (i.e., the performance of the anode, cathode and
membrane). An equivalent circuit for the complete polymer elec-
trolyte fuel cell (PEFC) in Fig. 5 was used for the simulation of
the measured impedance spectra of the PEFC. In addition to the
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Fig. 4. Impedance spectra of Option 2 membrane electrode assemblies (left: fuel cell mode, right: electrolysis mode), red lines (circles) indicate Option 2 1 and blue lines
(squares) Option 2 2. (fuel cell mode: cell temperature 358 K, ambient pressure, gases fully humidified, hydrogen flow 0.4 l min−1, oxygen flow 0.4 l min−1; electrolysis mode:
cell temperature 368 K, ambient pressure). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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ig. 5. Equivalent circuit used to fit the impedance spectra of Option 2 1 membran
f anode, (2) double layer capacity of anode, (3) ohmic resistance, (4) charge transf

eries resistance (contact plus membrane resistance Rel), the equiv-
lent circuit (Fig. 5) contains two parallel RC terms, with two time
onstants, which are potential dependent. In the simulation of
he measured impedance spectra, the ideal capacitance (C) was

eplaced by constant phase element (CPE) due to the porous struc-
ure of the electrodes. The inductances of the electrical circuit
mainly from the cables) are considered in element 6. The ohmic
esistance (element 3) depends strongly on the electrode config-

able 2
it of impedance spectra of MEA option 2 to equivalent circuit in Fig. 5.

Element 1 2 3

MEA m� mF CPE exp. m�

Fuel cell mode
Option 2 1 6.3 30.0 0.61 8.1
Option 2 2 8.0 192.7 0.62 4.8

Electrolysis mode
Option 2 1 6.4 39.6 0.72 5.3
Option 2 2 2.0 223.4 0.56 4.2
trode assembly with details of the ohmic resistance. ((1) charge transfer resistance
stance of cathode; (5) double layer capacity of cathode, (6): wiring conductance).

uration because the multilayer structures investigated here give
predominantly ionic or electronic conductivity contributions.

Fig. 4 shows the impedance spectra of the fuel cell (left side) and
electrolysis (right side) modes. As expected, the impedance of the

Option 2 2 MEA is much lower in electrolysis mode than the Option
2 1 MEA over the entire frequency range. The superior contact of
the active IrO2 layer to the membrane yields increased proton con-
ductivity and a reduced resistance. The fit to this equivalent circuit

4 5 6 Error

m� mF CPE exp. nH %

3.7 1483 0.55 33.7 1.6
20.4 907 0.78 40.5 0.6

9.0 2052 0.53 55.9 0.9
2.8 3900 0.42 49.4 0.8
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Fig. 6. E(j) curves of Option 3 membrane electrode assemblies: Option 3 1× with
squares and Option 3 2 with stripes (black: Pt, grey: IrO ). (fuel cell mode: cell tem-
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erature 358 K, ambient pressure, gases fully humidified, hydrogen flow 0.4 l min−1,
xygen flow 0.4 l min−1; electrolysis mode: cell temperature 368 K, ambient pres-
ure; no flows).

n the fuel cell and electrolysis modes provides the values given in
able 2. No large variation in element 3 in electrolysis mode was
bserved, but the charge transfer resistances (elements 1 and 4)
how higher values for Option 2 1 as compared to Option 2 2.

The interpretation of the observed impedances in fuel cell mode
s more complicated. The impedance of the MEA with the Pt layer
ext to the membrane (Option 2 1) is smaller only at low frequen-
ies and is larger at high frequencies, compared to Option 2 2. The
t of the impedance spectra to the simple equivalent circuit in Fig. 5

ndicates a significantly higher ohmic resistance for the Option 2 1
EA, compared to the Option 2 2 MEA. The higher resistance occurs

lthough the active layer (with Pt) is next to the membrane, and
his arrangement shows superior performance in fuel cell opera-
ion (compare red triangles with blue squares in Fig. 3). The higher
ctivity of the Option 2 1 MEA for the fuel cell mode is seen in the
ower resistance of element 4 (Option 2 1 has the Pt layer next to
he membrane). The higher ohmic resistance of Option 2 1 is there-
ore attributed to the electronic resistance of the outer IrO2 layer.
n Option 2 2 MEA, the Pt layer is located next to the GDL, and
he IrO2 layer is mainly ionic resistance for the fuel cell mode. The
lectronic conductivity of IrO2 is much lower (< 1.4 × 104 �−1 cm−1

17]) than that of Pt (9.66 × 104 �−1 cm−1), and the proton con-
uctivity is similar because of the same content of Nafion in both

ayers. The higher ohmic resistance of the Option 2 1 MEA should
e related to the differences in electronic conductivity. The poor

onic contact between the active layer (Pt outside) and the elec-
rolyte of the Option 2 2 MEA results in a high cell impedance at
ow frequencies and in decreased fuel cell performance.

.2. Option 3

In Option 3 1, the catalysts are distributed as square areas on the
embrane. In Option 3 2, the different catalysts are distributed as

tripes with smaller areas. The results of the Option 3 MEAs are
resented in Fig. 6.

The Option 3 1 cells with the square segments show a strong
ensitivity to the sequence of operation modes, which is not
bserved for the other options. The MEA Option 3 11 was used
n fuel cell mode first and then in electrolysis mode. The order of
peration for the Option 3 12 MEA was inverted, but otherwise

he electrode configuration is equivalent. The E(j) curves for both

odes can be seen in Fig. 6. Superior fuel cell mode performance
s observed for Option 3 11, whereas Option 3 12 exhibits supe-
ior performance in electrolysis mode. The distinct behaviour of
Fig. 7. E(j) curves of Option 3 12 MEA (IrO2 + Pt), MEA with IrO2 catalyst (IrO2), MEA
with Pt catalyst (Pt) and a simulation of the mixture of both (Sim).

the Option 3 1 cells may result from a change in the properties
of the gas diffusion medium (e.g. the hydrophobicity of the layer)
by the different operation conditions. During the start-up of the
ordinary cells (prepared for unique operation as fuel cell), a strong
loss of hydrophobicity is observed [18]. A support for this inter-
pretation is that the Option 3 MEAs are similar, and the losses
at the lower current densities (up to 100 mA cm−2) are small. The
sequence of operation modes may not affect the intrinsic catalytic
layer activity. However, the detailed processes in the electrode and
gas diffusion media leading to the sequence dependence are not
fully understood.

The Option 3 2 MEA shows negligible dependence on the work-
ing mode sequence and better overall performance and increased
stability. By comparing Option 3 2 with specialised electrolysis and
fuel cell MEAs (Fig. 8), the activity of the catalysts in different work-
ing modes can be predicted. In electrolysis mode, the performance
of the segmented electrodes is slightly better than the specialised
electrolysis electrode with the same amount of IrO2, which shows
that Pt does not reduce the overall activity for oxygen evolution but
increases it.

In fuel cell mode, the performance of the E(j) curve is lower com-
pared to a Pt fuel cell electrode, indicating an inhibiting effect of the
segmented arrangement. For the Option 3 MEAs, the areas with Pt
loading are expected to generate superior currents, and the areas
with IrO2 loading are expected to exhibit low performance. How-
ever, the Pt areas are not expected to have a lower performance due
to the presence of IrO2 areas. In the segmented electrodes, which
are isolated from each other, imbalance due to contacting or the
gas composition can lead to lateral equilibrating currents [19]. Here
we have performance imbalance due to chemical differences in the
electrode composition, and it is expected that the currents across
the segments are present, which lead to an overall performance
decrease for the MEA.

To obtain the cross current between the segments, the current
density j at the same potential loss �E (from the open cell potential
difference) of the E(j) curve of the IrO2 MEA is subtracted from the
E(j) curve of the Pt MEA. This evaluation is given by Eq. (1). The factor
b is linked to the ratio of the segmented areas. In this case, the ratio
is 0.5, and the area is equal for both catalysts (Fig. 1). The subtraction
according to Eq. (1) should result in the E(j) curve of Option 3 1 MEA,

and the curves are displayed in Fig. 7. The agreement between the
simulated composite E(j) curve and the measured curve is accept-
able. This result demonstrates that the activity of heterogeneous
electrode has a performance penalty. For electrodes with a homo-
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ode for the investigated electrode configurations. (Fuel cell mode: cell temper-
ture 358 K, ambient pressure, gases fully humidified, hydrogen flow 0.4 l min−1,
xygen flow 0.4 l min−1; electrolysis mode: cell temperature 368 K, ambient pres-
ure; no flows).

eneous chemical composition, heterogeneous area activity due to
he operation conditions must be avoided [16,19–22].

(�E) = b × j(�E)Pt − (1 − b) × j(�E)IrO2
(1)
Fig. 8 shows the best performing E(j) curves with relation to
he fuel cell mode for the three investigated electrode composition
ptions. Option 1, the state-of-the-art cell design, is chosen to be
he reference system, and the other options are compared to this
onfiguration.

ig. 9. Impedance spectra of best performing membrane electrode assemblies, left: fuel c
ressure, gases fully humidified, hydrogen flow 0.4 l min−1, oxygen flow 0.4 l min−1; elect

able 3
it of impedance spectra of the best performance MEA options to equivalent circuit in Fig

Element 1 2 3

MEA m� mF CPE exp. m�

Fuel cell mode
Option 1 11.7 162.4 0.57 5.6
Option 2 7.2 27.0 0.56 7.8
Option 3 15.3 75.8 0.55 8.4

Electrolysis mode
Option 1 1.9 163.1 0.68 4.3
Option 2 1.7 319.7 0.67 4.4
Option 3 2.8 80.9 0.70 4.7
Acta 56 (2011) 4287–4293

The Option 3 MEA shows the lowest performance in both modes.
The reduced active area, the resulting cross currents due to activ-
ity heterogeneity and a non-optimised gas diffusion medium are
the reasons for this inferior performance. An optimisation of the
cell, such as the use of segmented backings, could improve the
performance of this electrode type.

The Option 2 MEA has advantages in fuel cell mode, while the
Option 1 MEA shows better performance in electrolysis operation,
especially at high current densities. However, if the performance
is compared at approximately 700 mV fuel cell operation at which
the electrical efficiency is high, the performances of both cells are
equivalent. Because the electrolysis performance of the first option
is superior to the second option, the mixed catalysts structure is
preferable for a technical application at this development stage.
However, an improvement in the performance of multilayer elec-
trodes is possible by applying a higher content of Nafion in the inner
layer and possibly improving mass transport by introducing a pore
former (to reduce the diffusion limitation) in the outer electrode
layer.

In addition to the E(j) curves, the impedance spectra provide
information about the losses and are plotted in Fig. 9. The spectra
for the electrolysis and fuel cell modes are distinct, and the two
plots are displayed. The cell impedance and the ohmic resistance
are much smaller in electrolysis mode as compared to the fuel cell
mode. The higher water content and the increased ionic conduc-

tivity of the membrane are considered to be responsible for this
result.

Comparing the different curves, the Option 3 MEA shows the
highest cell impedance in fuel cell mode, which is in accordance

ell mode; right: electrolysis mode (fuel cell mode: cell temperature 358 K, ambient
rolysis mode: cell temperature 368 K, ambient pressure; no flows).

. 5.

4 5 6 Error

m� mF CPE exp. nH %

4.7 68260 1.03 12.4 1.8
2.9 5207 0.68 35.5 1.4

17.7 1293 0.81 55.2 1.3

2.1 6662 0.56 15.9 0.7
1.9 6670 0.54 46.7 0.6
4.2 4043 0.53 44.6 0.7
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ith the observed performances in the E(j) curves. The reason
s the reduction of the actual active area by two and the cross
urrents. The Option 2 MEA has the smallest cell impedance but
higher ohmic resistance. This difference at high frequencies as

ompared to Option 1 is attributed to the much thicker elec-
rode and the reduced electrical conductivity of the pure IrO2
ayer.

In electrolysis mode, the Option 1 MEA has the smallest
mpedance and the best performance. Unexpectedly, the Option

MEA shows the largest impedance at low frequency, which may
eflect the importance of diffusion limitations by the multilayer
onfiguration in this frequency range. The multilayer structure may
e responsible for the higher water transport resistance to the elec-
rode. This interpretation is supported by the values obtained from
he equivalent circuit fit in Table 3. The charge transfer resistances
f the Option 2 MEA are not significantly different compared to
ption 1. For Option 3 MEAs, the charge resistances are higher by
factor of about 2 in electrolysis mode and a factor of 2 to 3 in fuel

ell mode.

. Conclusions

In this work, different oxygen electrode configurations for the
peration in a unitised reversible fuel cell were tested. Different
ombinations for structuring bifunctional electrodes based on the
rimary catalysts are compared. The combinations were produced
rom a mixture of catalysts, layered structures with the two differ-
nt catalyst layers and segmented areas with single catalysts. The
ixture of both catalysts (Pt and IrO2) performs best for the present

tage of electrode development. The multilayer electrodes yield
romising results with the potential for optimisation by improv-

ng the electronic conductivities and mass transport properties
f the specific layers. The interfacial contact to the membrane is

mportant for performance and determines the ohmic resistance of
he cell. Also, chemical segmentation leads to performance imbal-
nces in fuel cell mode, which are partially compensated by lateral
urrents in the electrode. The imbalances lead to an additional
erformance penalty for this arrangement. From the impedance

[

[

[
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analysis, the general performance trends of the different structur-
ing options are identified.

For all of the MEAs, only short-term stability was achieved. One
challenge for further development is to increase the lifetime. Opti-
misation of the carbon gas diffusion medium is necessary. Different
materials for gas diffusion should be also considered.
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