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Altogether five platinum group metal (PGM) and PGM-free cathode catalysts were investigated in full PEM water electrolysis cells
regarding their polarisation behaviour and their hydrogen and oxygen recombination properties. It was shown that the
recombination activity of permeated oxygen and evolved hydrogen within the cathodic catalyst layer correlates with the activity
of the oxygen reduction reaction (ORR) which was determined ex situ with linear sweep voltammetry. We found that the
investigated PGM-free cathode catalysts had a low activity for the ORR resulting in higher measurable oxygen in hydrogen volume
fractions compared to the PGM catalysts, which are more active for the ORR. Out of the three investigated PGM-free catalysts,
only one commercially available material based on a Ti suboxide showed a similar good polarisation behaviour as the state of the
art cathode catalyst platinum, while its recombination activity was the lowest of all catalysts. In addition to the recombination of
hydrogen and oxygen on the electrocatalysts, we found that the prevalent carbon-based cathodic porous transport layers (PTL) also
offer catalytically active recombination sites. In comparison to an inactive PTL, the measurable oxygen flux using carbon-based
PTLs was lower and the recombination was enhanced by microporous coatings with high surface areas.
© 2021 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.1149/
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Hydrogen has a central role in future energy storage scenarios.
Polymer electrolyte membrane water electrolysers (PEMWE) are
expected to account for a significant share of the hydrogen production
facilities in order to fulfil the raising demand.1,2 However, if significant
upscaling of the technology is demanded, two important aspects related
to the cathode catalyst material have to be investigated in more detail.
Firstly, only the usage of precious platinum group metals (PGM) as
electrocatalysts allow a good electrochemical polarisation behaviour
and therefore minimal operating costs.3,4 Secondly, hydrogen purity
and the cell’s lifetime strongly correlate with oxygen permeation across
the cell.5 As the state of the art materials platinum and iridium may get
more expensive due to their scarcity, alternative catalyst designs and
materials are required, if the demand raises.1,2,6 A key challenge within
the research field is to find more abundant catalyst materials which
withstand the harsh electrochemical environment caused by the low pH
of the acidic membrane and the prevailing electric potentials at the
electrodes.1,7–10

In order to compete with platinum as a hydrogen evolving
catalyst, the reaction kinetics has to be as fast as possible so that the
cathodic kinetic losses on the cell voltage are kept at a minimum.
Another aspect for further investigations are possible side reactions
caused by gas crossover.

Also, from PEM fuel cells it is known that the permeation of
hydrogen gas from the anode to the cathode leads to the formation of
reactive oxygen species, such as hydroxyl radicals, on the platinum
particles.11–13 In PEM water electrolysis, similar problems occur.

The crossover of evolved hydrogen to the anode reduces the
efficiency and may form an explosive gas mixture.14 The same
applies to the crossover of evolved oxygen to the cathode. In this
case, however, the recombination of both gases to water consumes
even more hydrogen and the mentioned radicals are formed by either
a chemical or electrochemical pathway.15 The reactivity of these
intermediates is high enough to attack the polymeric backbone of the
membrane leading to performance losses due to material degradation
and eventually to cell failure and a shortened lifetime.10–13,16–18

Thus, a deeper understanding on oxygen permeation is crucial.
Extensive experimental and theoretical studies on hydrogen cross-
over were performed in our research group5,19,20 and by others.21,22

As the formation of the intermediate radicals is catalysed by
platinum and other impurities such as Fe-ions,12,15,16 the research on
finding new cathode catalysts may also lead to an enhancement of
the lifetime, as radical formation might be suppressed. However, less
recombination of oxygen and hydrogen at the cathode catalyst
reduces the purity of the produced hydrogen. The subsequent
purification of the gas is necessary for the most potential hydrogen
applications such as fuel cells, which leads to further costs. Besides
this extra effort, the system safety is not guaranteed if the oxygen in
hydrogen volume exceeds the lower explosion limit (approximately
5% O2 in H2

14). Recently, Trinke et al.23 evidenced the increase in
oxygen crossover with increasing current density in PEM electro-
lysis using platinum and a platinum-free (Pt-free) cathode catalyst.
The investigations showed an increased oxygen in hydrogen fraction
when using the Pt-free catalyst, which is ascribed to the lower
recombination activity compared to platinum. Hence, the evaluation
of cathode catalysts is possible by measuring their polarisation
behaviour regarding the hydrogen evolution reaction (HER) and
their recombination properties, by means of their activity towardszE-mail: boris.bensmann@ifes.uni-hannover.de
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the oxygen reduction reaction (ORR) and the measurable oxygen in
hydrogen content.

In this study, we investigated the polarisation behaviour of PEM
electrolysis cells using five different cathode catalysts. Pt/C is used
as a benchmark catalyst within this study, as it is the state of the art
cathode catalyst for the HER. As another PGM catalyst, IrO2 is used.
IrO2 is reported to be a very good hydrogen evolving
electrocatalyst.24–26 Moreover, three different PGM-free catalysts
were investigated. The first one is based on a commercially available
PGM-free cathode catalyst for PEM electrolysis. The catalyst
(named “Magnéli phase” in this work) is a modified version of
Ebonex® which consists of titanium suboxides in Magnéli phase.27

The other two catalysts are completely PGM-free and are based on
nitrogen doped carbon nanotubes (N-doped CNT). Recently, Zeng et
al.28 reported that N-doped CNTs are promising electrocatalysts for
the HER and the ORR. Hinnemann et al.8 identified molybdenum
sulfides as a possible candidate for the HER via computational
simulations. Other research groups confirmed the materials catalytic
activity experimentally.6,7,9,29–31 However, they also identified that
the catalyst design is very important as only the particle edges are
active for HER. As the bulk material is a rather bad electronic
conductor, it needs a suitable substrate such as the aforementioned
N-doped CNT. In a recent work, Holzapfel et al.32 introduced
[Mo3S13]

2−@N-doped CNT as a cathode catalyst in full PEM
electrolysis cells and report current densities of almost 4 A cm−2

at a cell voltage of 2.3 V when using a Nafion 212 membrane. We
extended the ordinary electrochemical characterisation (polarisation
curves, electrochemical impedance spectroscopy and linear sweep
voltammetry) by measuring the permeated oxygen in the cathodic
product gas to draw conclusions on the recombination characteristics
of the used catalysts.

Experimental

Setup and materials.—In this study, commercial Nafion 115
membranes with only an anodic catalyst layer consisting of iridium
(2.0 mg cm−2 Ir-black, Hiat gGmbH) and an active area of 25 cm2

were used. The anodic porous transport layer (PTL) was a titanium
fibre (1 mm, titanium grade 1, 2GDL40–1.00, Bekaert).

For the cathode side, porous transport electrodes (PTE), based on
carbon PTLs with a microporous layer (MPL) (H24C5, Freudenberg
SE) were used as a substrate for the following catalysts: Pt/C
(0.5 mg cm−2, HiSPEC 9100, Alfa Aesar), IrO2 (1.5 mg cm−2,
Premion, Alfa Aesar), Magnéli phase catalyst (1.5 mg cm−2,

Pt-free, Hiat gGmbH), N-doped CNT (1.5 mg cm−2, ACS
Material) and [Mo3S13]

2−@N-doped CNT (1.5 mg cm−2, self-
synthesized according to Holzapfel et al.32).

The catalyst layers were deposited onto the substrates by spray
coating (Exacta Coat, Sono-Tek). The height of the ultrasonic nozzle
was set to 37 mm, the shaping air pressure was 0.6 kPa, speed
170 mm s−1, flow rate 0.5 ml min−1 and the ultrasonication energy
was set to 5 W at 48 kHz. The PTLs were fixed on a hot plate set to
110 °C. The coating inks consisted of 1 wt% solids (catalyst powder
and Nafion D520, FuelCellStore) in a mixture of deionised water and
2-propanol as solvents. The ratio of water and 2-propanol was 1:1
for [Mo3S13]

2−@N-CNT mixed with 10 wt% carbon black (Vulcan
XC-72R, FuelCellsEtc). For Pt/C and the Magnéli phase catalyst a
ratio of 1:3 was chosen for better ink stability. The ionomer content
was 20 wt% of the solid part. The ink mixing was performed as
described elsewhere33 with the difference of stirring for two days in
between the sonication steps.

Before cell assembly, the Ti-PTL was sonicated for 15 min in
deionised water to remove contaminants and the half-coated
membrane was immersed into deionised water for about an hour.
Then, the Ti-PTL, the wet half-coated membrane and the PTE were
assembled. The membrane electrode assemblies (MEAs) were
analysed in a quickCONNECTfixture qCf FC25/100 (LC) frame
and a 5 × 5 cm2 electrolyser cell (baltic FuelCells GmbH). The
pressure on the active area is controlled by a pneumatic actuator in
the cell and was set to 4.5 bar(g), which corresponds to an
approximate clamping pressure of 1.4 MPa.34 The cell has parallel
flow fields with 1.87 mm wide lands and 2.5 mm wide channels on
both electrodes. For maintaining a constant cell temperature of
80 °C, the cell was tempered with a circulation thermostat (ministat
230, Huber AG). The cell temperature was monitored by thermal
sensors placed closely to the flow fields.

The crossover measurements and electrochemical characterisa-
tion were performed at ambient pressure in a teststation (E100,
Greenlight Innovation) at 80 °C with deionised water supply of
50 ml min−1 on the anode side only.

Data acquisition.—For the structural analysis, small parts of the
PTEs were fixed on an aluminium SEM specimen stub with
conductive carbon pads. The samples were coated with gold (108
Manual Sputter Coater, Cressington) to increase the electric con-
ductivity of the samples. Imaging was done with a focused ion beam
scanning electron microscope (FIB-SEM, Crossbeam 540, Zeiss)
with a Gemini II column. Surface images were obtained by applying
an acceleration voltage of 3 kV and a beam current of 750 pA.
Additionally, cross-sectional images of all five samples were taken.
For this, a protective platinum layer was deposited on all samples
(except the N-doped CNT) via ion beam deposition using a gas
injection system (Orsay Physics, MonoGIS). The trenches were cut
with a 30 kV and 7 nA ion beam. The cross-sections were polished
in two steps (first with 1.30 kV and 700 pA and then with 2.30 kV
and 100 pA). Finally, the cross-sectional SEM images were obtained
by applying an acceleration voltage of 3 kV and a beam current of
750 pA.

The order of the electrochemical measurements is illustrated in
Fig. 1. Prior to the electrochemical testing, the cells were tempered
at 80 °C with deionised water with a supply of 50 ml min−1 on the
anode side only. The measurement protocol started with three
subsequent measurements of the gas crossover from 0.1 A cm−2

up to 2 A cm−2. Each current density step was held until a steady
state in the gas mixtures was reached. Only the third data set was
used for further analysis, as they were the most stable.

After the crossover measurements, three subsequent polarisation
curves were recorded. Only the third data set was used for further
analysis as no divergences between the curves were observed. Then,
electrochemical impedance spectra were recorded. The catalysts
were scraped off the analysed PTEs in order to measure their
catalytic activities ex situ with linear sweep voltammetry (LSV).

Figure 1. Illustration of the used electrochemical measurement sequence.
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Crossover measurements.—For the gas crossover measurement,
the cells were operated galvanostatically with a DC current supply
(XG 6–220, Sorensen) from 0.1 A cm−2 to 2 A cm−2. The holding
time at the investigated current densities was adjusted to the different
production rates until a steady state in the measured gas composition
was reached. As the gas production rates are low at low current
densities, the holding times were longer. For the investigated current
densities (0.1, 0.2, 0.4, 0.6, 1, 1.5 and 2 A cm−2), the holding times
were set to 7, 5, 3, 2.5, 2, 1.5 and 1 h, respectively. The cathodic
product gas was analysed with a gas chromatograph (490 Micro GC
System, Agilent). Helium was used as a carrier gas. The gas samples
were separated in 5 Å mole sieve columns of 10 m length and were
analysed with an integrated thermal conductivity detector. Prior to
analysis of the dried cathode product gas, the chromatograph was
calibrated with O2 in H2 mixtures in known concentrations.

Polarisation curves.—The polarisation curves were recorded
from 0.01 A cm−2 to 2 A cm−2 with a Solartron ModuLab XM
PSTAT with a power booster (6 V/100 A) in logarithmic decimal
current density steps. The holding time was approximately 25 s and
included the measurement of the high frequency resistance RHF from
10 kHz to 100 Hz with a 10% root mean square (RMS).

Electrochemical impedance spectroscopy.—Full electrochemical
impedance spectra at 0.1, 0.5, 1.0, 1.5 and 2.0 A cm−2 were recorded
in a frequency range of 100 kHz to 100 mHz with 7 points per
decade and a 10% RMS using the same hardware as for recording
the polarisation curves.

Data evaluation.—Polarisation curves.—For an analysis of the
cell kinetics, the measured polarisation curves were corrected by the
ohmic potential drop (Eq. 1).

= − · [ ]−U U i R 1iR free cell HFHF

It is assumed that the ohmic cell resistance is equal to the measured
high frequency impedance RHF where the imaginary part of the
impedance equals zero. These high frequency resistances were
obtained by interpolating the respective Nyquist plots at the intercept
with the real axis linearly.

For a further analysis of the ‐iR freeHF cell voltage, the standard
cell potential at 80 °C ( ° =Ucell 1.18 V) was subtracted to obtain the
remaining overpotentials η (Eq. 2).

°η = − [ ]‐U U 2iR free cellHF

Quantification of oxygen permeation and oxygen content.—The
oxygen volume fraction in cathode product gas φO
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expressed by Eq. 3.
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The permeation of oxygen from the anode through the membrane
into the cathodic compartment is assumed to be a result of diffusive
and convective transport mechanisms.23,35 However, the minimum,
theoretical flux of oxygen caused purely by diffusion across a Nafion
membrane NO

diff
2

can be calculated according to Eq. 5.22,36

δ
= ·

Δ
[ ]N P

p
5O

diff
O

O

mem
2 2

2

PO2 is the permeability coefficient of oxygen through a wet Nafion
membrane (≈2.52 ·10– 9 mo m−1 s−1 bar−1 at 80 °C22) and δmem is
the wet membrane thickness (≈152 μm22). The oxygen partial
pressure difference is described by Δp .O2 The partial pressure of
oxygen at the cathode is assumed to be negligible, whereas the

Figure 2. SEM surface images of a) [Mo3S13]
2−@N-CNT, b) N-doped CNT, c) IrO2, d) Magnéli phase and e) Pt/C.
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anodic oxygen partial pressure is equal to the total anodic pressure of
1 bar subtracted by the vapour pressure of water at 80 °C (≈0.4737
bar37). For these conditions, an oxygen partial pressure difference of
Δ =pO2 0.5263 bar follows. The diffusional oxygen permeation rate
is assumed to be constant over the investigated range of current
density, as the pressure and temperature can be assumed as almost
constant of the applied current density. This yields a diffusive
oxygen permeation of =NO

diff
2

0.0087 mmol m−2 s−1.
As explained by Trinke et al.,23 the main reason for the

convective oxygen transport could be a result of the electro-osmotic
drag of water, which increases with the applied current density.35

Thus, it can be assumed that the permeation rate of oxygen also
shows a current dependency. However, the ratio between the
diffusive and convective transport processes cannot be distinguished
as it is impossible to measure the convective transport without the
diffusive transport as well as an unknown amount of permeated
oxygen recombines with hydrogen. Accordingly, we assume that
NO

diff
2

is the minimum oxygen flux within the cathodic compartment,
when no convective transport (i.e. at 0 A cm−2) and no recombina-
tion takes place.

Results and Discussion

Structural characterisation of the porous transport elec-
trodes.—The surfaces of the PTEs were assessed by scanning
electron microscopy (SEM), see Fig. 2. The surfaces imply that

the catalyst layer structures are different from one another. The
surfaces of the N-CNTs (Fig. 2b) and IrO2 (Fig. 2c) appear more
inhomogeneous than the others. Due to the random positioning of
the CNTs, the resulting pore network is inhomogeneous as well. This
is also visible in the cross-sectional SEM image of the PTE in
Fig. S4 (available online at stacks.iop.org/JES/168/114513/mmedia)
within the supplemental information. The CNTs form an inhomo-
geneous pore network, which is also present when using
[Mo3S13]

2−@N-CNT. Although its surface appeals a homogeneous
structure (Fig. 2a), the cross-section reveals large pore areas and
large particle clusters (Fig. S3).

The surface of the PTE with the commercial Magnéli phase
catalyst (Fig. 2d) shows a fine particle network, which is also visible
in the cross-sectional image (Fig. S1). However, there are also big
particles (1–3 μm) present. An energy-dispersive X-ray spectro-
scopic scan (EDXS) revealed that these clusters consist of titanium
and oxygen, which fits to the catalyst description of the manufac-
turer. To our surprise, the EDXS also revealed the existence of
iridium within the catalyst layer. As the iridium containing particle
clusters are sparsely distributed and also contain titanium and
oxygen, we believe that they are made of a binary transition metal
Magnéli phase with Ti and Ir. Despite the existence of iridium, we
classify this catalyst as PGM-free, since the electrochemical activity
of this material is based on its distinct crystallographic structure (cf.
low ORR activity Fig. 9).

The structure of the PTE with Pt/C (Figs. 2e) and S5) prove a
homogeneous distribution of the catalyst and a homogeneous pore
network. Like the Pt/C and Magnéli phase catalysts, IrO2 was also
obtained commercially. The resulting particle-pore network using
IrO2 is similar to Pt/C (Fig. S2). However, the surface already
implies a rougher surface structure of the catalyst layer. Although
the thickness of the other catalyst layers was not determined, the
cross-sectional image of the IrO2 PTE shows by far the thinnest
catalyst layer (Fig. S2). In this particular cross-section, the thickness
is only 2–5 μm.

Polarisation behaviour and kinetics.—The polarisation beha-
viours of the five investigated cell configurations are shown in
Fig. 3a). The five curves can be divided into two groups. The three
polarisation curves with the lower cell voltage show a good
polarisation behaviour whereas the other two curves with higher
cell voltages perform rather poor.

In the group of the well performing cells, the configuration with
the state of the art cathode catalyst Pt/C shows the lowest cell
voltage over the whole current density range. At low current
densities, the polarisation behaviours using IrO2 and the Magnéli
phase at the cathode are very close to Pt/C. With increasing current
densities, the cell voltages using these two catalyst are approxi-
mately 100 mV higher than with Pt/C. When the current density at
2 V is related to the total catalyst mass, the differences become more
apparent. When IrO2 and the Magnéli phase are used, mass specific
currents of 0.46 A mg−1 and 0.48 A mg−1, respectively, are ob-
tained. With Pt/C, the highest current (0.87 A mg−1) is achieved at
this voltage.

The cells with the two carbon-based cathode catalysts (N-doped
CNT and [Mo3S13]

2−@N-CNT) have higher cell voltages over the
entire current density range than the well performing configurations.
Up to approximately 0.8 A cm−2, the cell with [Mo3S13]

2−@N-CNT
shows lower cell voltages than with N-doped CNT. Above this value
and intensifying with increasing current density, the cell with N-
doped CNT performs better. This divergence in the polarisation
behaviour of the cells can be partly dedicated to increases in R ,HF as
shown in Fig. 3b). In their work, Holzapfel et al.32 used the same
[Mo3S13]

2−@N-CNT cathode catalyst in a full PEM cell setup. A
similar cell polarisation behaviour was achieved using a Nafion 115
membrane (ca. 2.1 V at 1 A cm−2 vs 2.25 V in this work).

The high frequency resistances show a strong current dependency
(Fig. 3b). The curves can be grouped similarly to the polarisation
curves in Fig. 3a). At current densities close to zero, the high

Figure 3. Measured polarisation curves in a), high frequency resistances
RHF in b) and iRHF-corrected cell voltages in c) of the five cell configurations,
each with another cathode electrocatalyst at 80 °C and ambient pressure.
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frequency resistances of the good performing catalysts are close to
one another. For these three catalysts, RHF increases with increasing
current density. However, the absolute increase for Pt/C is very
small compared to the other configurations. The increase when using
IrO2 is noticeably steeper and ends at higher RHF values than the N-
doped CNT.

The cells using the carbon-based catalysts show significantly
higher RHF values compared to the well performing cells. However,
the resistances are decreasing with increasing current density. This
observation can be explained by the poor polarisation behaviour of
these catalysts, which is mainly caused by high overpotentials for the
HER. The insufficient cathode kinetics result in more heat produc-
tion with increasing current density, as shown in Fig. 4. For the two
carbon-based catalysts, a temperature increase of approximately 5 K
was measured at the cathode endplates, whereas the endplate
temperatures of the better performing catalysts remained almost
constant over the investigated current range. As the increase in
temperature has a positive effect on the ionic conductivity of the
membrane, a decrease in RHF can be observed.38

Theoretically, the ohmic resistance contains the protonic trans-
port resistance within the membrane, the electric resistance of the
PTLs as well as of the metallic bulk material, and interfaces within
the cell, and, depending on the location of the reaction zone within
the catalyst layer, also protonic and electric losses in the catalyst

layer. Normally, the main part of the measured high frequency
resistance is related to the protonic losses of the membrane. As the
used membrane is identical in all cases, the high frequency
resistances should be similar in all cell configurations. For Nafion
115, RHF values between approximately 115 mΩ cm−2 20 and
140 mΩ cm−239 were reported. As the measured values in this work
(Fig. 3b) lay above the reported values, it can be assumed that more
than just the protonic resistances resulting from the membrane were
measured. As shown in the previous section, both the surface
structure and the catalyst layer structures differ from one another.
The catalyst layers with Pt/C, IrO2 and the Magnéli phase catalyst
have a more homogeneous character than the two carbon based
catalysts. These differences in structure and the different electronic
properties of the catalyst materials also contribute to the measured
RHF as stated above. The observed trend in the catalyst layer
structures gives hints for possible reasons. As mentioned above,
the three well performing catalysts show similar RHF values at low
current densities and then increase. The increase for IrO2 is the
highest. The SEM images (cf. surface images in Fig. 2 and cross-
sections in Figs. S1 to S5) revealed that this catalyst layer was very
thin compared to the others. The different surface structures might
have an impact on the resulting contact resistances. The significance
of smooth interfaces between the catalyst layer and the membrane
for low RHF values was reported previously.40,41

A correction of the polarisation curves by iRHF leads to the graphs
shown in Fig. 3c). The grouping of the cells remains the same as
before. The well performing cathode catalysts are overlapping in the
activation regime up to 0.5 A cm−2. From there, the cells containing
IrO2 and the Magnéli phase show additional voltage losses compared
to Pt/C. The two curves showing the carbon-based catalysts are
barely overlapping in the activation regime and cross each other at
1.2 A cm−2. Since the loading of the state of the art catalyst, Pt/C, is
three times lower than that of the other catalysts, the mass specific
current was also considered (cf. Fig. S6 in supplemental informa-
tion). There, the well performing catalysts show the same activation
behaviour at small currents. Thus, it can be assumed that the cell
kinetics using IrO2 and the Magnéli phase are still comparable to that
of platinum.

The Tafel plot can be obtained from these data when °Ucell is
subtracted according to Eq. 2 and depicting the abscissa logarith-
mically. The resulting Fig. 5 contains further indicators for the
divergences in the polarisation behaviour, besides increases in R .HF
It can be assumed that in the low current density region the
overpotentials are dominated by activation processes and that mass
transport limitations do not exist until at least a current density of
0.1 A cm−2. One can obtain the Tafel slope by fitting η against the
logarithmic current density between 0.01 A cm−2 and 0.1 A cm−2.
For the N-doped CNTs a fitting interval between 0.01 A cm−2 and
0.03 A cm−2 was chosen for retaining linearity. From the increasing
differences between the extrapolated fits to higher current densities
(dashed lines in Fig. 5) and the data sets, other losses such as mass
transport resistances and ohmic losses within the catalyst layer can
be read.20,42 In the state of the art cell setup with IrO2 as anodic
catalyst and Pt/C as cathodic catalyst, it is assumed that ηact is
dominated by the slow oxygen evolution kinetics, whereas the
cathodic voltage losses are assumed to be negligible. In this case, the
slope in the Tafel representation at low current densities is solely
associated to the anode kinetics.

In the present study, this assumption needs to be reassessed. As
displayed in Fig. 5, the slopes of the well performing catalysts (Pt/C,
IrO2 and the Magnéli phase) are very close to one another (about 50
to 60 mV dec−1). Assuming that the voltage losses due to the anodic
oxygen evolution reaction is the same in all cases and overlap with
the hydrogen evolving kinetics, the similar slope indicates similarly
fast hydrogen evolution kinetics.

The slopes of the carbon based catalysts are significantly higher
compared to the other three catalysts (about 130 mV dec−1 for
[Mo3S13]

2−@N-CNT and 180 mV dec−1 for N-doped CNT).

Figure 4. Temperature recorded at the cathodic endplate as a function of the
applied current density.

Figure 5. Semi-logarithmic plot of the remaining overpotentials as a
function of the current density. The fitted Tafel slopes are extrapolated
with dashed lines.
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Evidently, the hydrogen evolution kinetics are far slower using these
catalysts. In this case, the assumption that the fitted slopes can be
assigned completely to the oxygen evolution reaction is not valid
anymore. A proper separation of the slope into an anodic and cathodic
contribution is not possible as no half-cell potentials were measured.

Further explanations for the different polarisation behaviours of
the catalysts can be taken from the electrochemical impedance
spectra shown in Fig. 6. The shown impedance spectra were
measured at low current densities and represent a kinetically
dominated at 100 mA cm−2 (Figs. 6a) and 6b) and a resistively
dominated region of the cell behaviour at 500 mA cm−2 (Figs. 6c)
and 6d). The amplitude responses were corrected by RHF in order to
allow a more detailed comparison of the catalysts.

The amplitude responses at low frequencies describes the charge
transfer resistance R .CT With increasing current density, RCT decreases
due to higher reaction rates at the electrodes.43–45 At both current
densities, the amplitude responses of Pt/C, IrO2 and the Magnéli phase
catalyst are almost identical. In comparison, the low frequency
amplitude of the carbon-based catalysts ([Mo3S13]

2−@N-CNT and N-
doped CNT) are higher. At 100 mA cm−2, the amplitude of N-doped
CNT is about 1 Ω cm2 higher than the value for Pt/C whereas the value
of [Mo3S13]

2−@N-CNT lays in between. At 500 mA cm−2, the low
frequency amplitudes of both carbon-based catalysts approach one
another. However, the amplitude of the nanotubes at 0.1 Hz is lower
than of [Mo3S13]

2−@N-CNT.
Similar to the preceding analysis of the Tafel plots (Fig. 5), the

integral cell impedance cannot be resolved into an anodic and
cathodic contribution. Generally, it is assumed that the sluggish
oxygen evolution reaction also dominates the cell impedance.46–48

As the anodes and the respective anodic interfaces are identical in
every cell, changes in the impedance spectra can be attributed to the
different cathode catalysts, other interface and mass transport
characteristics. Thus, it is reasonable to attribute the divergences
in the amplitude responses at low current densities to varying charge

transfer and interface resistances at the cathode. These resistances
seem to be similar for the PGM catalysts and the Magnéli phase
catalyst, whereas the resulting values for the carbon-based catalysts
are higher. The lower the charge transfer resistance is, the faster is
the kinetics of the respective reaction. In this case, the HER kinetics
of the Pt/C, IrO2 and the Magnéli phase catalyst are the fastest,
followed by [Mo3S13]

2−@N-CNT. The HER kinetics on N-doped
CNT are the slowest.

Figures 6b and 6d show the phase response of the impedance
spectra at 100 mA cm−2 and 500 mA cm−2, respectively. Usually,
positive phase values are neglected during analysis of the impedance
data because they are assumed to be caused by inductive effects of
the measurement setup (e.g. cables). Therefore, the phase plots only
show negative values. Herein, deviations between the catalysts and
between the current densities can be observed. At 100 mA cm−2

(Fig. 6b), the phase response of all cell configurations, except when
using N-doped CNT, are similar. For the PGM catalysts and the
Magnéli phase catalyst, only one distinct minimum in the phase shift
at approximately 20 Hz can be observed. For [Mo3S13]

2−@N-CNT
the minimum at higher frequencies is more pronounced as for the
other catalysts. In the phase response of N-doped CNT, there are
also two overlapping minima which are shifted to higher frequencies
and higher absolute phases compared to the other cell configurations.
This is a result of the higher cathodic charge transfer resistance as
seen in Fig. 6a and a lower capacitance compared to the other
catalysts. A lower capacitance also explains the frequency shift of
the intersection with the abscissa to higher frequency values.45

The phase responses at 500 mA cm−2 (Fig. 6d) generally show
lower phase values than at the lower current density. This is a result
of lower charge transfer resistances of the electrodes with increasing
current density. The cell configurations with Pt/C, IrO2 and the
Magnéli phase catalyst again show a qualitatively similar phase
response. In contrast to 100 mA cm−2, another phase minimum at
frequencies below 1 Hz is present. This might be attributed to

Figure 6. Presentation of the electrochemical impedance data in Bode plots. The RHF-corrected amplitudes ∣Z∣ at 100 mA cm−2 and 500 mA cm−2 are shown in
a) and c), respectively. The corresponding phase responses at 100 mA cm−2 are displayed in b) and at 500 mA cm−2 in d).
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changes of the mass transport, possibly caused by different electrode
structures. As seen in the SEM images (Fig. 2), the surfaces of these
three catalysts were noticeably smoother than of the carbon-based
catalysts. The carbon-based catalysts show only one distinct phase
minimum at higher frequencies with a higher absolute value. As seen
in Fig. 6c), RCT of [Mo3S13]

2−@N-CNT is higher than of N-doped
CNT. Due to the deposition of the CNTs with [Mo3S13]

2−, the
surface area of [Mo3S13]

2−@N-CNT is assumed to be higher than
the surface area of the bare CNTs. As the capacitance correlates with
the surface area, a higher capacitance follows for
[Mo3S13]

2−@N-CNT. This results in a lower frequency for the
phase minimum.

These findings could be proven by ex situ LSV in a RDE-setup
(Fig. 7) in which the activity of the HER was measured. The
observed trend in electrocatalytic activity for the HER is similar to
the previously described data obtained from the Tafel plots in Fig. 5.
Figure 7 clearly shows that Pt/C has the highest activity, followed by
IrO2 and the Magnéli phase. Although these three catalysts show
different half-cell polarisations, they result in very similar polarisa-
tion behaviours in full cells (cf. Fig. 3 and Fig. 5). Apparently, the
OER is still the limiting reaction when using these cathode catalysts.
In contrast, the carbon-based electrocatalysts need high overpoten-
tials to let the hydrogen evolution reaction occur (Fig. 7). In terms of
the full cell polarisation behaviour (cf. Fig. 3), this results in a shift

towards higher voltages. In contrast to the work of Holzapfel et al.,32

the activity of [Mo3S13]
2−@N-CNT in this work is far lower. They

assume that the catalyst passes a structural transformation at current
densities higher than 2 A cm−2, which leads to an enhanced
electrochemical activity. Therefore, it can be possible that the
catalyst in this work was not fully activated which would explain
the low activity towards the HER. However, these findings can only
give a theoretical indication, since the real performance is only
visible in full cell experiments.

Oxygen crossover.—The measured oxygen content in the hy-
drogen product gas, which was determined by gas chromatography,
is shown in Fig. 8. Generally, the cells with PGM cathode catalysts
show lower oxygen in hydrogen contents than the PGM-free
configurations. For the well performing cell configurations (Pt/C,
IrO2 and Magnéli phase) the oxygen in hydrogen content is
increasing with increasing current density. The measured oxygen
contents for the two carbon-based catalysts remains almost constant
over the investigated current range.

The cells using the PGM catalysts (Pt/C and IrO2) show the
lowest oxygen content. Additionally, the lowest cell voltages were
obtained with these catalysts (cf. Fig. 3). It was expected that the
oxygen volume fraction using Pt/C is low, because platinum is a
good catalyst for the recombination of hydrogen and oxygen to
water. Consequently, the major part of permeated oxygen recom-
bines with evolving hydrogen. Below 1 A cm−2, the measured
oxygen fraction using IrO2 is lower than with Pt/C. An explanation
could be the catalyst loading of IrO2, which is three times higher
than the loading of Pt/C. It can be assumed that the surface area and
thus, the number of active recombination sites, is higher. This
eventually leads to a lower oxygen in hydrogen fraction at low
current densities.

The measured oxygen content using N-doped CNT is higher than
with the PGM catalysts. They approach similar contents at
2 A cm−2. Compared to the bare nanotubes, the values using
[Mo3S13]

2−@N-CNT are shifted to slightly higher oxygen in
hydrogen volume fractions. Up to approximately 0.6 A cm−2, the
cells with the Magnéli phase catalyst and [Mo3S13]

2−@N-CNT
show similar oxygen contents. A further increase of the current
density results in a significant increase of the oxygen content when
using the Magnéli phase catalyst. At 2 A cm−2, the measured oxygen
content in hydrogen with this catalyst is more than the fivefold value
of Pt/C. From these results the recombination properties of the
catalysts can be estimated qualitatively. The Magnéli phase catalyst
appears to have the lowest activity, whereas the PGM catalysts (Pt/C

Figure 7. Catalyst-specific hydrogen evolution activity measured with linear
sweep voltammetry in N2-saturated sulfuric acid solution (0.5 M), a rotation
speed of 1000 rpm and a sweep rate of 15 mV s−1. The catalysts were
collected from the PTEs after full cell experiments.

Figure 8. Measured oxygen in hydrogen volume fractions through Nafion
115 at 80 °C and ambient pressure.

Figure 9. Catalyst-specific oxygen reduction activity measured by linear
sweep voltammetry in O2-saturated perchloric acid solution (0.1 M), a
rotation speed of 1600 rpm and a sweep rate of 5 mV s−1. The catalysts
were collected from the PTEs after full cell experiments.
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and IrO2) have a high recombination activity. The recombination
activities of the two carbon-based catalysts should be somewhere in
between.

This trend in recombination activity is supported by ex situ
measurements, in which the ORR activity was determined by LSV
(Fig. 9). The recombination of hydrogen and oxygen can occur via
an electrochemical or a chemical pathway. In the used full cell setup,
probably both pathways occur simultaneously. On electrically
isolated particles, only the chemical pathway proceeds. We have
tried to measure the chemical recombination rate by flushing the
cathode side of the unpolarised cell with an O2 in H2 mixture of
known concentration. Unfortunately, our setup was either not
sensitive enough to measure changes in the gas composition or
this approach was unable to mimic the experimental conditions in
the cell during electrolysis.

As seen, the measurement of the pure chemical recombination
rate is quite difficult and needs special experimental setups.
Therefore, the activity for the oxygen reduction reaction of each
catalyst will be used as a measure for their recombination activities.

According to Sabatier’s principle, the interaction between a
catalyst and the reactants should be neither too strong nor too
weak. Platinum fulfils this requirement for hydrogen and oxygen.
Consequently, it is the state of the art catalyst for hydrogen
evolution, hydrogen oxidation and oxygen reduction.4,49,50

Therefore, we assume that catalysts which show a high activity for
the ORR also show high activities for the chemical recombination of
hydrogen and oxygen.

The kinetics for the oxygen reduction reaction were determined
similarly to the determination of the hydrogen evolution activity in
the previous section (cf. Fig. 7). The results of the LSV measure-
ments are displayed in Fig. 9. In general, the measured currents are
significantly lower compared to the hydrogen evolution. This is
caused by the complex, sluggish oxygen reduction kinetics which
are accompanied by higher overpotentials. The state of the art
cathode catalyst (Pt/C) shows the highest onset potential for the
oxygen reduction reaction. IrO2, N-doped CNT and
[Mo3S13]

2−@N-CNT have a poorer activity for the ORR compared
to platinum. The Magnéli phase catalyst shows almost no activity for
the reaction, although a small amount of the mixed Ti-Ir phase exists
alongside the pure Ti Magnéli phase. Thus, the electrocatalytic
activity for the ORR according to the LSV measurements decreases
in this order: Pt/C > IrO2 > N-doped CNT > [Mo3S13]

2−@N-CNT
>Magnéli phase. This qualitative trend in ORR activities fits well to
the results in Fig. 8.

As already mentioned, the measured oxygen in hydrogen fraction
using IrO2 is lower than using Pt/C, although the ORR activity of Pt/
C is higher. However, it has been reported elsewhere4,51 that the
activity of metallic Ir and IrO2 regarding the oxygen reduction
cannot compete with platinum. This explains the differences of the
two PGM catalysts in Fig. 9 and at current densities above 1 A cm−2

in Fig. 8. Nonetheless, IrO2 is a quite good HER catalyst as shown in
the previous section. This is explained by a high affinity of the oxide
surface to hydrogen, which is even higher compared to
platinum.24–26

In contrast to the HER activity, the bare CNT catalyse the ORR
better than the [Mo3S13]

2−@N-CNT. The role of doped carbon
catalysts as a noble metal free alternative for the oxygen reduction
reaction is of high interest in the field of PEM fuel cell research. In
theirs review of using such catalysts in PEM fuel cells, Klingele et
al.52 and Liu et al.53 explain the enhanced ORR activity of doped
carbon materials with the polarisation of bonds. Introducing het-
eroatoms such as nitrogen into the graphitic structure results in a
polarisation of the bonds neighbouring the dopant atom. It is
assumed that the adsorption at such polarised carbon atoms facil-
itates oxygen adsorption, which leads to an enhanced ORR activity.
As the application of the [Mo3S13]

2−
–clusters onto the CNTs may

block some of the active sites for oxygen adsorption, the decreased
ORR activity in comparison to the bare CNTs can be explained. The
catalytic activity of graphitic carbons for the recombination of
hydrogen and oxygen is known in literature.54,55

Figure 10 shows the measured cathodic oxygen flux NO
c,out

2

calculated from the data displayed in Fig. 8 according to Eq. 4.
The measured oxygen fluxes increase with increasing current
density. This phenomenon was measured and explained in previous
works by Trinke et al. for both hydrogen and oxygen
crossover.5,19,23 The higher the aforementioned recombination
activity of the used cathode catalyst is, the lower is the value of
N .O

c,out
2

In a previous work, Trinke et al.23 demonstrated the current
dependency of oxygen crossover using Pt and a Pt-free cathode
catalyst. The results show the same qualitative trend as in this work:
The measured oxygen crossover flux with Pt-free catalysts is higher
than with Pt.

Further, the diffusional oxygen flux NO
diff

2
from anode and

cathode, as defined in Eq. 5, is shown in Fig. 10(dashed line). As
mentioned previously, the permeation of oxygen not only proceeds
by diffusive transport but also by convection. However, the ratio of
both transport mechanisms during water electrolysis operation
cannot be distinguished, since both occur simultaneously and
additionally, the amount of recombined oxygen in unknown.
Therefore, NO

diff
2

should be measured at minimum when no perme-
ated oxygen recombines with hydrogen. However, this is not the
case no matter which catalyst was used. Consequently, the difference
between NO

diff
2

and the actually measured oxygen flux corresponds to
the minimum amount of recombined oxygen. The more active a
cathode catalyst was determined for the recombination reaction, the
longer the curve falls below this theoretical minimum value. For Pt/
C and IrO2, 1 A cm−2 needs to be exceeded in order to measure
higher values than N .O

diff
2

Using the Magnéli phase as a catalyst,
0.4 A cm−2 suffices to cross the theoretical value. Although the
Magnéli phase catalyst barely showed an activity for the oxygen
reduction reaction (cf. Fig. 9), the remaining catalytic activity seems
to be high enough to let the permeated oxygen recombine almost
completely at low current densities.

Further reasons for the current dependency of measured oxygen
crossover can be found in the rate law for the chemical recombina-
tion reaction. If a rate law according to Eq. 6 is assumed for the
recombination, then the recombination rate rrec can be influenced by
the concentration of hydrogen cH2 or by the concentration of oxygen

Figure 10. Cathodic oxygen flux through Nafion 115 at the cathode cell
outlet using the different cathode electrocatalysts at 80 °C and ambient
pressure.
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c .O2 Both concentrations are influenced by the current density. As the
concentration of hydrogen at the cathode can be assumed as
overstoichiometrically high, the reaction rate solely depends on c .O2

= · · [ ]r k c c 6x y
rec rec H O2 2

The high hydrogen flux at high current densities leads to a shorter
residence time of permeated oxygen in the cathodic compartment.
Hence, the time for recombination is higher at lower current
densities. Further, the increasing reaction rate for the hydrogen
evolution with higher current densities leads to an occupation of
more catalytically active sites. The recombination reaction is
suppressed by the ongoing adsorption of hydrogen. From the
electrochemical point of view, it can be possible that the cathodic
potentials may differ when comparing the different catalysts, as the
hydrogen evolutions kinetics differ as well. There might be a
dependency of the recombination and the cathodic potential.

Up to this point, it can be concluded that both N-doped CNT and
[Mo3S13]

2−@N-CNTs show far slower hydrogen evolution kinetics,
but the recombination activities remain high enough to let permeated
oxygen recombine with hydrogen. The Magnéli phase catalyst is the
only PGM-free catalyst showing similar HER kinetics as Pt, while
its recombination activity is the lowest of all investigated catalysts.
In order to evaluate the amount of permeated oxygen from the anode
to the cathode during electrolysis, a cathode catalyst with a low or no
recombination activity has to be used. Up to this point, only the
Magnéli phase catalyst seems to be a proper catalyst for measuring
the oxygen crossover during electrolysis while maintaining a good
cell polarisation. However, the real amount of permeated oxygen is
probably far higher than the results indicate.

Recombination properties of carbon-based porous transport
layers.—As seen in the previous section, the two carbon-based catalysts
showed quite good recombination properties, as their onset potentials for
the ORR (Fig. 9) was only slightly lower than of IrO2 and Pt/C and the
measurable oxygen crossover was lower than the minimum diffusional
crossover through a Nafion membrane (Fig. 10). As CNTs consist of
graphitic carbon and as the state of the art PTLs for the cathode usually
are made out of conductive, graphitic carbon, we wondered if the PTL
material itself also shows a measurable catalytic activity for the
recombination of oxygen and hydrogen to water.

For this study, the Magnéli phase catalyst was applied on the
uncoated side of the half-coated CCM to obtain a “normal” catalyst
coated membrane. The catalyst was chosen as it showed the lowest
activity for the recombination reaction. For the characterisation of

the recombination properties of the PTL, the PTL material was
varied: a carbon PTL with MPL (high surface area), the same PTL
without MPL and a PTL made out of Ti-fibres. We assume that the
titanium substrate will not catalyse the recombination reaction as the
adsorption energy of hydrogen on titanium is too high.4

The measurement of oxygen in hydrogen content followed the
same procedure as with the PTEs. The resulting oxygen fluxes at the
cathode cell outlet are displayed in Fig. 11. In comparison to the
measured oxygen flux with the Magnéli phase PTE in Fig. 10, the
qualitative trend using the CCMs is rather linear with current
density. The discrepancies between the PTE and CCM data is
probably caused by different structures of the catalyst layer due to
the manufacturing process.

As expected, the carbon-based PTLs show lower oxygen fluxes
than the Ti-PTL and thus, we can assume that carbon-based PTLs
have a noticeable catalytic activity for the recombination reaction.
Moreover, it can be assumed that the higher the surface area of the
PTL is, the more recombination sites exist. As the surface area of the
PTL with MPL is higher than without the MPL, the lower oxygen
flux when using the PTL with MPL can be explained. However, the
diffusional oxygen flux at low current densities is again not reached.
This is another indicator that the recombination properties of the
used Magnéli phase catalyst are high enough to let the permeated
oxygen recombine with hydrogen at low current densities.

Conclusions

In this work, two PGM and three PGM-free cathode catalysts for
PEMWE were characterised regarding their electrochemical polar-
isation behaviour and their catalytic properties towards the hy-
drogen-oxygen recombination reaction. The investigated PGM
catalysts (Pt/C and IrO2) have shown the lowest cell voltages over
the investigated current density range, whereas the usage of the two
carbon-based PGM-free electrocatalysts (N-doped CNT and
[Mo3S13]

2−@N-CNT) resulted in the highest cell voltages.
Interestingly, the cell polarisation of the third PGM-free catalyst,
namely Magnéli phase, was comparable to the PGM catalysts. The
analysis of the cell voltage implied that the HER kinetics on the
carbon-based catalyst have to be slower compared to the PGM
catalysts. Further, the integral cell impedance spectra and ex situ
LSV measurements for determining the HER activity prove the
assumption of different HER kinetics.

The recombination properties of the five cathode catalysts were
investigated by measuring the amount of permeated oxygen from the
anode to the cathode by gas chromatography and by ex situ LSV
measurements for determining the ORR activity. It was shown that
catalysts with high ORR activities are better recombination catalysts
as the measured oxygen in hydrogen content was lower than with
using poor recombination catalysts. Using the Magnéli phase
catalyst showed the highest oxygen in hydrogen fraction and
concurrently the lowest ORR activity.

The relatively low measured oxygen contents when using the
carbon-based catalysts raised the question if the commonly used
carbon-based PTLs at the cathode also are catalytically active for the
recombination of hydrogen and oxygen. For this additional study,
CCMs with the Magnéli phase as cathodic catalyst were fabricated.
The measured oxygen flux in the cathodic product gas showed lower
fluxes with carbon PTLs than with a Ti-PTL. Further, it was shown
that C-PTLs with larger surfaces (e.g. with MPL coating) exhibit
more recombination sites than without a MPL.

However, the theoretical minimum oxygen flux caused by
diffusion could not be reached in any configuration at current
densities close to zero. This implies that even poor recombination
catalysts, such as the Magnéli phase, are active enough to let an
unknown amount of permeated oxygen recombine with hydrogen.
The real amount of permeated oxygen is probably far higher than the
results indicate. For a deeper understanding of the real oxygen
crossover in PEM water electrolysis, an even more inactive catalyst

Figure 11. Cathodic oxygen flux through Nafion 115 using the Magnéli
phase catalyst and different gas transport layers at the cathode at 80 °C and
ambient pressure.
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and an inactive PTL need to be used. Finding proper materials for
this kind of study will be challenging.

In summary, it can be concluded that PGM-free cathode catalysts
that can compete with the polarisation behaviour and HER kinetics
of platinum, already exist. The recombination of permeated oxygen
with evolving hydrogen will be reduced, which will lead to unpure
hydrogen and inevitable processing of the product. However, the
produced hydrogen gas is purified in the most cases anyway. Further,
the long term stability of PGM-free catalysts needs to be assessed in
future studies. An investigation of the mechanism of the recombina-
tion reaction on these catalysts is also of interest, as radical
intermediates might be formed. The formation of reactive inter-
mediates is undesirable, as they lead to a chemical degradation of the
ionomer. Consequently, the possible advantage of the reduced
radical formation needs to be investigated further in order to find
alternative and cheap PGM-free cathode catalysts (e.g. Magnéli
phase) to eventually replace platinum.
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