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Microporous transport layers facilitating low
iridium loadings in polymer electrolyte water
electrolysis†

Carl Cesar Weber, a Salvatore De Angelis,‡a Robin Meinert,a Christian Appel, b

Mirko Holler,b Manuel Guizar-Sicairos,bc Lorenz Gubler a and Felix N. Büchi *a

Minimizing the power-specific iridium loading in polymer electrolyte water electrolysis (PEWE) is

essential for the commercialization and upscaling of this technology. However, decreasing the iridium

loading can severely affect performance and stability. Microporous layers (MPL) can overcome some of

these issues by maximizing catalyst utilization and increasing cell efficiency. In this study, we combined

advanced synchrotron and lab-based X-ray imaging techniques and electrochemical characterization to

improve the PEWE cell performance at low Ir loadings using novel MPLs. For the first time, the 3D

nanostructure of the catalyst layer was characterized under dry and wet conditions using ptychographic

X-ray laminography. We prepared catalyst layers (CL) at three iridium loadings between 2.5 and

0.1 mgIrcm�2 in two different configurations: depositing either on the membrane or on the Ti-substrate

(MPL). The MPL structure and catalyst distribution at its surface were analyzed using X-ray tomographic

microscopy. Moreover, we investigated the effect of introducing a thin protective Pt coating on the

MPL. The electrochemical performance was characterized for all cell combinations, and an in-depth

kinetic analysis revealed information on CL utilization. The MPLs exhibit significant benefits for reducing

iridium loadings, allowing performance to be sustained with only modest voltage losses. The challenges

in fabricating anodic CLs with reduced catalyst loadings and the advantages of using an MPL in both

configurations are discussed. The findings of this study contribute to accomplishing the required targets

in terms of power-specific iridium loadings for future PEWE systems.

Broader context
Green hydrogen plays a pivotal role in industries that are difficult to decarbonize by electrification, such as steel and fertilizer industries, and heavy-duty
transport. Polymer electrolyte water electrolysis (PEWE) is a key technology for producing hydrogen from renewable intermittent energy sources, as wind and
solar power. However, high OPEX and CAPEX majorly limit their rapid scale-up and commercialization. A major drawback is the need for substantial amounts
of scarce and expensive iridium as the catalyst for the oxygen evolution reaction (OER). Although replacing Ir with a non-noble metal catalyst would be ideal,
finding an acceptable substitute in terms of activity and stability is challenging and cannot be immediately implemented on a large scale. Therefore, reducing
the amount of iridium to the greatest extent possible is the only tangible solution to scale up green hydrogen production capacity in the near future. The anodic
porous transport layer (PTL) interface with the catalyst layer contributes significantly to the efficient use of the catalyst. Consequently, optimizing the PTLs
surface properties, for example, by integrating a microporous layer (which has been proven to be essential in the fuel cell field), has major potential in helping
to achieve the required iridium loading targets.

1. Introduction

Hydrogen produced from renewable energy via electrolysis is
gradually being established as a versatile energy vector for
industries that cannot be easily electrified.1 Polymer electrolyte
water electrolysis (PEWE) offers excellent prospects in this
regard, as it can be operated at high current densities and
has rapid dynamic response times. However, the rapid scale-up
of installed capacity and disruptions in the supply chain pose
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challenges for manufacturers.2,3 Therefore, minimizing the
amount of noble metals in PEWE is key for achieving the
required increase in the capacity installation rate.4–7 In parti-
cular, the scarcity and high price of the Ir required as the
anodic catalyst are among the most challenging factors. Thus,
to achieve the targeted scalability scenarios, it is essential to
reduce the power-specific loading in future systems by up to
two orders of magnitude (e.g., from 0.6–0.7 gIr kW�1 to 0.01–
0.05 gIr kW�1).5,8 This reduction translates into reducing the
iridium loading from currently B2 to B0.4 mgIr cm�2 while
increasing power density from 3 to 8 W cm�2 and system
efficiencies from 70% to 75%.5

The importance of Ir in catalyzing the oxygen evolution
reaction (OER) in PEWE has been extensively investigated.9–12

Numerous studies have presented different and innovative
strategies for modifying catalysts to reduce Ir loadings, increase
stability, or even replace Ir with non-noble metal catalysts.13–18

However, these drastic changes in catalyst design still need to
be scaled up and implemented in technically relevant-sized
cells and stacks. Other approaches have focused on minimizing
Ir content using commercially available catalysts. For instance,
Alia et al. showed that the iridium loading can be reduced
significantly by optimizing the coating procedure using com-
mercial unsupported IrO2.19 Taie et al. achieved good perfor-
mance and high Ir specific current (A mgIr

�1) with extremely
low iridium loading (as low as 0.011 mgIr cm�2) using only
commercially available catalysts and cell materials.20

Decreasing the Ir loading presents significant challenges, to
a large extent, owing to the reduction in the associated catalyst
layer (CL) thickness.21 One way to address this issue is to reduce
the packing density of the catalyst using a catalyst support
material.22–26 Bernt et al. showed the impact on the overpoten-
tials when reducing iridium loading using a supported commer-
cial benchmark catalyst.21 The benchmark catalyst of Umicore
Elyst is composed of 75 wt% IrO2 on TiO2. Heraeus recently
developed a new type of supported OER catalyst with reduced
iridium weight percentages (10–45 wt%) on a TiO2 support,
which allowed for even lower packing densities.25,27,28 However,
because TiO2 is a wide-bandgap semiconductor with poor elec-
tronic conductivity, the iridium phase must form a percolation
network to sustain an electronic pathway. One solution is to
replace TiO2 with a conductive material. However, finding a
suitable conductive support (such as carbon in fuel cell catalysts)
that can withstand the harsh PEWE anodic environments is
challenging.26

In this regard, understanding the microstructures of typical
CLs is essential for future optimization. The CL is a porous 3D
structure with distinct phases and feature sizes ranging from
the micro to the nanometer scale. Therefore, precise structural
characterization requires advanced imaging techniques. The
CL structure using unsupported Ir–RuOx/Ir was characterized
by Hegge et al. using FIB-SEM tomography29 and by Lee et al.
using X-ray nanotomography.30 However, in both cases, the
crucial ionomer structure could not be resolved and was
introduced artificially to estimate the transport properties. De
Angelis et al. revealed the structure of a CL using a supported

catalyst (Umicore) for the first time by ex situ Ptychographic X-
ray computed tomography (PXCT).31 With this technique, it was
possible to spatially resolve all phases present in the CL, that is,
the IrO2, TiO2, ionomer, and pore phases. Moreover, the
ionomer not only covers the IrO2/TiO2 particles but also
forms a network that acts as a binder between the particles.
Additionally, IrO2 forms a core–shell structure around the TiO2

particles with the additional presence of pure IrO2 particles. In
general, the network of the IrO2 phase was highly connected,
indicating that the conductivity of the support material had a
negligible impact on the overall CL conductivity. Nevertheless,
thus far, the CL structure, which may change upon contact with
liquid water, has only been investigated under dry conditions.32

Other cell components, such as the porous transport layer
(PTL), can significantly impact PEWE performance.33–37 In
particular, the interface between the PTL and the CL contri-
butes extensively to the efficient use of the CL.38–44 Schuler
et al. correlated the PTL properties with the electrochemical
performance, showing that the PTL surface properties signifi-
cantly affect the CL utilization.38,39 Lopata also investigated the
contribution of the PTL/CL interface at different Ir loadings.41

In a recent study, Weber et al. investigated the impact of PTL
interface properties on CL utilization using model 2D PTLs,
demonstrating that only a small area in close proximity to the
pore edge is effectively utilized.44,45 This finding is related on
the one hand to mass transport effects under the PTL layer
and on the other hand to the low in-plane conductivity of
the CL in the open pores,46–48 indicating that small PTL pores
and spacing between pores (i.e., small PTL particle size) can
favor higher catalyst utilization.

Thus, deliberate engineering of the PTL surface to optimize
catalyst utilization is crucial, which can be achieved by modifying
the surface30,49 or adding finer microporous layers (MPL).32,50,51

Schuler et al. introduced a well-performing hierarchical PTL with
a Ti-based sintered MPL, where a significant increase in CL
utilization compared to that in a single-layer PTL was determined.
Furthermore, the MPL allowed the use of thinner membranes
owing to their smoother surface, reducing damage to the catalyst-
coated membrane (CCM) upon compression. However, the influ-
ence of PGM coating43,52–54 on the MPLs and its effect on CLs with
low iridium loadings has not yet been investigated.

Coating the CL onto a membrane (i.e. CCM approach) is the
common choice in PEWE. Nevertheless, coating the CL onto
the PTL to create a porous transport electrode (PTE) could
provide advantages, such as reducing the working steps in
the manufacturing process and allowing for a greater variety of
membranes.55 In principle, a PTE improves contact between CL
and PTL by reducing CL deformation during membrane
swelling.56 Nonetheless, producing PTE has proven to be chal-
lenging owing to the rough structure of commercial PTLs,
which leads to severe losses of the useable catalyst layers.55–59

Bierling et al. emphasized this issue by extensively characterizing
the CL distribution in anodic PTEs (using Ti-felt) via X-ray
tomographic microscopy (XTM).55 In this context, coating the
CL onto an MPL could be highly beneficial, leading to lower
catalyst loss in the void spaces.
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In this study, we aim to reduce iridium loadings close to the
required targets of 0.05 gIr kW�1 by using novel MPLs in
combination with commercial catalyst materials. To this end,
we characterized the structures of the catalyst and porous
transport layers, as well as investigated the advantages of using
an MPL at the interface between the PTL and CL. We identified
the challenges of reducing the iridium loading by analyzing the
nanostructure of the CL using synchrotron-based ptycho-
graphic X-ray laminography (PyXL).60,61 This novel technique
allowed us to compute the transport properties, including
the electronic conductivity, and the changes induced upon
hydrating the sample. The limits and properties of lowering the
iridium loading from 2.5 to 0.1 mgIr cm�2 are analyzed by detailed
electrochemical and electro-kinetic characterization to determine
the following: (i) the influence of a Pt-interlayer coating (between
PTL and CL) and (ii) advantages of coating the CL on the
membrane (CCM) vs. coating on the transport layer (MPE). The
MPL cell performance was benchmarked with that of cells using
commercial single-layer PTL materials. The electrochemical
results were correlated to the structure of the CL, MPL, and the
catalyst distribution in the MPE to answer the following ques-
tions: (i) Why does the MPL facilitate low Ir loading? (ii) Why does
this work only with a Pt coating? (iii) What is the role of the MPL
in coating the CL on the Ti substrate? The findings of this study
will facilitate the reduction of power-specific iridium loadings in
next-generation PEWE systems.

2. Results
2.1. Morphological characterization

We first aimed to understand the nano and microstructures and
transport properties of the anodic porous components in the
electrolyzer cell, that is, the PTL, MPL, and CL, as well as the
interface between the CL and MPL. Their feature sizes are hier-
archical, implying that they gradually decrease (from the flow field
toward the membrane). As each layer has a distinct size range,
different techniques are required to characterize its morphology.

2.1.1. Structure of the catalyst layer by ptychographic X-ray
laminography. The CL is the finest of the porous layers in
PEWE, with feature sizes in the nanometer range. Only a few
techniques allow for the characterization of a 3D structure on
this length scale with a large field of view. Ptychographic X-ray
computed tomography (PXCT) has been shown to provide excel-
lent data quality for typical anodic CL structures.31 However, to
date, only a small volume of CL and only in cryogenic and dry
conditions have been reported. In this study, we used a novel
technique called Ptychographic X-ray laminography (PyXL).60,61

This technique allows to mount large samples extended in two-
dimension (planar), which facilitates creating in situ like condi-
tions. We characterize a macroscopic piece of a typical CL
(Fig. S1, ESI†) under ambient, dry conditions as well as in a
fully hydrated state by flooding the CL sample with liquid water.
For the scanned sample a 3D resolution of 59 nm (voxel size of
35 nm) was estimated from the Fourier shell correlation62 at the

Fig. 1 (a) Grey-scale slice of the CL (dry) extracted from the 3D volume obtained by PyXL (b) surface rendering of the volume with the ionomer phase
shown in blue (c) SEM images of the CL particles and ionomer layer at two magnifications.
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half-bit threshold. Further information regarding the PyXL tech-
nique can be found in the Experimental section.

Fig. 1a shows a two-dimensional slice obtained from the
entire tomogram. The four phases present in the anodic CL
(i.e. voids, ionomer, IrO2, and TiO2) are visible in the grayscale
image. The phase fractions obtained from the segmented data of
the dry and fully wet structures are listed Table 1. We observed
minor differences in the phase fractions when compared with
previous work performed by PXCT on a similar catalyst. One
reason for this discrepancy may be the cryogenic (90 K) or the
vacuum conditions used in the previous study, which could
change the effective volume of the ionomer.31 Another reason
for the discrepancy in the IrO2 phase fraction might be the
different batch number of catalysts used (Umicore MA-1376 in
this study vs. MA-292 in ref. 31), which may have resulted in a
higher inner porosity of the IrO2 phase. Though, when comparing
the phase fraction from the dry structure to the expected values
obtained from the ink composition and the CL thickness,63 they
differ by less than 2%. Fig. 1b displays the 3D-surface rendering of
the segmented image of the same structure, with the ionomer
network highlighted in blue. We observed the core–shell structure
of IrO2 on the TiO2 as well as pure IrO2 particles. The ionomer
forms a film around the catalyst particles and creates a network
that binds them together. Fig. 1c shows a high-resolution SEM 2D
image of the CL. We observed an interaction between the ionomer
and the catalyst particles, confirming the ionomer film and net-
work observed in the PyXL data.

In Fig. S2 (ESI†), a 2D slice of the raw PyXL data from the
fully wetted volume is shown and compared with that of the dry
volume. Note that in the wetted volume, the contrast between
the pore space (now filled with water) and the ionomer was
much lower than that in the dry volume. The loss in contrast
makes the differentiation of the pore and ionomer networks
challenging for the wet volume. Still, from the phase fractions
of the wet volume in Table 1, we determined that the ionomer
phase fraction increased significantly, possibly due to water
uptake. However, owing to the low contrast and, consequently,
large errors in the segmentation, we cannot be certain about
the pore and ionomer networks. Nevertheless, the solid phases
(IrO2 and TiO2) were clearly distinguishable and could be well
segmented. Therefore, we only characterized the solid phases
for the wet CL volume.

Fig. 2 shows the pore and particle size distributions of the
four phases of the dry CL and the solid phases of the wet CL
volume. The pore size distribution shown in Fig. 2a is wide,
with large pores above 1 mm. The ionomer thickness varies

between 100 and 300 nm, however, as shown in the SEM image
in Fig. 2, there might be thin ionomer layers that cannot be
resolved. When comparing the IrO2/TiO2 particle size distribu-
tions of the dry and wet samples (Fig. 2c and d), we observed
that they did not differ significantly. In general, all four size
distributions were comparable to previous data from PXCT by
De Angelis et al.31 The transport properties in the voids of the
dry CL are listed in Table 2 for all three spatial dimensions.
The pore tortuosity factor is 1.5–1.7 in all directions, whereas
the relative diffusivity is slightly higher in the through-plane
direction. The permeability of the CL is approximately three
orders of magnitude lower than that of typical PTLs32,38 and
comparable to other reports of CLs in the literature.64 Further-
more, the ionic conductivity of the dry CL was estimated based
on the ionomer network (assuming a bulk conductivity of 85
mS cm�1 for Nafion65). The ionic conductivity was higher in the
in-plane directions than in the through-plane direction,
whereas the contrary trend was observed for electronic con-
ductivity, which was estimated from the IrO2 network, assum-
ing a bulk conductivity of 64 S cm�1 31,66 and that the other
phases were insulators. The computed electronic conductivities
of the dry anodic CL values were in the same range as
previously computed31,64 and measured values.32

This study aimed to characterize the PEWE performance of
cells using an anodic CL with reduced Ir loading. Therefore, the
PyXL volumes were virtually cropped to the thicknesses of the
CL at the respective Ir loadings. The CL thicknesses of the
CCMs at loadings between 0.1 and 3.0 mgIr cm�2 were mea-
sured from cross-sectional SEM images, as shown in Fig. S4
(ESI†). In Fig. S4d (ESI†), the measured CL thickness is plotted
as a function of the loading. A close-to-linear relationship is
present with a nonzero y-axis intercept. The iridium loadings
used in the electrochemical part of this study are 2.5, 0.5, and
0.1 mgIr cm�2, corresponding to thicknesses of the anodic
CL of 9.7, 2.1, and 0.8 mm, respectively. Fig. S4e (ESI†) shows
surface renderings of the cropped CLs for each loading. In
Table 3, the computed electronic conductivities for the three
CL thicknesses are listed for the dry and wet states. For all
loadings, the dry conductivity was two to four times higher than
the wet conductivity. Furthermore, in all the cases, the through-
plane conductivity increased with lower loading. The in-
plane conductivity did not change significantly when the thick-
ness was reduced. Only at the extremely low loading of
0.1 mgIr cm�2, the value was noncalculable since no connected
in-plane path exists. This observation is true for the y direction
in the dry state and for both in-plane directions (x, y) in the wet

Table 1 Phase fraction of the anodic CL estimated by PyXL, PXCT,31 and from the ink composition

Phase
Phase fraction by
PyXL (RT, dry) (%)

Phase fraction by
PyXL (RT, wet) (%)

Phase fraction by
PXCT (cryo, dry)31 (%)

Phase fraction
from ink (%)

Pore 45 � 1 36 � 4a 39 44 � 3
Ionomer 21 � 1 33 � 5a 15 20 � 1
TiO2 10 � 0 10 � 1 11 11 � 1
IrO2 25 � 2 20 � 1 36 25 � 1

a Shown only for completeness, however segmentation of pore/ionomer in the wet sample may contain errors.
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state. This finding indicates that a continuous particle network
was absent in the present volume (10.5 mm � 10.5 mm � CL

thickness) at this specific loading. In fact, this is also observed
from the top view SEM image of the anodic CL (0.1 mgIr cm�2)
shown in Fig. S3a (ESI†), where ‘‘holes’’ were observed in the
CL, in which the membrane could be seen. From these find-
ings, we can conclude that at a loading of 0.1 mgIr cm�2 the CL
is not connected in a continuous catalyst particle network, even
under the assumption that the particles are evenly distributed.

2.1.2. Structure of PTLs and MPLs by XTM characteriza-
tion. In this study, multilayer sintered PTLs from NovElyTit
(PSI) with a nominal thickness of 1.75 mm for the support layer
(SL) and 250 mm for the MPL were used. The structures of the
MPL and SL were characterized by X-ray tomographic micro-
scopy. Fig. 3a shows the SEM image of the microparticles used
in the MPL. Fig. 3b shows the surface rendering of the entire
structure (MPL + SL) based on the XTM data. The pore and

Fig. 2 Pore and particle size distributions of the four phases of the anode CL by PyXL for (a) pore diameter, (b) ionomer thickness, (c) IrO2 particle
diameter, and (d) TiO2 particle diameter. For (c) and (d) the data for the wet CL are included.

Table 2 Transport parameters are computed from the dry volume of the scanned anodic CL. Tortuosity of the pore phase, relative diffusivity (%),
absolute permeability (m2), ionic conductivity (mS cm�1), and electronic conductivity (S cm�1)

Spatial direction Tortuosity pore [–] Rel. diffusivity [%]
Abs. permeability
[�10�16 m2]

Ionic conductivity
[mS cm�1]

Electronic conductivity
[S cm�1]

X (in-plane) 1.6 17 8.7 5.2 2.6
Y (in-plane) 1.7 15 6.2 4.9 2.4
Z (through-plane) 1.5 20 10.5 2.1 3.2

Table 3 Electric conductivities deduced from the 3D images for the three
spatial dimensions (x, y: in-plane, z: through-plane) of the anodic CL at
different Ir loadings, that is, different CL thicknesses for the dry and wet
states. Sample size for in-plane directions: 10.5 mm/350 voxels

Loading (mgIr cm�2)
Spatial
direction 2.5 0.5 0.1

CL thickness (mm/voxels) 9.7/278 2.1/60 0.8/23
Dry electronic conductivity (S cm�1) X 2.7 3.3 1.4

Y 2.0 1.7 N.A.
Z 3.4 6.0 8.4

Wet electronic conductivity (S cm�1) X 0.7 1.1 N.A.
Y 0.6 0.5 N.A.
Z 1.1 3.4 6.1
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particle size distributions of both the MPLs and SL are shown
in Fig. S5 (ESI†). The MPLs have a mean Ti particle diameter of
11.5 mm and a mean pore diameter of 11.3 mm. In contrast,
the SL had large particle sizes of 58.2 and pore diameters of
58.4 mm. The MPL exhibited a high porosity of 50%, whereas
the SL exhibited a porosity of 27.6%. The absolute permeability
of the MPL and SL in the through-plane direction is 0.9 and
8.2 � 10�12 m2, respectively, which was approximately three
orders of magnitude higher than the permeability determined
for the anode CL, consistent with previous reports.32

We investigated the effect of coating the CL on the Ti
substrate instead of on the membrane (CCM). To the best of
our knowledge, this is the first report in the literature of coating
an anodic CL onto a Ti-MPL. For this approach we introduce
the terminology: microporous electrode (MPE). Examples of an
MPE is shown in the top-view SEM in Fig. 3c and the surface
rendering in Fig. 3d. When coating a CL on a standard Ti-PTL
(Ti-felt from Bekaert), the result is termed as a porous transport
electrode (PTE), as introduced in previous studies.55,57–59 A PTE
is shown in the SEM image in Fig. 3e, and in the XTM rendering
in Fig. 3f.

The top-view SEM images show that part of the catalyst
dissipated into the void spaces of the Ti substrates. An MPE and
a PTE with high catalyst loading (2.5 mgIr cm�2) were analyzed
by XTM. From the cross-sectional XTM slices shown in Fig. 4a
and b, we can visually observe how the catalyst layer distributes
at the PTL/CL interface. In the grayscale images, the CL is
clearly visible as a white line, and in the segmented volumes,
it is visualized in blue for the MPE and in red for the PTE.
In the MPE, the CL was homogenously distributed close to the
surface, forming a continuous layer. In contrast, in the PTE, a

significant fraction of the CL disappears in the large voids of
the PTLs, leading to isolated (‘stray’) catalyst regions far from
the PTL surface. We visualized the CLs in 3D renderings for the
MPE in Fig. 4c and for the PTE in Fig. 4d. The CL connected in a
continuous network is shown in black, whereas the isolated
parts of the CL are shown in red. For the PTE, more than 5% of
the CL was isolated (in red) in comparison to the MPE with only
0.3%. Fig. 4e shows the distribution of the catalyst phase
across the PTL thickness. We observed that for the MPE, the
distribution was relatively narrow, with most of the CL located
below 50 mm from the surface. For the PTE, a substantial
portion of the CL penetrated far into the PTL bulk. If we
assume that the membrane intrusion (for Nafion 115, dry
thickness of 127 mm) is limited to roughly 30–40 mm from the
PTL/MPL surface,32,38,55 we can expect that in case of the PTE
B46% of the CL remains inaccessible and therefore not
utilized. This effect is alleviated in the MPE because most parts
of the CL are close to the MPL surface and only B18% of the CL
would be unavailable.

In Fig. 5 the surface maps of the ‘‘naked’’ MPL and PTL as
well as for the coated MPE and PTE are shown. The maps are
graphical representations of the measured distances from the
first contact point. We observed that the MPL exhibited a much
lower surface roughness and a more homogenous interface
area, whereas the PTL had large valleys or pockets, leading to
high roughness. This result is similar to the previously reported
MPL/PTL differences.32 On the right side of Fig. 5, we can
observe the surface maps of the MPE and PTE. For the MPE, the
CL fills most of the open pores making the surface less rough
than for the MPL without catalyst. On the PTE surface map, the
fiber diameter increased, indicating that the CL was deposited

Fig. 3 (a), (c) and (e) Top view SEM images and (b), (d) and (f) XTM surface renderings of (a) and (b) MPL + support layer; (b) and (d) MPE with
2.5 mgIr cm�2 loading; and (e) and (f) Ti-felt (Bekaert) with 2.5 mgIr cm�2.
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mostly as a shell around the fiber, as shown by Bierling et al.55

Overall, we estimate that for MPEs there is up to B28% more
catalyst accessible in comparison to the PTE at the same
loading. This result may be more pronounced at lower catalyst
loadings, where a higher percentage of the total catalyst
may be lost in the voids of the PTL. Moreover, Fig. S3 (ESI†)
shows a top-view SEM image of an MPE with low iridium
(0.1 mgIr cm�2), where only a few catalyst spots are visible on
top of the MPL particles.

2.2. Electrochemical characterization: towards low Ir loadings
using MPLs

In the second part of this study, we focused on the electro-
chemical characterization of cells at three different Ir loadings:
high, medium, and low that is 2.5, 0.5, and 0.1 mgIr cm�2

(�0.02 mgIr cm�2). We compared the three loadings using two
different approaches: coating on the membrane (CCM) vs.
coating on the MPL (MPE). For each approach (CCM and
MPE), we also explored the effect of adding a thin protective
Pt coating (B40 nm, B0.085 mgPt cm�2) on the MPL to reduce
the interfacial resistances.43 Selected measurements were
benchmarked against the respective commercial single-layer
materials. Finally, we determined catalyst utilization and mass
activity from a kinetic analysis.

2.2.1. Influence of Ir-loading in CCM configuration. Fig. 6a
shows the polarization curves for a cell with a CCM configu-
ration and three different anodic catalyst loadings. A drastic
drop in performance was observed when the loading was
reduced. Furthermore, from the HFR measurements, we
observed that the resistance increased when the loading was
reduced, which majorly contributed to performance loss. How-
ever, from the iR-free polarization curves in Fig. S6 (ESI†), we
deduced that not all the performance differences arose from
the HFR. The decrease in HFR with increasing current density
is generally attributed to heat generation occurring at high
power densities. This might locally heat the MEA, which can
decrease the measured HFR.36,39

In Fig. 6c, the polarization curves, and in Fig. 6d, the HFR of
cells using the same Ir-loadings but with MPLs with a Pt coating
(40 nm) are shown. For cells with loadings of 2.5 mgIr cm�2, we
did not observe any difference in the performance or HFR when
compared to the cells with an MPL and without a Pt coating. In
contrast, the cell using 0.5 mgIr cm�2 and, in particular, the cell
with 0.1 mgIr cm�2 showed a drastic improvement in perfor-
mance compared to the cells without Pt-coating on the MPL.
Moreover, the cell with 0.1 mgIr cm�2 exhibited similar HFR
values in comparison to that of the cell with 0.5 mgIr cm�2,
leading to an almost equal performance. From the iR-free cell

Fig. 4 Cross-section XTM slices, as grey-scale and segmented images of (a) an MPE and (b) a PTE (based on Ti-felt) with 2.5 mgIr cm�2 catalyst layers.
Three-dimensional visualization of the catalyst layer for (c) the MPE and (c) PTE where the voxels in the CL that are part of the continuous network are
shown in black, whereas the isolated voxels are visualized in red. Catalyst layer phase fraction distribution across the thickness of (d) PTE and (e) MPE.
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voltage shown in Fig. S6 (ESI†), the largest contribution to the
differences in performance can be attributed to the HFR. The
kinetics, which is also affected by the loading and Pt coating,
are discussed in a later Section 2.3.

2.2.2. Influence of Ir-loading in MPE configuration. Fig. 7a
shows the polarization curves, and Fig. 7b shows the HFR
measurements for cells using MPEs for three Ir loadings (2.5,
0.5, and 0.1 mgIr cm�2). Fig. 7c and d present data for cells
using the MPE with the addition of Pt coatings. The cells using
MPE with 0.1 mgIr cm�2 show mediocre performance and large
HFR. While, the HFR decreases significantly with the addition
of Pt-coating, the cell performance remains relatively poor
in comparison to those with the higher loadings (2.5 and
0.5 mgIr cm�2) and the cell using CCMs with the same loading
(Fig. 6c). At this loading, a substantial percentage of the total
catalyst is lost into the voids of the MPL, leading to a lower
fraction of effectively available catalyst. In Fig. S3 (ESI†), a top-
view SEM image of the MPE with 0.1 mgIr cm�2 loading is
shown. Only dispersed catalyst spots were visible on the MPL
particles, which explained the inferior performance of
these cells.

In contrast, the performance for cells using MPE with a
loading of 0.5 mgIr cm�2 is good, with only B120 mV perfor-
mance losses at 5 A cm�2 as compared to the high losses
observed for the cell using 0.1 mgIr cm�2. Interestingly, when a
Pt coating was added at this loading, the performance did not
change significantly, which was also observed for the MPE with
2.5 mgIr cm�2, where no performance benefit was present
from adding the Pt coating. Furthermore, the high-loading CCMs
in Fig. 6 exhibits a higher performance than the MPE with
2.5 mgIr cm�2, which we attribute the loss of catalyst into the
open pore space during deposition, even when an MPL was used.

2.2.3. Benchmarking with commercial PTLs. Reducing iri-
dium loading up to 0.1 mgIr cm�2 was possible when platinized
MPLs were used with minor increases in cell voltage of 120–180
mV@5 A cm�2. Low loadings could be achieved using MPLs in
both the CCM and MPE configurations (albeit at different
magnitude). However, we have not addressed whether this
positive effect can be attributed to the MPL (with Pt) or the
effect of the Pt coating itself. In other words, could equivalent
results be achieved when commercial PTLs (without MPLs) are
platinized?

Fig. 5 Surface distance maps from the XTM data of the stand-alone MPL and PTL (Ti-felt) as well as the MPE and PTE with a loading of 2.5 mgIr cm�2.
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For benchmarking the CCM configuration, polarization
curves, and HFR measurements are compared for the lowest

loading (0.1 mgIr cm�2). The data are shown in Fig. 8a and b.
The cell voltages for the Pt-coated Ti felts were significantly

Fig. 6 Polarization curves and HFR measurements of cells with a CCM (N115) approach at the different iridium loadings (T = 80 1C, 10 bar balanced
pressure) using MPLs (a) and (b) without Pt-coatings and (c) and (d) with Pt-coating (40 nm).

Fig. 7 Polarization curves and HFR measurements of cells with an MPE approach at the different iridium loadings (N115, T = 80 1C, 10 bar balanced
pressure) using MPLs (a) and (b) without Pt-coatings and (c) and (d) with a Pt-coating (40 nm).
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higher (4500 mV at high current densities) than those of the cell
with the MPL at the same catalyst loading. The performance
difference is clearly given by the higher HFR of the cell using Ti
felts (see iR-free cell voltage in Fig. S8, ESI†), as well as by the
difference in the kinetic regime, which is subsequently addressed.
Our best cell in terms of power-specific iridium loading is the cell
using CCM at 0.1 mgIr cm�2 with MPL (Pt-coated) that achieves
B0.06 gIr kW�1 at 70% cell efficiency (lower heating value) but at
moderate current densities of B1 A cm�2.

For comparing the MPE configurations, a cell with a PTE
(commercial Bekaert Ti-felt) with a high loading of 2.5 mgIr cm�2,
(PTE loading that was characterized in Section 2.1.2) was chosen for
benchmarking. The polarization curves in Fig. 8c show that the cell
voltage at 5 A cm�2 with a PTE was approximately 200 mV higher
than that with an MPE at the same loading. In fact, even at a lower
Ir loading (0.5 mgIr cm�2), the cell with the MPE still exhibited a
lower voltage than the PTE at high loading (ca. 70 mV@5 A cm�2).
This difference majorly originates from the lower HFR, as shown in
Fig. 8d and the iR-free plot in Fig. S8 (ESI†). The black points in
Fig. 8a and c show the best-performing CCM and MPE configu-
ration with high Ir loading and Pt-coating on the MPL. From this
direct comparison, we can deduce that even when using an MPL,
the CCM configuration performs better than the MPE approach.

2.3. Kinetic analysis: CL utilization and mass activity

As discussed in the previous sections, part of the performance
differences between PTEs and MPEs stem from discrepancies

in the HFR, and major differences are also observed in the
kinetics. Fig. 9 shows the semi-logarithmic plots of current
density vs. iR-free voltage at low current densities (i.e., Tafel
plots) for all measurements in the CCM configuration. For the
plots of the cells without Pt coating, significant shifts were
observed in the location of the Tafel lines and even apparent
differences in the Tafel slopes as a function of Ir loading. The
Tafel slopes and kinetic parameters are listed in Table 4. On the
contrary, the cells with Pt coating in Fig. 9b did not exhibit
differences in the slope of the lines and only a minor shift
between the 0.5 and 0.1 mgIr cm�2 loadings. In Fig. 9b the
comparison with the Ti-felt reference (with Pt-coating at
0.1 mgIr cm�2) is shown. For the commercial Ti-felt, we
observed a larger slope and shift in the Tafel line. Notably,
the first 10 points at low current densities are missing (between
1 and 10 mA cm�2). For the cell with Ti felt at low loadings, in
general, a higher H2 crossover was observed which influenced
part of the measurement points in the very low current density
range. Hence, these were disregarded from the analysis.

In Table 4 all the kinetic parameters for the cells using the
CCM configurations are quantified and summarized. The Tafel
slopes were extracted from the measurements using a kinetic
analysis tool recently provided by NREL.67 This tool allows for
the unbiased and reproducible quantification of Tafel slopes
and exchange current densities and extracts the Tafel slope
from a different range where the linear Tafel model applies
(in our cases somewhere between 1 and 200 mA cm�2 depending

Fig. 8 Polarization curves and HFR measurements of selected measurements with MPLs and benchmarks using commercial Ti-felt materials from
Bekaert (N115, T = 80 1C, 10 bar balanced pressure) using MPLs (a) and (b) CCM configuration and (c) and (d) MPE/PTE configuration all having an equal
Pt-coating of 40 nm.
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on the electrode). For the measurement with cells using MPLs
without Pt coating, the Tafel slope values increased with decreasing
loading (approximately +10 mV dec�1 per 5 times reduction in
Ir-loading). This observation does not apply to the cells with an
MPL coated with Pt. In this case, only negligible differences in Tafel
slopes were observed between the different loadings, which is in
agreement with the Tafel lines in Fig. 9b. For all the cases using
MPLs, the exchange current density j0 did not change significantly
within the uncertainty. Only the measurement at low loading with
the Ti felt exhibited a significantly higher exchange current density.
This result might be related to the significantly higher Tafel slope
and may not necessarily be reliable because current densities below
10 mA cm�2 could not be evaluated.

To better understand how the available catalyst was utilized,
we determined its activity at an iR-free cell voltage of 1.55 V.
This voltage was selected based on previous literature.39 From the
(extrapolated) Tafel lines, we determined the current density at a
given iR-free voltage, which represents the activity. For measure-
ments without Pt coating, the activity dropped drastically from
B185 to B9 mA cm�2 at 1.55 V from the highest to the lowest
loading. This decrease represents a reduction in activity by a
factor of approximately 18. In comparison, when an MPL with a Pt
coating was used, the activity drop was much lower, going from
B260 to only B147 mA cm�2 for the 2.5 to 0.1 mgIr cm�2 range.

Because different loadings were used, we normalized the
activity to the Ir loadings:

MA ¼ j@1:55 V

lIr
(1)

where MA represents the mass activity (in A mgIr
�1), j@1.55V the

activity at the iR-free cell voltage of 1.55 V (in A cm�2), and lIr

represents the iridium loading in the cell in gIr cm�2 (including
an uncertainty of �0.02 mgIr cm�2). Interestingly, the MA for
the cells using the MPL without Pt coating did not differ much,
with only minor differences, indicating that the CL utilization
in terms of activity per active site was similar for all loadings.
In contrast, for cells using MPLs with Pt coating, the MA
increased drastically from B104 A gIr

�1 to B1470 A gIr
�1 when

comparing the highest and lowest iridium loading. This repre-
sents an increase in MA by over one order of magnitude, or a
factor of B15. The MA indicates the efficiency of active site
utilization, and thus, with low Ir loadings and MPLs with Pt
coating, a much higher activity per gram of iridium was
observed. Pt coatings improved MA also at high loadings, but
they became decisive when the loading was reduced.

In Fig. 10 the Tafel plots of the cells using an MPE are given.
Similarly, as for the CCM approach, the cells with the MPE
without Pt coating (see Fig. 10a) exhibited increases in the Tafel

Fig. 9 Semi-logarithmic plots of the iR-free cell voltage vs. current density (Tafel-plots) for all loadings in CCM configuration (a) MPLs without Pt-
coating (b) MPLs with Pt-coating and comparison with Ti-felt reference with Pt-coating; all measurements with N115, at T = 80 1C and 10 bar balanced
pressure.

Table 4 Kinetic data for all measured cells in CCM configuration. Tafel slopes and exchange current density j0 were determined using a tool provided by
NREL.67 The activity was determined at the given iR-free cell voltage of 1.55 V according to ref. 39. The mass activity was determined based on the
loading (including the uncertainty) according to eqn (1)

CCM MPL without Pt MPL with Pt Ti-felt (Pt)

Ir-loading (mgIr cm�2) 2.5 0.5 0.1 2.5 0.5 0.1 0.1
Tafel slope (mV dec�1) 62.1 � 0.2 72.7 � 2.7 83.4 � 1.1 56.7 � 0.5 56.9 � 0.6 63.7 � 1.4 106.0 � 2.5
j0 (mA cm�2) 1.32 � 0.04 1.03 � 0.53 1.35 � 0.24 0.78 � 0.10 0.75 � 0.12 1.47 � 0.42 21.2 � 5.5
j@1.55V (mA cm�2) 185 28.9 9.31 259 232 147 19.8
Mass activity@1.55 V (A gIr

�1) 74.1 � 0.6 57.7 � 2.3 93.1 � 19.5 104 � 1 464 � 19 1470 � 300 199 � 42
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slopes and shifts in the Tafel lines with decreasing loading. The
shift for the low-loading cases was more pronounced than that
for the CCM approach. For the Tafel plots of the cells with Pt
coating (Fig. 10b), an improvement in kinetics was observed
with higher activities and reduced Tafel slopes, particularly for
the lower-loading cells. Fig. 10b shows a comparison with PTE
(Ti felt with Pt coating) at a high loading of 2.5 mgIr cm�2. In
this case, a small shift in the Tafel line was observed compared
to that of the MPE with the same loading.

All the kinetic parameters for the cells using MPE/PTEs are
listed in Table 5. An apparent increase in the Tafel slope with
decreasing Ir loading was again observed for the MPE without
the Pt coating. This phenomenon was similar to the increase
observed in the CCM configuration, although it had a larger
magnitude. Again, this apparent increase in the Tafel slopes
disappeared for the cell using the MPE with the Pt coating. The
activity (at 1.55 ViR-free) decreased with decreasing loading in all
cases, but to a lesser extent with the Pt coating. We observed
that the MA decreased in cells with MPE without Pt coating. In
contrast, for the MPE with the Pt coating, the MA increased
with a reduction in loading. The same observation applied to
the CCM approach, although the MAs were significantly lower
for the MPE at the same loading. For example, the MA for the
CCM with 0.1 mgIr cm�2 (with Pt) was 1470 A gIr

�1, whereas
that for the respective loading in MPE configuration (with Pt)
exhibited only 353 A gIr

�1. This effect is clearly more pro-
nounced at low loadings, although the catalyst utilization was
consistently higher for the CCM configurations.

3. Discussion

The performance and catalyst utilization were dependent on the
properties of the PTL/CL interface. In this regard, MPLs exhibited
significant benefits for both CCM and MPE configurations,
primarily attributed to their smaller pore and particle sizes and,
hence, lower surface roughness and more homogenous surface
contact. The ‘‘MPL boost’’ is especially vital at low iridium
loadings. However, coating the MPL with a PGM, such as Pt, is
essential for achieving superior performance and CL utilization
for low Ir-loadings in the range of 0.1–0.5 mgIr cm�2. This
phenomenon was true in both cases when coating the CL on
the membrane and MPL substrate. PGM coatings on PTLs have
recently gained attention among researchers. Herein, we show
that this coating is also necessary when using MPLs, particularly
for low iridium loadings. Furthermore, the primary benefits of Pt-
coated MPLs can be narrowed down to two effects: (i) reduction of
the HFR and (ii) drastic increase in MA. Therefore, what is the
underlying mechanism that explains the advantage of MPLs at
low iridium loadings, and why is a PGM coating required?

3.1. Why is the MPL facilitating low iridium loadings?

To obtain a clearer picture, the structural characteristics of the
CL must be considered. From our morphological analysis, we
observed that, at high loadings, a continuous network of the
IrO2 phase was formed, rendering large parts of the CL acces-
sible because the in-plane connectivity was preserved. The
electronic conductivity was lower in the ‘‘wet’’ state (refer to

Fig. 10 Semi-logarithmic plots of the iR-free cell voltage vs. current density (Tafel-plots) for all loadings in MPE configuration (a) MPLs without Pt-coating, (b)
MPLs with Pt-coating and comparison with Ti-felt reference (PTE with Pt-coating); all measurements with N115, at T = 80 1C and 10 bar balanced pressure.

Table 5 Kinetic data for all measured cells in MPE configuration. Tafel slopes and exchange current density j0 were determined using a tool provided by
NREL.67 The activity was determined at the given iR-free cell voltage of 1.55 V according to.38 The mass activity was determined based on the loading
(including the uncertainty) according to eqn (1)

MPE/PTE MPE without Pt MPE with Pt PTE (Pt)

Ir-loading (mgIr cm�2) 2.5 0.5 0.1 2.5 0.5 0.1 2.5
Tafel slope (mV dec�1) 62.7 � 0.7 85.5 � 2.1 117 � 0.6 63.1 � 0.1 60.1 � 1.1 61.9 � 0.6 72.9 � 1.0
j0 (mA cm�2) 1.78 � 0.27 5.92 � 1.72 5.78 � 0.34 2.25 � 0.56 0.60 � 0.17 1.33 � 0.19 7.21 � 1.13
j@1.55V (mA cm�2) 190 30.5 3.14 226 113 35.3 176
Mass activity (A gIr

�1) 76.4 � 0.6 60.9 � 2.4 31.4 � 6.6 90.5 � 0.7 225 � 9 353 � 74 70.4 � 0.6
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Section 2.1.1) and this might be even more drastic in the real cell
environment.32 However, this network was highly affected by Ir
loading. Furthermore, when the CL thickness was reduced (to
corresponding loadings in the range of 0.1 mg cm�2) the CL was
rather composed of patches of catalyst spots (refer to Section
2.1.1). Therefore, the accessibility of the pore regions at the MPL
or PTL/CL interface in terms of electronic paths was highly
limited. The smaller the pores and the closer they are spaced,
the higher the probability of forming a continuous network
between Ti-MPL/PTL particles and the CL, which is exemplified
in Fig. 11. Therefore, the small pore and particle sizes of the MPLs
are of significant importance, particularly at lower Ir loadings.

3.2. Why does it only work with Pt-coating?

A Pt coating is necessary when low Ir loadings are used, which
may be attributed to the formation of a (partial) TiOx passivation
layer on the MPL/PTL surface. Doo et al. suggested that these
issues are associated with upward band bending in the TiOx

passivation layers, which leads to a decrease in electronic
conductivity.54 Furthermore, the authors pointed out that
membrane intrusion through a thin and unconnected CL can
affect the interface resistance. Bernt et al. showed that the
combination of low electronic conductivity in the CL and poor
surface conductivity of the passivation layer (PTL) leads to high
resistance and poor performance.25 They also showed that, to
achieve a low CL/PTL contact resistance, either a highly con-
ducting catalyst layer or a Pt-coated PTL is required. Our results
are in line with this study, showing that a highly loaded CL (good
electronic conductivity) exhibits near-equal performance when
coupled with either a Pt-coated or non-coated MPL (Fig. 6).

Additionally, for low Ir loadings, the CL conductivity was
poor owing to the disruption in the electronic percolation
network. Therefore, to maintain a satisfactory performance,
the addition of a Pt coating is necessary to reduce the contact
resistance of the MPL/PTL. However, because several catalyst
particles are still inaccessible to the electronic path (d), the
resistance of the low iridium loaded catalyst layer is still higher
than that of the respective high loadings.

3.3. Role of MPL when coating on the Ti-substrate

A clear improvement in terms of performance and CL utilization
was observed when coating the CL on an MPL instead of on a Ti-
felt. From the XTM characterization of the MPE/PTE in Section
2.1.2, these benefits are related to the more homogenous catalyst
distribution on the MPL. The catalyst is located closer to the
MPL surface, leading to higher catalyst utilization, as discussed
in Section 2.3. However, cells using MPEs cannot match the
performances achieved with equivalently loaded CCM configura-
tions. We hypothesize that even when using an MPL, a portion of
the catalyst is lost in the pore space, making it electrochemically
unreachable. Although the catalyst is mostly located closer to the
MPL surface, membrane intrusion may also be significantly
lower when using an MPL because of its small pore size. There-
fore, although the accessible catalyst is much higher than that
when using PTLs, it is still lower than that for the CCM
configurations. This phenomenon might be suppressed if the
MPL feature sizes at the CL interface are further reduced, which
should be investigated in future studies.

It might be possible to improve the quality of MPE/PTE
fabrication by using alternative coating techniques, such as slot

Fig. 11 Schematic illustrations showing the influence of MPL on higher utilization of the CL at low iridium loadings in comparison to that of PTLs and the
influence of Pt-coatings. (a) PTL with a CCM using high catalyst loading (b) PTL with low catalyst loadings (c) MPL without Pt with low catalyst loading, and
(d) MPL with Pt-layer and low catalyst loading leading to better CL utilization.
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die coatings68 or doctor blading. These methods involve using
inks with higher viscosity, which can reduce the ink’s penetra-
tion into the MPL/PTL. This, in turn, can increase the accessi-
bility of the catalyst particles, leading to better CL utilization.
Further research is needed to explore these alternative coating
approaches.

3.4. Low CL utilization in thick electrodes

We have observed that for thicker electrodes with loadings of
2.5 mgIr cm�2, the mass activity is quite low, indicating poor
utilization of the CL. This holds for both cases, with and
without Pt-coating. It suggests that the in-plane electrical
conductivity is not the main cause of the poor CL utilization
in thick electrodes. We hypothesize that through-plane ionic
conductivity might be a limiting factor. This leads to a potential
drop and a corresponding loss in catalyst utilization from the
membrane towards the PTL. This indicates an inhomogeneous
CL utilization, where higher utilization is expected close to the
membrane interface, which drops as the electrode thickness
increases. This aligns with the estimations made by Padgett
et al.48 for the assumption of a limiting ionic through plane
conductivity. Additional studies are required to test this
hypothesis, which will be part of future investigations.

3.5. Future targets for lowering Ir-loadings

For the future generation of electrolyzers having lower catalyst
loadings while maintaining high efficiencies and long-term
stability is crucial. This can be accomplished by combining
different approaches such as: (i) utilizing advanced multilayer
PTLs with MPLs (as presented in this work) (ii) developing next-
generation catalyst materials with improved morphologies
and better support materials to achieve higher conductivity
and CL utilization and (iii) optimizing the coating procedure
to produce homogeneously distributed low-loaded electrodes.
Future studies should prioritize combining different approaches
to maximize CL utilization, which might result in higher-
performing and stable electrodes at low catalyst loadings.

4. Conclusions

In this study, we investigated the role of the CL morphology and
the influence of using novel MPLs in reducing the iridium
content in PEWE. To better understand the structure of the CL,
we used a novel technique, known as X-ray ptychographic
laminography,60 which allowed for the analysis of the CL
structure in a relevant field of view in three dimensions on a
nanometer scale. Furthermore, for the first time, the morpho-
logical changes induced upon contact with liquid water were
characterized on this scale. A loss in the in-plane conductivity
was observed, which was aggravated upon reducing the CL
thickness owing to the loss of connectivity of the conducting
IrO2 phase. Therefore, the in-plane distance of the electronic
path should be minimized, which renders the use of MPLs
beneficial. From characterizing the performance at different
iridium loadings (0.1–2.5 mgIr cm�2), we deduced that the MPL

allows the use of low-loaded anodic CL with minor setbacks in
electrochemical performance. The mass activity increased by a
factor of up to 15 when a low Ir loading was used in combi-
nation with the MPLs. However, this phenomenon is possible
only when a protective Pt coating is used, which can be
attributed to the poor electronic conductivity of the low-
loaded CL and upward band bending of the TiOx passivation
layers.54 Our best cell considering performance and Ir-loading
was able to achieve a power-specific iridium loading of
0.06 gIr kW�1 at 70% cell efficiency (lower heating value), which
is close to the required targets5 (although only at moderate
current densities of B1 A cm�2). We believe that further
optimization, especially of the CL structure, by adapting the
catalyst morphology and fabrication process can achieve the
required performance targets.

We investigated the possibility of coating a CL onto a Ti-
porous substrate (MPE or PTE) and observed an improvement
in the performance when the CL was coated onto the MPL
instead of the PTL. Furthermore, the MPL allows the produc-
tion of lower-loaded CL (0.5 mgIr cm�2) with only minor losses
in performance. From the XTM characterizations of the MPE/
PTE, the CL is much more homogenously distributed on the
MPL and closer to the transport layer surface than on the PTE.
This phenomenon leads to much better CL utilization
and performance, as evidenced by the electrochemical data.
However, the performance of the CCM configuration was still
superior to that of the MPE, although significant advancement
was achieved using an MPL. We believe that this approach has
remarkable potential for simplifying the PEWE cell production
process and should be investigated in the future.

Overall, we can conclude that MPLs facilitate the use of CL
with low Ir loadings in both configurations (CCM and MPE)
using only commercially available catalyst materials and with-
out further optimization of the fabrication process. Mass
activity can be further improved by engineering the PTL/CL
interface properties. Although significant areas for improve-
ment exist in CL fabrication, using MPLs is essential for
advancing future PEWE systems toward the required iridium
loading targets. Therefore, new fabrication methods to further
enhance MPL properties shall be explored in our future studies.

5. Experimental
5.1. Preparation of catalyst layers via ultrasonic spray coating

The spraying procedure in this study was adapted from a prior
study.11 Commercial state-of-the-art catalyst materials were
employed for the preparation of CLs. On the cathode Pt/C
(TEC10E50E, Tanaka Kikinzoku Kogyo) was used as a catalyst.
The ink was prepared by dispersing the solid catalyst in
ultrapure water, ethanol, and a 5 wt% Nafion dispersion
(aliphatic alcohol/water, EW = 1100 g mol�1, DuPont purchased
from Sigma-Aldrich), which were added individually in that
order. Between each addition, the mixtures were sonicated for
15 min for a total sonication time of 45 min. An ionomer-to-
carbon weight ratio of 0.7 was used.
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As anodic OER catalyst, a 75 wt% IrO2 supported on
TiO2 (MA-1376, Umicore) was used. The ink was prepared by
dispersing the catalyst powder in a mixture of ultrapure water,
2-proponal and a 5 wt% Nafion dispersion. Each component
was added individually in that specific order with a 15 min
ultrasonication step in between. The ionomer content was set
to 11 wt% of the total electrode weight.63

Nafion membranes (Nafiont, purchased from Quintech,
Germany) were mounted in an in-house developed membrane
holder with a masked active area of 2 � 2 cm2. An automated
programmable benchtop coating system (ExactaCoat, SONO
TEC Corporation, USA) was used for the CL preparation. A
temperature of 70 1C was chosen for the heating plate. For the
cathode, only the membranes were used as substrates (CCM).
For the anodic CL, the substrate was either the membrane
(CCM), the Ti-porous layer (MPE, PTE), or a thin Kapton foil
for the PyXL scans (0.5 cm � 0.5 cm, see next section). Catalyst
loading was monitored online by placing a reference check
sheet with a defined dry weight in addition to the actual
CL. The Pt-loading for the cathodic CL was fixed at 0.50 �
0.05 mgPt cm�2, which was achieved by 20 spray-coating
runs. The loading of the anodic CL was varied between
0.1 and 3 mgIr cm�2 (�0.02 mgIr cm�2) for which 4–120
spray-coating rounds were required. The CCM and MPE/PTEs
were dried on a heating plate for 15 min before removal
and dried under ambient conditions for at least 12 h before
integration into the PEWE cell.

5.2. Synchrotron-based ptychographic X-ray laminography
(PyXL)

5.2.1. Sample and experiment preparation. The CL sam-
ples for PyXL with an area of 0.25 cm2 were spray-coated
according to 5.1 on a thin Kapton foil (1.6 � 1.6 cm, thickness
of 7.5 mm) using a Teflon mask. Fig. S1 (ESI†) shows a photo-
graph of a sample. Kapton has the advantage of being X-ray
transparent and does not swell upon contact with water.
Furthermore, in laminography, the sample should ideally be as
flat and thin as possible (in contrast to tomography, where the
sample is ideally cylindrical). The planned scanned volumes
were in the range of 20 � 20 mm � CL thickness. Markers were
required to identify the exact same volume of the macroscopic
sample before and after wetting. Focused ion beam drilling was
used to place 4 holes (10� 10 mm) close to and around the aimed
field of view. Fig. S1 (ESI†) shows the top-view SEM image of a
sample with a specific marker arrangement.

The CL sample evaluated here was first scanned in a fully
hydrated (i.e., wet) state, after which it was dried and scanned
again. For wetting, the entire sample was immersed in deio-
nized water for 10 min. Owing to the long scanning times
(12–18 h), a sealing to prevent the evaporation of water during
the scan was necessary. A second layer of Kapton foil was added
to the wet sample on top of the CL. The two Kapton foils were
sealed by adding a UV-curing optical adhesive (Norland NOA61,
Thorlabs) at the edges of the sample. The glue was irradiated
for 5 min with a UV light gun (365 nm) which cured the glue
and sealed the two Kapton layers. In a preliminary experiment,

we evaluated the leakage in the sample by weighing it twice in a
24-hour interval without any noticeable weight loss. The wetted
CL was placed on the sample holder in the LamNI setup and
scanned using PyXL (12–18 h scanning time). After completing
the scan, the sample was removed from the sample holder.
Water droplets were still clearly visible, indicating that the
sample did not dry out during scanning.

A dry scan was conducted after the wet scan. For the dry
scan, the sealing of the sample was removed with a scalpel
without removing from the sample holder, to facilitate finding
the identical location. The sample (CL) was then dried under
vacuum for 2 h in a desiccator after which it was it was placed
in the LamNI setup and scanned in the same field as that of the
wetted sample. The dryness of the sample was confirmed by
visual inspection under a light microscope. Furthermore, no
signs of liquid water were observed on the tomogram.

5.2.2. Data acquisition and image processing. The PyXL
measurements were carried out at the cSAXS beamline of the
Swiss Light Source at the Paul Scherrer Institut, Switzerland,
using the laminography nanoimaging instrument.60,61

A photon energy of 6.2 keV was chosen for the experiment.
The sample was placed downstream from the focal position
where the beam diameter was approximately 5 mm. For tomo-
graphy, 1368 projections were recorded at angles equally
spaced between 0 and 3601, aiming at a circular field of view
(at the sample surface) of 50 mm in diameter. The complex-
valued projections were reconstructed using 300 iterations of
the difference map solver69 followed by 200 iterations of the
maximum-likelihood refinement70 using PtychoShelves71 and
with 400 � 400 pixels of the Eiger photon-counting detector72

with 75 mm pixel size positioned at a distance of 5.2341 m after
the sample, resulting in a pixel size of 34.88 nm. For the 3D
reconstruction, all measured projections were first aligned with
an iterative tomography alignment procedure described in ref.
73, before reconstructing the 3D volume using the filtered
backprojection method, with the filtering kernel multiplied
by sin(y) to account for the laminography geometry.74 The
half-pitch resolution of the 3D volume was estimated to be
58.6 nm using an intersection of the Fourier shell correlation
curve and the half-bit threshold.75

All images were processed using MATLAB and the open-
source software ImageJ. The data were cropped to a volume of
350 � 350 voxels � thickness (voxel size: 34.88 nm) for the
analysis. Grayscale images were segmented using Fiji’s Train-
able Weka Segmentation tool, which is a machine learning tool
that leverages a number of manual annotations and trains a
classifier to segment the remaining data automatically.76 In the
dry state, the four phases (i.e. IrO2, TiO2, ionomer, and void)
were successfully segmented. In the wet state, the contrast
between the wet ionomer and water (in the void) was insuffi-
cient, making the segmentation of these two phases unreliable.
All transport parameters were determined from the segmented
data using Geodict (Math2Market GmbH, Germany) with para-
meters similar to those reported in a previous study.38 The
electrical conductivity was calculated using Geodict’s Conduc-
toDict module77 based on the tortuosity and connectivity of the
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relevant phase in the respective direction. Here the conductivity
of the constituent materials (in our case IrO2 with a bulk
conductivity of 64 S cm�1)31,66 is computed by solving one
partial differential equation per direction of interest. To esti-
mate ionic conductivity, the bulk conductivity of Nafion of
85 mS cm�1 was assumed.65 The remaining phases were
assumed to be either electronic or ionic isolators.

5.3. Laboratory-based X-ray tomographic microscopy (XTM):
data acquisition and image processing

X-ray tomography images were acquired using a lab-CT scanner
(Phoenix Nanotom M, General Electric, Germany). Cylindrical
samples with a diameter of 3 mm, prepared by wire cutting,
were mounted perpendicular to the beam. The acquisition
parameters were set to 120 kV and 80 mA, and a voxel cube
edge length of 2 mm was chosen. We acquired 2000 projections
over 3601 and 1000 ms exposure times (per projection), result-
ing in a scan time of approximately 2 h. For all the measured
PTLs, a region of interest (ROI) of 1900 � 1900 mm2 � PTL
thickness was chosen from the middle of the samples to avoid
edge effects. The tomographic grey-scale images were segmen-
ted either manually by selecting an appropriate thresholding
value or using the trainable Weka segmentation tool from Fiji76

(for MPEs and PTEs). All images were processed using the open-
source software ImageJ, transport parameters were estimated
using Geodict (Math2Market GmbH, Germany), and surface
renderings were prepared using ParaView software.

5.4. Electrochemical performance

5.4.1. PEWE cell and test bench. Electrochemical measure-
ments of the cells were performed using an in-house-developed
cell with an active area of 20 � 20 mm2. The prepared catalyst-
coated membranes (CCMs) on a Nafiont 115 membranes
(127 mm nominal dry thickness) were used for all measure-
ments. When the anode CL was coated onto the PTL (MPE/PTE
cases), only the cathodic CL was coated on the membrane. For
the CCM cases, both CLs were coated onto the membrane. On
the cathode side, a commercial gas diffusion layer (GDL) from
Toray, TCP 120, with 10% wt wet proofing (360 mm thickness,
purchased from Quintech, Germany) was used. At the anode, a
particle-sintered-based Ti-PTL with a particle-based MPL from
NovElyTis with 2 mm total nominal thickness was used.
For reference measurements, a Ti-Felt from Bekaert (Belgium)
with 1 mm thickness and 22 mm nominal fiber size was
used (2GDL40-1.0). The oxide passivation layer on the Ti-
MPL/PTL was removed or minimized by an acid etching78 step
in 2 mol L�1 aqueous HCl for 20 min at room temperature. This
procedure was followed by rigorous rinsing with deionized
water to remove residual acid and four 15 min ultrasonication
bath steps in deionized water, 50 vol% acetone/water, 50 vol%
ethanol/water, and deionized water. For the samples with
Pt coating, a 40 nm Pt layer was deposited on the MPL or
PTL by in-house (TIPSI, PSI) magnetron sputtering with argon
as a sputtering gas.

Two PTFE-coated fiberglass gaskets (FIBERFLONs, 1 �
130 mm and 1 � 260 mm on the cathode and 2 � 60 mm on

the anode) were used for gas tightness and electric insulation.
The cell included a spring mechanism that maintained a con-
stant CCM compression (2.5 MPa) and was independent of the
PTL thickness and clamping pressure (higher for sealing rea-
sons). The cell had gold-coated flow fields with five parallel
channels (1 mm depth, 20 mm length, and 2 mm width)
separated by 2 mm ribs. A thermostat and thermocouple
were located close to the active area in the cell control, and
the cell temperature was measured during operation. DI
water was recirculated at the anode end with a volume flow of
30 mL min�1 cm�2 through an integrated ion exchange bed to
sustain water purity during the performance tests. An in-house
developed test bench was used.79 More information related
to the cell and the test bench can be found in the ref. 36, 39,
44 and 79.

5.4.2. Electrochemical measurements. The protocols for
the electrochemical performance tests were similar to those
described previously.36,39,44,79 For the electrochemical perfor-
mance, a Biologic VSP-300 (Bio-Logic SAS, France) potentiostat
is used, allowing for simultaneous high-frequency resistance
(HFR) measurements while recording the polarization curves.
The cells were conditioned at 5 bar in N2(g)/H2O(l) for at least
12 h, followed by a potentiostatic break-in cycle protocol (2.0–
2.6 V, 50 1C, 10 bar). Measurements were obtained when stable
performance and HFR were achieved. Polarization curves were
recorded in the current density range of 0.001–5 A cm�2 in
galvanostatic mode with holding times of 10 s for each current
density step. The upper safety voltage limit was set to 3 V to
avoid major cell degradation, indicating that the current den-
sity range was lower for poor-performing cells. The HFR was
measured at each step at 25 kHz for 1 s. All polarization curves
were recorded at 10, 5, and 1 bar at temperatures of 50 1C and
80 1C. Each measurement was repeated three times for each
cell, temperature, and pressure. For certain material combina-
tions, cell replicates were performed to confirm the results
(all loadings in the CCM configuration with Pt, high-loading
CCM without Pt, and MPE with Pt and medium loading).
Measurements at 10 bar, 80 1C are shown in this manuscript,
but similar trends are observed for all conditions.
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T. J. Schmidt and F. N. Büchi, J. Mater. Chem. A, 2021, 9,
22102–22113.

36 C. C. Weber, T. Schuler, R. De Bruycker, L. Gubler,
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Angelis and F. N. Büchi, ACS Appl. Mater. Interfaces, 2023,
15, 34750–34763.

45 J. A. Wrubel, Z. Kang, L. Witteman, F.-Y. Zhang, Z. Ma and
G. Bender, Int. J. Hydrogen Energy, 2021, 46, 25341–25354.

46 Z. Kang, J. Mo, G. Yang, S. T. Retterer, D. A. Cullen,
T. J. Toops, J. B. Green Jr, M. M. Mench and F.-Y. Zhang,
Energy Environ. Sci., 2017, 10, 166–175.

47 Z. Kang, J. Mo, G. Yang, Y. Li, D. A. Talley, B. Han and
F.-Y. Zhang, Electrochim. Acta, 2017, 255, 405–416.

48 E. Padgett, G. Bender, A. Haug, K. Lewinski, F. Sun, H. Yu,
D. A. Cullen, A. J. Steinbach and S. M. Alia, J. Electrochem.
Soc., 2023, 170, 084512.

49 M. Suermann, T. Gimpel, L. V. Bühre, W. Schade,
B. Bensmann and R. Hanke-Rauschenbach, J. Mater. Chem.
A, 2020, 8, 4898–4910.

50 P. Lettenmeier, S. Kolb, N. Sata, A. Fallisch, L. Zielke,
S. Thiele, A. S. Gago and K. A. Friedrich, Energy Environ.
Sci., 2017, 10, 2521–2533.

51 J. Polonský, R. Kodým, P. Vágner, M. Paidar, B. Bensmann
and K. Bouzek, J. Appl. Electrochem., 2017, 47, 1137–1146.

52 C. Liu, M. Carmo, G. Bender, A. Everwand, T. Lickert,
J. L. Young, T. Smolinka, D. Stolten and W. Lehnert, Elec-
trochem. Commun., 2018, 97, 96–99.

53 C. Liu, K. Wippermann, M. Rasinski, Y. Suo, M. Shviro,
M. Carmo and W. Lehnert, ACS Appl. Mater. Interfaces, 2021,
13, 16182–16196.

54 G. Doo, J. Park, J. Park, J. Heo, J. Jung, D. W. Lee, H. Bae,
J. Hyun, E. Oh, J. Kwen, K. M. Kim and H.-T. Kim, ACS
Energy Lett., 2023, 8, 2214–2220.

55 M. Bierling, D. McLaughlin, B. Mayerhöfer and S. Thiele,
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