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Anion-exchange membrane water electrolysis (AEMWE) is widely regarded as a promising
route toward low-cost and sustainable hydrogen production, enabling the use of earth-
abundant catalysts under mild operating conditions. Towards industrial implementation,
however, electrolyser safety is of critical importance, in particular regarding H2/O2 mixing due
to hydrogen crossover. In the pursuit of high cell efficiencies, AEMWE electrode designs
have oftentimes adopted architectures from proton-exchange membrane electrolysers,
incorporating catalyst layers comprising functionalised ionomer binders. While these designs
have demonstrated promising electrochemical performance, systematic investigations of
hydrogen crossover remain scarce, limiting the establishment of clear links between
electrode materials, gas transport, and operational safety.

This work elucidates how ionomer-rich cathode layers promote excessive electrode flooding,
leading to gas-transport limitations and ultimately to critically high hydrogen crossover.
Substituting functionalised ionomers with non-functionalised binder polymers, catalyst layers
with increased hydrophobicity are obtained, resulting in markedly reduced hydrogen
crossover without compromising electrolyser efficiency. A mechanistic description links
electrode wetting, gas transport and hydrogen crossover into a key design criterion for
AEMWE electrodes. In turn, our findings establish general design guidelines towards
electrode fabrication for safer and industrially viable AEMWE operation.
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The quest for high energy efficiencies pushes anion-exchange membrane water electrolysers
(AEMWE) to adopt designs comprising highly-functionalised catalyst/ionomer electrodes.
Unfortunately, undesirably high hydrogen crossover owing to such ionomer-based electrodes
has so far gone unnoticed. Here, we report on AEMWE cells employing non-ionic fluorine-
free binder polymers. The hydrophobic electrodes expel liquid electrolyte from transport
pathways, thereby reducing hydrogen supersaturation pressures. As a result, hydrogen
crossover is multifold reduced (down to 0.8% at 2 A cm2). Strikingly, even the electrol-
yser overpotential is reduced by 40 mV compared to the anion-exchange ionomer owing to
facile gas transport, affording electrolyser loads of 1.5 A em~2 at 1.88 V at 60 °C. The non-
ionic cathodes show durability beyond 1000 hours and operate in dual-feed as well as in
dry-cathode mode. The introduced design allows to select electrode materials from a much
greater library, with the anticipated result of new generations of durable electrodes for water

electrolysers and beyond.
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Anion exchange ionomer

Non-ionic fluorine-free binder polymer

Figure 1: Hydrogen crossover in anion-exchange membrane electrolysers is mitigated with direct-

membrane-coated electrodes based on non-ionic, fluorine-free binder polymers.

Anion-exchange membrane (AEM) water electrolysis (AEMWE) offers hydrogen produc-
tion at high current densities and high gas purities using low-cost materials X2 Active catalysts>®
and growing understanding of failure mechanisms>® have pushed AEM electrolysers to power
densities, energy efficiencies and durability approaching those of established alkaline and proton-
exchange-membrane electrolysers. 7!

Hydrogen gas crossover effects arise and must not be disregarded as the quest for ever-higher

energy efficiencies drives electrolyser designs towards thin membranes/separators: Large super-

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

saturation pressure leads to undesired hydrogen gas crossover into the anode oxygen gas stream if

produced hydrogen gas is not transported out of the cathode catalyst layer sufficiently fast. This
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poses the risk of explosive H,/O, mixtures, particularly at low current densities 213

Supersaturation pressure in the catalyst layer due to accumulation of produced hydrogen gas is

[{ec

caused by too narrow or blocked transport channels in the catalyst structure™ In many cases, this
is caused by excessive liquid electrolyte in the pores of the catalyst layers (Fig. [Th); such electrode
flooding was extensively studied for e.g. hydrogen fuel cells or CO, electrolysis electrodes 1517,
In most reports on AEMWE, electrode design rules are adapted from proton-exchange-membrane
water electrolysers (PEMWE): Catalyst layers comprise highly-functionalised ionomers, despite
operating the cells in alkaline supporting electrolyte. In PEMWE (usually operated in ultra-pure
water), the amphiphilic poly(perfluoro sulfonic acid) polymers (PFSA) form ionic channels re-

quired for proton transport, but repel excessive water from the catalyst layer™® In contrast, most
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anion-exchange ionomers are based on fluorine-free polymers, which do not repel water to the
degree of PFSA 2%l Ag a result, AEMWE catalyst layers lack hydrophobic sites, associated with
bubble nucleation and gas transport paths 223,

While Hs crossover data is to date frequently unreported in AEMWE literature, first very recent
contributions observed greatly elevated undesired H; crossover levels (>4%) at partial load.™ Else-
where, gas transport was shown to be improved in AEMWE/alkaline electrolyser cells by e.g.
implementing poly(tetra-fluoroethylene) (PTFE) into gas-diffusion-type electrode structures 24729,
However, all perfluorinated materials are currently under assessment for their lasting environmen-
tal impact due to bioaccumulation, and alternative solutions need be explored urgently.*

Here, we report fluorine-free catalyst layers based on non-ionic binder polymers that afford
AEMWE with low hydrogen crossover (Fig.[Ib). The cathode catalyst layers with strong adhesion
are prepared by direct-membrane coating. We demonstrate how in the presence of mild alkaline
electrolyte, ionic functionalisation of the catalyst layer binder polymer is not required for ionic
transport in the catalyst layer, not even in dry-cathode operation. The non-ionic polymer affords
hydrophobic, yet fluorine-free electrodes. The consequence is a multifold reduction in hydrogen
gas crossover at all current densities (0.8% at 2 A cm™2 and < 2% down to 0.25 A cm™2, com-
pared to 2% at 2 A cm~2 for electrodes based on a strongly hydrophilic anion-exchange ionomer).
Further, facile hydrogen transport out of the catalyst layer affords a 50 mV reduced overpoten-

tial at 2 A cm~2. The introduced design strategies open new pathways to scalable, durable and

sustainable electrodes for water electrolysis.

Results and Discussion

We propose catalyst layers based on non-ionic binder polymers, which afford a number of advan-
tages over the traditional design employing anion-exchange ionomers. Generally, requirements
such as chemical, mechanical and thermal durability need to be met by any material in the elec-
trolyser cell. It is demonstrated in ensuing sections that ionic conductivity is not required for the

cathode binder polymer in the presence of mild supporting electrolyte. The exemplary commercial
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example materials chosen in this study are the poly(imidazolium)-based anion-exchange ionomer
AP3-HNN9, and the non-ionic polymer poly(vinyl benzyl chloride) (PVBC). The binder polymers
were utilised to cast cathode catalyst layers by direct-membrane coating onto a reinforced DU-

RAION® AEM provided by Evonik, as described in ensuing sections.

Electrolyser operation.

Direct-membrane-coated cathodes (to be described below) were examined in 25 cm? single-cell
AEM-electrolyser tests. The 25 cm? testing was carried out in a designated test cell of the
AEMDirekt consortium; the drawings of cell are published via the AEMDirekt*® consortium and
available from the authors upon reasonable request. The electrodes were benchmarked in two cell
configurations: 1) the base cell design of AEMDirekt, where the cathode is contacted by a plain
316L Siemens-Energy-internal porous transport layer, in order to be able to attribute all obser-
vations specifically regarding hydrogen crossover to the catalyst layers themselves (rather than
masking any trends by the use of gas-diffusion-type electrodes); and 2) a performance-improved
cell design where a Siemens-Energy-internal carbon fleece is inserted between the cathode catalyst

layer and the stainless steel porous transport layer. In both configurations, the same plain stainless

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

steel porous transport layer is used as anode catalyst (as previously also seen in literature %)

The electrochemical performance of the cathode catalyst layers based on the two binder polymer

Open Access Article. Published on 05 May 2026. Downloaded on 5/5/2026 11:16:57 PM.

configurations is initially evaluated in the first cell configuration (Fig. [2a). In this base configura-

tion, the electrolyser operated at 2.24 V at 2 A cm~? for the electrode based on the anion-exchange

(cc)

ionomer and 2.20 V for the non-ionic polymer, respectively. The cell potentials of the cathode
based on the hydrophobic PVBC are 40 mV improved towards lower cell voltages compared to
the anion-exchange ionomer. This demonstrates that the proposed electrode design is without
drawbacks equally applicable under practical AEMWE conditions. It is evident that additional
ionomer-based ionic transport through the polymer in the catalyst layer is not required in presence
of mild alkaline supporting electrolyte. Notably, no increases in the overpotential slopes at high
current densities are observed, indicating that the cathode catalyst layer is not under-supplied
of reactant water in these conditions. Rather, an improvement in cell potentials at high current

densities appears to stem from reduced mass transport resistance of product gas away from the
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catalyst sites.

In consequence, the reliable operation of the AEM electrolyser cells based on non-ionic polymers
is demonstrated through stable operation in a constant-current hold at 1.5 A cm~2 for >1000 h in
combination with a Siemens Energy carbon felt contacting the cathode (Fig.[S3). The electrolyser
cell based on the non-ionic polymer showed a begin-of-life voltage of 1.88 V and operated for
>1000 h with around 90 pV h~! degradation. These test results indicate suitability of the proposed
robust electrode designs to be scaled to pressurised kW-MW stacks. Further improvements in
the cell voltages will be achieved by combining the here-presented cathodes with a highly active
anode catalyst, selecting optimal contact structures for anode and cathode, and increasing the
operating temperature of the electrolyser.

For purposes of improved hydrogen gas purity and reduced balance-of-stack periphery, it has been
demonstrated to be beneficial to operate AEM electrolysers in dry-cathode, e.g. not feeding any
supporting electrolyte into the cathode compartment:2*2! If no supporting electrolyte is present in
the cathode, it would seem ionic functionalisation of the polymer would be required to maintain
sufficient hydration, readily at moderate current densities around 1.5 A cm~22253 Strikingly, the
presented cathodes based on the non-ionic hydrophobic polymer (for comparative purposes in the
electrode configuration again without any gas diffusion layer) operate reliably even in dry-cathode
operation without any signs of mass transport limitations up to 2 A cm~2 (Fig. ). It appears
that small amounts of KOH salt pass through the membrane from anode to cathode due to swelling
of the membrane, and as a consequence, a salt gradient alone affords sufficient driving force for
the required water transport. This mechanism appears to be in sufficient effect irrespective of the
cathode binder polarity. As the electrolysis consumes water on the cathode, the local concentration
of KOH increases. In turn, a gradient in osmotic pressure generated by the gradient in salt
concentration versus the anode. From the required water flux at 2 A cm=2 of 3.7 1073 L m s~ !,

2

assuming common AEM water permeabilities** of Ay,o ~ 1075 L m~2 s~! bar™!, the osmotic

Ji . . .
A’:g is estimated around 2100 bar; in turn, the expected
2

gradient pressure gradient Am =

concentration gradient (in a first approximation disregarding activity coefficients/...) Ac = —=

with n=2 for KOH is estimated around =2 bar, i.e. with I M KOH in the anode, at least 3 M local
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concentration is expected at the dry cathode. Further, given the magnitude of the osmotic pressure,
this transport mechanism and therefore electrode concept is expected to hold even against e.g.
10-30 bar differential pressure.

In a constant-current hold at a current density of 1.5 A cm~2, a further two-fold reduction in
the H, crossover down to ~ 0.3% is observed in dry-cathode compared to dual-feed operation.
The feasibility of the proposed non-ionic design is confirmed, even in dry-cathode operation.
Electrolyser cell voltages are expected to improve significantly when the presented material
concepts will be implemented into cell configurations featuring highly active anode catalysts and

optimal contact structures for anode and cathode.
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Figure 2: a. Polarisation curves, b. hydrogen crossover and ¢. molar hydrogen flux versus ap-
plied current density during a staircase profile for anion-exchange-membrane water electrolyser
cells comprising cathode catalyst layers based on either an anion-exchange ionomer or a non-ionic
hydrophobic polymer; d. calculated hydrogen supersaturation pressure at the cathode; all experi-

ments carried out at 60 °C ambient pressure.
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Hydrogen crossover.

The hydrogen crossover as function of applied current density of the two electrode configurations
was recorded in a downwards-staircase profile from 2 A cm~2 towards 0.1 A cm~2 at 60 °C and
ambient pressure (Fig. [2b, Tab.[I]). At each current density, sufficient time was afforded for the Hs
crossover reading to stabilise (Fig. [S3).

The hydrogen crossover for the cells based on the traditional anion-exchange ionomer was around
2% at 2 A cm~? and increased to 3.5% at 0.25 A cm~2. Given that a safety threshold of 2% H,
in O, is mandatory for large electrolyser plants, this implies that electrolyser cells based on many
proposed designs in literature comprising electrodes based on anion-exchange ionomers would
practically not be scalable to operate in industrial settings. Therefore, such hydrogen crossover and
hence underlying hydrogen supersaturation pressure needs to be mitigated (as discussed below).
In consequence, the fluorine-free non-ionic and therefore hydrophobic binder polymer poly(vinyl
benzyl chloride) was introduced to replace anion-exchange ionomer as binder polymer in the cath-
ode catalyst layer. The resulting catalyst layers were found to be significantly hydrophobic with
water/air contact angles of around 130° (compared to 68° for ionomer-based electrodes, see be-

low in Fig. @p-c). Indeed, the resulting hydrogen crossover is reduced across all current densities,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

showing ~ 3% at current densities as low as 0.1 A cm~2 down to 0.72% at 2 A cm 2. Therefore,

through the implementation of non-ionic fluorine-free binder polymers, safe electrolyser operation
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down to ~20% partial load is achieved. In this sense, the present results mirror earlier reports

(cc)

on dry-cathode operation, where low hydrogen crossover values were observed; here, comparable
behaviour is observed through deliberate tuning of the cathode wettability via the selection of a
hydrophobic binder polymer.

Eq. (S8) is applied to convert the hydrogen crossover sensor readings Yy, (in %) to a molar flux
of hydrogen into the anode per unit area and time (Jexp, Fig. 2c). The hydrogen flux increases lin-
early with current-density in both electrode configurations. The slopes of the two lines converging
onto a similar y-offset confirms that the reduced hydrogen crossover indeed stems from electrode
transport and not membrane effects. !

Subsequently, a physicochemical transport model is applied to the obtained data to model hydrogen
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Table 1: Experiment data and model results by cathode configuration.

Anion-exchange ionomer | Hydrophobic polymer
s | H;inO; @ 2 A cm™?
= 1.9+0.1 0.72 £0.2
= (%)
E |Hyin0, @ 0.1 Acm™2
5 >4 31+0.3
Z| @
* @2Acm?
g | P 7.0+£0.3 35407
2 | (bar)
e
T | K
3 34+4 97 £ 30
= | (mms™!)
Dt
e 27403 2.0+ 0.4
(10 8m? s71)
Transport time
029 £0.3 0.1 +£0.3
(ms)

generation in the cathode catalyst layer. The underlying mathematical description of a transport
velocity of hydrogen gas out of the cathode catalyst layer was adapted from earlier efforts from
our group;*> the description for the presented case is derived in the supporting information. The
model includes faradaic hydrogen generation at the cathode, transport through the cathode catalyst
layer into the electrolyte bulk, as well as hydrogen crossover towards the anode by means of diffu-
sion and electroosmotic drag. The drag coefficient of the membrane was estimated by evaluating
the electrolyte fill level readings during each current density step of the staircase profile (Fig. [S6),
giving a drag coefficient £ around 1.5 HoO per OH~ (Fig.[S7).

The central obtained parameter from the physicochemical model is the supersaturation pressure at
the boundary layer between cathode and membrane py;, (Fig. @d). Large supersaturation pressure
not only increases the gradient of hydrogen pressure across the membrane provoking diffusion
towards the anode, but also increases mechanical forces within the cathode catalyst layer, poten-

tially resulting in faster deterioration of the catalyst layer. This supersaturation pressure increases
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with increasing current density as more product gas is accumulating in the cathode catalyst layer.
In case of the anion-exchange ionomer, the transport of hydrogen gas out of the cathode into the
bulk is blocked by liquid electrolyte penetrating into the catalyst layer pores. In consequence, the
supersaturation pressure is estimated to reach around 7 bar at 2 A cm~2. In case of the hydropho-
bic polymer, the pressure at the boundary layer is two-fold lower around 3.5 bar, indicating facile
hydrogen transport out of the cathode layer.

The transport rate of hydrogen out of the cathode is represented in the mathematical model as a
transport coefficient k) (in m s~* and therefore comparable to a velocity). In accordance with the
decrease in cathode supersaturation pressure, the transport velocities are estimated as 34 mm s~!
in the electrode based on the anion-exchange ionomer, and 97 mm s~! in the electrode based on
the hydrophobic hydrocarbon polymer (Tab. [I). For the effective diffusion coefficient through the
swollen membrane, similar values for both electrode configurations are obtained from the mathe-
matical model, around 2.7 0.3 10~® m?s~! and 2.0 £0.4 1078 m?s~*, respectively. This provides
initial confirmation that the underlying transport processes are accurately attributed in the model:

Hydrogen crossover is reduced in case of the hydrophobic polymer, as hydrogen transport out

of the cathode occurs faster, while the effective membrane coefficient, independent of possible

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

electrode configurations, remains unchanged. Applying the obtained effective transport velocities

across the catalyst layer thickness of ~ 10 um gives effective transport times for hydrogen out of
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the cathode of 0.29 ms for the anion-exchange ionomer, while only 0.10 ms for the cathodes based

(cc)

on the hydrophobic polymer.

The reduced hydrogen crossover is directly linked to the contact angle of the electrodes via a
Young-Laplace description: A hydrophobic contact angle leads to de-wetted catalyst layer pores
readily at lower capillary pressures. As a consequence, the liquid saturation of the catalyst layer
pores is reduced. In turn, the pore network in the catalyst layer remains gas-connected and hy-
drogen transport occurs more rapidly. The reader is referred to the derivation in the supporting
information regarding the extraction of related transport parameters, such as catalyst layer liquid
saturation and effective hydrogen diffusion coefficients.

Once a set of material parameters is obtained, our model allows the estimation of how modifi-

10
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cations in the cell components affect macroscopic parameters such as hydrogen crossover. For
instance, at small current densities where the effect of drag is small (ngag < Jﬂ;ﬂ), the observed
hydrogen crossover scales inversely with the membrane thickness Yy, oc Joxp lg—:f. Assuming
membrane materials with similar D.g, Fig. [S8| shows how the hydrogen crossover is expected to
decrease with effective wet membrane thickness. Based on the ionomer-based electrode design,
membrane thicknesses of >150 um would be required to reduce the hydrogen crossover down to
< 2%. However, for such thick membranes, area-specific resistances of =250 m{em? are ex-
pected, which would lead to electrolyser potentials far beyond economic viability. For deeper
analyses of the leverages of e.g. electrode gas transport velocities on the hydrogen crossover, the
reader is referred to our earlier publication®> Overall, this estimation is a clear signal that strategies

to reduce hydrogen crossover must be sought in both membrane and electrodes.

Direct-membrane-coating.

When scaling electrolyser technologies to industrial production, spray coating highly-volatile
alcohol-based catalyst inks, as employed in many reports on high-performing AEMWE, is not
feasible due to safety concerns regarding the large amounts of evaporating volatile flammable
solvents.*® In contrast, direct-membrane coating offers low-waste, high-precision deposition of
firmly-adhering PEMWE and AEMWE electrodes?*28 Industrial-scale coating processes com-
monly employ high-boiling solvents to control evaporation kinetics during drying steps.***“*! How-
ever, compared to metal/metal-oxide materials, most ion-exchange membranes for AEMWE or
PEMWE are susceptible to temperatures above 150 °C. This constrains drying steps to moderate
temperatures and slows down drying processes. As a consequence, slower drying may lead to
less-porous catalyst layers with narrow transport channels for product gases. Here, we show how
AEMWE electrodes with low hydrogen crossover are manufactured by direct-membrane-coating
fluorine-free polymers.

First, catalyst pastes were prepared from stock solutions of the respective polymer and the plat-
inum black catalyst. Fig. |3a shows the amplitude sweeps for pastes based on the anion-exchange
ionomer and non-ionic binder polymers. The ionomer-based paste shows a pronounced network

in form of a linear viscoelastic region. The hydrophobic polymer binder paste does not show such,

11
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Figure 3: a. Rheological amplitude sweeps and b. viscosity curves of electrode pastes.

Table 2: Key indicators of rheology and direct-membrane-coated electrodes.

Paste parameter Anion-exchange Ionomer | Non-ionic polymer
Yield Stress 7, (Pa) 45+1.6 -

Flow Point 7; (Pa) 29+9 50+ 1.0
Consistency Index K (Pas) | 95 4 20 17.8 + 1.3

Flow Index n 0.30 £+ 0.03 0.39 +0.02
Electrode parameter

Contact Angle 6 (°) 677+ 14 129.0 = 1.1

hinting towards better dispersed catalyst particles forming a less pronounced network. The flow
point 7¢ mirrors this observation, showing a shear stress of 5 Pa for the hydrophobic and 29 Pa for
the hydrophilic polymer binder (Tab. [2). An increase in the storage modulus is observed at high
amplitude for the hydrophobic binder polymer paste; similar observations in literature link this

behaviour to particle jamming through the collision of particles in the measuring gap.*>

Fig. 3b shows the flow curves for the electrode pastes. The ionomer-containing paste shows a

ning, reaching ~1 Pas for the hydrophilic and ~0.2 Pas for the hydrophobic binder at 1000 s~".

12

ten-fold higher low-shear viscosity than the hydrophobic counterpart, highlighting the more pro-

nounced network between the components. Both electrode slurries display pronounced shear thin-
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Interestingly, at shear rates where the shear stress is similar to where the particle jamming in the
amplitude sweep occurs, the flow curve of the hydrophobic paste shows a slight plateau, potentially
highlighting the increased flow resistance.
The electrode slurries were applied by doctor-blade onto reinforced DURAION® AEM provided
by Evonik to obtain macroscopically homogeneous electrode layers (Fig. [da). Consequently, we
introduced the water/air contact angles of the different electrodes as measures of the wettability of
the catalyst/polymer surface (Fig. [db-c): The hydrophilic anion-exchange ionomer in combination
with the Pt@C catalyst resulted in contact angles around ~68 °, while the hydrophobic polymer in
combination with the catalyst formed a hydrophobic layer resulting in a contact angle of ~129 °.
This confirms that selecting non-ionic polymers as electrode binder polymers affords hydropho-
bic, yet fluorine-free electrodes that enable electrolyser operation with low hydrogen crossover by
expelling excessive liquid electrolyte from gas transport pathways out of the catalyst layer.
pH-dependent apparent zeta potential measurements confirm the greater hydrophobicity of the
electrode containing the non-ionic polymer compared to the electrode comprising the the anion-
exchange ionomer. At neutral to basic pH, the hydrophobic polymer exhibits a plateau in the
apparent zeta potential at significantly larger absolute values than the ionomer, implying a more
hydrophobic surface for electrode containing the non-ionic polymer binder paste (Fig. [S9)#344
While water molecules are repelled from hydrophobic surfaces, the adsorption of hydroxide ions
may be favored resulting in a more negative zeta potential at neutral pH.** The anion-exchange
ionomer with its cationic groups leads to a shift of the isoelectric point to higher pH.
A cross-section of a coated AEM confirms the homogeneity of the applied coating (Fig. @a). The
~75 pum thick reinforced DURAION® membrane is seen. The membrane comprises distinct
~25 um circular reinforcement fibers that are woven into a mesh. The dry catalyst layer thick-
ness is obtained around 8-10 pum (after drying of the initially applied as 45 um wet film).
Physisorption measurements (Fig. reveal that the membrane-coated catalyst layers exhibit
specific surface areas are of the same order of magnitude, 5.094+0.03 m?g~! and 3.48+0.01 m?g~!
for the anion-exchange ionomer and the non-ionic polymer, respectively (as a reference, the spe-

cific surface area of the bare membrane was 0.1 m2g~!). The rise of the isotherms for large relative
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Figure 4: a. Photograph of cathode catalyst layer applied onto the reinforced DURAION® AEM

provided by Evonik; b. Water/air contact angle of catalyst layer based on the anion-exchange

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ionomer and c. hydrophobic polymer; d. Cross-section electron microscopy of direct-membrane-

coated cathode catalyst layer.
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pressures indicates the presence of macropores (>50 nm, see Fig. -b). In an attempt to quan-
tify the macroscopic pore structure, the catalyst pastes were deposited onto a dense carbon felt for
through-plane porometry (Fig.[STI). Capillary flow porometry reveals that both electrode systems
comprised through-plane pores of similar sizes, with mean flow pore sizes of 1.004+0.02 yum and
1.1040.04 um, respectively; this indicates that in such geometry, the macroscopic pore structure

is governed by the underlying carbon felt (mean flow pore sizes of 1.2540.10 um).
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Conclusion and Outlook

Non-ionic fluorine-free binder polymers are a solution to industrially manufacture AEMWE elec-
trolyzers. Direct-membrane-coating is successfully employed to manufacture durable cathode lay-
ers. The hydrophobicity of the non-ionic polymers reduces the hydrogen supersaturation due to
blocked transport pathways in the catalyst layers and affords significant reductions in hydrogen gas
crossover, as well as improved overpotentials. Despite the lack of ionic conductivity, the electrodes
operate without transport limitations even in dry-cathode configuration at 1.5 A cm™2.

The non-ionic binder polymers were introduced here for direct-membrane-coated electrodes,
nonetheless, the authors have observed similar trends towards greatly reduced hydrogen crossover
for e.g. substrate-coated (CCS-type) electrodes. Generally, removing the constraint of ionic con-
ductivity from the electrode polymers allows to select from a much wider range of materials.

Therefore, this report paves the way for new durable and scalable electrode designs, not only for

AEMWE but likewise for other electrolyser technologies and beyond.

Materials and Methods

Materials. 1 M potassium hydroxide solution was procured from CSC Jaekle Chemie. The rein-
forced DURAION® AEM was provided by Evonik to Siemens Energy under the AEMDirekt con-
sortium agreement. The poly(vinyl benzyl chloride) hydrophobic binder polymer (M, =55 000,
M, =100 000) in this case study, as well as any catalyst paste solvents, were purchased from
Sigma-Aldrich. The HNN9 ionomer was purchased from Ionomr Innovations. A Siemens Energy
stainless steel (316L) porous transport layer is used as anode without any further plating. The
cathode catalyst employed is a platinum black. Porofil was obtained from Anton Paar QuantaTec,
potassium chloride was purchased from Sigma-Aldrich, hydrochloric acid (0.5 M) and potassium
hydroxide solution (0.5 M) were acquired from Carl Roth, Nitrogen gas (99,999%) was purchased
from Widmann Gase GmbH, Krypton gas (99,99%) was procured from Air Liquide. A carbon
felt was purchased from Freudenberg Performance materials. Further experimental details may be

shared upon reasonable direct request to the authors under appropriate confidentiality agreements.
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Electrode pastes and Rheology. The catalyst pastes for direct-membrane coating were prepared
by blending the Pt@C-based cathode catalyst with a polymer stock solution in the paste solvent
system and mixing three times for 5 minutes at 3500 rpm in a speed mixer (Hausschild). Further
experimental details may be shared upon reasonable direct request to the authors under appropri-
ate confidentiality agreements. After processing, the rheology of the pastes was measured using a
rotational rheometer (MCR 92, Anton Paar, Austria) equipped with a plate—plate geometry (diam-
eter: 50 mm). The measurement gap was set to 0.35 mm, and excess material was trimmed prior
to testing. A Peltier temperature control system maintained the sample at 20 °C throughout the
measurements. To minimize evaporation, a solvent trap was applied. Before the main characteri-
zation, the samples underwent an initial pre-shear at 5 s~ for 60 s and a temperature control stage

to ensure structural homogenization. The main procedure was performed in two stages:

1. Amplitude Sweep: Conducted at a constant angular frequency of w = 10 rad s~!, with strain

amplitude ~ ranging from 0.1% to 100%, to determine the linear viscoelastic region (LVE).

2. Flow Curve: The viscosity 77 was measured as a function of shear rate % from 0.1 s™! to

2000 s~ 1.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

All measurements were replicated at least twice to ensure reproducibility. The flow curve was

fitted using the power-law model to obtain the paste-specific parameters: Consistency index (K)

Open Access Article. Published on 05 May 2026. Downloaded on 5/5/2026 11:16:57 PM.

and flow behaviour index (n). The yield point (7) and flow point (7;) were extracted from the

(cc)

amplitude sweep based on the crossover and deviation of the storage modulus G’ and loss modulus
G". The limit of the linear viscoelastic region (LVE) was defined as a 5 % deviation according to
ISO 6721-10.

Electrode fabrication by direct-membrane coating. The catalyst paste was applied as a ~25 cm-
long stripe directly onto the reinforced DURAION® AEM provided by Evonik by a doctorblade
process on a vacuum chuck (Coatmaster 510, Erichsen). The coating speed was 15 mm s~ !
(0.9 m min~'). The coating gap was 45 um (Model 288, Erichsen), resulting in a Pt-loading
of ~0.3 mg cm~2. The cathodes were dried at 60 °C for 14 hours. The Pt loading was around

0.3 mg cm~2 (determined by X-ray fluorescence, FISCHERSCOPE® X-RAY XDV®-SDD).
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Contact angle measurements. The contact angle measurements were carried out on a Drop Shape
Analyser DSA25 (Kriiss). The drop shape was tracked with a camera at 10 frames per second.
The contact angles were recorded between 1-5 seconds after the drops of the target liquid were
placed onto the electrodes (to allow the drop shape to settle into shape, but before significant
volume uptake into membrane/electrodes would occur). At least three drops of each target liquid
were measured for each electrode configuration at different locations. The authors attempted to
characterise the electrodes’ free surface energies by combining the water/air contact angles with
the contact angle of other liquids (diiodomethane, formamide, ...). Unfortunately, such contact
angles were too small (< 5°) to allow accurate determination.

Electron microscopy. The electron microscopy images were collected on an Axia microscope
(Thermo Fisher).

Solid density measurements. Density measurements were performed on a gas pycnometer (Ultra-
pyc 5000 Micro, Anton Paar) using nitrogen as analysis gas. For analysis, the samples were cut
into pieces and transferred into the micro cell (4.5 cm?®). For achieving most precise results, the
measurements were performed in “sample chamber first” direction at a pressure of 1.31 bar (sam-
ple chamber is pressurized, followed by pressure equilibration into the reference chamber). The
sample chamber was prepared by a gas flow through the cell for 1 min.

Capillary flow porometry. For characterizing the through pores in the electrodes, they were de-
posited onto carbon felt substrates and were characterized using a capillary flow porometer
(Porometer 3G zH, Anton Paar). For analysis, disks with a diameter of 24 mm were prepared
by punching. Porofil was used a wetting fluid. The blank carbon fleece was measured as a refer-
ence. The wet measurement was conducted before the dry measurement.

Membrane swelling. The in-plane (X,y)-swelling of membranes was evaluated using an optical
microscope (VHX 6000, Keyence). The membrane samples were cut into pieces measuring
8 x 10 mm. The samples were positioned between two glass slides and the precise dry dimen-
sions were recorded using the integrated software of the microscope. Subsequently, the membrane
samples were immersed in the target medium in an oven at the target temperature for 24 hours prior

to repeating the measurement. A steel plate comprising an adjustable heating cartridge was posi-
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tioned on the microscope to maintain the target temperature during the measurement. To prevent
the sample from drying during analysis, several drops of the target solution were added between
the glass slides.

Out-of-plane (z)-swelling was evaluated by recording the thickness of a series of membrane sam-
ples using a Mitutoyo micrometer gauge.

The reported swelling values at elevated temperatures should be regarded as best estimates, but are
aware that rapid drying kinetics may result in underestimation of the media uptakes.

The volumetric electrolyte uptake €, is calculated as the relative volume increase.

Vwet(t> CKOH) - V:iry(t)
Vivet (£, ckon)

&)

€m —

Membrane permeability. The permeability of hydrogen of the dry membrane was quantified in a
permeation cell comprising two compartments, separated by the membrane sample. Both chambers
were initially evacuated and flushed with hydrogen gas until the pressure reached <1 mbar, after
which the evacuation is repeated. Hydrogen pressures of 2 bar in the top compartment (pyigh,0) and
1 bar in the bottom compartment (piow,0) Were applied, resulting in an initial differential pressure

of 1 bar across the membrane. Subsequently, pressure sensors (Ahlborn FD821412A) were used

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

in both compartments to detect the rise in pressure within the bottom chamber (pjoy (%)) over the

course of 24-48 hours (or until no differential pressure was left). With the known volume of
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the lower chamber V', membrane thickness d,, and exposed area A,,, the permeability Py A g

obtained from a linear fit.

(cc)

o — P A RT
In ( Phigh,0 — Plow,0 ) _ Hp " )

Phigh,0 — Plow(?) omV
Electrochemical testing. The 25 cm? testing was carried out in the designated test cell of the
AEMDirekt consortium; the drawings of cell are published via the AEMDirekt consortium
and available from the authors upon reasonable request. Prior to electrochemical testing, a
6.5 cm x 7.5 cm segment was cut from the electrode coating and activated ex-sifu at 60 °C in
1 M KOH three times; the first two times 20 minutes and finally overnight, as aligned in funding
project AEMDirekt.

The electrodes were benchmarked in two cell configurations: 1) the base cell design of AEMDi-
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rekt, where the cathode is contacted by a plain 316L Siemens-Energy-internal porous transport
layer in order to be able to attribute all observations specifically regarding hydrogen crossover to
the catalyst layers themselves (rather than masking any trends by the use of gas-diffusion-type
electrodes); and 2) a performance-improved cell design where a Siemens-Energy-internal carbon
fleece is inserted between the cathode catalyst layer and the stainless steel porous transport layer.
In both configurations, the same plain stainless steel porous transport layer is used as anode cata-
lyst (as previously also seen in literature 2%). The tests were carried out at ambient pressure (1 bara
+ 150 mbar) on a testrig with symmetric lye circuits at 60 °C (Fig. [SI). Each side contained a
6 L electrolyte tank (DRB 237 6L 4x(G1/4”, Thielmann), which simultaneously served as a gas
separator. 1 M potassium hydroxide solution was, unless otherwise noted, fed into both elec-
trode compartments of the electrolyser cell at 150 mL min~!. The gas streams from the outlets
of the gas separators were cleaned from any lye/aerosol particles with inline water spray nozzles
(220.004.1Y.AC.00.0, Lechler). Subsequently, the gas streams were dried by cooling to 6 °C dew
point (EC S, M&C). Thereafter, the gas impurities Hy in O5 (as well as O; in Hy) were measured
with a thermal conductivity sensor (FTC300, Pro-Chem Analytik) and fuel cell (Oxitrans II, Pro-
Chem Analytik), respectively. A VMP-300 potentiostat with 70 A booster (Biologic) served as
power source for the experiment.

After mounting the cell, the lye circuits were heated to 70 °C unless otherwise noted. There-
after, a series of conditioning steps was carried out according to protocol harmonised across the
AEMDirekt consortium, starting with a staircase holding 250 seconds each of 0.01 A cm~2, then
0.1 A cm~? and subsequently 0.1 A cm~2 steps up to 1 A cm~2, which was held for 1 hour. Next,
to ensure the cell being at equilibrium at the starting current density of the following characteri-
sation of 0.001 A cm~2, a 30-minute preparation interval at 0.001 A cm~2 was applied between
the conditioning phase and the subsequent polarisation curve; the polarisation curve was carried
out according to the EU-harmonised polarisation curve for high-current-density electrolysers (up
to2 A cm™2) 4

Following the conditioning phase and polarisation curve, a crossover staircase profile was run,

starting at the largest current density of 2 A cm~2, followed by step-wise reductions of the cur-
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rent density to 1.5, 1, 0.75, and 0.5 A cm~2 with a hold duration of 4 hours each, and ultimately
0.25 A cm~2 (12 hours) and 0.1 A cm™2 (24 hours). The longer hold durations at lower current
densities were required to attain equilibrated gas impurity levels owed to the accordingly lower
gas evolution rates. The testrigs were programmed to stop operation in case any values greater 4%
H, in O, or greater 0.8% O, in Hy were reached. At least two reproductions were carried out for
all of the Hy crossover staircase profile, while five independent tests were carried out recording
polarisation curves of each electrode configuration.

Zeta potential analysis. The zeta potential at the electrode-water interface was determined from
the measurement of the streaming potential with an electrokinetic analyzer for solid materials
(SurPASS 3, Anton Paar). The electrode materials were deposited onto carbon fleece substrates
and disks with a diameter of 14 mm were punched and mounted in the cylindrical compartment
of the instrument’s sample holder. The permeation mode of streaming potential measurement was
selected where the aqueous test solution is forced to flow through the porous sample by means
of an applied pressure difference. A 1 mM KCI solution was used as the base electrolyte and
pH was adjusted with 0.05 M potassium hydroxide and 0.05 M hydrochloric acid, respectively.

For ensuring an equilibrated electrode-water interface, the samples were rinsed four times prior to

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

a triplicate measurement of the streaming potential at each pH titration step. The zeta potential

calculated from the measured streaming potential according to the classic Smoluchowski equation
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is labelled "apparent’ to account for the unknown contribution of electrode conductance.

(cc)

Physisorption. The physisorption measurements were performed on gas adsorption analyzers
(Nova 800, Anton Paar and Autosorb 6100, Anton Paar). For analysis, the electrodes and blank
membrane samples were cut into pieces and transferred into calibrated 9 mm (outer diameter) mea-
suring cells with a large bulb. To activate the sample and remove physically adsorbed material from
the surface, the samples were heated to 100 °C and evacuated for 12 h at the degassing stations
integrated into the gas analyzers (such moderate conditions were chosen to prevent irreversible
changes of the polymer membrane at elevated temperatures). The sample weight was determined
before and after activation. A filler rod was inserted into the measurement cell after sample ac-

tivation for reducing the void volume during analysis. Each filler rod was also inserted during
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cell calibration. For preventing gas intercalation into the polymer membrane, the void volume of
the measurement cell was not determined using helium but calculated from the sample’s density
and the inner volume of the calibrated measuring cells with filler rod. The physisorption measure-
ments on the electrodes were carried out using nitrogen as adsorptive on the analysis stations of
the Nova 800. Due to the small specific surface area of the membrane reference, physisorption
measurements on the membrane were carried out using Krypton on the Autosorb 6100 (due to the
low saturation pressure of krypton and small number of non-adsorbed gas molecules in the sample
cell, it is significantly more sensitive than nitrogen and therefore commonly used for analysis of
thin films and low surface area materials*®). All physisorption analysis were conducted at 77.35 K
using liquid nitrogen as a cryogen for cooling the sample. BET analysis was performed in a range

from 0.05 — 0.3 relative pressure.
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