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Abstract

This study reports the synthesis and characterization of anion exchange membranes
(AEMs) tailored for application in alkaline water electrolysis for green hydrogen
production. Novel membranes were developed by crosslinking polybenzimidazole (PBI)
and poly(vinylbenzyl chloride) (PVBC) in a 1:2 ratio, followed by quaternization with either
1,4-diazabicyclo[2.2.2]octane (DABCO) or 1-methylpyrrolidine (MPY). Their performance
was benchmarked against commercial membranes, including Fumasep® FAA-3-50 and
Dapozol M-40. The membranes were thoroughly characterized by scanning electron
microscopy with energy-dispersive X-ray spectroscopy, infrared and Raman
spectroscopies, ionic conductivity, ion exchange capacity, water uptake and swelling
measurements. Additionally, molecular dynamics simulations were performed to
determine the diffusion coefficients of OH- and H,, providing further insight into ion
transport and gas permeability at the molecular level. Electrochemical performance was
evaluated in a flow-cell configuration under different pretreatment protocols. A key result
of this work is the superior gas-barrier performance of the synthesized membranes. In
stability electrolysis tests, both DABCO- and MPY-based membranes showed significantly
reduced hydrogen crossover, 36% lower than FAA-3-50, decreasing from approximately
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2.7% to just 1.7% H, detected at the anode. This reduction in crossover is critical for enhancing efficiency and safety
in hydrogen production. While FAA-3-50 delivered the best overall performance in short test activation conditions,
the synthesized membranes demonstrated highly competitive performance and notable improvements in selectivity
and stability. Dapozol M-40 was excluded from further analysis due to its poor electrochemical performance. These
findings confirm the potential of tailored PBI/PVBC-based membranes for advanced alkaline electrolysis
applications.

INTRODUCTION

In light of the increasing evidence of climate change, there is an urgent imperative to transition toward a
more environmentally responsible society, where the reduction of greenhouse gas emissions and other
pollutants is paramount. Consequently, much of current research is focused on the development of cleaner,
more sustainable energy sources grounded in the principles of the circular economy, progressively shifting
from fossil fuels toward renewable alternatives'?\. In this context, hydrogen has emerged as a promising
energy vector due to its versatility in both energy production and storage'’.

Among the prominent H, technologies developed in recent years, alkaline water electrolysis (AWE) is of
much importance for the production of high-purity hydrogen without emissions. When energy demand
arises, this hydrogen can be fed into an H,/O, fuel cell to generate electricity and water. The reactions in

alkaline electrolyzers are as follows:"

Cathode: HER (alkaline): 2H,0 + 2¢” — H, + 20H" (1)
Anode: OER (alkaline): 4OH™ — O, + 2H,O + 4e~ (2)
Overall reaction: 2H,0 — 2H, + O, (3)

Alkaline electrolyzers exist mainly in two configurations: conventional systems using porous diaphragms and
anion exchange membrane water electrolyzers (AEMWE). Although proton exchange membrane
electrolyzers (PEMWE) offer high conductivity and stability, their dependence on noble-metal catalysts such
as iridium makes them costly!**). AEMs, in contrast, enable the use of inexpensive catalysts such as nickel,
stainless steel, and Ni-Fe alloys'*l. Recent approaches even employ lignin-assisted AEMWE to enhance
hydrogen production"”’. Despite these advances, alkaline systems still operate at moderate efficiencies
(~60%), lower than those of acidic or solid oxide electrolyzers (SOECs)""". Thus, current efforts focus on
improving performance through emerging electrolysis, photoelectrochemical, and photocatalytic
methods">'?, as well as novel materials such as high-entropy oxides (HEOs) and high-current-density
electrocatalysts (> 200 mA cm™) that optimize charge transfer and surface reactivity for efficient water
splitting!*').

Apart from the intense development of catalysts for AEMWE"*), anion exchange membranes (AEMs) are
the other key component that has attracted great interest. Recent advances in AEMs have significantly
enhanced the feasibility of polymer electrolyte alkaline water electrolysis (AEMWE). Considerable research
efforts have focused on developing chemically stable cationic groups and robust polymer backbones to
improve conductivity and durability under alkaline conditions. For instance, Xu et al. reported
poly(m-terphenyl piperidinium) N-tethered with both nonionic hexyl chains and hexyl chains with terminal
piperidinium cations AEMs with hydroxide conductivities exceeding 100 mS-cm™ at 80 °C, achieving current
densities above 0.75 A-cm™ in AEMWE tests”. Similarly, Li and co-workers developed membranes based on
PVBC-MPy and PSF, using bifunctional tertiary amines as crosslinking agents, which demonstrated high
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dimensional stability and supported current densities of 600 mA-cm™ at 80 °C with excellent stability over
time'®!. Recent advances in poly(aryl piperidinium) (PAP)-based AEMs have demonstrated significant
potential for water electrolysis, achieving high ionic conductivities and improved stability. Caielli et al.”’
developed poly(biphenyl piperidinium) (PBP) membranes with a high hydroxide conductivity of
185 mS cm™ at 80 °C, outperforming a commercial PAP membrane in cell tests. In a subsequent study,
Caielli et al."” engineered random and block copolymers of PBP with trifluoroacetophenone, where block
copolymers achieved a conductivity of 130 mS cm™ alongside a remarkably low swelling ratio of < 7% at
80 °C, and the random copolymer showed exceptional operational stability for 1,500 h. Further innovation
was shown by Peng et al."'), who incorporated dibenzothiophene (DBT) units into poly(terphenyl
piperidinium) backbones. The resulting membrane achieved a conductivity of 120 mS cm™ and a high tensile
strength of 26.6 MPa, enabling a current density of 4.6 A cm™at 2.0 Vin a PGM-free electrolyzer.
Collectively, these studies highlight the effectiveness of molecular engineering - via copolymerization and the
introduction of rigid, heteroatom-containing moieties - to optimize the conductivity-mechanical stability
trade-off in PAP AEMs for advanced water splitting. The reported OH conductivity in AEMs varies widely
in the literature, with some studies reporting values in the range of 25-60 mS cm™ at 30-90 °C"'l. However,
comparing these values is challenging because measurement conditions are often difficult to reproduce and
not fully stable"?. Many works have attempted to measure AEM conductivity in its pure OH form using
gas-purged water during the ion-exchange process or during measurement"">'*), but exposure to ambient CO,
can lead to partial carbonation, and measuring in water does not reflect conditions in an operating fuel cell.
Consequently, reported conductivity values should be interpreted with caution, and comparisons often
provide only qualitative trends rather than absolute values.

Commercial membranes have also been evaluated: Specifically, Fumasep® FAA-3-50 (FUMATECH BWT
GmbH, Germany) has been widely applied as a benchmark, typically showing hydroxide conductivities in
the range of 20-40 mS-cm™ and current densities around 0.5-0.8 A-cm?, but with limited chemical stability in
long-term operation”.. More recently, Sustainion® membranes (Dioxide Materials, Boca Raton, FL, USA)
incorporating tethered imidazolium cations have demonstrated both high conductivity (> 80 mS-cm™) and
remarkable alkaline stability, with operation at 1 A-cm™ and 1.85 V for over 10,000 h""?.. These examples
highlight the rapid progress in AEM design and underscore the potential of polymer electrolyte alkaline
electrolysis to provide efficient and durable hydrogen production under environmentally benign operating
conditions.

In this work, the electrode configuration consisted of a Pt/C-coated carbon cloth anode and a compressed
nickel foam cathode. Although Pt is not the most active catalyst for the oxygen evolution reaction (OER)
compared with Ir-, Ru-, or NiFe-based materials, it remains a well-established and stable benchmark
electrode frequently used in alkaline and AEM water electrolysis studies for controlled electrochemical
assessments'”. Nickel foam, on the other hand, is widely recognized as an efficient cathode for the hydrogen
evolution reaction (HER) in alkaline media due to its high conductivity, surface area, and mechanical
robustness'"®*"”). This electrode configuration provides a reliable and reproducible electrochemical platform to
evaluate membrane performance without the additional complexity of catalyst optimization. Moreover, some
studies have explored the use of Ni catalysts in AEM electrolysis systems. Coppola et al.”*’ employed a Ni
foam catalyst as both anode and cathode in an AEM water electrolyzer, achieving good catalytic activity and
stability under alkaline conditions. This work highlights the promise of Ni-based catalysts as robust,
noble-metal-free alternatives for alkaline AEM electrolysis.

The study of hydroxide (OH") transport in AEMs involves both vehicular and Grotthuss (structural)
diffusion mechanisms™"*?. Vehicular diffusion describes the physical movement of OH" through the media,
while Grotthuss diffusion involves a proton transfer via hydrogen bond rearrangements. Classical molecular
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dynamics (MD) simulations with non-reactive force fields efficiently model large systems (>>10* atoms) but
only capture vehicular diffusion, often underestimating OH" transport*>**. Ab initio MD (AIMD) provides
an accurate description of proton transfer” but is limited to small systems (~10” atoms), making nanoscale
simulations impractical.

To bridge this gap, reactive force fields such as reactive force field (ReaxFF)"”” offer a practical alternative,
allowing the simultaneous description of chemical reactions, water dissociation, and structural migration of
OH and H,0"***"l. ReaxFF has been successfully applied to model transport in polymer membranes and
other complex chemical systems"", making it suitable for larger-scale simulations. In this work, reactive MD
simulations using ReaxFF were employed to complement the experimental investigation of OH" transport in
AEMs, providing molecular-level insight into ion mobility and its relation to macroscopic properties such as
conductivity and gas crossover.

Building on this framework, we focus on the synthesis, characterization and testing of novel AEMs,
specifically developed for application in alkaline water electrolysis. The synthesis consists of polymer
crosslinking and solvent casting methods, approaches validated in numerous studies", followed by
quaternization to introduce fixed quaternary ammonium groups, a widely adopted strategy in membrane
preparation®. The synthesized membranes were then tested and characterized in alkaline electrolyzers
alongside commercial counterparts. The membranes were prepared by blending polybenzimidazole (PBI)
and poly(vinylbenzyl chloride) (PVBC) in a 1:2 ratio, followed by quaternization with either
1,4-diazabicyclo[2.2.2]octane (DABCO) or 1-methylpyrrolidine (MPY). Their physicochemical and
electrochemical properties were benchmarked against commercial membranes, specifically Fumasep®
FAA-3-50 and Dapozol® M-40 (Danish Power Systems, Denmark). Characterization was conducted through
a combination of scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDX),
infrared (IR), and Raman spectroscopies, ionic conductivity measurements, and flow-cell electrolysis tests
under various pretreatment protocols. Particular attention was devoted to evaluating H, crossover and gas
composition in the anode and cathode, as these are critical for both efficiency and safety in green hydrogen
production. In parallel, MD simulations were performed to investigate the diffusion processes of OH and H,
within the DABCO- and MPY-based membranes at different temperatures. Since simulating the full
electrolysis cell is not feasible at the molecular level, smaller and structurally relevant regions were selected to
capture the key interactions. This computational analysis provided valuable insight into how the quaternary
ammonium groups modulate the mobility of OH" and H,, directly linking molecular-scale transport with
macroscopic properties such as ionic conductivity and H, crossover. Taken together, the combined
experimental and computational results highlight the potential of PBI/PVBC-based membranes to deliver
competitive electrochemical performance while significantly improving selectivity and stability, positioning
them as promising candidates for next-generation alkaline water electrolysis systems.

EXPERIMENTAL AND COMPUTATIONAL DETAILS

Reagents and synthesis procedure of the membranes

All chemical reagents were used as received without further purification. The membrane synthesis was
carried out using commercial meta-PBI powder (Between Lizenz GmbH, Stuttgart, Germanys;
Mw = 25,000-40,000 g mol ™) and poly(vinyl benzyl chloride) (PVBC, Sigma-Aldrich, St. Louis, MO, USA),
which was supplied as a 60/40 mixture of 3- and 4-isomers with average molecular weights of Mw ~ 55,000
and Mw ~ 100,000, respectively. The quaternization agents DABCO (99 wt.%) and MPY (99 wt.%) were also
obtained from Sigma-Aldrich (Merck Life Science S.L.U., Madrid, Spain). The solvents employed included
N,N-dimethylacetamide (DMAc, 99.5 wt.%), ethanol (absolute), and isopropanol (99.8 wt.%, Labbox
Labware S.L., Barcelona, Spain). Potassium hydroxide (KOH, 85 wt.%, Sigma-Aldrich) was used for
membrane conditioning and electrolyte preparation.
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The crosslinked membranes were synthesized via polymer solution blending followed by a
controlled-temperature crosslinking and casting procedure. Initially, a 3.5 wt.% solution of PBI in DMAc was
prepared. PVBC was added to this solution to achieve PBI-to-PVBC with molar ratios of 1:2. The mixture
was stirred at 80 °C for 6 h in a sealed glass vial under dry conditions to promote crosslinking. The resulting
homogeneous solution was cast into Petri dishes and placed in a vacuum oven (Memert VO200) at 40 °C and
100 mbar for 24 h to remove the solvent, yielding flexible crosslinked PBI/PVBC membranes.

Quaternization was performed using two different agents. For DABCO-functionalized membranes, the
PBI/PVBC films were immersed in a 0.5 M solution of DABCO in ethanol and maintained at 60 °C for 72 h,
resulting in membranes designated as “DABCO-based membranes”, with chloride as the counterion®. A
scheme of the process is presented in Supplementary Figure 1. Alternatively, MPY quaternization was carried
out using a 50% v/v aqueous solution of MPY, with membranes submerged for 16 h at 50 °C to obtain
“MPY-based membranes””.. Membranes were stored in ultrapure water until use.

Membranes characterization

SEM/EDX and physico-chemical properties

Morphological characterization of the membrane surfaces was performed using a Hitachi S-3000N scanning
electron microscope (SEM). To ensure adequate conductivity, samples were pre-coated with a thin gold layer
using a Q150T-S Quorum sputter coater system (Quorum Technologies). The SEM operated under high
vacuum conditions with an accelerating voltage of 20 keV and a working distance of 15.0 mm. Elemental
composition analysis was conducted via energy-dispersive X-ray spectroscopy (EDX) using an XFlash® 6130
detector (Bruker). Quantitative EDX analysis was performed using internal standards to ensure accuracy in
elemental quantification.

The ion exchange capacity (IEC) of the membranes was determined through acid-base titration. In the same
process, the water uptake (WU) and swelling of the membranes were obtained. Samples were first dried to
constant weight (W,) in a vacuum oven at 40 °C and 100 mbar. The dried membranes were measured
(length, width and thickness; L,, D, and T, respectively) and subsequently hydrated by immersion in
ultrapure water for 24 h at room temperature. Then the membranes were weighed and measured again,
obtaining the W, L,, D, and T, for the hydrated values. To ensure complete ion exchange of Cl' counterions
to OH’, the hydrated membranes were treated with 1 M KOH aqueous solution under renewed cycles
(20-min intervals, repeated three times). After alkaline treatment, samples were thoroughly rinsed with
ultrapure water until a neutral pH was achieved to remove any free hydroxide ions. Each membrane was
then immersed in 50 mL of 1 M NaCl solution for 24 h to release OH" ions into the solution. The liberated
hydroxide was titrated with 0.01 M H,SO, using a Titrette® bottle-top digital burette (BRAND GMBH + CO
KG, Wertheim, Germany) and methyl red as a visual endpoint indicator. Triplicate 10 mL measurements
were performed for each sample. The IEC (in mmol-g") was calculated using!

IEC (mmol-g™) = E’;Vgl (4)

where E, is the endpoint (mL) of the titration, and W, stands for the dry weight of the membrane sample (g).

The water uptake WU (%), volume swelling Volume swelling (%), and thickness swelling Thickness swelling

34]

(%) were calculated as follows:!

WU (%) = 22100 (5)


https://file.oaecenter.com/published/pdf/e51f4fa443dd7c822a09bcceb41cbb97/1768960975/em50142-SupplementaryMaterials.pdf
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where W, and W, stand for the hydrated and dry weight of the sample.

. Lp-Dy-Th—Lo-Do-To
Volume swelling (%) = ? -100 (6)
0-Do-To

where L,, D, and T, stand for length, width and thickness of the dried membranes and L,, D, and T, for the

hydrated membranes.

Th-To

Thickness swelling (%) = 100 (7)

0

where T, and T, stand for the hydrated and dry thickness of the sample.

The through-plane ionic conductivity of the membranes was evaluated via electrochemical impedance
spectroscopy (EIS) across a temperature range of 30-90 °C. Prior to measurements, membrane samples were
equilibrated by immersion in 1 M KOH aqueous solution for 24 h. Excess surface electrolyte was carefully
removed using laboratory tissue paper. Impedance spectra were acquired using an Autolab PGSTAT 30N
potentiostat/galvanostat equipped with a frequency response analyzer (FRA), employing a two-electrode
configuration with stainless steel blocking contacts. The applied frequency range was 1 Hz to 100 kHz with a
signal amplitude of 10 mV.

The ionic conductivity o (in S-cm™) was calculated using®”

0= (8)

where L represents the membrane thickness (cm), R denotes the membrane resistance (Q) derived from the
high-frequency real-axis intercept of the Nyquist plot, and A is the electrode contact area (cm?). The
activation energy (Ea) of the ionic conductivity was calculated from the dependence of In(c) vs. 1,000/T as
described elsewhere!*!.

Mechanical properties

The mechanical properties of the membranes (FAA-3-50, DABCO and MPY) were evaluated by stress-strain
tests performed at room temperature (=27 °C) using a Zwick Z010 universal testing machine (ZwickRoell,
Ulm, Germany) equipped with a 200 N static load cell. Dumbbell-shaped specimens (Type 4) were prepared
from each membrane in accordance with ISO 37:2011 (Rubber, vulcanized or thermoplastic - Determination
of tensile stress-strain properties). The specimens featured a narrow section width of 2.8 + 0.1 mm and an
overall length of 35.0 + 0.1 mm. At least five samples per membrane were tested at a crosshead speed of
10 mm min'', applying a 0.1 MPa preload prior to measurement. Tests were conducted until specimen
failure, and the resulting stress-strain curves were used to determine the tensile strength, elongation at break,
and Young’s modulus.

IR spectroscopy and Raman microscopy

IR spectra were acquired using a PerkinElmer® Spectrum Two Fourier-transform infrared spectrometer
(PerkinElmer, Inc., Waltham, MA, USA) equipped with an attenuated total reflectance (ATR) accessory.
Spectra were recorded in absorbance mode over the wavenumber range of 4,000-450 cm™, with a resolution
of 4 cm™ and 30-50 scans per sample.

For Raman analysis, a Renishaw inVia™ Reflex confocal Raman microscope (Renishaw plc,
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Wotton-under-Edge, UK) was employed. The system was equipped with two lasers - 532 nm (up to 100
mW) and 785 nm (up to 400 mW) - and a charge-coupled device (CCD) detector. The associated Leica
microscope (Leica Microsystems GmbH, Wetzlar, Germany) was fitted with 5%, 20x, and 50x objectives. For
the samples, the 785 nm laser was used to minimize fluorescence interference, thereby yielding clearer
Raman spectra. The acquisition parameters were: 10-20 accumulations (10-20 s each) and a laser power of
0.1%-1% (=0.4-4 mW), using the 50x objective.

Flow cell set up, electrochemical measurements and product analysis

Electrochemical evaluation was performed using a commercial flow cell (ElectroChem, Inc., Woburn, MA,
USA), featuring gold-plated current collectors and two graphite flow-field plates. A defined active area of
2.56 cm® (1.6 cm x 1.6 cm) was established using silicone and polytetrafluoroethylene (PTFE) gaskets to
ensure simultaneous sealing against electrolyte leakage and gas crossover. The cell employed the membrane
(3 cm x 3 cm) as the separator between the anode and cathode compartments. The electrocatalysts consisted
of spray-coated Pt/C on carbon cloth as the anode and compressed nickel foam as the cathode.

The anode was prepared via a spray-coating technique, depositing a catalytic ink containing 40 wt.% Pt on
carbon (Alfa Aesar, Ward Hill, MA, USA) onto a carbon cloth substrate (QUINTECH, Leonberg, Germany).
The ink consisted of Pt/C dispersed in a 70% v/v isopropanol-water solution with Nafion® as a binder. A
catalyst loading of 0.75 mg Pt-cm™ was applied. For the cathode, nickel foam was compacted using a
hydraulic press under a load of 2 tons for 1 min to ensure optimal contact. See Supplementary Figure 2.

A dual-channel peristaltic pump (Dinko Instruments, Barcelona, Spain) circulated 1 M KOH electrolyte at a
constant temperature of 60 °C through both the anode and cathode compartments. Electrolysis experiments
were conducted using an Autolab PGSTAT302N potentiostat/galvanostat (Metrohm Autolab B.V., Utrecht,
The Netherlands). The electrolyte flow rate was maintained at 23 mL-min™ for all tests. A schematic
illustration of the experimental setup is provided in Supplementary Figure 3.

Faradaic efficiencies (FEs) and H,/O, ratios were calculated from the gas volumes captured at the anodic and

cathodic sides, accounting for the H, crossover discussed in the results section.

Gaseous products were sampled using a 5 mL gas-tight syringe (SGE Analytical Science, Ringwood,
Australia) and analyzed via gas chromatography (GC; Varian 3900, Varian, Inc., Palo Alto, CA, USA)
equipped with a Carboxen-1006 PLOT column. The GC system was coupled to a mass spectrometer
(HiCube, Pfeiffer Vacuum GmbH, Asslar, Germany). The GC method utilized argon as the carrier gas with a
temperature ramp from 35 °C to 245 °C at 30 °C-min"' to achieve optimal separation. Detection of H, in the
anodic stream allowed for the calculation of H, crossover, expressed as the volume percentage of H, at the

anode.

Computational methodology

We have performed MD simulations to investigate the diffusion processes of water, OH and H, in the
presence of DABCO and MPY-based membranes, which ultimately play a role in explaining the conductivity
and H, crossover. Simulations were conducted using the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS, Sandia National Laboratories, NM, USA)F”. The Reactive Force Field (ReaxFF)??® - a
bond-order-based empirical reactive force field - was employed, utilizing the parameters developed by
Zhang et al."™. In order to isolate the purely diffusive behavior of both OH  and H,, the simulations were
executed under electroneutral conditions without an external electric field; thus, electro-osmotic drag and
interfacial polarization effects were not considered.
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Figure 1. Chemical structures of the repeating units and representative snapshots of the equilibrated systems for (A) MPY and (B)
DABCO. In this study, each simulation cell contains four polymer chains (n = 8 repeating units per chain), with the snapshots captured
following the annealing procedure.

Simulation cells were constructed containing four polymer chains (either DABCO- or MPY-based), with
each chain featuring eight quaternary ammonium groups. The initial configurations - comprising 266 water
molecules, the four polymer chains, and 20 H, molecules - were generated using PACKMOL (University of
Campinas, Brazil)®’!. These systems were relaxed via eight annealing cycles, following the procedure
described in Refs.!”**), at a temperature of 60 °C. The chemical structures of both polymers and a
representative frame of the equilibrated system are shown in Figure 1.

The relaxed configuration reached after the annealing procedure at 60 °C is used as a starting point for the
other two temperatures studied, 80 and 90 °C. In each case, 32 hydrogens are randomly removed from the
water molecules to form OH" ions. This is done to avoid reactivity of the OH™ with the quaternary
ammonium during the annealing procedure. After that, we equilibrate the system to the final temperature
with another 100 ps of isobaric-isothermal (NPT) simulation followed by 400 ps of canonical (NVT)
propagation. Only the last 200 ps are used to compute the diffusion coefficients. Since ReaxFF is a reactive
force field, we can get a complete picture of the OH" diffusion accounting for both Grotthuss and vehicular
diffusion.

NPT and NVT simulations employ a Nosé-Hoover integrator with the recommended damping relaxation
time of 100 timesteps with a timestep of 0.25 fs, which reasonably conserves the energy in NVE simulations.

The diffusion coefficients of water, OH" and H, are computed through the mean squared displacement
(MSD)"* and averaged over 10 trajectories. Due to the Grotthuss diffusion mechanism of the OH, it is
necessary to track changes in the identity of the oxygen atom, which can alternate between belonging to a
water molecule and to a hydroxide ion.

MSD (7) = (| r(t + 1) - r(D)]) (9)

where MSD (7) is the mean squared displacement for a lag time r and r(t) denotes the position of the species
at time ¢. The diffusion coefficient is related to the slope of the MSD against the lag time.

D=sl6 (10)

where D is the diffusion coefficient, and s represents the slope of the MSD against the lag time.
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Figure 2. PBI/PVBC membranes (A) prior to quaternization, (B) quaternized with DABCO, and (C) quaternized with MPY.

RESULTS AND DISCUSSION

Synthesis and initial characterization of the membranes

PBI/PVBC films were successfully prepared by the casting method, resulting in a flexible and translucent
brown appearance, as observed in Figure 2A. After quaternization with DABCO or MPY, they retain their
flexibility, but their appearance changes to opaque (lighter for DABCO and darker for MPY,
Figure 2B and C).

All three samples [Figure 2A-C] display good macroscopic homogeneity, with smooth and continuous
surfaces free from visible cracks or phase separation. Minor heterogeneities and structural defects, not
apparent at the macroscopic scale, are more clearly observed in the SEM images (see Section "Structural and
morphological characterization of the membranes"), confirming that microscopic morphology - rather than
bulk uniformity - governs the fine structural features of these membranes.

The membranes were initially characterized by IEC, WU and ionic conductivity measurements to test their
suitability for alkaline zero gap water electrolyser applications. For comparison purposes, commercial
membranes of FAA-3-50 and Dapozol M-40 were also characterized and tested. FAA-3-50 is an AEM
composed of bromide polysulfone with quaternary ammonium groups widely used for alkaline ion exchange
electrolysis investigations**),

Dapozol M-40 is not an ion-exchange membrane; it does not possess fixed charged functional groups in its
structure. It is composed entirely of PBI, making it a suitable reference for membranes synthesized using PBI
as a primary component.

IEC and WU results are presented in Figure 3.

The IEC values of the DABCO-based membrane are similar to those reported in the literature®. Results for
the MPY membranes are comparable, which is consistent with the fact that both membranes derive from a
similar structure; furthermore, the abundance of quaternization sites is expected to be the same.

The membrane composition was designed with a fixed PVBC-to-PBI molar ratio of 2:1. Under these
conditions, crosslinking between PVBC and PBI was found to be partial rather than complete, as indicated
by the IEC values obtained after quaternization [Figure 3]. The relatively high IEC values confirm that a
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Figure 3. (A) lon exchange capacity (IEC) and (B) water uptake (WU) and swelling ratio values of the membranes.

fraction of the chloromethyl groups from PVBC did not react with PBI, providing reactive sites for
subsequent quaternization with MPY or DABCO. This partial crosslinking is consistent with the synthetic
conditions employed and is essential to preserving sufficient ionic functionality and hydroxide conductivity
in the final membranes. Similar behavior has been reported for related systems, where controlled
crosslinking between PVBC and PBI was used to balance mechanical integrity and ion-exchange

41-43]

performance!

The results of this study reveal certain relationships between the IEC, ionic conductivity, hydration, and
barrier properties in the synthesized AEMs. Firstly, a positive correlation between IEC and ionic conductivity
is generally expected, as shown in Figures 3 and 4. The MPY and DABCO-based membranes demonstrate
consistent and high performance both in IEC and conductivity, indicating efficient ion transport pathways.
Both membranes exhibit higher IEC (approximately 2.0 mmol-g"*) and conductivity than the commercial
FAA-3-50 membrane (IEC ~ 1.0 mmol-g"). Furthermore, all synthesized membranes show significantly
higher WU, volume swelling, and thickness swelling compared to the FAA-3-50 benchmark, which is
consistent with their higher hydrophilicity and IEC. Interestingly, this elevated hydration does not lead to
increased hydrogen gas crossover; in fact, the crossover is lower. This apparent contradiction can be
explained by the formation of a denser, more cross-linked morphology in our synthetic membranes. This
structure allows for substantial water absorption to facilitate ion conduction while simultaneously presenting
a more tortuous path for gas permeation, effectively decoupling the membrane's hydration properties from
its gas barrier performance.

The difference in quaternizing agent and procedure does not appear to affect the IEC values obtained.
FAA-3-50 values also correlate well with those previously reported'*. Additionally, Dapozol M-40 has a
negligible value, as expected, since it does not possess ion-exchange groups. The IEC values of
PBI/PVBC-based and FAA-3-50 membranes are considered quite good for electrolyzer applications - high
enough to facilitate OH™ conductivity but not so high as to compromise membrane integrity. Regarding WU
and swelling behavior, the higher values of the PBI/PVBC-based membranes are in accordance with their
IECs and show that the structures are quite flexible and sponge-like compared to the commercial
membranes. WU and volume swelling values are very similar between DABCO- and MPY-based
membranes, but DABCO has a slightly higher thickness swelling. The values obtained are not particularly
high, so the membranes are not expected to present problems, such as lower selectivity or deteriorated
structural integrity, due to swelling in the electrolysis cell. FAA-3-50 shows a relatively small WU when
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compared to its volume swelling. This might be due to a relatively flexible structure that expands
significantly when a small amount of water is added. On the other hand, Dapozol M-40 shows higher WU
than FAA-3-50 but lower volume and thickness swelling. This could be explained by a more rigid structure
that does not change significantly during hydration/dehydration but is porous and allows the inclusion of a
significant amount of water.

Ionic conductivity results, measured in a custom-built ex situ cell, are presented in Figure 4.
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Figure 4. lonic conductivity of the membranes at various temperatures after immersion in 1 M KOH for 1 day.

The temperature-dependent OH™ conductivity of the membranes is presented in Figure 4. All three
membranes show a positive correlation between temperature and ionic conductivity, consistent with
thermally activated ion transport. The low activation energy values - 7.2 kJ-mol", 3.7 k]-mol™* and 6.5 kJ-mol"
for DABCO, MPY and FAA membranes, respectively (see Supplementary Figure 4) - correlate well with
facilitated ion transport through well-hydrated membranes”**). The MPY-based membrane exhibits the
highest conductivity, reaching approximately 44 mS-cm™ at 90 °C, followed by the DABCO-based membrane
(~38 mS-cm™ at 90 °C), while the commercial FAA-3-50 membrane shows the lowest values (~30 mS-cm™ at
90 °C). These results reflect the combined effects of IEC, hydration, and membrane microstructure, with the
synthetic membranes achieving higher conductivity due to their greater IEC and WU while maintaining a
controlled crosslinked structure that limits excessive swelling.

In comparison with these state-of-the-art PAP-based AEMs, the hydroxide conductivity values of our
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synthesized membranes are moderate but fully consistent with those typically observed for crosslinked
imidazolium- and quaternary ammonium-based systems. As shown in Figure 4, the commercial FAA-3-50
membrane exhibits a conductivity of 32 mS-cm™ at 90 °C, while our DABCO- and MPY-functionalized
membranes reach 38 mS-cm™ and 43 mS-cm™, respectively, under the same conditions. Although these
conductivities are lower than the record values reported for poly(aryl piperidinium) membranes
(120-185 mS-cm™ at 80 °C)®", the measurement conditions differ significantly. In those studies, membranes
are typically measured in water under N, to prevent carbonation. Consequently, our results might reflect the
conductivity of a mixed anion form of the AEM instead of the pure OH form. Nevertheless, they are
noteworthy considering the chemical stability, even with a higher degree of hydration, associated with our
crosslinked architectures. The favorable balance between conductivity and robustness positions these
materials as promising candidates for durable AEM water electrolysis.

Good mechanical properties are essential to maintain the dimensional stability of a membrane during its
operational lifecycle and to prevent catastrophic failures due to sudden breaking. The mechanical properties
of the prepared and commercial membranes are summarized in Supplementary Table 1 and
Supplementary Figure 5. In general, synthetic membranes exhibited distinct mechanical behavior compared
to the commercial FAA-3-50 benchmark. The DABCO-based membrane showed a significant reinforcement
effect, demonstrating the highest Young's Modulus (E = 997 + 30 MPa) and ultimate tensile strength
(o4 = 35.9 = 2.2 MPa) among the tested samples. This suggests that the polymeric structure of this membrane
is more rigid and can withstand higher stress. In contrast, the MPY-based membrane, while exhibiting
considerable elongation at break (¢ = 10%), possessed a lower Young's Modulus (E = 271 + 54 MPa) and
tensile strength (o, = 20.8 + 1.1 MPa), indicating a softer and more ductile material. The commercial
FAA-3-50 membrane presented intermediate mechanical properties (E = 590 + 76 MPa; o, = 31.3 + 0.9 MPa),
which remain essentially unchanged after hydration (E = 561 + 52 MPa; 6, = 31.0 + 6.3 MPa). The superior
strength and stiffness of the DABCO-based membrane can be attributed to a more cross-linked and rigid
polymer matrix, which limits chain mobility. Compared with some recent literature, Peng et al."", who
incorporated DBT units into poly(terphenyl piperidinium) backbones, obtained a high tensile strength of
26.6 MPa, in the same range as the values obtained in our materials. See Supplementary Table 1 and
Supplementary Figure 5 for additional information.

Considering the application in alkaline fuel cells or electrolyzers, where membranes must withstand
mechanical stress and high hydration, this enhanced mechanical strength is a positive factor for long-term
physical stability and integrity. However, the balance between rigidity (to resist swelling) and some ductility
(to handle operational stresses) must be carefully considered for each specific application.

Membrane activation conditions

In order to optimize the operating conditions of the zero gap electrolyzer, the membranes were subjected to
an activation process, consisting of immersion in KOH 1M solution for 18 h. Afterward, they were subjected
to chronoamperometry at a potential of -2.3 V for 5 min. The current densities at the end of the
chronoamperometries (CAs) were recorded. The results comparing the membranes with and without
activation are presented in Figure 5 and examples of CAs are presented in Supplementary Figure 6. The
results with the next activation methodology are presented in Figure 6.

As expected from the previous characterization, the Dapozol M-40 membrane showed very poor
performance without activation and was only slightly better when activated, likely due to being fully filled
with the alkaline electrolyte. FAA-3-50 shows the best performance, but activation with an alkaline solution
results in poorer performance than simply assembling the membrane directly. A similar effect is observed for
the MPY membrane, while the DABCO membrane improves with activation, reaching current densities
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Figure 6. Current densities obtained for the membranes using their previously determined optimal activation methods, followed by
constant current activation, on the electrolyzer at CAs of -2.3 V for 5 min and a 23 mL-min- electrolyte flow rate.

similar to the non-activated MPY membrane and not far from FAA-3-50. This different behavior likely stems
from distinct internal structures. SEM images in Figure 7 show that the DABCO membrane is more
porous/heterogeneous, which may require a larger amount of electrolyte to fill the structure and perform
better when "activated". On the other hand, FAA-3-50 and MPY membranes are more dense/homogeneous;
excessive electrolyte might increase their resistance or disrupt their structure, thus they work better when
"non-activated". Conversely, the dense and homogeneous morphology of MPY and FAA-3-50 membranes
[Figure 7B and C] appears to feature pre-established efficient conduction pathways. Excessive swelling from
KOH immersion might disrupt these optimal structures, leading to a performance decrease. This hypothesis
is further supported by the WU data [Figure 3], which shows a higher capacity for the DABCO membrane.
From this point, the Dapozol M-40 membrane is discarded, and the following tests are performed only with
the remaining membranes.
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Figure 7. SEM images and EDX analysis of membranes (A) DABCO, (B) MPY, (C) FAA-3-50, and (D) Dapozol M-40, before and after a
5 min CA test at -2.3 V in the alkaline zero-gap electrolyzer.

In addition, another activation strategy (activation by current) was tested by means of chronopotentiometry
(CP) at -50 mA-cm™ in a zero-gap flow cell to see if this process improves the membrane’s performance.
Testing was conducted under the previously optimized conditions for each membrane: the DABCO
membrane was activated by solution, while the MPY and FAA-3-50 membranes were not. The results are

presented in Figure 6.
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Activation by current yields results similar to the previous ones for FAA-3-50 and shows a slight
improvement in the MPY membranes. The DABCO membrane again presents the opposite behavior,
resulting in lower performance. The improvement in the first two membranes is likely related to the
optimization and stabilization of OH' transport pathways through the membrane under constant operating
conditions. In contrast, for the DABCO membrane, the rearrangement of the transport pathways appears to
hinder performance at these relatively low current densities.

The obtained gas volumes from anodic and cathodic sides allowed for the calculation of the FE, H,/O, ratio
and H, production for each test; the results obtained are presented in Supplementary Table 2. The high FEs
confirm the efficient conversion of current to H, at the cathode and an almost perfectly stoichiometric
amount of O, at the anode; the latter is slightly lower, likely due to some corrosion of the graphite plates'.
H, production conforms to the current densities obtained in accordance with Faraday's laws. Moreover,
Linear Sweep Voltammetry (LSV) curves for FAA, DABCO, and MPY membranes under their optimal
conditions (activated by current for FAA and MPY, and by solution for DABCO) are illustrated in
Supplementary Figure 7. These results were obtained after the corresponding CA tests and reflect the similar
behavior of DABCO and MPY, as well as the superior performance of the FAA membrane.

Structural and morphological characterization of the membranes
The membranes were characterized by SEM/EDX [Figure 7] and IR and Raman spectroscopy [Figure 8]
before and after the electrolysis tests to gain information about possible transformations.

SEM/EDX

Figure 7A shows that the DABCO-quaternized membrane exhibits high porosity and heterogeneity both
before and after use, probably due to the ethanol employed as a solvent during quaternization. Its higher
swelling capacity compared to the other membranes may enable greater OH™ uptake upon immersion in the
alkaline solution, consistent with the observed improvement in electrolyzer performance after solution
activation. EDX analysis reveals a decrease in chlorine content, indicating effective Cl' - OH" exchange with
the electrolyte.

In Figure 7B, the MPY-quaternized membrane displays greater homogeneity and lower porosity than the
previous sample, which may explain the reduced electrolyzer performance after solution activation, as KOH
permeation is hindered. After operation, slight surface marks appear, and the nitrogen content decreases by
~1%, suggesting minor degradation. The disappearance of chlorine by EDX confirms efficient interaction
with the electrolyte.

The commercial FAA-3-50 membrane [Figure 7C] also maintains a homogeneous morphology after use,
which explains its behavior similar to that of the MPY-quaternized membrane in both activation and
electrolyzer performance. Bromine is present as the original counterion instead of chlorine, and its post-use
decrease indicates a favorable electrolyte interaction.

Finally, the Dapozol M-40 membrane [Figure 7D] remains homogeneous prior to use, with only minor
morphological changes afterwards. Its comparatively poor performance likely arises from lower ionic
conductivity rather than significant structural degradation.

IR and Raman spectroscopy

To gain further insight into the composition of the membranes, spectroscopic analyses were carried out by
IR spectroscopy and Raman microscopy. For the IR spectra shown in Figure 8, ATR and baseline corrections
were applied. In the analysis, the individual spectra for PBI and PVBC are also plotted for clarity. A general
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Figure 8. FTIR (left) and Raman (right) spectra of the DABCO, MPY, FAA-3-50, and Dapozol M-40 membranes. Pure PBl and PVBC
polymers are included for clarity. Note: Color-coded dotted lines indicate main bands for (1) PBI (black), (2) PVBC (red), (3) DABCO
(orange), and (4) MPY (magenta).

feature observed in all membranes quaternized with DABCO, MPY, and Dapozol M-40 are the bands due to
the presence of PBI and PVBC polymers as for example the bands at 675 cm™ (CH,-Cl), 800 cm™ (C=C and
C=N), 1,265 cm™ (Imidazole ring) and 2,923 cm™ (aliphatic CH,), all of which are characteristic of the
presence of PVBC polymer. Also, characteristic features of the PVB backbone can be found in the bands
800 cm ™ and 1,600 cm™ (C=C and C=N), 1,288 cm™* (CN, imidazole rings), and 1,400 cm™* (CN,
benzimidazole ring). Moreover, quaternized membranes (DABCO and MPY) show additional features due
to the presence of quaternary N* introduced by DABCO and MPY, respectively. For example, bands at
1,060 cm™ (DABCO) and 1,080 cm™ (MPY) and 1,460 cm™ (both), which can be attributed to the vibrations
of quaternary ammonium groups introduced by the quaternizing agents. In the same spectra, the band at
1,265 cm™ is less prominent than in the commercial membrane Dapozol M-40, indicating the substitution of
chlorine in PVBC by DABCO and MPY"***"*"]. Concerning the commercial membrane, FAA-3-50, a
non-fluorinated AEM, the IR analysis reveals peaks around 1,460 (-CH, ), 1,303 (-CH, ¢) and 2,900 cm™
(C-H st.). The presence of these bands implies hydrocarbon polymeric chains. The absorption band around
3,400 cm™ can be assigned to the presence of the -NH group and/or the membrane humidity. Absorption
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peaks at around 1,601 cm™ are probably due to -C=C- groups. Additionally, the absorption band around
1,188 cm™' (C-N) suggests that ion fixed groups attached onto the polymeric chains could be
ammonium-type groups'*.

Moving to the Raman spectra [Figure 8], baseline correction was not applied since, despite the evident
fluorescence, the characteristic peaks are clearly visible and the information is not masked, thus avoiding
potential distortions from such correction. For this technique, only the membranes prior to their use in the
electrolyzer - without activation - were analyzed, as no significant differences were observed after operation,
most likely due to the short operating time. Spectra recorded after the 5 min CA test confirmed the absence
of relevant changes. In Figure 8, corresponding to the DABCO-quaternized membrane, a peak at 1,600 cm™
stands out, assigned to the aromatic ring vibrations of the PBI backbone; this feature is also present in the
MPY- and Dapozol M-40-based membranes, respectively, all composed of PBI.

In the synthesized membranes, a peak at 1,290 cm™ is observed, corresponding to CH, deformation upon
substitution of chlorine with the cyclic tertiary amine DABCO in the first case, and with aromatic MPY in
the second. This finding corroborates the successful quaternization of the membranes. In the case of the
MPY-quaternized membrane, a peak at 1,050 cm™ is also visible, corresponding to C-N vibrations of the
pyrrolidine ring, further confirming quaternization with this agent. Regarding the commercial membrane
FAA-3-50, aband in the 1,297-1,374 cm™ region is observed, associated with the narrowing of the carbon
chain backbone of the membrane. Several vibrational bands already identified in the IR spectra are also
observed in the Raman spectra, such as 1,601 cm™ (C=C), 1,460 (-CH, ¢), 1,303 (-CH, ¢), and 1,188 cm™
(C-N). These bands confirm the hydrocarbon polymer composition of the membrane and the presence of
quaternary ammonium groups as the ion exchange sites.

Finally, Supplementary Figures 8 and 9 and Supplementary Table 3 show the complete range (up to CH
vibrations) IR and Raman spectra and a summary of the most relevant IR bands present in the synthesized
membranes.

Stability electrolyzer tests

To evaluate the membranes under more demanding operating conditions, a stability test was performed for
-100 mA-cm™. During the test, gases produced at the anodic and cathodic sides were sampled periodically to
investigate potential H, crossover from cathode to anode. The results are presented in Figure 9.

As can be observed, the three tested membranes exhibit very stable and similar behavior in the stability test,
with DABCO and MPY membranes obtaining slightly better potentials than their commercial counterpart,
with very good potential values of -2.1 V and -2.2 V for DABCO and MPY membranes, respectively,
requiring lower energy input. DABCO membrane improves substantially working at -100 mA-cm?,
compared to the activation at -50 mA- cm?, suggesting a change in the transport paths, more beneficial for
this membrane, with higher current densities. The obtained FEs, included in Supplementary Table 2, are very
high, demonstrating efficient conversion of current to H,. The trends observed during the extended stability
tests can be attributed to several common factors in AEM electrolysis, as previously discussed. While the
excellent chemical stability of the membranes was confirmed by SEM-EDX and IR, the harsh anodic
conditions are known to promote gradual corrosion of the graphite flow plates"*’. This parasitic corrosion
reaction consumes a small fraction of the applied current, thereby reducing the overall FE. Additionally,
operational factors such as minor flooding/drying events or trace impurity adsorption could also contribute
to this effect over time. It is important to note that FE values remaining above 90% during stability operation
are still considered excellent and are on par with the state-of-the-art for AEMWE systems reported in the
literature™*. The H,/O, volume ratio also maintains values consistent with the previous experiments. The H,
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Figure 9. (A) Stability tests consisting of chronopotentiometry (CP) for 3.5 h at -100 mA-cm and a 23 mL:-min”' electrolyte flow rate. (B)
H, crossover values, represented as the mean H, vol.% present in the anodic gas composition during the stability tests.

production rate also shows excellent results, around 4.5 mmol-h”, in accordance with the imposed current
density. Moreover, the H, crossover values obtained in the stability test [Figure 9] are very low, remaining
3%. PBI/PVBC-based membranes outperform the commercial FAA-3-50, showing a H, crossover of around
1.7%, which is 36% lower than that of the FAA-3-50 membrane. This is an excellent result for electrolysis
applications, as H, purity is of high importance for both industrial standards and safety. The PBI/PVBC
crosslinked membranes, even in the more porous case quaternized with DABCO, have proven to be superior
barriers to H, crossover while maintaining similar or even enhanced electrochemical performance. This

combination of properties makes these membranes excellent candidates for further research and application
in zero-gap alkaline water electrolyzers.

The H, crossover to the anode in our AEM water electrolyzer remains below 2% when using MPY- and
DABCO-functionalized membranes, demonstrating an excellent balance between gas separation and ionic
transport. These values are comparable to, or lower than, those reported for other high-performance AEM
systems in recent literature. Klinger et al. (2024) measured a H, crossover of approximately 1.5% at 2 A cm™
in a polyimidazolium AEMWE configuration'*. Hager et al. (2025) reported values between 0.3% and 1.5%
depending on current density”**. In contrast, Kim et al. (2023) found crossover levels of around 5% in
hydrated ion-exchange membranes, linking this behavior to the microstructure and connectivity of ion
transport channels™". Moreno-Gonzalez et al. (2023) demonstrated long-term AEMWE operation with H,
crossover below 0.5% at 70 °C and 1 M KOH, well within industrial safety limits'*.

Overall, the measured crossover is well aligned with state-of-the-art values for durable AEMs, confirming
that the membrane architecture effectively suppresses gas permeation while preserving high hydroxide
conductivity. These results reinforce the critical role of controlled crosslinking and optimized microstructure
in achieving safe and efficient operation in AEM water electrolysis systems.

A comparison of this work with several state-of-the-art AEMWE configurations is presented in Table 1.
There is a wide variety of results regarding voltage and current densities. The studies of Xiao et al."*" and

Vincent et al.** report high current density values of 1,500 and 1,000 mA-cm™ at relatively low voltages but
using complex catalysts. Our results are comparable in current density and voltage to those reported by
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Table 1. Performance comparison of various state-of-the-art membranes for AEMWE

T Current Voltage H, H,
Membrane Cathode//Anode Electrolyte 0 density ) %€ rE (%) production crossover Ref.
(mA-cm?) (mmol-h") (%)
Quaternized PP Pt Ru/C//IrO, H,0 80 150 1.80 NR NR NR [53]
PAP-TP-85 Pt/C//FexNiyOOH-20F TMKOH 80 1,500 174 NR NR NR [54]
PPO24-BIM Pt/C//IrO, 05MKOH 50 300 1.80 NR NR NR [55]
NR
A 4 (74%
PBI-based AEM Ni-Fe-Co//Ni-Fe-Ox ~ 1MKOH 60 1,000 2.08 voltoge R NR [56]
eff.)
A . 10 wt%
PSEBS-CM-DABCO NiFe,0,//NiCo,0, <on 40 120 2.0 NR NR NR [57]
PBI/PVBC-DABCO  Nimesh//Pt/C TMKOH 60 100 21 932 45 17 Sohr'lf)
PBI/PVBC-MPY  Nimesh//Pt/C TMKOH 60 100 2.2 932 45 17 Sohr'lf)
FAA-3-50 Ni mesh//Pt/C TMKOH 60 100 23 974 47 27 Sohr'lf)

Li et al.” and Hnat et al.””, despite using only a simple Ni mesh at the cathode and a non-optimized Pt/C
catalyst at the anode. Regarding other results, and especially H, crossover values, it is notably difficult to find
reported values in the literature; in our opinion, this represents a critical oversight, as crossover data is
essential for a comprehensive evaluation of electrolyzer performance and safety.

While the present study focuses on our specific catalyst configuration, the consistently lower H, crossover
values observed for the synthetic membranes compared to the commercial FAA-3-50 suggest that their
improved material properties represent a general trend. However, further validation using various
commercial catalysts will be necessary to confirm the extent to which this behavior depends on catalyst
loading, morphology, and electrochemical activity.

Computational results

The diffusion coefficients of the OH and H, species were computed in the presence of DABCO and MPY
polymers to assess the overall effect of their interactions with the quaternary ammonium groups in the
membrane and to examine how these results relate to the experimentally measured conductivity and H,

Crossover.

In Figure 10, the diffusion coefficients for water, OH and H, species are presented as a function of

temperature for both membranes, computed as the mean over 10 trajectories. The error bars are estimated as
the standard deviation of the mean"**.

The diffusion of water and OH' is mediated by the hydrogen bond structure of the media. In bulk water, a
well-organized and compact structure allows proton diffusion to be about four to eight times larger than in
hydrated membranes'®>* due to proton transfer that leads to the Grotthuss mechanism. In Figure 10, we
observe that water diffusion coefficients are almost equal in the presence of both membranes, suggesting that
the water structure in both membranes is similar. While this does not have to be the case in general, the
shared backbone structure of the two membranes allows for the formation of very similar channels through
which the water can move.



Page 20 of 24 Herranz et al. Energy Mater. 2026, 6, 600005

H>O OH™ Hz
0.8 0.8 0.8
—$— DABCO —— DABCO —— DABCO
0.7 = MR 0T e T MY 0.7 e —¥ mpY
0.6 0.6 1
— 05 0.5
%)
& 0.4 0.4 1
g0 :
~
SIER 0.3 14
0.2 - : e j 0.2 1
0.1 ’% 0.1 0.1
0.0 ; : — 0.0 : J — 0.0 - . i
60 70 80 90 60 70 80 90 60 70 80 90
T/°C T/°C T/°C

Figure 10. The diffusion coefficients of water, OH- and H, molecules for the three temperatures studied in the presence of DABCO and
MPY membranes.

While water diffusion is not significantly altered by the nature of the membrane, OH" diffusion shows
substantial differences. We find that OH" diffusion is not uniquely determined by the structure of the water
molecules, but also by interactions with the specific quaternary ammonium groups. In our simulations,
diffusion is consistently higher in the MPY membrane compared to the DABCO membrane. This result
qualitatively agrees with the experimental observation of higher conductivity in the MPY membrane,
although the exact ratio cannot be directly reproduced from the diffusion coefficients. This discrepancy is
expected, as the Nernst-Einstein relation between conductivity and the diffusion coefficient involves
corrections related to the simulation volume!®®, which varies between membranes to maintain consistent
density. Furthermore, contributions from K* or Na* cations to the experimental conductivity were not
included in the simulations. Overall, the calculated diffusion coefficient of OH" in the presence of the
membrane serves as a reliable estimator of the final conductivity.

A second objective of the computational study is to identify whether the H, crossover observed
experimentally can be correlated with its diffusion coefficient within the membrane. This is a simplified
approximation, as other phenomena such as electro-osmotic drag and phase-transfer effects may play
significant roles. In AEMs, the hydroxide ion flux from cathode to anode drags water convectively toward
the anode, enhancing the transport of dissolved H, and potentially increasing crossover at higher current
densities"**\. This is opposite to the trend typically observed in PEMs****.. However, these convective effects
are not included in our simulations, which are conducted under neutral conditions. From a modeling
standpoint, classical MD captures only bulk diffusion and may underestimate these coupled effects, whereas
more advanced methods - such as non-equilibrium MD (NEMD)!” or the use of dedicated force fields for
weak H,-polymer interactions - would provide a more realistic description of crossover behavior.

In Figure 10, the computed diffusion coefficients for H, are presented. We find good qualitative agreement
between the experimental H, crossover observed at 60 °C and the diffusion coefficients calculated for both
membranes, which exhibit similar behavior in this regard. This correspondence extends up to 80 °C;
however, at higher temperatures, distinct differences emerge. In this specific case, the H, diffusion coefficient
appears to be a reliable indicator of crossover. Nevertheless, we cannot conclude that this correlation holds
for all systems, given the molecular complexity of H, mobility, and future work will be required to further

assess this relationship.
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CONCLUSIONS

This work demonstrates the successful design and development of novel PBI/PVBC-based AEM:s for alkaline
water electrolysis. The combination of experimental characterization and MD simulations has provided a
comprehensive understanding of both the structural and transport properties of these membranes.

The incorporation of quaternary ammonium groups through DABCO or MPY quaternization yielded
membranes with well-defined structural features and suitable ionic conductivity. Both membranes exhibited
markedly improved gas-barrier properties, achieving a 30% decrease in H, crossover compared to the
commercial FAA-3-50 membrane, which is a critical parameter for safety and efficiency in green hydrogen
production. MD simulations offered valuable insight into the diffusion behavior of OH, directly linking the
role of functional groups at the molecular scale with macroscopic properties such as conductivity and
selectivity. In this study, the diffusion coefficient of H, is also closely correlated to the experimental
crossover, while more evidence is still needed to attest that diffusion is the limiting step in H, crossover.
Although FAA-3-50 delivered the best performance in short activation tests, the newly developed
membranes provided highly competitive performance while significantly enhancing stability and
considerably decreasing H, crossover. Dapozol M-40, in contrast, was ruled out due to poor electrochemical
behavior. The overall results position PBI/PVBC-based membranes as promising candidates for
next-generation alkaline water electrolyzers, combining durability, safety, and efficiency.
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