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Abstract

High-pressure proton exchange membrane water electrolysis (PEMWE) can directly deliver
hydrogen at high pressure, eliminating the need for external gas compression. However, its
widespread adoption is hindered by significant hydrogen crossover issues. This study
systematically investigates the hydrogen crossover behavior of proton exchange membranes
by comparing the polarization performance and anodic hydrogen content of homogeneous
membranes with varying thicknesses (N117, N115, NR212) and two composite membranes
(HPM-2080-X and HPM-20100-WX) incorporating support layers and a hydrogen
recombination layer, under different temperatures and pressures. Results indicate that under
ambient pressure tests, the anodic hydrogen content of all membrane electrode assemblies
initially increases and then decreases with rising current density, with composite membranes
exhibiting significantly lower hydrogen content than their homogeneous counterparts.
Elevated temperature was found to exacerbate hydrogen crossover. During pressurized
operation, differential pressure was identified as a more critical factor than absolute pressure.
Under harsh conditions of 80°C and a 10 bar differential pressure, the anodic hydrogen
content of homogeneous membranes exceeded the 4% explosion limit at a low current density
of 0.1 A cm™. In contrast, the composite membranes HPM-2080-X and HPM-20100-WX
demonstrated superior performance with remarkably low crossover rates of 1.44% and 0.98%,
respectively, both well below the safety threshold. This work confirms that rational membrane
structure design is a crucial strategy for enhancing the operational safety of high-pressure
differential PEMWE. Future research should focus on developing novel composite
membranes that integrate high structural stability with intrinsically low hydrogen crossover,
thereby synergistically improving the overall efficiency and safety of electrolysis systems.
Keywords

Proton exchange membrane (PEM); Pressurized water electrolysis; Hydrogen crossover;
Composite membrane

Highlights

1. Elevated temperature is found to exacerbate hydrogen crossover.

2. Differential pressure is identified as a more critical factor than absolute pressure.

3. Homogeneous membranes show unsafe hydrogen crossover under pressurized operation.
4

The composite membranes enable safe operation under 10 bar differential pressure.



1 Introduction

Hydrogen energy, a versatile secondary energy carrier, offers the critical advantages of
abundance, zero carbon emissions, and long-term storage capability. It facilitates the
large-scale integration of renewable energy, enables grid peak shaving, and allows for
cross-seasonal and cross-regional energy storage. Furthermore, hydrogen plays a flexible role
in various stages of the power system, including production, storage, and utilization [1]. Green
hydrogen, produced via water electrolysis powered by renewable sources (e.g., wind, hydro,
solar), is the most sustainable pathway as it generates no carbon dioxide emissions [2,3].

Among various water electrolysis technologies, proton exchange membrane water
electrolysis (PEMWE) holds distinct advantages over alkaline, anion exchange membrane, and
solid oxide electrolysis. These include the use of pure water as a reactant, a compact system
design, high operational current density, high gas production rate, high hydrogen purity, rapid
response, and capability for high-pressure operation. These merits have spurred extensive
research efforts aimed at leveraging PEMWE for diverse applications, such as coupling with
renewable electricity for fuel cell hydrogen supply, industrial raw material production, medical
technologies, and other fields [4,5].

High-pressure gaseous hydrogen storage technology, typically implemented using
specialized vessels, offers significant advantages including straightforward system design,
low energy consumption for hydrogen compression, rapid charging and discharging rates, and
broad operational temperature tolerance [6]. High-pressure operation of PEMWE offers the
significant advantage of direct hydrogen production at elevated pressures, minimizing the
energy needed for subsequent compression [7], reducing operational costs and enhancing
overall system efficiency [8,9]. However, such operation exacerbates gas crossover,
particularly hydrogen crossover through the membrane, primarily due to the membrane's water
absorption characteristics [10,11]. This hydrogen crossover critically impacts cell safety and
efficiency at low current densities and accelerates membrane degradation at high current
densities [12,13]. Consequently, a fundamental understanding of gas crossover mechanisms, a
systematic investigation of operational parameters impact, and the development of membranes
exhibiting low hydrogen permeability and high performance are imperative for the safe and
efficient operation of PEMWE stacks.

Perfluorosulfonic acid (PFSA) membranes are currently the most widely used proton
exchange membranes [14]. Ex situ techniques, such as linear sweep voltammetry (LSV) in fuel
cells and gas permeability test using differential-pressure method [15], have been extensively
employed to evaluate the hydrogen permeability of Nafion membranes. These studies have
examined the effects of membrane thickness [16], temperature [17,18], relative humidity [19],
and pressure differentials [20]. However, the conditions in these ex situ tests often differ
significantly from the actual gas-liquid environment and membrane state within an operating
electrolyzer, limiting their ability to accurately reflect real-world hydrogen crossover. Recent



research has increasingly focused on in situ hydrogen crossover under practical PEMWE
conditions [21], with growing consideration of factors like catalysts [22], porous transport
layers [23], catalyst layer properties [24], and cell assembly pressure [25]. Nonetheless, further
systematic investigation is needed on the effects of membrane thickness, temperature, and
pressure (especially symmetric vs. asymmetric pressure). A deeper understanding of the safe
operating windows for homogeneous membranes will provide valuable guidance for designing
novel proton exchange membranes with low hydrogen crossover.

To pursue higher cell efficiency by reducing ohmic resistance, researchers have begun
exploring thickness reduction of homogeneous membranes. However, such thinning strategies
inevitably lead to a pronounced increase in hydrogen crossover while simultaneously raising
the risk of mechanical failure. To enhance the mechanical strength of PFSA membranes,
suppress swelling-induced hydrogen permeability, and enable operation under harsh conditions,
incorporating a support layer has been a common strategy [26—28]. Common support materials
(e.g., e-PTFE, PPS, and PEEK) enable the use of thinner membranes without compromising
mechanical integrity, thereby lowering proton conduction resistance [29]. However, the
comparative impact of different support layers on hydrogen crossover and electrolyzer
performance has rarely been studied. Alternatively, incorporating Pt particles as a hydrogen
recombination layer within or on the membrane surface is another approach to mitigate safety
risks [30-32]. The Pt catalyzes the oxidation of permeated hydrogen, reducing its concentration
in the anode oxygen stream. Nevertheless, Pt incorporation can lead to localized hot spots
during exothermic recombination and promote radical formation that accelerates membrane
degradation [33,34]. Additionally, the added layer may increase ohmic impedance [32].
Current commercial composite membranes for water electrolysis, notably including industry
representatives like Gore™ Select 80 and Hyproof HPM-2080-X, strategically incorporate
both a recombination layer and support layers to achieve minimal hydrogen content at the
anode. Despite this technological adoption in commercial products, a systematic
understanding of the hydrogen crossover behavior and overall cell performance specifically
for this class of composite membranes remains comparatively limited in academic literature.
Therefore, elucidating the fundamental differences in hydrogen permeation mechanisms
between these advanced composite membranes and conventional homogeneous membranes is
crucial for establishing rational design principles for next-generation, low-crossover
composite membranes.

This study establishes a structure-property-performance relationship for polymer
membranes through systematic parametric analysis, providing critical insights for designing
low-hydrogen-crossover membranes and membrane electrode assemblies (MEAS). Initially,
the structural and property differences between homogeneous and composite membranes were
compared through scanning electron microscopy (SEM) characterization, assessment of
physicochemical properties, and proton conductivity measurements. Subsequently, MEAs



were fabricated using an identical method for three homogeneous membranes with different
thicknesses (N117, N115, NR212) and composite membranes featuring a hydrogen
recombination layer and support layers (HPM-2080-X and HPM-20100-WX). Hydrogen
crossover was evaluated by measuring the hydrogen content in the anode oxygen stream under
various operating conditions, which included temperature, pressure mode (Ssymmetric vs.
asymmetric), pressure magnitude, and current density. This allowed for an analysis of the
factors influencing hydrogen crossover and thereby established safe operating windows for
each membrane type. Furthermore, by correlating the structural and property analyses of both
homogeneous and composite membranes, this work elucidates the origins of the distinct
behaviors and trends in anodic hydrogen content among the membranes. It also clarifies the
respective roles of the hydrogen recombination layer and the support layer, thereby providing
strategic direction for the future design of novel proton exchange membranes with low
hydrogen crossover.

2 Experimental

2.1 Materials

The materials used for the MEAs preparation are listed as follows. Sulfuric acid (H2SOa,
98 wt%, Xilong Scientific Co. Ltd.) was used for the pre-treatment of proton exchange
membranes (PEMS). Iridium black (Heraeus) was employed as the anode catalyst. Platinum on
carbon (Pt/C, 50 wt% Pt, TEC10E50E, Tanaka Kikinzoku Kogyo) was used as the cathode
catalyst. The catalyst inks were prepared using a 5 wt% Nafion D520 solution (EW=1000 g
mol™) as the ionomer, with a mixture of isopropyl alcohol (AR, 99.7%, Innochem) and
deionized water (~18.2 MQ cm at 25°C) as solvents. The anode porous transport layer (PTL)
was a platinum-coated titanium fiber felt with a thickness of 400 pm and a porosity of 78%. The
cathode PTL was a carbon paper (Freudenberg) with a thickness of 200 um.

2.2. Characterization of Membrane Physicochemical Properties

The surface and cross-sectional morphologies of the composite membranes were
characterized using a scanning electron microscope (SEM, Sigma 300, ZEISS) equipped with
energy dispersive spectrometer (EDS).

Pt loading in the composite membranes was measured using inductively coupled plasma
optical emission spectrometer (ICP OES, Avio 550 Max, PerkinElmer).

The mechanical strength of the membranes was measured using a universal testing
machine (WDW-100, Changchun Kexin Testing Instrument Co., Ltd). Sample strips with a
gauge length of 20 mm were stretched at a constant rate of 5 mm min™. Prior to testing, the dry
samples were dried in a vacuum oven at 80°C for 24 hours. The hydrated samples were
immersed in deionized water at 80°C for 12 hours and tested immediately upon removal to
maintain the hydrated state.

The thermal stability of the membranes was assessed by thermogravimetric analysis (TGA)
on a STA200 instrument (Hitachi). The measurements were conducted under a nitrogen



atmosphere from 40°C to 850°C at a heating rate of 10°C min™.

To evaluate the water uptake properties of the membranes, the samples were immersed in
deionized water and equilibrated at each target temperature for at least 30 minutes to ensure full
hydration [35]. The dimensions (length, width, thickness) and mass of both the dry and
hydrated membranes were measured and denoted as, Ly, Wy, dgy, my and Ly, Wy, dq, my,
respectively. The water uptake (WU), surface area swelling ratio, and thickness swelling ratio
were then calculated using the following equations:

m; —mg
WU = ———2x 100%#(1)
my

L X WimLo X Wo 1 000 #(2)
Lo X W, °

di—dyo

Surface area swelling ratio =

Thickness swelling ratio = X 100%#(3)

0
2.3. Proton Conductivity Measurement

The proton conductivity was determined by electrochemical impedance spectroscopy
(EIS). A strip of each membrane was clamped in a custom-built four-electrode cell for
measurement. The EIS spectra were recorded using a Gamry Interface 1000E electrochemical
workstation over a frequency range from 1 MHz to 10 Hz with an AC voltage amplitude of 10
mV. The measurements were conducted at temperatures ranging from 30°C to 90°C, controlled
by a thermostatic water bath.

The proton conductivity (o, S cm™) was calculated using the following equation:

L
=—#(4
) Rdw ()

Here, L is the distance between the two sensing electrodes (cm), R is the membrane
resistance () obtained from the high-frequency intercept on the real axis of the impedance
spectrum, d and w are the thickness and width of the membrane sample (cm), respectively.

The activation energy (Ea) for proton conduction was evaluated from the
temperature-dependent conductivity data using the Arrhenius relationship:

Eq
o = Ae RTH#(5)

which can be linearized as:

Ino = InA E“l#(6)
no =1n RT

Here, T is the absolute temperature (K), A is the pre-exponential factor (Scm™), R is the
ideal gas constant (8.314 J mol™ K™), E, is the activation energy (J mol™).
2.4. Calculation of Distribution of Relaxation Times (DRT)

DRT calculations have been performed using EISART, developed by Hangyue Li et al.
[36]. The regularization parameter is selected 107 to obtain the optimal result [31,32]. The
relationship between DRT and input EIS data is shown in the following equation:
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Here, Z(w) is the complex impedance at the angular frequency w = 2nf, f is the
perturbation frequency during impedance measurement, y(z) is the relaxation time
distribution function, and 7 is the relaxation time.

2.5. MEA Fabrication

Catalyst-coated membranes (CCMs) were fabricated using different homogeneous
membranes (Nafion, NR212, N115, N117) and two composite membranes (Hyproof HPM
membranes, HPM-2080-X and HPM-20100-WX) via an ultrasonic spray coating technique.
The catalyst loadings were set to 0.8 mg,, cm™ for the anode and 0.2 mge, cm for the cathode,
with an ionomer-to-carbon (I/C) weight ratio of 0.67.

2.6. Single-Cell Electrochemical Evaluation

The single-cell testing conditions are summarized in Table 1. For tests at varying
temperatures, a custom-made cell fixture with parallel flow fields and an active area of 2 x 2
cm® was used, assembled with a torque of 3 N m. These tests were conducted at set
temperatures (60°C, 70°C, 80°C) with an anode inlet flow rate of 25 mL min™.

To ensure rapid pressure stabilization and operational safety during pressurized tests, a
commercial fixture from Keysight Technologies with serpentine flow fields and an active area
of 5 x 5 cm? was employed, assembled with a torque of 6 N m. The pressurized electrochemical
tests were performed at either 60°C or 80°C under the specified pressures (see Table 1), with an
anode inlet flow rate of 150 mL min™. The systematic absolute deviation arising from
differences in cell active area does not affect the judgment regarding the robustness of
the final conclusions.

Table 1 Cathode and anode pressures under different pressure conditions

Pressure 0 bar 5 bar 5 bar 10 bar 10 bar
Conditions balanced balanced differential balanced differential
cathoge 5 5 10 10
pressure /bar
d
anode 0 5 0 10 0
pressure /bar

“All pressures reported are gauge pressures, with atmospheric pressure as the reference (1 bar).

Each new cell was activated by operating at 1 A cm™ under ambient pressure for 1-2 hours.
Polarization curves were recorded galvanostatically over different current density ranges,
tailored to the specific performance of each cell. EIS spectra were acquired at various
temperatures and current densities using a Zennium Pro electrochemical workstation coupled
with a PP242 potentiostat. The measurements were performed in galvanostatic mode with an
AC current perturbation amplitude of 10% of the DC current, scanning a frequency range from
80 kHz to 0.1 Hz.

Hydrogen crossover through the membrane was analyzed by measuring the hydrogen



content in the anode oxygen stream during galvanostatic steps. For the custom-made fixture,
due to the lower gas flow rates, the hydrogen concentration was quantified using gas
chromatography (GC, Shimadzu GC2014). For the commercial fixture (Kewell Technology
Co., Ltd.), the hydrogen-in-oxygen concentration was measured in real-time using a dedicated
hydrogen analyzer (Chengdu Honry Tech Science and Technology Co., Ltd., ranges 0-5% or
0-4%). Both instruments were calibrated using standard calibration gases prior to use
(calibrated in Oy, 0.2% H; in Oy, 0.5% H, in O,, and 1% H, in O,).

Schalenbach et al. [33] demonstrated that the Ir-based anode catalyst is inert toward the
hydrogen oxidation reaction; therefore, all permeated hydrogen can be measured in the anode
product gas via gas analysis. The measured volume fraction of H,-in-O,% can be converted into
the hydrogen crossover rate. For an ideal gas, oxygen crossover—which was found to be at
least two times lower than hydrogen crossover—can be neglected. The volume fraction of
H,-in-0,% in the dry anode product gas, ¢, can be calculated as follows:

Pu, = —f,g"
H, = Ngo T Ngf"

Here, Ng° is the hydrogen crossover rate (mol m? s?), and N§Y° is the flux

#(8)

associated with the evolved oxygen (mol m? s™), which can be calculated from the Faraday’s
law of electrolysis:

i
NEY° = —#(9
57 = 77 ()
By solving Equation 8 for the crossover rate Ny ° and substituting Equation 9, the

hydrogen crossover flux can be determined from the measured hydrogen volume fraction ¢y,
Faraday’s constant F (C mol™) and the applied current density i (A m?).

L Qq
Cro — __ 2 # 10
= T e #(10)

3 Results and Discussion
3.1 Structural Characterization of the Membranes

The structure determines the properties, and the hydrogen crossover of the membrane is
closely related to the membrane structure. Nafion membranes are PFSA homogeneous
membranes while Hyproof HPM membranes are composite membranes. To investigate the
distribution of the support layers and the hydrogen recombination catalyst Pt within the
composite membranes, the surface and cross-sectional structures of HPM-2080-X and
HPM-20100-WX were characterized using SEM and EDS. The results are shown in the Fig. 1.
For both composite membranes, Pt nanoparticles were uniformly distributed on the anode side,
while no Pt was detected on the cathode side. This strategic incorporation of Pt at the anode is

beneficial for the in situ oxidation of hydrogen. Furthermore, the cross-sectional images



revealed dense membrane structures without noticeable defects. ICP OES analysis confirmed
that the loading of the hydrogen recombination catalyst was approximately 20 pg cm™, which
satisfies the requirement for effective hydrogen recombination [39]. Notably, no obvious
aggregation of Pt nanoparticles was observed in the cross-sections of both composite
membranes. This distribution avoids the destruction of the overall membrane structure by Pt
nanoparticles and prevents the formation of local hotspots during the electrolysis process,
which could accelerate membrane degradation. As can be observed from the Fig. 1,
HPM-2080-X had three layers of flat e-PTFE support layers, while HPM-20100-WX
incorporated an additional layer of PPS mesh and a layer of e-PTFE support layer.
Furthermore, in Fig. S1, the catalyst and support layers are annotated to indicate their
respective thicknesses. The catalyst layer is about 14 um thick in both membranes. The
thicknesses of the support layers are ~5 um for the e-PTFE and ~60 um for the PPS mesh.
The integration of these support layers did not compromise membrane flatness or lead to any
delamination. The incorporation of support layers is known to suppress membrane swelling,

thereby contributing to the reduction of hydrogen gas crossover.
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Fig. 1. SEM and EDS images of the HPM-2080-X membrane: (a, b) cathode surface, (c, d)
anode surface, and (i, j) cross-section; and of the HPM-20100-WX membrane: (e, f) cathode

surface, (g, h) anode surface, and (k, I) cross-section.



3.2 Physical Properties of the Membranes

Water uptake significantly influences the proton conductivity and dimensional stability
of composite membranes, thereby affecting hydrogen crossover. Accordingly, the water
uptake and swelling ratio of both the homogeneous membranes and composite membranes
were measured, as shown in Fig. 2 (a, b). To achieve higher proton conductivity, the
composite membranes were fabricated using resins with relatively higher water absorption
rates (EW=~830-850 g mol™). Concurrently, the incorporated support layers function to
suppress excessive in-plane swelling. Through comparative analysis, it can be observed that
the water uptake of the composite membranes and the homogeneous membranes is similar at
lower temperatures. However, as temperature increases, the composite membranes exhibit
significantly higher water uptake. When examined in conjunction with area and thickness
swelling rates in Fig. 2 (b) and S2, the volumetric expansion of the composite membrane was
primarily due to thickness swelling, while the dimensional swelling in the length and width
directions remains relatively limited. Notably, the in-plane swelling ratio of HPM-20100-WX
remains below 5%, demonstrating that the dual-support layer design effectively suppresses

planar expansion of the membrane.

In proton exchange membrane conductivity tests, the activation energy (Ea) calculated
using the Arrhenius equation is primarily positively correlated with the energy barrier
overcome during proton migration. The pre-exponential factor (A) can be interpreted as the
theoretical limit of conductivity when temperature approaches infinity (T—o0), which is
related to the effective proton carrier concentration and proton transport pathways within the
membrane. As shown in Fig. S3 and Table S1, owing to thickness swelling at elevated
temperatures and the restriction of in-plane expansion by the support layers, the composite
membranes exhibit lower pre-exponential factors compared to the homogeneous membranes.
The temperature-dependent divergence in water uptake between the composite membranes is
directly mirrored by their proton conductivity differences. The experimental data indicate that
while a lower EW is beneficial for proton conductivity, the concomitant high water uptake
dilutes the concentration of ionic groups. Concurrently, in-plane proton conduction occurs
independently within the ion-conducting phase of the membrane[40]. The incorporation of the
support layer reduces the thickness of this ion-conducting phase, consequently leading to a
decrease in the in-plane conductivity[41]. Under this structural configuration, although the

composite membranes exhibit conductivity similar to that of the homogeneous membranes at



80°C in ex situ conductivity tests (Fig. 2c¢), its proton transport behavior in the actual cell
environment differs notably. Unlike homogeneous membranes, the composite membrane
exhibits anisotropic proton transport properties. The enhanced through-plane conductivity can
be attributed to a greater abundance of oriented proton-conducting channels in this direction,
which facilitate the formation of interconnected ionic domains and increase the population of
free proton carriers within the conduction pathways.[41] During operation, transmembrane
proton conduction is less hindered by the support layers, while the thickness swelling of the
composite membranes is effectively constrained by the stack assembly pressure. As a result,
the composite membranes can ultimately demonstrate higher proton transport under operating

conditions.

As shown in the Fig. 2 (d), TGA was performed to evaluate the thermal stability of both
the homogeneous and composite membranes under a nitrogen atmosphere. The TGA curves
reveal two distinct mass loss stages for the composite membrane. In the temperature range of
30-100°C, a slight mass loss is observed in both types of membranes, which can be attributed
to the evaporation of residual water retained within the membranes. In the temperature range
of 100-300°C, no significant mass loss is observed for either composite membrane. The first
distinct mass loss stage occurs around 300°C, which is attributed to the thermal degradation
and elimination of sulfonic acid groups [42]. When the temperature exceeds 450°C, a second
mass loss stage emerges, accompanied by continuous weight reduction. This stage is ascribed
to the thermal decomposition of both the side chains and PTFE-based main chain [42,43]. The
residues primarily consist of Pt and other thermally stable components. The incorporation of
the support and Pt layers does not significantly alter the overall thermal behavior of the
composite membranes.

Pressurized water electrolyzers operate under demanding conditions, including high
pressure and high current density, necessitating robust mechanical strength of the composite
membrane. To evaluate this, tensile tests were conducted on both dehydrated and hydrated
composite membranes using a universal testing machine. The corresponding stress-strain
curves are presented in the Fig. 2 (e, f), while the maximum tensile strength and elongation at
break are summarized in the Table 2. The hydrated HPM-2080-X composite membrane
exhibited a maximum tensile strength of 14.07 MPa with an elongation at break of 300.84%,
while the hydrated HPM-20100-WX composite membrane showed a higher tensile strength of
22.04 MPa but a significantly lower elongation at break of 14.98%. Despite its low elongation

at break, HPM-20100-WX demonstrated tensile strength comparable to or even greater than



that of the homogeneous membranes, indicating sufficient rigidity of the prepared materials.
The notably higher ductility of HPM-2080-X is attributed to the flexible nature of the e-PTFE
layer, whereas the lower elongation at break of HPM-20100-WX relative to homogeneous
membrane is associated with the rigid PPS mesh. After 12 hours of immersion in water at
80°C, all membranes experienced a reduction in maximum tensile strength; however, the
HPM-20100-WX variant maintained the highest tensile strength among them. In summary,
both composite membranes possess satisfactory mechanical strength. The incorporation of the
support layer and hydrogen recombination catalyst Pt did not compromise the mechanical
integrity of the membranes, supporting their suitability for full-cell assembly.

Table 2. Tensile strength and elongation at break of membranes under both hydrated and
dehydrated conditions™

Condi Membrane Tensile Elongation at
tions S strength (MPa)  break (%)
N117 23.28 91.30
N115 16.48 203.84
NR212 16.30 358.33
Dehyd
q HPM-2080-
rate 25.89 265.98
X
HPM-2010
51.68 7.78
0-WX
N117 13.49 224.53
N115 14.99 359.05
NR212 14.07 299.54
Hydra
HPM-2080-
ted 14.07 300.84
X
HPM-2010
22.04 14.98
0-WX

*The hydrated membranes were obtained by immersion in ultrapure water at 80°C for 12

hours.
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Fig. 2. (@) Water uptake, (b) surface area swelling ratio, (c) conductivity, (d)
thermogravimetric (TG) curves, (e) tensile strength of dry membranes, and (f) tensile strength
of hydrated membranes for homogeneous membranes (N117, N115, and NR212) and
composite membranes (HPM-2080-X and HPM-20100-WX).
3.3 Factors Influencing Hydrogen Crossover through the Membranes

A prerequisite for analyzing the hydrogen crossover behavior of membranes is a
fundamental understanding of the governing factors. The primary mechanisms of gas
crossover include diffusion and convection. For proton exchange membranes, hydrogen
crossover is predominantly influenced by diffusion. Key factors affecting hydrogen crossover
include membrane thickness, cathode hydrogen pressure, hydrogen solubility, current density,

and the hydrogen diffusion coefficient within the membrane (Equations 11 and 12) [44,45].

) CI(:‘Iat
Ndlff — Df]];fg_Z#(ll)

H;
mem

cf = f(pE®, Suy ki, 1) #(12)

Here, Ngzif ! represents the hydrogen crossover flux; Df,’; ! represents the effective

hydrogen diffusion coefficient in the membrane; c,clet denotes the hydrogen concentration at
the cathode, which is considered a function of cathode hydrogen pressure p,clet, hydrogen
solubility Sy,, mass transfer coefficient k;, and current density i; Spem is the length of
intra-membrane gas diffusion path.

Based on the various influencing factors discussed above, the performance of cells
assembled with membranes and their corresponding anodic hydrogen content were measured
under different conditions.

Membrane Type - According to Fick’s law, the gas crossover flux is inversely

proportional to the diffusion path length. In a PEM water electrolysis cell, this diffusion path



length corresponds to the thickness of the proton exchange membrane [46,47]. A comparative
analysis of membranes with different thicknesses (N117, N115, and NR212) reveals that
under identical operating temperatures in Fig. 3, increased membrane thickness leads to
decreased cell performance and elevated ohmic resistance of the membrane electrode
assembly. Concurrently, both the anodic hydrogen content and the hydrogen crossover flux
are reduced, which aligns with theoretical predictions. The similar H,-in-O,% levels observed
for N115 and N117 suggest that beyond a certain thickness, the reduction in hydrogen
crossover becomes progressively smaller or even saturates. This phenomenon is
attributable to the fact that the hydrogen crossover rate in such thick homogeneous
membranes is predominantly governed by the interfacial mass transfer resistance at
the membrane surface, rather than by the bulk diffusion resistance, which is
thickness-dependent [48]. Consequently, the design of membranes should seek a balance
between membrane ohmic resistance and hydrogen crossover, emphasizing the selection of an
appropriate membrane thickness during fabrication.

For composite membranes, the HPM-2080-X membrane, with its reduced thickness,
contributes to a lower ohmic resistance in the assembled cell compared to the N115
membrane. Consequently, at 80°C and 2 V, it achieves a current density of 3.7 A cm?
outperforming the N115 membrane's 3.1 A cm™. Notably, despite the thinner structure, the
incorporation of both the support layer and the hydrogen recombination catalyst effectively
suppresses hydrogen crossover in the HPM-2080-X membrane, resulting in a lower anodic
hydrogen content at the anode than that observed with the N115 membrane (Fig.S4). In
comparison to HPM-2080-X, the cell assembled with the thicker HPM-20100-WX membrane
exhibits unexpectedly lower ohmic resistance. This may be attributed to the fact that multiple
e-PTFE layers can impede proton transport, whereas the large-pore PPS support layer does
not present such limitations [49,50]. As a result, the full cell incorporating HPM-20100-WX
achieves superior performance, delivering a current density of 4.5 A cm™ at 80°C and 2 V,
close to NR212’s 4.6 A cm™. Moreover, it demonstrates much lower anodic hydrogen content
across the entire current density range, even lower than that of N117. Under the assumption of
no hydrogen consumption at the anode, converting the anodic hydrogen content to hydrogen
crossover flux clearly demonstrates that the composite membranes exhibit a significantly

lower apparent hydrogen flux.
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Fig. 3. (a) 1-V curves, (b) Nyquist plots at 1 A cm?, (c) Anodic hydrogen content, and (d)
Hydrogen permeation flux as a function of current density for water electrolysis cells
assembled with different membranes, operated at 80°C under 1 bar absolute pressure

Temperature - Temperature significantly influences both the hydrogen diffusion
coefficient and solubility within the membrane, thereby affecting hydrogen crossover
[19,51,52]. Comparative analysis across temperatures reveals a consistent increase in anodic
hydrogen content with rising temperature for all membranes. This trend can be explained by the
enhanced swelling of the PFSA polymer at elevated temperatures, which promotes the
formation of additional pathways for hydrogen diffusion [47]. Simultaneously, the hydrogen
diffusion coefficient within the membrane increases with temperature [52], indicating
accelerated hydrogen diffusion in the operating electrolysis cell.

At 0 bar balanced operation, the cathode hydrogen pressure can be considered constant.
However, the dissolved hydrogen concentration at the cathode increases with current density
[44]. As shown in Fig. 4, the anodic hydrogen content for all membranes decreases below a
current density of 0.5 A cm™. This initial decline is attributed to the increasing oxygen flux,
which dilutes the permeated hydrogen. Above 0.5 A cm™2, however, the trend reverses, with a
rise in anodic hydrogen content observed. This increase is linked to altered mass transport
conditions on the cathode (hydrogen) side: the higher hydrogen production rate elevates its
dissolution in the cathode catalyst layer. Concurrently, compression of the gas diffusion layer



under operational current reduces its porosity and permeability. This degradation in transport
properties lowers the effective mass transfer coefficient and increases the local hydrogen
supersaturation [53,54], a coupled effect that accelerates the hydrogen crossover rate. Beyond
2 A cm?, the anodic hydrogen content generally stabilizes or even decreases, possibly due to
alterations in membrane temperature and saturation effects within the cathode catalyst layer.
Integrated analysis of the Nyquist plots and DRT curves for membranes of different thicknesses
at 60°C (Fig. S5) reveals a significant increase in mass transport polarization with rising current
density. This trend correlates well with the observed rise in anodic hydrogen content for
membranes between 0.5-2 A cm™. Thicker membranes exhibit a more pronounced increase in
mass transport polarization at elevated current densities, which aligns with the altered rate of
change in hydrogen crossover flux under high-current-density operation. These findings
indicate that the rational design of membranes should focus on suppressing excessive swelling
of the PFSA to reduce the hydrogen diffusion coefficient, while simultaneously addressing
mass transport polarization to mitigate the associated increase in hydrogen crossover. Such
strategies are essential for extending the safe operating current density range of water
electrolysis cells.
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Fig. 4. (a)-(c) I-V curves and corresponding anodic hydrogen content as a function of current
density; (d)-(f) hydrogen crossover flux as a function of current density for water electrolysis
cells assembled with N117, N115, and NR212 membranes, respectively, operated at 60°C,
70°C, and 80°C under 1 bar absolute pressure.

To systematically compare the hydrogen crossover behavior of homogeneous and
composite membranes across temperatures, MEAs of composite membranes were fabricated
identically and assembled into full electrolysis cells. The cells were evaluated under ambient
pressure at 60°C, 70°C, and 80°C, with their I-V polarization curves and anodic hydrogen

content characterized, as summarized in Fig. 5. Similar to the homogeneous membranes, both



composite membranes exhibited a consistent trend in anodic hydrogen content: an initial
decrease followed by an increase and eventual stabilization with rising current density. This
pattern confirms that the composite structure does not alter the fundamental hydrogen
crossover mechanisms of the PFSA matrix. Instead, the observed reduction in hydrogen
crossover is primarily attributed to the catalytic oxidation of permeated hydrogen at the
recombination layer. Furthermore, Nyquist plots and DRT curves performed at 60°C (Fig. S6)
indicate that the incorporation of a microporous support layer and the reduction in membrane

thickness effectively mitigate mass transport polarization at high current densities.
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Fig. 5. (a)(b) 1-V curves and corresponding anodic hydrogen content as a function of current
density; (c)(d) hydrogen crossover flux as a function of current density for water electrolysis
cells assembled with HPM-2080-X and HPM-20100-WX membranes, respectively, operated
at 60°C, 70°C, and 80°C under 1 bar absolute pressure.

Pressure- For the comparative analysis of different pressure conditions, the N115
membrane, commonly employed in water electrolysis, was selected for pressurized testing.
Therefore, systematic investigations were conducted exclusively on N115 membrane,
measuring both cell performance and anodic hydrogen content as functions of current density
across five distinct pressure regimes (Fig. 6).

For the N115 membrane under differential pressure operation, increasing the cathode
pressure leads to elevated cell voltage in the relatively low current density region (<1.5 A

cm™), whereas the voltage remains nearly constant or even decreases in the high current



density region (>1.5 A cm™). In contrast, under balanced pressure operation, higher pressure
consistently results in a higher overall cell voltage compared to atmospheric pressure.
According to the Nernst equation, an increase in either cathode or anode pressure leads to a
rise in the thermodynamic equilibrium voltage (Equation 13). However, under differential
pressure operation, the observed voltage decrease at relatively high current densities is

associated with a reduction in mass transport overpotential.[55]

RT [ay.Ja RT  [puJp
E,pp = E%, + ﬁln<u> =E% +ﬁln(u>#(13)

3/2
an,0 Do

Here, EQ, represents the standard reversible potential. For liquid water, the activity
am,ols taken as 1, while the activities of gaseous species are expressed as the ratio of their

partial pressures to the standard pressure p, (1 bar absolute pressure).

As derived from Equation 10, conversion of the measured anodic hydrogen content into
hydrogen crossover fluxes reveals that hydrogen crossover increases with rising pressure, with
this effect being more pronounced under differential pressure mode than under balanced
pressure conditions. This phenomenon can be attributed to enhanced water permeability and
altered water channel structure within the membrane under high-pressure differentials, which
promotes convective crossover [56,57]. Both membranes exhibited similar trends in the test
results. It is noteworthy that, under all pressurized conditions (both differential and balanced
pressure modes), the anodic hydrogen content decreases with increasing current density. This
indicates that the influence of pressurization on hydrogen crossover outweighs the effect of
mass transport. The results obtained at different pressures demonstrate that hydrogen crossover
through the PFSA membrane increases with rising pressure, particularly under differential
pressure operation. Therefore, the structural design of membranes and the loading of the
hydrogen recombination catalyst must be optimized according to the expected pressure
differentials in practical cell operation.
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current density for N115 membrane at 60°C under differential pressure conditions.

The substantial increase in hydrogen crossover through homogeneous membranes under
pressurized conditions severely limits their applicability. For instance, the N115 membrane
under differential pressure operation (10bar) at 60 °C exhibits H,-in-O,% exceeding 2%
across the entire current density range—a critical threshold, given that the explosive limit of
hydrogen in oxygen is 4%, and safe operation typically requires maintaining concentrations
below 2%.

Regarding the evaluation under different pressure conditions, the NR212 membrane (50
um) was excluded from pressurized testing due to its high susceptibility to failure under
pressure, which posed safety concerns. Therefore, to further compare the hydrogen crossover
behavior of homogeneous and composite membranes under more demanding conditions, |-V
curves and anodic hydrogen content were measured for N117, N115, HPM-2080-X, and
HPM-20100-WX at 80°C under O bar balanced pressure, 5bar, and 10bar differential
pressure (Fig.7). From the I-V curves, a significant performance degradation is observed for
the HPM-2080-X membrane with increasing pressure differential, while the HPM-20100-WX
membrane also exhibits a more pronounced performance decline compared to N115.
Combined with Nyquist plots and DRT curves of the composite membranes (Fig. S7), the
increase in ohmic resistance under high differential pressure is primarily attributed to
alterations in the proton conduction pathway resulting from subtle deformation at the

interface between the support layer and the polymer matrix (Fig. S8).



Although the structural changes induced by pressurization adversely affect the
performance of the composite membranes, they do not significantly increase hydrogen
crossover. Compared to the homogeneous membrane, the composite membranes
demonstrated significantly lower anode hydrogen content at low current densities. Under the
harsh operating condition of 80°C and 10 bar, both homogeneous membrane cells exceeded
the 4% explosion limit at 0.1 A cm?, while the HPM-2080-X and HPM-20100-WX
membrane cells maintained remarkably low hydrogen-in-oxygen levels of 1.44% and 0.98%,
respectively - both well below the 2% safety threshold. Although the interfacial deformation
elevates the ohmic impedance, the support layer effectively suppresses large-scale in-plane
swelling, thereby preventing the formation of expanded ionic channels that would otherwise
create additional pathways for hydrogen crossover. Furthermore, the catalytic hydrogen
recombination facilitated by the Pt layer remains chemically robust and is minimally affected
by physical compression (Fig. S9). The pressurized tests conclusively demonstrate that
composite membranes effectively reduce anode hydrogen content, enabling safe cell
operation across wider current density ranges at elevated pressures. However, the observed
increase in ohmic resistance under pressure warrants serious consideration. For operation at
even higher pressures, greater attention must be paid to enhancing the structural stability of

these composite membranes.
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3.4 Safe Operating Range for Electrolyzers with Different Membranes

By integrating performance and hydrogen crossover data obtained at 80°C under
different pressures, the theoretical safe operating current density ranges for electrolyzers
employing N117 (gray), N115 (red), HPM-2080-X (green), and HPM-20100-WX (purple)

membranes were determined, as summarized in Fig. 8. These operational windows were



defined according to the criteria established by Babic et al. [58,59], where the lower limit is
set by the 2% hydrogen-in-oxygen safety threshold, and the upper limit corresponds to a
minimum voltage efficiency of 74% (equivalent to a cell voltage of 2 V). It should be noted
that the lower limit for some configurations was constrained by the initial current density (0.1
A cm’®) of the hydrogen-in-oxygen measurement.

As illustrated in Fig. 8, both limiting criteria impose strict boundaries on the safe
operating regime of PEMWE. The operational window for homogeneous membranes
continuously narrows with increasing pressure. Notably, the N115 membrane exhibits no safe
current density under a 10 bar differential pressure, indicating that industrial application at
higher pressures necessitates integrated hydrogen recombination layers and optimized
membrane electrode assembly structures to reduce anode hydrogen content. Although the
increased ohmic resistance of composite membranes under pressure gradually lowers their
upper operational limit, the HPM-20100-WX membrane (purple) consistently maintains the
widest operating window among the four membranes investigated. This superior performance
stems from the dual advantages of HPM-20100-WX: its recombination layer ensures low
anode hydrogen content at low current densities, while its composite architecture yields lower
ohmic resistance, enabling operation at higher current densities. For future designs of proton
exchange membranes with low hydrogen permeability, greater emphasis must be placed on
structural stability to prevent significant increases in ohmic resistance under pressurized
conditions. Furthermore, while the composite membranes tested in this study primarily reduce
anode hydrogen content through hydrogen recombination, this approach does not inherently
enhance voltage efficiency. Future development should therefore focus on simultaneously
maintaining pressurized performance and reducing the intrinsic hydrogen permeability of the
membrane matrix, thereby synergistically improving both cell voltage efficiency and

operational safety.
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4 Conclusion

This study systematically elucidates the fundamental differences in hydrogen crossover
behavior between homogeneous membranes and composite membranes under various
operating conditions in PEMWE. For homogeneous membranes, hydrogen crossover
demonstrates an inverse relationship with membrane thickness; however, this improved
barrier property comes at the expense of reduced proton conductivity. In contrast, the
composite membranes incorporate a support layer that mechanically suppresses membrane
swelling while maintaining high proton conductivity. Simultaneously, an integrated hydrogen
recombination layer significantly reduces hydrogen content at the anode. While elevated
temperature universally exacerbates hydrogen permeation across all membrane types -
primarily due to enhanced hydrogen diffusion coefficients and increased membrane swelling -
pressure effects prove more critical. Notably, high differential-pressure operation substantially
amplifies safety risks compared to balanced-pressure conditions.

An integrated analysis of performance-safety operating windows unequivocally
demonstrates that composite membranes provide substantially wider safe current density
ranges than homogeneous membranes under 80°C and 10 bar differential pressure conditions.
The optimal composite membrane HPM-2080-X achieved a safe operating range of 0.1-3.8 A
cm?, significantly surpassing the 0.7-3.0 A cm™ range exhibited by the thicker N117
membrane. This expanded operational flexibility is crucial for ensuring stable and safe
electrolyzer operation when powered by intermittent renewable energy sources. In summary,
proton exchange membranes featuring integrated "support layer + recombination layer"
structures represent an optimal strategy for simultaneously addressing efficiency and safety
requirements, thereby enabling high-performance and durable water electrolysis systems.
Future technological development should focus on two primary objectives: enhancing the
structural stability and long-term durability of composite membranes under high-pressure
conditions, and designing novel resin systems with intrinsically low hydrogen crossover to

improve overall cell efficiency.
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