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Transport of Hydrogen Through Anion Exchange
Membranes in Water Electrolysis

Andre Klinger, Oscar Strobl, Hannes Michaels, Michael Kress, Nemanja Martic,
Anna Maltenberger, Benjamin Britton, Andrew Belletti, Rüdiger-A. Eichel,
and Guenter Schmid*

The transport of hydrogen through an anion-exchange membrane (AEM) is
analyzed by in-line product gas analysis in a large dynamic range
(0.1–2 Acm−2) at ambient pressure and correlated to ex situ membrane
properties, including volumetric electrolyte uptake, dimensional swelling and
diffusivities. A commercial AF3-HWK9-75-X membrane from Ionomr
Innovations Inc. is characterized and employed in a 25 cm2 electrolyzer cell,
which is operated for 56 h at 60 °C in 1 M KOH solution. A model of the
membrane is developed, based on a combination of existing theoretical
knowledge regarding liquid electrolytes and measured properties of the
membrane. The model is employed to quantify the transport parameters
through the membrane and the porous electrode. The hydrogen transport
through the membrane is 770 times slower than through the electrode. The
anion-exchange membrane permits a low degree of gas crossover, with a
hydrogen-in-oxygen concentration of 0.37% at 2 Acm−2. The model indicates
that modifying the membrane’s microstructure has a more pronounced effect
on the gas crossover than altering the swollen thickness. A correlation is
derived to estimate the polymer diffusivity from the derived effective
diffusivity through the membrane, which allows the determination of
preferred membrane properties to lower hydrogen crossover.
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1. Introduction

Hydrogen has been used over the past
century primarily as a chemical feed-
stock in refinery processes, ammonia and
methanol production or the direct reduc-
tion of iron ore. In 2022 the refining
and industry sector (chemicals and steel)
alone accounted for ≈95 Mt hydrogen
per year with an average increase of ≈
3% since 2018.[1–3] Future potential use
cases, such as power generation, trans-
port or synthetic fuels, have not been es-
tablished yet and further increase espe-
cially the demand for green hydrogen.
In order to serve this future demand,
the amount of hydrogen being produced
by electrolysis needs to increase, but de-
crease in cost as well, in order to prove
economical feasibility. In 2021 the lev-
elized cost of hydrogen (LCOH) for fossil-
based hydrogen was in the range of 1.0–
3.0 USD∕kgH2

, whereas in the case of
electrolysis and low-emission electricity
the price was 3.4–12 USD∕kgH2

.[3] These
cost arise from state-of-the-art electroly-
sis technologies such as proton exchange
membrane water electrolysis (PEMWE)

or alkaline water electrolysis (ALKWE). 40–50% total electrolyzer
plant investment cost arise from the electrolyzer stack only, ac-
cording to the Irena 2020 report.[4] In addition, the scarcity of
abundant raw metals such as iridium limits the production of
PEM electrolyzers and increase cost due to increasing demand.
Potential future technologies such as anion exchange membrane
water electrolysis (AEMWE) using advanced and significantly
cheaper materials enable significantly lower stack cost and higher
production capacities. AEMWE combines the benefit of not us-
ing scarce noble metals such as iridium as an oxygen evolution
catalyst, while maintaining high hydrogen production rates per
stack at high efficiencies. The enabling component of such an
AEMWE-stack is the anion exchange membrane. In contrast to a
PEMWE, the membrane is operated in mild alkaline conditions.
Compared to an alkaline electrolyzer separator, the membrane
is ion-conducting only 25–100 μm thick and has no macropores.
The electrode reaction occur according to Equations (1) and (3)
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and act as source terms for the evolving product gases at the in-
terface between the membrane, catalyst and liquid electrolyte.

Cathode : 2H2O + 2e− → H2 + 2OH− E◦
c = −0.83V (1)

Anode : 2OH− →
1
2

O2 + H2O + 2e− E◦
a = −0.40V (2)

H2O → O2 + H2 ΔE◦
ac = −1.23V (3)

In recent years, conductivities and chemical stability of anion ex-
change membranes have been optimized to achieve enhanced
operational performance and durability in alkaline conditions,
resulting in reduced degradation rates.[5–8] Nevertheless, the phe-
nomenon of gas crossover, which results in mixing of the prod-
uct gases oxygen and hydrogen is only sparsely reported for
AEM water electrolysis applications.[9–11] The mixing of hydro-
gen and oxygen gas potentially leads to hydrogen levels approach-
ing the lower explosion limit of 4% hydrogen in oxygen. In or-
der to mitigate safety risks and prevent the formation of an ex-
plosive mixture, a threshold of 2% is typically employed.[12,13]

Moreno–González et al. demonstrated a hydrogen-in-oxygen con-
centration of 0.4% with an applied steady-state current density of
0.6 Acm−2 and a temperature of 70 °C over a period of over 5000 h
using a polybenzimidazol membrane (AF2-HWP8-75-X) from
Ionomr Inc.[10] Nevertheless, greater attention has to be paid to
gas purities at partial load operation, such as during startup/ and
shut-down procedures. From studies of gas crossover in PEM-
and ALKWE it is known, that the magnitude of different trans-
port processes, such as convection, diffusion, or electroosmotic
drag (Figure 1), changes with cell design, membrane chemistry
or the direction of ionic transport.[8,14–17] For example, the direc-
tion of electroosmotic drag, which increases with current density,
is reversed in comparison to PEM systems. In general, the mag-
nitude of these transport processes is influenced by membrane
properties, including thickness, liquid content and the perme-
ability of hydrogen through the membrane.

While a thick membrane reduces crossover in PEM-
electrolysis significantly, high thickness swelling introduces
mechanical stress at the contacting points between electrode and
membrane, potentially damaging the membrane or blocking
channels at the cathode for the hydrogen to escape.[13] In this
study a mass transport model for the cross over of hydrogen
is derived from a mass balance of hydrogen through the mem-
brane and into the gas phase to quantify an effective hydrogen
diffusivity. The model is parametrized using ex situ membrane
properties of a commercial membrane such as swelling, water
uptake and hydration state in respect to the operating conditions
(temperature and lye concentration). The influence of operating
conditions, transport properties of the electrode and the mi-
crostructure of the membrane are discussed Since only a couple
of membrane chemistries are available on industrial relevant
roll width of > 30 cm, the model structure allows an extension
of the study with the above-mentioned chemistries. Applying
the model to in situ experimental data allows the estimation of
kinetic transport properties such as the mass transport coeffi-
cient of the electrode and the effective diffusivity of hydrogen
through the membrane. The relevance of these properties on the

Figure 1. Potenial mass transport processes of hydrogen during electrol-
ysis operation: mass transport of hydrogen into bulk solution, convection,
diffusion and electroosmotic drag. 𝛿H2

as concentration boundary layer
of hydrogen, 𝛿m as membrane thickness, c* and p* as concentration and
pressure at the catalyst particle, cc and cc as equilibrium concentration
and pressure.

partial load capability also under pressurized conditions is finally
discussed and implications for future improvement are drawn.

2. Experimental Section

2.1. Materials

The reinforced membrane (AF3-HWK9-75-X) and ionomer
(AP3-HNN9) utilized in this study were procured from Ionomr
Innovations Inc. The catalyst employed is a platinum black (Pt).
The requisite materials, namely Ni(OH)2, AgNO3, NaNO3, and
KBr, were procured from Sigma-Aldrich. A 1M KOH solution
was procured from ThermoFisher. The water utilized for all ex-
perimental procedures and cleaning steps was Type 1 ultrapure
water purified using the Milli-Q Integral water purification sys-
tem with a resistivity of (18 MΩ · cm). Hydrogen, helium, and
argon gases were obtained from AirLiquide.

2.2. Electrode Fabrication

The membrane-electrode assembly consists of a combination of
CCS and CCM configuration, with the anode applied directly
to the membrane. The cathode electrode was applied onto a
Siemens Energy porous transport layer (PTL) with a porosity of
82% and a thickness of 800 μm, manufactured from 316L steel.
The coated PTL was utilized at the cathode, while an uncoated
PTL was employed at the anode to facilitate electrical contact. The
active area of the electrode was 25 cm2. The catalyst powder for
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Table 1. Initial membrane properties.

Membrane Thickness μm ASR / mΩ/;cm2 Delivery state counter ion Reinforcement

AF3-HWK9-75-X 75 <190 Cl− /I− Woven PEEK

the anode and cathode electrodes is combined with an ionomer-
binder solution prepared in-house and homogenized in a speed
mixer (DAC 150, Hausschild) three times for 1 min at 3500 rpm.
The resulting ink exhibits a catalyst-to-ionomer ratio of 9:1 in the
dry electrode. The anode was applied directly to the membrane
via blade coating (Model 288, Erichsen) with a wet film thickness
of 50 μm. The coating speed and the placement of the membrane
were controlled with the aid of a Coatmaster 510 (Erichsen) and a
vacuum chuck. The catalyst loading of the resulting anode layer
was ≈2.3 mg cm−2 of Ni(OH)2. The cathode CCS was prepared via
transfer printing. The paste is applied directly to a Kapton foil via
blade coating. Subsequently, the stainless steel felt is positioned
on the wet film and subjected to a defined pressure of 1 bar. The
resulting electrode exhibited a catalyst loading of ≈ 2.3 mg cm−2

of Pt. The coated felt was dried in an oven at 180 °C for 30 min.
Prior to cell testing, the MEA underwent an ion exchange process
for 24 h in 1 M KCl, followed by another 24 h in 1 M KOH, both at
ambient temperature as instructed by the membrane manufac-
turer.

2.3. Setup for Electrochemical Cell Tests

The test rig comprises two distinct electrolyte cycles (Figure S1,
Supporting Information), each equipped with a buffer tank that
serves as a gas stripper. An electrolyte solution with a concentra-
tion of 1 M KOH and a flow rate of 200 mLmin−1 was used. The
temperature of the feed was set to 60 °C on either side of the elec-
trolysis cell. The cell is operated at ambient pressure. The prod-
uct oxygen gas, which contains hydrogen impurities, was dried
and analyzed by a gas chromatograph (Trace 1310, Thermo Scien-
tific) utilizing heat conductivity sensors and argon as carrier gas.
For the electrochemical measurements, the cell was connected
to a potentiostat (Autolab PGSTAT302N, Metrohm) for data log-
ging. A power supply (GH10-100, TDK) was employed as the cur-
rent source. In order to condition the membrane, a polarization
curve in accordance with the EU Harmonic for high-performance
electrolyzers (up to 2 Acm−2) was employed.[18] In order to mea-
sure the hydrogen gas impurities at varying current densities
(Table 1), different measurement times at each current step
were utilized to allow the system to stabilize, particularly at low
current densities.

2.4. Membrane Characterization

The membrane employed in this study was an AF3-HWK9-75-
X, procured from Ionomr Innovations. The suppliers’ mem-
brane properties are presented Table 1.[19] A PEEK woven
reinforcement is incorporated into the membrane structure.
The membrane is shipped on a roll and on a liner, ensur-
ing secure adhesion during the coating process. For mem-
brane characterization, the membrane was carefully peeled off
the liner.

2.4.1. Dimensional Swelling

The in-plane (x,y)-swelling of membranes was evaluated using an
optical microscope (VHX 6000, Keyence). The membrane sam-
ples were cut into pieces measuring 8× 10 mm. The samples were
positioned between two glass slides and the precise dry dimen-
sions were recorded using the integrated software of the micro-
scope. Subsequently, the membrane samples were immersed in
the designated medium (water, 0.1 or 1 M KOH) for a period of
24 h prior to repeating the measurement. To prevent the sample
from drying during analysis, several drops of the target solution
were added between the glass slides. The swelling measurements
were conducted at room temperature (25 °C), as well as at ele-
vated temperatures of 60 °C and 80 °C. In case of the tests at el-
evated temperatures, the 24 h soaking period was carried out in
an oven set to the target temperature. A steel plate comprising an
adjustable heating cartridge was positioned on the microscope to
maintain the target temperature during the measurement. Out-
of-plane (z)-swelling was obtained by removing the samples from
the solution and the thickness was rapidly recorded using a Mi-
tutoyo micrometer gauge.

2.4.2. Volumetric Electrolyte Uptake

The volumetric electrolyte uptake was calculated from the mea-
surement of dimensional change in any direction before and af-
ter soaking in KOH solution at a specific temperature using the
following equation Equation (4):

𝜖m =
Vwet(T, cKOH) − Vdry(T)

Vwet(T, cKOH)
(4)

Vwet(T, cKOH) is the wet volume of the membrane at a specific tem-
perature and KOH concentration and Vdry(T) is the dry polymer
volume at a specific temperature T.

2.4.3. Ion Exchange Capacity

The ion exchange capacity (IEC) is defined as the number of ac-
cessible ions per gram of membrane polymer. It was measured
using an AgNO3 titration technique. A quantity of membrane
polymer, ranging from 50–70 mg, was soaked for a period of 24 h
in a solution of KCl at a temperature of 25 °C. Subsequently,
the material was rinsed in deionized water. This process was re-
peated twice, after which the membrane samples were dried in
an oven at 60 °C for 24 h. The dry weight of the exchanged mem-
brane pieces is measured, and a 0.1 M AgNO3 solution is pre-
pared for conductometric titration with an automatic titrator of
the type TITRANDO 888. Prior to titration with Cl−, the dry poly-
mer is transferred into 0.1 M NaNO3 solution and allowed to soak
for 24 h. The IEC of the polymer sample is calculated from the
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volume of AgNO3 solution at the equivalence point according to
Equation (5).

IEC =
qcicAgNO3

VAgNO3

mdry
m

(5)

qci is the charge number of the exchanged counter ion, cAgNO3

the concentration of the titration solution, VAgNO3
the volume of

titration solution and mdry
m the measured dry weight of the mem-

brane sample.

2.4.4. Gravimetrical Electrolyte Uptake

Membrane samples are cut into pieces measuring 5× 5 cm in or-
der to quantify gravimetric swelling. The samples are weighed
in their delivery state and subsequently soaked for 24 h in accor-
dance with the methodology outlined in Section 2.4.1 at the spec-
ified temperature. Subsequently, the samples are removed from
the solution, briefly padded and weighed again. The authors are
aware that rapid drying kinetics, particularly at elevated temper-
atures, may result in the falsification of the results and an under-
estimation of the gravimetric media uptakes. In the literature,
the water uptake (WUm) is commonly defined as follows Equa-
tion (6).[20]

WUm =
mwet

m (T, cKOH) − mdry
m

mdry
m

(6)

Given that polymers with larger IEC tend to exhibit increased
swelling behavior, this work normalizes the water uptake to the
IEC, thereby providing an expression for the hydration state, 𝜆m
Equation (6).[21,22]

𝜆m =
WUm(T, cKOH)

MelecIEC
(7)

Melec represents the molar mass of the electrolyte in used in the
experiment. In this work KOH concentration between 0.1 and 1
M were used.

2.4.5. Hydrogen Permeability Through the Membrane

The permeability of hydrogen of the dry membrane was quanti-
fied ex situ within a permeation cell. The permeation cell com-
prises two distinct compartments, separated by the membrane
sample. Both chambers are evacuated and flushed with hydrogen
gas until the pressure reaches <1 mbar, after which the evacua-
tion is repeated and the system is checked for any leakages. A
hydrogen pressure of 2 bar in the first compartment and 1 bar
in the second compartment was applied, resulting in a total dif-
ferential pressure of 1 bar across the membrane. Subsequently,
pressure sensors detect the rise in pressure within the second
chamber over the course of 24–48 h (or until no differential pres-
sure is present across the membrane). Given the known volume
of the secondary chamber, membrane thickness 𝛿m, and mem-

brane area Amem, the permeability Pm,dry
H2

can be calculated using
the following equation Equation (8):

ln
pH2

− p0

pH2
− p(t)

=
Pm,dry

H2
AmemRT

𝛿mVchamber
t (8)

The pressure difference between the two chambers is denoted by
pH2

− p0 and measurement value in the second chamber during
the experiment is represented by p(t). The gas constant R and
the operating temperature T are used to calculate the permeation
rate, which is expressed as a slope derived from the expression on
the left side of equation Equation (8).

2.5. Theory and Modeling

Some assumptions must be made to model the concentration of
gas and the resulting flux densities produced by the experimental
procedure outlined in Section 2.3 First, gradients in the x/y direc-
tion are disregarded due to the limited cell area of 25 cm2 and the
high electrolyte flow rate. Consequently, mass transport of hydro-
gen predominantly occurs perpendicular to the membrane sur-
face. Due to the high contacting pressures and the low in-plane
contact resistances inside the cell, as well as the low manufac-
turing tolerances, the current densities are distributed homoge-
neously throughout the entire active area. Since the gas concen-
trations are obtained from stationary current steps, the total mass
transport of hydrogen is expressed as a stationary mass balance,
as shown in Equation (9).

n∑

i

Ji
H2

= 𝜎H2
(9)

The quantity Ji
H2

represents the hydrogen flux density arising
from a specific transport mechanism, designated by the subscript
i. The sum of all the considered transport processes contribu-
tions (Figure 1) must be equal to the source of hydrogen, rep-
resented by 𝜎H2

, at the electrode. In this study, sink terms such
as the recombination of hydrogen with oxygen to form water are
neglected. Furthermore, other sink terms, such as ionic trans-
port of hydroxide through the cell, commonly known as para-
sitic currents, are also excluded from consideration. The evolu-
tion of hydrogen at the catalyst particle is described by Faraday’s
law Equation (10), and thus represents the hydrogen source term
𝜎H2

in mol/;m2s. The hydrogen evolves at the interface between
the membrane and catalyst layer in the balance plane (Figure 1),
resulting in the formation of a local hydrogen concentration, de-
noted as c∗H2

. This assumption is crucial for modeling the exper-
imental electrolysis in a zero-gap configuration. The presence of
a gap at the interface between the electrode and the membrane
introduces additional mass transport resistance, which signifi-
cantly influences the hydrogen flux.[14]

𝜎H2
=

iH2

2F
(10)

In accordance with the mentioned assumptions, the evolving gas
concentration at the catalyst particle gives rise to concentration
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gradients across the cell and membrane, which serve as a driving
force for various mass transport processes, including electroos-
motic drag, diffusion, and convection. These processes are illus-
trated in Figure 1. The mathematical description of these contri-
butions is provided in the following subsections.

2.5.1. Mass Transport of Hydrogen into Bulk Solution

The mass transport at gas-evolving electrodes is a result of a com-
plex interplay between pore diffusion, interfacial transfer from
dissolved to gaseous hydrogen, bubble formation and the subse-
quent convection of the bubbles in the bulk electrolyte due to hy-
drodynamic forces.[16,23–25] The local gas concentration produced
at the balance plane (Figure 1) can reach concentrations exceed-
ing the saturation level of the surrounding bulk solution, result-
ing in local supersaturation and consequently, bubble formation.
The maximum gas concentration, c∗H2

, is therefore observed at
the catalyst particle itself and decreases with increasing distance
from the catalyst particle into the bulk solution. The minimum
concentration is that of the saturated bulk solution cc

H2
. The dif-

ference between these two concentration levels represents the
driving force for diffusive transport of hydrogen from the cata-
lyst layer into the bulk, either as gaseous or dissolved hydrogen.
In order to describe the combined velocity of these processes, a
mass transport coefficient kl, in units of ms−1, is introduced. The
resulting flux density is defined as follows:

JBulk
H2

= kl(c
∗
H2

− cc
H2

) (11)

2.5.2. Hydrogen Diffusion in Anion Exchange Membranes

Given that the membrane is treated as a macroscopically homo-
geneous material, convective transport of hydrogen through the
membrane is disregarded, leaving diffusion and drag as the dom-
inating mechanisms through the membrane. The application of
Fick’s law of diffusion with the swollen membrane thickness 𝛿m
as the diffusion length, yields the following expression for the
diffusive contribution to the total hydrogen flux density given by
Equation (12).

JDiff
H2

=
Deff

H2

𝛿m
(c∗H2

− ca
H2

) (12)

The effective diffusivity Deff
H2

is a function of different structure
and morphological properties such as volumetric electrolyte up-
take (ϵm) or the tortuosity (𝜏) of the transport channels inside
the membrane. For PEM electrolyzers, correlations to estimate
the effective diffusivity such as Bruggemann correlation is com-
monly applied using Equation (13).[15,26]

Deff
H2

=
𝜖m

𝜏
Delec

H2
(13)

A tortuosity of 1 indicates that the channels in the membrane are
perfectly linear, with a length equal to the swollen thickness of
the membrane. If the diffusivity is dominated by the transport

Figure 2. Calculated permeability of hydrogen in KOH solution between
0–2 M KOH and 20–80 °C from.[26,37,38]

through the membranes liquid channels the term 𝜖mDelec
H2

repre-

sents the highest effective diffusivity possible. Delec
H2

is hereby the
diffusivity in the pure liquid phase. In recent years, studies have
been conducted to measure the tortuosity of membranes as the
ratio of diffusion coefficients using nuclear magnetic resonance
(NMR) techniques. It has been demonstrated that the volumetric
electrolyte uptake exerts a pronounced influence on the tortuosity
of the membrane, consequently affecting the diffusion pathway
(Refs. [27,28]) In this work, the effective diffusivity Deff

H2
is deter-

mined and compared with theoretical diffusivities in the liquid
and solid polymer.

2.5.3. Electroosmotic Drag of Hydrogen Through the Membrane

Hydrogen permeation can also occur due to the presence of dis-
solved hydrogen in the drag water of an electrolysis cell, as ev-
idenced by ref. [13]. The electroosmotic drag is oriented in the
same direction as the ionic flux through the membrane and is
directly proportional to the current density applied to the system.
This results in an increasing hydrogen flux with increasing hy-
droxide migration from cathode to anode. The expression for wa-
ter drag is given in Equation (14).

Jdrag
H2O =

iH2

F
𝜉 (14)

In this context, the variable 𝜉 describes the drag coefficient and F
the Faradaic constant. The drag coefficient represents the ratio of
molecules that are dragged along with each ionic charge through
the membrane. Literature on drag coefficients of anion exchange
membranes is sparse. In a study conducted by Roy et al., the drag
coefficient was observed to range from 2.5 to 8.15, dependent on
the hydration state 𝜆m of the membrane, which ranged from 8 to
16 for a Tokuyama A201 membrane.[29] Given that the membrane
employed in this study has a 𝜆m value of ≈4 (Figure 5), it was es-
timated that 𝜉 would be within the range of 1–1.5. The monitor-
ing of water levels during the experiment yielded a drag coeffi-
cient of 1, which was subsequently utilized in the model. As the
AEM is operated with dissolved KOH as a liquid electrolyte, the

Adv. Mater. Interfaces 2025, 12, 2400515 2400515 (5 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2025, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400515 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [07/03/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 3. Calculated solubilities of hydrogen in KOH solution between 0 - 2
M KOH and 20–80 °C from,[26] note the inversed temperature dependency
compared to the permeability.

concentration of the liquid electrolyte at the boundary layer, de-
noted by cm

elec, is calculated via Equation (15).

cm
elec =

𝜌(T, celec)
Melec

(15)

𝜌elec(T, celec) represents the density of the used electrolyte and Melec
the mean molar mass of the electrolyte solution. For a 1 M KOH
solution at 60°C, the concentration results in 52 mol

l
. The hydro-

gen flux from electroosmotic drag can finally be calculated by
multiplying the drag water flux by the ratio of dissolved hydrogen
per volume of electrolyte being transported through the mem-
brane Equation (16).

Jdrag
H2

=
iH2

F
𝜉

c∗H2

cm
elec

(16)

2.5.4. Total Mass Transport and Supersaturation

The sum of all transport term leads to the final balance equa-
tion Equation (17). Note, that the diffusion terms through the
membrane as well as from the balance plane into the bulk so-

Figure 4. Measured volumetric electrolyte uptake at 25 °C, 60 °C, and
80 °C at 0.1 M KOH and 1 M KOH.

lution occur in opposing directions according to Figure 1.

𝜎H2
=

iH2

2F
= Jbulk

H2
+ Jdiff

H2
+ Jdrag

H2

= kl(c
∗
H2

− cc
H2

) +
Deff

H2

𝛿m
(c∗H2

− ca
H2

) +
iH2

F
𝜉

c∗H2

cm
elec

(17)

The concentration difference between the catalyst particle and
the bulk electrolyte, denoted as c∗H2

− cc
H2

, is referred to as
supersaturation.[30] Given that the hydrogen concentration in the
bulk of the electrolyte is estimated as the saturation concentra-
tion at the operating pressure pc

H2
, Henry’s law can be applied

(cc
H2

= pc
H2

Selec
H2

). It is be assumed that the partial pressure of hy-
drogen in the anode compartment, pa

H2
is negligible, given that

only minimal quantities of hydrogen (<< 4%) are anticipated.
Solving the resulting Equation (17) for p∗

H2
leads to the final fit-

ting function Equation (18).

p∗
H2

=
iH2

2F
+ klS

elec
H2

pc
H2

Deff
H2

𝛿m
Selec

H2
+ klS

elec
H2

+
iH2

F

𝜉Selec
H2

cm
elec

(18)

In order to apply the model to experimental data in the next
section, it is necessary to calculate the flux density from the
measured gas concentration at the anode, yH2

according to
Equation (19).

Jexp
H2

=
yH2

1 − yH2

i
4F

= Jdiff
H2

+ Jdrag
H2

(19)

Fitting experimental hydrogen flux data at different current den-
sities to Equation (18) the parameters kl and Deff

H2
are obtained.

3. Results and Discussion

3.1. Physio-Chemical Membrane Characteristics

In the context of water electrolysis, particularly within the ex-
perimental configuration described in Section 2.3, the mem-
brane is fully immersed in electrolyte with a concentration of
1 MKOH. The wetting of the membranes results in the uptake
of electrolyte due to the hydrophilic domains that are formed
as a consequence of the ionic functional groups present in the
membrane polymer. It has been demonstrated that hexamethyl-
p-terphenylbenzimidazolium (HMT-PMBI) membranes exhibit
the formation of percolating networks of hydrophilic pores at
higher hydration levels (𝜆 = 3 - 9), which serve as transport
channels for ionic conduction.[31] In their study, Sayema K. Tuli
et. al. demonstrated that the conductivity of a polystyrene-based
AEM submerged in a 0 – 10 M KOH solution exhibited an in-
crease to ≈3 M KOH, followed by a decline at higher concentra-
tion levels. This suggests that the morphology and the channels
forming inside the AEM significantly influence the ion transport
mechanism.[32] For example, the presence of excess water within
the AEM at higher hydration levels (𝜆m) has been observed to re-
duce the charge density, consequently leading to a decrease in

Adv. Mater. Interfaces 2025, 12, 2400515 2400515 (6 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. Measured hydration states at 25 °C, 60 °C, and 80 °C at
0.1 M KOH and 1 M KOH.

conductivity.[32–34] It is conceivable that the percolating network
formed from the electrolyte inside the AEM may act as a path-
way for hydrogen permeation as well, depending on the size and
shape of the network. Kang et al. employed an electrochemical
method at low current densities, disregarding all mass transport
resistances within the cell, to measure the hydrogen permeation
rate. Their findings revealed a notable enhancement in the hy-
drogen permeation rate of the hydrated membrane.[35] A mixed
percolation model was proposed, whereby the electrolyte channel
forms both clusters and channels, thus enabling the permeation
of hydrogen through a number of solution and diffusion steps.
However, in their experimental setup, the membrane is not sub-
merged in a KOH solution, as in case of electrolysis operation.
To date, there have been no reported measurements of hydro-
gen permeation in fully submerged KOH conditions. In order to
model the membrane’s ability to transport hydrogen, the hydro-
gen permeation through the dry polymer and the liquid phase
is compared.

The permeability Pm
H2

of hydrogen through a specific material
m at a given temperature T is given by the product of the diffusiv-
ity Dm

H2
and solubility Sm

H2
according to Equation (20). The solubil-

ity represents the equilibrium concentration of hydrogen in the

Figure 6. Measured dimensional change of the membrane thickness at
25 °C, 60 °C, and 80 °C at 0.1 M KOH and 1 M KOH.

material, whereas the diffusivity denotes the velocity of hydrogen
portion traveling through a specific material (liquid or solid).

Pm
H2

= Dm
H2

Sm
H2

(20)

Kim et al. demonstrated for perfluorosulfonic acid membranes
that the permeability exhibited a nearly twofold increase when
the membrane was fully hydrated and submerged in water.[36]

The liquid phase within the AEM-polymer might therefore play
a pivotal role in the transport of hydrogen. In order to facilitate a
comparative analysis of the permeabilities exhibited by the poly-
mer and the liquid electrolyte within the AEM, data from litera-
ture and the measured permeabilities of the membrane are com-
pared in the following.

The solubilities of hydrogen in liquid electrolyte in the range
from 10 °C to 90 °C and 0 to 30%wt. KOH are used from Schalen-
bach et al.[26] The diffusivities were derived from the data pre-
sented by Thams et al.[37] The equations derived from literature
data to calculate solubilities and diffusivities are presented in the
Supporting Information. Mass quantities are converted to mo-
lar quantities by applying a correlation for the density of the
electrolyte in the desired temperature and concentration range
from Gilliam et al.[38] The calculated permeability in liquid elec-
trolyte from Equation (20) and the solubilities of hydrogen at
varying KOH concentrations and temperatures are illustrated in
Figures 2 and 3, respectively.

As illustrated in Figure 3, the solubilities of hydrogen in KOH
solution exhibit an expected decline with increasing temperature
within the specified range. The solubilities reach a value of 5.4
× 10−6molm−3 Pa at 25 °C and 4.9 × 10−6molm−3 Pa at 60 °C in
1MKOH. In contrast, the permeability-temperature dependency
is reversed. The diffusivity of hydrogen dominates the total per-
meation rate in the liquid phase since the permeability increases
with increasing temperature. A value of 7.4 × 10−9m2s−1 at 60 °C
is used to compare the later derived effective diffusivity through
the membrane from experimental data.

The permeability of hydrogen through the polymeric phase
of the membrane was measured at 25 °C in accordance
with the procedure outlined in Section 2.4.5, yielding 0.23 ×
10−14 mol(m s Pa)−1. The permeability of hydrogen in the dry poly-
mer is with 1.71 × 10−14 mol(m s Pa)−1 roughly one order of mag-
nitude lower than the value through the liquid phase at the same

Figure 7. Measured cell voltage and gas concentration of hydrogen in oxy-
gen at 60 °C in 1 M KOH from 0.1 to 2 Acm−2 on a 25 cm2 single cell.
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Figure 8. Measured permeation flux densities and calculated suration
pressure p∗H2

from the mass transport model at 60 °C in 1 M KOH from
0.1 to 2 Acm−2 on a 25 cm2 single cell.

temperature (Figure 2). This indicates that depending on the elec-
trolyte uptake ϵm in the membrane, the contribution of the solid
phase of membrane potentially needs to be considered for the
hydrogen transport.

Approximately 10.5% of the membrane’s volume is occupied
by the electrolyte in 1 M KOH at 60 °C as shown in Figure 4.
The membrane is already completely saturated at 60 °C and the
ionic groups within the membrane are fully hydrated. A further
temperature increase does not result in a significant increase in
the electrolyte content of the membrane. The hydration level in
Figure 5, which remains largely unchanged throughout the entire
measurement range supports this observation. An increase of 1
in 𝜆m is observed in a temperature range from 25 °C to 80 °C. At
60 °C, ≈3.5 molecules of water associate with each ionic group
of the membrane. Given that the number of water molecules
per ionic group, 𝜆m, remains constant while the volumetric elec-
trolyte uptake, ϵm, increases, it can be inferred that the swelling
occurs as a result of the electrolytes filling the channels within
the membranes.

The swollen thickness of the membrane 𝛿m is the minimum
permeation distance and therefore influences the permeation
characteristics according to Equation (12). The total thickness is
calculated from the equation given in Equation (21) using the
measured thickness change depicted in Figure 6, which corre-
spond to the dry membrane thickness 𝛿m, dry of 76 μm.

𝛿m = (△𝛿m + 1)𝛿m,dry (21)

At a temperature of 60 °C and a solution of 1 M KOH, the total
thickness is found to be 85 μm, resulting in a considerably larger
transport pathway than observed at 25 °C. The thickness increase

Table 2. Parameters used in the model to simulate gas crossover at oper-
ating conditions (60 °C, 1 M KOH).

Operating state Membrane properties

T / °C pc / bar Velec / ml
min

ϵm /% 𝜆m / - 𝛿m / μm 𝜉m/- IEC / meq
mol

𝜌dry / kg

m3

60 1 200 10.5 3.5 84 1 1.5 961.6

△𝛿m with increasing temperature, exhibits a similar trend to the
volumetric electrolyte uptake.

Using the diffusivities Delec
H2

and solubilities Selec
H2

in the liquid
electrolyte and the swelling data from Figures 4–6 the derived
model is fully parameterized and applied to experimental data in
the next sections.

4. Model Verification

The electrolysis cell used to measure the gas concentration
showed a performance of 2.01V at 1.0Acm−2 with a Ni(OH)2
anode catalyst. At the final current stage, following a total op-
erational period of 56 h, the cell attained a voltage of 2.2 V at
2.0 Acm−2. The upper limit of 2% hydrogen in oxygen is not
reached at any current density, thereby ensuring the safe oper-
ation of the system even at low current densities up to 5% partial
load (0.1 Acm−1). The lowest measured hydrogen concentration
with 0.37 % was reached at 2.0 Acm−2 (Figure 7). During the ini-
tial 10 h of the electrolysis, the hydrogen content in the anode gas
increased to 1.36% at 0.1 Acm−2. A slight decline is evident, reach-
ing ≈ 1.28% after 24 h. Nevertheless, the observed decrease in
hydrogen concentration during the initial period of the electrol-
ysis process (10–24 h) suggests a rearrangement or dislocation
of catalyst particles (Figure 11) on the surface of the electrode, re-
sulting in the formation of transport channels for hydrogen. This
could lead to a decrease in the mass transport resistance into the
bulk solution of the overall electrode and thus to a decrease in
the gas concentration at the anode. A significant change in the
catalyst would result in a change in the overpotential, which is
not observed in the cell voltage.

A slight voltage drift of 30 mV was observed between 0 and
6 h during operation, indicating that the system was stabilizing.
The voltage remains constant for a period of 18 h until the next
current step is applied. Following the initial current step from
0.1 to 0.25 Acm−2, the system becomes stable, and fluctuations in
the measured hydrogen gas concentrations become negligible.

The hydrogen flux densities of the measured hydrogen
concentrations were calculated using Equation (19), resulting
in values ranging from 0.02 mmol(m2s)−1 at 0.1 Acm−2 to
0.16 mmol(m2s)−1 at 2 Acm−2. The flux increases linearly with a
slope of 0.08 mmolAs−1 with increasing current density. At low
current densities, the hydrogen flux is relatively high in compar-
ison to the oxygen being produced, resulting in a higher gas con-
centration. Further increase of the current density leads to a de-
creasing hydrogen concentration at the anode and is attributed
to the dilution of the hydrogen flux by the evolving oxygen at
the anode. A similar order of magnitude for the hydrogen flux
have been reported in studies by Trinke et al. for PEM and Ro-
drigo Lira Garcia Barros et al. for alkaline systems.[14,16] The ob-
served increasing flux density indicates a increasing supersatura-
tion at the cathode with increasing current density, arising from
mass transport resistances inside the cell. The maximum perme-
ation flux density resulting electroosmotic drag reaches 0.015 ·
mmol(m2s)−1 at 2 Acm−2 and is illustrated in Figure 8. Given that
the estimated drag coefficient is 1 and the drag contribution in-
creases with the current density, at 2 Acm−2, ≈ 10% of the total
hydrogen flux can be attributed to electroosmotic drag. Since,
the safety-relevant hydrogen concentrations occur at low current

Adv. Mater. Interfaces 2025, 12, 2400515 2400515 (8 of 12) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Measured and resulting gas concentration at the anode at 60 °C
in 1 M KOH from 0.1 to 2 Acm−2 on a 25 cm2 single cell.

densities, it can be concluded that electroosmotic drag has a neg-
ligible influence on the hydrogen crossover for this particular
membrane but must be considered for membranes with higher
drag coefficients 𝜉.

In order to quantify the mass transport coefficient of the elec-
trode as well as the effective hydrogen diffusivity through the
membrane, the developed mass transport model is applied. The
parameters employed are summarized in Table 2 and Equa-
tion (18) is fitted to the measured flux densities. The mass trans-
port coefficient kl and an effective diffusivity of Deff

H2
are deter-

mined to 27 mms−1 and 3.0 × 10−9m2s−1. The magnitude of the
effective diffusivity is in the range of the by Trinke et al. reported
values for PEM membranes.[39] The predicted hydrogen concen-
tration from Equation (19) correlates closely with the measured
hydrogen concentrations (Figure 9). This supports the assump-
tion of a constant kl for this particular electrode and setup. A con-
stant kl with increasing current density indicates, that even at low
current densities between 0and0.5Acm−2 the electrode enables
an efficient bubble removal, without significant further improve-
ment due to drag and coalescence of surrounding bubbles with
increasing current density. The removal of hydrogen through the
electrode in lateral direction is therefore rather quick and lies in
the range of reported kl values for PEM cathodes.[15]

The determined effective diffusivity Deff
H2

of 3.0 × 10−9m2s−1

is ≈2.5 times lower than the diffusivity in the bulk electrolyte
but 3 times higher than the theoretical diffusion through the liq-
uid domain of the membrane only (𝜖mDelec

H2
= 7.8 × 10−10m2s−1).

Using Equation (13) the theoretical tortuosity of the membrane
would be ≪1, indicating the hydrogen would not only take path-
ways through the liquid portion of the membrane. An explana-
tion could be, that during the swelling process the polymer chains
align, forming more linear channels, which reduce the tortuosity
of the membrane polymer and increase the effective diffusivity
through the polymer phase. Furthermore, the hydrogen under-
goes potentially several solution and diffusion processes in the
polymer matrix further increasing the effective diffusivity and
decreasing the theoretical tortuosity. This emphasizes the impor-
tance of the membranes microstructure to be tunable to higher
transport resistances.

The Sherwood number, as defined in Equation (22), com-
pares the transport velocity through the electrode with diffusion

Figure 10. Catalyst layer structure on a Siemens Energy PTL, particle cat-
alyst and ionomer forms island bond to fibers of the substrate.

through the membrane. The total mass transport through the
catalyst layer is ≈770 times faster than the transport through
the membrane. For such reason the transport resistances aris-
ing from the membrane properties are significantly higher than
those from the catalyst layer (Figure 10). A further reduction in
the hydrogen gas concentration at the anode necessitates a de-
crease in the transport resistance of the cathode, while the mem-
brane transport resistance must increase.

Sh =
kl𝛿m

Deff
H2

(22)

The resulting theoretical pressure at the catalyst calculated by
Equation (18) using the derived parameters kl and Deff

H2
, reaches

values of up to 8.8 bar at 2 Acm−2. The resulting 8.8-fold super-
saturation is in the order of magnitude of reported supersatura-
tion values.[13,40] A reduction of the supersaturation, by increas-
ing the transport properties of the electrode namely kl reduces

Figure 11. Catalyst layer structure on a Siemens Energy PTL, catalyst is-
land show macropores in the micrometer range.
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Figure 12. Simulated influence of the operating pressure between 1 and

16 bar on the gas concentrations with constant kl, Deff
H2

and parameters
from Table 2, exp. value: 1 bar.

the amount of dissolved hydrogen carried by diffusion and drag
through the membrane.

The diffusive hydrogen flux is observed to increase with
current density, due to the increased concentration difference
from the cathode to the anode, reaching a maximum value of
0.14 mmol(m2s)−1 at 2 Acm−2. The extrapolated hydrogen flux den-
sity at 0 Acm−2 reaches 0.02 mmol(m2s)−1 and represents the only
the diffusive contribution driven by the hydrogen partial pres-
sure difference between anode and cathode. The hydrogen flux
density at 0 Acm−2 is predominantly influenced by the structure
of the membrane and the dominant diffusion pathway of the hy-
drogen through the membrane. Nonetheless, in case of higher
operating pressures of the electrolyzer, the initial diffusion flux
will likely increase and may constrain the safely achievable min-
imum partial load of the electrolyzer.

4.1. Influence of Pressure, Mass Transport and Membrane
Properties

In Figure 12 the resulting hydrogen concentrations at the anode
simulated in the pressure range from 1 to 16 bar. For ambient
conditions and a pressure of 2 bar the gas concentration stays un-
der 2% which corresponds to a partial load operation of under
20%. At 16 bar however, the minimal operating current densities
reaches up to 0.8 Acm−2, resulting in decreased dynamic capabil-
ities of the electrolyzer.

Enhancing the mass transport in the electrode and therefore
reducing the supersaturation at higher current densities, does
slightly increase the partial load capability as shown in Figure 13.
An increase of kl from 5 − 80 mms−1 reduces the gas concen-
tration by almost 90% at the nominal operating (2 Acm−2) and
shifts the minimum partial load current density from 0.2 to
0.1Acm−2. Further increase of the electrolyzer’s partial load capa-
bility, especially at higher operating pressures, should come from
membrane improvements. Increasing the thickness of the mem-
brane and therefore the diffusion pathway through the mem-
brane while maintaining the volumetric electrolyte uptake, influ-
ences the gas crossover proportionally according to Equation (19).
A thicker membrane increases the ohmic resistance and is dis-

Figure 13. Simulated influence of mass transport coefficient of the elec-

trode between 5 and 80 mms−1 at 1bar, a constant Deff
H2

and parameters
from Table 2, exp. value: 27 mms−1.

advantageous for the overall efficiency of the electrolyzer. An im-
provement of the microstructure of membrane especially param-
eters influencing the effective diffusion coefficient will be favor-
able.

The highest theoretical diffusivity of the hydrogen is reached
in the liquid phase of the membrane with a tortuosity of 1. The
contribution of the liquid diffusion is estimated by 𝜖mDelec

H2
. The

diffusive contribution in the solid polymer phase, which is pre-
sented by (1 − 𝜖m)Dpoly

H2
is calculated by Equation (24).

Deff
H2

= 𝜖mDelec
H2

+ (1 − 𝜖m)Dpoly
H2

(23)

Dpoly
H2

=
Deff

H2
− 𝜖mDelec

H2

1 − 𝜖m
(24)

The estimated diffusivity Dpoly
H2

results in 2.4 × 10−9 m2s−1 and is
almost 4 times lower than the diffusivity through the electrolyte.
In contrast the permeabilities of the polymer at 25 °C had been
determined to be ≈8 times lower than the permeability in the

Figure 14. Simulated influence of the volumetric electric uptake of the
membrane between 5 and 40%, with parameters from Table 2, exp. value:
10.5%.
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Figure 15. Simulated influence of polymer diffusivity of the membrane be-
tween 0.75 and 6 × 10−9 m2s−1 with parameters from Table 2, exp. value:
2.4 × 10−9 m2s−1.

electrolyte. An explanation for the higher diffusivity in the poly-
mer phase could be the dominance of the temperature depen-
dence of diffusion coefficient. The volumetric electrolyte uptake
is already low and leads to a potentially low phase segregation
resulting in small contribution of the liquid domain to the to-
tal diffusivity. Further improvement of the volumetric electrolyte
uptake does not significantly increase the partial load capabil-
ity according to Figure 14. However decreasing the solid poly-
mer diffusivity for instance by changing the microstructure of the
polymer, does significantly improve the crossover characteristics
(Figure 15). Lowering the diffusivity by a factor of 3 to ≈0.75 ×
10−9 m2s−1 would result in a minimum partial load of 0.02Acm−2

at 1 bar (Figure 15) and 0.4 Acm−1 at 16 bar. A potential higher tor-
tuosity for both liquid and solid phases of the membrane would
be beneficial to further reduce the crossover and increase the par-
tial load capability.

ϵm and Dpoly
H2

are the result of the morphological mi-
crostructure and have been used in this study do describe
the transport properties of the membrane. The model pre-
dicts that modifying the membrane morphology has a more
pronounced impact on the gas crossover than increasing
the thickness of the membrane. Notably, at low current
densities, the dynamic capabilities are markedly enhanced by cre-
ating a membrane with high tortuosity, low polymer diffusivity
and minimal electrolyte content. By reducing the electrolyte con-
tent to a minimum value, that does not compromise the mem-
brane conductivity, a membrane with a high resistance to hydro-
gen mass transport, while maintaining the electrolyzer efficiency,
seems most well-suited for AEM electrolyzer stacks.

5. Conclusion

This work shows that the gas cross over in AEMs with low drag
coefficients can well be described by a mass balance of hydrogen
travelling through the membrane and the electrode. An effective
hydrogen diffusivity through the membrane and a mass trans-
port coefficient through the electrode was obtained. The effec-
tive hydrogen diffusivity in the soaked membrane has been de-
termined to 3 × 10−9m2s−1, which is surprisingly high compared
to the diffusivity in pure liquid electrolyte (7.4 × 10−9m2s−1, 1 M

KOH, 60 °C). The membranes microstructure was found to be
key for low current density operation to control gas transport in
the electrolyzer. A hydrogen in oxygen concentration of 1.28% at
low partial load conditions of 0.1 Acm2−1 and 0.37% at maximum
load conditions of 2 Acm−2 were obtained. Safe operation con-
ditions of the electrolyzer can be found within a large dynamic
range suitable for renewable energy profiles at ambient condi-
tions. In conclusion, the low crossover of the AF3-HWK9-75-X
membrane can be attributed to its low volumetric water uptake
and low diffusivity in the polymer. A further decrease may be
achievable by increasing the membrane’s tortuosity. Therefore,
modifying the microstructure of the membrane offers signifi-
cant potential for future membranes with even larger transport
resistances for hydrogen, while maintaining high electrolyzer
efficiency.
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