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One promising way to store and distribute large amounts of renew-
able energy is water electrolysis, coupled with transport of
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hydrogen in the gas grid and storage in tanks and caverns. The
intermittent availability of renewal energy makes it difficult to inte-
grate it with established alkaline water electrolysis technology.
Proton exchange membrane (PEM) water electrolysis (PEMEC)
is promising, but limited by the necessity to use expensive platinum
and iridium catalysts. The expected solution is anion exchange
membrane (AEM) water electrolysis, which combines the use of
cheap and abundant catalyst materials with the advantages of
PEM water electrolysis, namely, a low foot print, large operational
capacity, and fast response to changing operating conditions. The
key component for AEM water electrolysis is a cheap, stable, gas
tight and highly hydroxide conductive polymeric AEM. Here, we
present target values and technical requirements for AEMs,
discuss the chemical structures involved and the related degrada-
tion pathways, give an overview over the most prominent and prom-
ising commercial AEMs (Fumatech Fumasep® FAA3, Tokuyama
A201, lonomr Aemion™", Dioxide materials Sustainion®, and mem-
branes commercialized by Orion Polymer), and review their prop-
erties and performances of water electrolyzers using these
membranes. [DOI: 10.1115/1.4047963]

Keywords: AEMWE, Fumatech FAA3, Tokuyama A201, lonomr
AEMION, Dioxide Materials Sustainion, Orion Polymer Durion
TM1, electrochemical separation membranes, electrolyzers

1 Introduction

This overview focuses on a selected range of membranes, which
have been tested for their use in anion exchange membrane (AEM)
water electrolysis, and have been or are available to researchers
through companies (we refer to this as commercial membranes).
We made this selection, because researchers interested in the
other components of an electrolysis system (e.g., catalysts, elec-
trodes, porous transport layers, and bipolar plates) or the system
as a whole rely on membranes which are easily available and
used in several labs, so that results are comparable.

1.1 Need for Anion Exchange Membrane Water
Electrolysis. These days, new energy storage systems (ESS) are
installed to store excess wind or solar energy. These ESS are
usually based on lithium ion battery technology, because of the
proven high energy efficiency, wide availability, and easy scalabil-
ity, which allows to easily adjust the storage capacity. A limitation
of battery-based ESS is the high cost for Li-ion batteries, which pro-
hibits large-scale storage. However, when societies progress into
renewable energy based economies, the need for multi-GW scale
energy storage becomes imminent. One answer to this problem is
the use of hydrogen-based ESS: Excess electric energy can be trans-
formed into hydrogen by water electrolysis, the produced hydrogen
can be stored in large tanks, underground caverns [1] or fed into the
existing natural gas grid, allowing efficient transport of energy to
the demand sites, where hydrogen again can be used to produce
electric energy either in fuel cells or by powering gas turbines.
Additional demand is foreseen for fueling fuel cell electric vehicles,
which are needed to reduce the CO, emissions from the mobility
sector, unless the charging time of batteries can be significantly
reduced. In general, all needed technologies exist, and the produc-
tion of hydrogen by alkaline water electrolysis is an industrial-scale
process which is in operation for about 100 years.

Current alkaline water electrolysis cells are fed with 2040 wt%
KOH solution, and the electrode chambers are separated by a thick
porous diaphragm (e.g., 500 um for AGFA’s Zirfon membrane
[2]), which is rendered conductive by the absorbed feed solution in
its pores. Problems arise when alkaline water electrolyzers are used
in combination with renewable energy. They have low operational
capacity (current densities between 0.2 and 0.4 A cm ™2 are the stan-
dard) [3], are difficult to operate at large differential pressures, and
have a slow response time. The low operational capacity is related
to safety issues: hydrogen constantly diffuses into the oxygen
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stream, with which it is transported away. At very low production
rates, the hydrogen concentration can reach the lower explosion
limit of 4%. The upper limit is given by the high voltages, which
may lead to corrosion of cell components. A technological answer
to these and other disadvantages (like the large stack volume,
based on the low current density) is proton exchange membrane
water electrolysis (PEMWE), which was introduced in the 1960s
by General Electric [4] and developed into a market-ready technol-
ogy. PEMWE uses a dense proton exchange membrane and a pure
water feed. It is characterized by a high efficiency, compact design,
simple auxiliary systems, easy maintenance, rapid response, and a
wide dynamic operation range [5-8]. However, the best performing
catalysts are carbon-supported platinum on the cathode and IrO, on
the anode side, and porous transport layers and bipolar plates are tita-
nium based to avoid corrosion. These metals are expensive, and
iridium is more scarce than glatinum. Since a 100-MW PEMWE
system operating at 1 A cm™~ requires about 150 kg iridium with
an assumed catalyst loading of 2-3 mg cm™>, the expected catalyst
cost just for the iridium would be more than 7,000,000 US$
(48,500 US$/kg in March 2020) [9]. The large scale chosen in this
calculation does not seem to be out of proportion: German ministry
of economy suggested an installed electrolysis capacity target of 3—
5 GW until 2030 [10].

A potential solution to this is anion exchange membrane (AEM)
water electrolysis (AEMWE) [11-13]. AEMWE is a combination
of alkaline water electrolysis and PEMWE: The electrode chambers
are separated by a thin, dense, non-porous polymer membrane, as in
PEMWE. However, charges are transferred over the membrane by
hydroxide ions, as in alkaline water electrolysis, and the resulting
high pH of the system reduces corrosion issues of the components:
titanium in the porous transport layers (PTL) and bipolar plates
(BPP) can be substituted by steel, and the scarce platinum group
metals (PGM) in the electrodes can be substituted by cheap and
abundant materials like nickel. In summary, AEMWE promise
cheap, compact systems which can be operated at differential pres-
sures, with a large operational capacity and fast response time.

It should be remarked that PEM water electrolysis is under
constant development, and while the above-mentioned cost for
the catalysts may now be about 70 US$/kW, doubling the current
density, and reducing the catalyst load by 50% would reduce this
to 18 US$/kW. This may be tolerable from an overall cost perspec-
tive, which targets 200-300 US$/kW for the whole system. Suc-
cessful AEM technologies will need to compete with this target.
If, for example, a stable AEM water electrolysis system would
save 90% of the catalyst costs, but still operates at lower current
density, it would be difficult to compete, unless other factors are
counted in, as the potentially hazardous chemistry involved in the
production of perfluorinated sulfonic acid membranes (e.g.,
Nafion®) and the related challenges in recycling (burning to
regain the catalysts liberates HF).

1.2 Specific Challenges for Anion Exchange Membrane
Water Electrolysis. Since the first journal publications on
AEMWE by Wu and Scott in 2011 [14] and Leng et al. in 2012
[15], many research groups contributed to the development of
AEMWE. But despite the significant progress made, e.g., increase
in the current density for PGM-based systems from 0.6 A cm™>
[15] to 1.5 Acm 2 at 1.9V [16], or even 1 A cm™2 in a PGM-
free system [17], several challenges remain as follows:

(1) The low alkaline stability of most AEMs needs to be
overcome.

(2) The ionic resistance of AEMs needs to be decreased, while
retaining a low permeability for hydrogen.

(3) Many researchers still use PGM catalysts in their work
because they are a convenient benchmark.

(4) The alkalinity of feed solutions should be decreased, ulti-
mately to pure water.

(5) Suitable ionomer binders need to be developed.

024001-2 / Vol. 18, MAY 2021

Most reported systems still use alkaline feed solutions, whereas
pure water is desired: (a) Water is consumed at the cathode, and
the formed hydroxide ions move to the anode, where they react to
water and oxygen; this leads to a net transport of water from
cathode to anode, and the concentration of the two feed solutions
needs to be rebalanced. (b) Some system components are expected
to be more stable in contact with water than in contact with KOH
solutions, and (c) because pure water is fed to commercial
PEMEC systems, new AEMs and catalysts could be directly inte-
grated into existing PEMEC systems if the feed remains pure
water. It should be noted that the use of pure water will have an
effect on the membrane resistance. Two opposing trends need to
be considered: (a) an increasing KOH concentration increases the
osmotic pressure difference, and thus reduces the water content of
the membrane. (b) AEMs only exclude cations at very low concen-
trations [18] and absorb also potassium cations and additional
hydroxide ions in, e.g., 1M KOH solution. The first effect
decreases the ion conductivity, and the second potentially increases
the ion conductivity.

However, the use of pure water raises another issue: in alkaline
systems, the feed solution itself is an excellent transport medium
for hydroxide ions. In pure deionized (DI) water, membrane and
catalyst particles need to be connected by a hydroxide conducting
polymer. This ionomer binder could be the same polymer as the
membrane polymer. In the ideal case, it is chemically similar, to
allow low interfacial resistance and similar expansion in contact
with water (to avoid delamination), but has a higher ion exchange
capacity and higher permeability for hydrogen and oxygen,
because the ionomer will partially coat the catalyst particles. Fur-
thermore, the electrochemical stability of the polymers could be
an issue. For example, some recent studies suggest that phenyl
groups adsorbed on the catalyst surface get oxidized to phenols,
which (because of the phenols’ acidity) reduces the number of
hydroxide ions. The solution would be phenyl group—free materials
[19,20]. In direct contact with platinum catalysts, also the oxidation
of organic cationic groups could be an issue [21].

1.3 Chemical Stability of Anion Exchange Membranes.
AEM are much less stable under alkaline conditions than proton
exchange membranes under acidic conditions. This is a major
problem, which seriously hampers the development of AEM-based
fuel cells and electrolyzers. Therefore, the low alkaline stability of
AEMs has been researched intensively [21-23] and is now quite
well understood. As shown in Fig. 1, hydroxide-induced degrada-
tion can occur at the backbone and at the functional group. The
degradation of polymer backbones, leading to chain scission,
decreases the molecular weight. This results in increased brittleness
of the membrane and is especially pronounced in the presence of
aromatic ether groups [24-26]. Therefore, this group, which unfor-
tunately is present in many cheap and easily accessible polymers
like PEEK, PESU, and polyphenylene oxide (PPO) should be
avoided.

Degradation of the functional group does not necessarily affect
the mechanical integrity of the membrane, but reduces the ion con-
ductivity. For the most common functional group, quaternary
ammonium ions, degradation mainly occurs by nucleophilic substi-
tution reactions, in which hydroxide ions react either with a methyl
group to methanol or with a methylene group to free trimethyl
amine and a polymer bound alcohol group. Other discussed reac-
tions are Hofmann elimination, which is only possible in the pres-
ence of f-hydrogen atoms (i.e., CH,CH,N(CH3); and to a very
minor extend Sommelet—Hauser and Stevens rearrangements [27].

It is still debated, how to evaluate the alkaline stability of AEMs.
In simple ex situ tests, membrane samples are immersed in alkaline
solutions. As a general trend, degradation seems to scale with the
concentration of hydroxide ions in the membrane. High hydroxide
concentrations are reached, when the membrane is not fully humid-
ified, or when the solution in which the membrane is immersed has
a high hydroxide concentration. The driving forces for the
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Fig. 1 Alkaline degradation of AEMs

accelerated degradation are that (a) hydroxide ions are less well sol-
vated, and therefore more “naked,” aggressive nucleophiles at low
levels of humidification [28] and that (b) AEMs are not perfect
single ion conductors but absorb also potassium ions and excess
hydroxide ions when immersed in a KOH solution [18], increasing
the number of reactive ions in the membrane. Furthermore, an
increasing ion concentration in the outside solution (e.g., the feed
solution) affects the osmotic pressure, which reduces the water
absorption per absorbed hydroxide ion. Therefore, alkaline degra-
dation of AEMs is expected to be higher in fuel cells than in
water electrolyzers, and higher with alkaline feed solutions than
with pure water. For electrolyzers, it can be deducted that situations
where the membrane may not be fully humidified need to be
avoided. Hypothetically, this could be a situation, in which the elec-
trolyzer is operated with a “dry” cathode, and the rate of hydrogen
production and removal of water with the hydrogen stream outpaces
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the transport of water, or a situation in which gas bubbles contact
the membrane and absorb humidity from it.

In addition to the most common benzyl trimethylammonium
groups, which are connected to aromatic polymer backbones via a
methylene group, several other groups have been investigated like
guanidinium [29], imidazolium [17,30,31], phosphonium [32],
and cobaltocenium [33]. Guanidinium groups seem to be much
less stable than standard benzyltrimethlammonium groups [34].
Some phosphonium groups showed promising properties, espe-
cially when the P atom has bulky substituents with a high electron
density, like trimethoxyphenyl [32]. However, the molecular weight
of these systems limits the ion exchange capacity (IEC). Since IEC
is the number of functional groups per repeat unit/weight of the
functionalized polymer repeat unit, the molecular weight of a mono-
functional repeat unit should be <500 g/mol to reach an IEC
>2 mmol/g. For comparison, the molecular weight of the functional
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ecules in 6 M NaOH at 160 °C [34]

groups is 206 and 564 for cobaltocenium hydroxide and the
described phosphonium group, respectively, but just 91 g/mol for
tetramethylammonium hydroxide. An interesting group is imidazo-
lium, which can be functionalized in all five positions. This allows
us to sterically protect the labile C2 position against reaction with
hydroxide ions, and to tune the electron density of the C2 position,
resulting in quite different alkaline stabilities for different imidazo-
lium structures [30].

A study with model compounds revealed that benzyltrimethy-
lammonium (BTM), which represents the standard quaternary
ammonium group in many publications, is less alkaline stable
than methyl-trimethylamine (TMA) [34]. The reason is the negative
inductive effect of phenyl substituents, which increases the positive
charge on BTM (Fig. 2). This suggests that long alkyl chain tethered
ammonium groups could be more stable than BTM. However,
ethyl- TMA has a very low stability, because the p-hydrogen
atoms participate in Hofmann elimination. Interestingly, the addi-
tion of another methylene group (propyl-TMA) again increases
the alkaline stability, which then appears to remain constant up to
hexyl-TMA and then declines again. The effect that stabilizes
alkyl-TMA with alkyl chain lengths larger than ethyl is that the
free rotation of the f-hydrogen-containing group is hindered by
the additional CH5 group. This slows down the Hofmann elimina-
tion, which proceeds via a conformation in which ammonium and
p-hydrogen are in anti-conformation (Fig. 1). It is not clear what
happens exactly at very long chain lengths above C6 or C7, but
one effect could be micelle formation, at least in the case of
model compounds. For AEMs, the density of functional groups
and the rigidity of the polymer backbone very probably will also
play a role. Another important observation is that some aliphatic
heterocycles, especially ASU (6-azonia-spiro[5.5]undecane) and
DMP (N,N-dimethylpiperidinium), show a much higher half-life
in hot NaOH solution than BTM. The reason is that the conforma-
tions of the cyclic structures are energetically unfavorable for
Hofmann elimination.

Another issue could be radical degradation, which is the main
reason for chemical degradation in PEM fuel cells and electrolyzers.

024001-4 / Vol. 18, MAY 2021

There, extreme care is taken to avoid contamination with transition
metal ions like iron or nickel, which catalyze the degradation of per-
oxide (a by-product in fuel cells and electrolyzers) into reactive
oxygen species like hydroxyl and hydroperoxyl radicals. To
protect the membranes and ionomers, state-of-the art PEM fuel
cell membranes contain now additives like cerium salts or oxides,
which rapidly degrade peroxides into oxygen and water [35,36].
Because alkaline stability was in the main focus of researchers so
far [21], it is not well investigated yet how much AEMs suffer
from attack by reactive oxygen species. However, it is known
that peroxides decompose rapidly in contact with NaOH [37,38],
and it could well be possible that AEMs are relatively protected
against peroxide-induced degradation by the high pH in AEM
water electrolyzers. In addition, hydroxyl and hydroperoxyl
radical are not formed under alkaline conditions [23]. However,
in AEM-based fuel cells, the formation of superoxide radicals
(0,*7) was recently reported [39]. Apparently, the reduction of
oxygen with hydroxide ions, resulting in superoxide anion radicals
and hydroxyl radicals, is catalyzed by quaternary ammonium
groups [40]. Investigation into the stability of AEMs toward super-
oxide radicals and ways to mitigate them may become an important
issue in the future.

1.4 Leads for Membrane Development. For most types of
membranes, the quaternary ammonium groups are introduced by
reaction of chloro- or bromomethyl groups bound to a polymer
backbone with an amine, e.g.,, trimethylamine (TMA),
N-methylmorpholine, or 1-methylimidazole. Based on the afore-
mentioned, polymers should not have aromatic ether groups,
because they were shown to react with hydroxides [24-26]. Purely
aromatic polymer backbones have been developed, but their high
rigidity may lead to brittle membranes and necessitates a high molec-
ular weight [26,41]. Therefore, aliphatic or mixed aromatic/aliphatic
backbones seem to be most promising [42]. Since radical degradation
may be less relevant in alkaline conditions, polymers based on poly-
styrene, which fail fast in PEM fuel cells [43], can be considered. To
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reduce the rigidity of polystyrene, block copolymers of styrene and
ethane and butadiene, e.g., SEBS, can be used [44,45]. Another
way to use polystyrene is to graft vinylbenzylchloride on electron
beam or gamma-ray-irradiated films (polyethylene, ETFE, FEP,
etc.), followed by amination [46,47].

A second polymer type is prepared by Friedel-Crafts reac-
tion between aromatic monomers and aliphatic ketones, e.g.,
CF;3-CO-(CH,)s-Br [48,49]. The third class of polymer backbones
is based on polybenzimidazole. Here, charged groups are intro-
duced by methylation, resulting in ionenes, which carry the posi-
tively charged groups in the polymer chain [50-54], or by
attaching charged groups to the polymer backbone [55,56].

To increase the dimensional stability and mechanical strength,
membranes should be crosslinked, supported with a strong inert
porous polymeric layer or nanofiber mat and/or reinforced by the
addition of fillers. The latter has the potential advantage that
gases need to diffuse around the added nanoparticles, and the
increased tortuosity reduces the permeability for gases [57].

2 Targeted Properties for Anion Exchange Membrane
Water Electrolysis Membranes

The target values displayed in Table 1 are based on a recent call
for proposals (EU Horizon 2020) [58], and therefore should not be
understood as universally accepted values, but more as a guidance.
Especially, lower performances in one parameter could be compen-
sated by better performance in another parameter. For example, a
highly stable system could be preferred over a less stable, but
more efficient system. Also, a poor ion conductivity could be com-
pensated by a low-area-specific resistance (ASR).

ASR and through-plane ion conductivity are related by the thick-
ness according to the equation

Thickness

Ion conductivity (mS em™ = W,

ASR = Membrane resistance X Area

To achieve both targets of (a) ASR of 0.07 Q cm? and (b) ion
conductivity of 50 mS cm_l, the maximum membrane thickness
is 35 um. If the ion conductivity is doubled to 100 mS cm™', the
maximum thickness is 70 ym.

Thin membranes are technically possible, but hydrogen cross-
over increases and mechanical stability decreases with decreasing
thickness. It is interesting that gas permeation was not mentioned
in the call conditions, because hydrogen crossover is a common
key performance indicator and most relevant for safe operation.
On the other hand, safe operation can be assumed when the

Table 1 Target specifications for AEM in the NEWELY project,
based on the call conditions (EU Horizon 2020/Fuel Cells and
Hydrogen Joint Undertaking (JU), call FCH-02-4-2019)

Parameter Target value Comment

Ion conductivity ~ >50 mS cm™ At room temperature,
hydroxide form, in DI
water or close to 100%rh

Area-specific <0.07 Q cm? ASR = thickness/ion

resistance (ASR) conductivity
Stability <0.07 Q cm? after 2000h  Predicted time, in situ or
real or simulated operation  ex situ

DI water/100%RH, 0.1 M
KOH or 1 M KOH

in an electrolyzer

Tensile strength ~ >15 MPa

Elongation at >100%

break

dry/wet <1% in machine direction
dimensional <4% in transverse
stability direction

Journal of Electrochemical Energy Conversion and Storage

concentration of hydrogen is below 2% (4% is the lower explosion
limit), and since this low hydrogen concentration can be reached by
increasing the membrane thickness, the ASR target value in combi-
nation with the concentration limit of 2% H, in O, indirectly con-
trols the maximum permissible permeability.

At first glance, mechanical properties may appear to be less
important for AEMWE, because there are no movable parts, and
different from fuel cells, the hydration level of the membranes is
expected to be constant. However, four scenarios need to be
considered:

(1) Situations, in which the feed water is removed from the cell,
either for maintenance or by accident;

(2) in the case of membranes assembled with catalyst-coated
porous transport layers, air bubbles may contact the mem-
brane, leading to local differences in absorbed water;

(3) the most important issue, as further discussed after the next
paragraph: large pores in the porous transport layer can
damage the membrane, which is pressed into these pores at
differential pressures or during pressure fluctuations; and

(4) the most common scenario: water absorption of AEM
increases with the temperature; during the start-up of
AEMWE, the temperature increases from room temperature
to 50 or 60 °C. This swells the membrane, leading to wrin-
kles, and in the case of catalyst-coated membranes, possibly
to delamination of membrane and catalyst layers. During
shutdown, the membranes will lose water and shrink,
leading to mechanical stresses. This swelling and shrinking
effects especially the parts of the membranes at the interface
between the active and the inactive areas, because the active
and inactive areas of the membrane respond differently (the
inactive area is clamped between the gaskets) and at different
times (the inactive area will respond with a delay) to changes
in the operating conditions [59].

Electrolysis operation at differential pressure seems to be the
ideal operational mode: A high cathode pressure reduces the costs
for mechanical hydrogen compression and reduces the water
content in the hydrogen stream and thus the cost for drying. Further-
more, a low anode pressure reduces the oxidative potential of pure
oxygen. The major disadvantages are increased gas crossover and
mechanical damage to the AEM. For simplicity, many researchers
test their cells at ambient pressure, and the apparent stability can
be very misleading for the following development steps toward dif-
ferential pressure.

To prevent wrinkling at operation conditions and mechanical
damage, it is recommended to assemble electrolysis membranes
in the wet state [60]. However, this is usually not done in research,
presumably because membranes lose water rapidly in ambient
atmosphere, and handling under water or in humidified air is com-
plicated. Therefore, while a high mechanical strength is wanted,
perhaps even more relevant could be a high-dimensional stability,
which eliminates detrimental in-plane swelling/shrinking. One
potential alternative could be to use the shape memory effect of
membranes, which is programmed when they dry under a fixed
geometry. As shown for Nafion 212 and a radiation-grafted PEM,
such membranes swell preferentially in the thickness direction
when re-humidified. When these membranes are assembled in the
dry state into a fuel cell, they remain free of folds and wrinkles
when humidified, and the memory effect is re-established when
the membranes shrink again, because membranes are clamped
tightly between the bipolar plates, restricting shrinking in the area
[61,62]. Ultimately, because swelling in the thickness will increase
the contact between the membrane and the porous electrode, the
total swelling should be as low as possible.

3 Commercially Available State-of-the Art Membranes

Membranes of anion exchange resins have been developed for
over 70 years [63]. However, because of the low alkaline stability
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Table 2 Commercial AEMs and their reported properties

Ton Tensile
Thickness 1IEC conductivity ASR (Q  Dimensional strength  Elongation
Brand name Company  Country Product code (um) (meq/g) (mS ecm™) cm? stability (%) (MPa)  at break (%)
Fumasep® Fumatech Germany FAA-3-30 25-35* 1721 47 (C)* 03-0.5  0-2 (Br)* 25-40°  20-40°
FAA3 (cn* 40 (OH) [67] (CD)?
FAA-3-50 47-53*  1.85% as above <2.5(Cl)* as above as above as above
FAA-3-PK-75 75% 1.39 (CD)* >2.5 (C1)* <2.0 (CD)* 0 (Br)* 20-45*  30-50°
A201 Tokuyama Japan A201 28 [68] 1.8 [68] 42 (OH) [68] Na 2 (MD) [68] 96 (dry, 62 (dry, Cl)
6 (TD) [68] CI)[69] [69]
AEMION™ Ionomr  Canada AF1-HNN8-50-X  50° 2.1-2.5*  >80° 0.13 na 60 (dry, 85-110
* (dry, D*
AF1-HNN8-25-X  25% 2.1-2.5*  >80* 0.063* na 60 (dry, 85-110
I (dry, *
AF1-HNN5-50-X  50° 14-1.7*  15-25° 0.42— na 60 (dry, 85-110
0.67° D* (dry, D*
AF1-HNN5-25-X  25% 1.4-1.7*  15-25° 0.21- na 60 (dry, 85-110
0.33" D* (dry, D?
SUSTAINION® Dioxide USA Sustainion 37-50 50[17] na 80 (1M 0.045 cracks when  cracks cracks
Materials KOH,30°C) (1M dry when dry when dry
[17] KOH)
[17]
Orion TM1 Orion USA Pure material 24 [48]  2.19(OH)* 19 (Cl) [48] na 6 (Cl) [48] 30 [48] 35 1[48]
Polymer m-TPN1 [48] 54 (OH) [48] 10 (OH) [48]

>60?

“From technical data sheet.

of the earlier membranes, most membranes were optimized for
chemically less aggressive environments, like desalination, electro-
deionization, or electrodialysis [22]. While there have been early
reports on AEM-based fuel cells [64], work on AEM water electro-
lyzers started relatively late [15,65]. Therefore, although there are
many other membrane companies and membranes, e.g., from
Asahi Chemical Industry, AGC, Mega, Solvay, Tianwei Membrane
Technology and Membranes International, Table 2 only lists a
selection of those membranes which have been mostly investigated
for their use in AEM water electrolyzers. Also, the table does not
show the properties of all available membranes or membrane
grades; usually, more membranes are available upon request, differ-
ing in thickness or having a porous support or other reinforcements.

Diaphragms like AGFA’s Zirfon [2] or ion-solvating membranes
(e.g., polybenzimidazole) [66] can only be used in alkaline water
electrolyzers and are therefore not considered here.

It should be pointed out also that the conductivity values cannot
be exactly compared. Some producers (e.g., Fumatech) measure the
hydroxide conductivity by immersing membranes first in KOH
solution to achieve full ion exchange (which may not be complete)
and then changing the solution to pure water, to leach out excess
KOH. This should be done in a closed system using nitrogen
purged water, or in a glove box to prevent contact of the membrane
with CO, [70], but the exact process is usually not reported.
Another method is to electrochemically purge carbonates from the
membrane by applying a voltage in a CO,-free atmosphere.
Values obtained in this way are significantly higher than those mea-
sured with the first method and are more close to the conductivity
observed in an operating electrolysis cell [71,72].

Another important property is the permeability for hydrogen and
oxygen. Since the permeability depends on various factors (tempera-
ture, water uptake, carbonate or hydroxide form, etc.) and is seldom
reported, permeability coefficients are not included in Table 2.
However, some values are available: in contact with 1 M KOH,
an FAA3 membrane showed a hydrogen permeability at 50 °C of
7.3-107"7 mol(cm - s- Pa)~" [73]. For oxygen, a permeability of 4.0
-107% mol(cm-s)™" at 60°C and 98% relative humidity
was reported [74]. For A201, a hydrogen permeability at 50 °C of
5.3-10"" mol(cm - s - Pa)~! was measured [73] and an oxygen per-
meability at 20 °C of 3.9 - 10™"7 mol(cm - s - Pa)~' [75]. By measuring
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the hydrogen concentration in the anode compartment, Ito et al. were
able to provide in situ values. For an electrolplzer equipped with A201,
the hydrogen permeability was 5.6-107"" mol(cm-s-Pa)~™" [76].
Interestingly, this was just one-fifth of the value measured in a PEM
system. However, measuring in situ measured values usually does
not account for the potential reaction of hydrogen and oxygen to
water, so that the real crossover values could be somehow larger.
For Aemion (HMT-PMBI in the hydroxide form), an ex situ oxygen
permeability of 2.0- 1072 mol(cm - )" at 60 °C and at 98% relative
humidity was observed [74].

Another parameter which is not mentioned in Table 2 is the water
permeability. In systems where pure water is fed to both electrodes,
this seems to be of low importance, because water is replenished
continuously and can be balanced easily between the two sides.
However, it can be advantages to operate an AEM water electroly-
zer so that pure water is fed only to the anode chamber [77]. This
operation mode reduces the risk that gas bubbles block the catalyst
layers and reduces the amount of water carried away by the gas
stream. The first effect increases the performance, and the second
reduces the efforts to dry the hydrogen stream. If water transport
from anode to cathode by permeation through the membrane is
too slow to compensate the consumed water and water transported
away by electro-osmotic drag (hydroxides move from cathode to
anode) and the hydrogen stream, mass transport losses are expected.
The more probable scenario, however, is that too much water is
transported through the membrane. This not only increases the
humidity of the hydrogen stream, but also can flood the cathode
[78]. Vapor/vapor fluxes of FAA3-30, FAA3-PK-75, and
Tokuyama A201 were reported to be 15.1, 12.7, and 21.3 mmol
m~>s”!, respectively, at 70 °C and a humidity gradient of 100%/
50% [69]. The water permeability of FAA3 and HMT-PMBI (the
basis of Aemion membranes) was analyzed in detail by Luo et al.
[79]. The most relevant water/vapor fluxes at 70 °C for a gradient
of water/50% were reported to be 12 mmolm™2s~' for FAA3
and 15 mmol m~2s~! for HMT-PMBI, both in the carbonate
form. For the hydroxide forms, which usually absorb more water
than the carbonate form, higher fluxes are expected.

The mechanical properties are usually reported for well-controlled
conditions; that usually is the dry halogenide form at room tempera-
ture. The relevant wet hydroxide form at elevated temperature cannot
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be analyzed, unless the stress—strain measurement is done in an inert,
temperature- and humidity-controlled atmosphere. Therefore, the
data in the literature usually do not report on those properties which
are really of interest. In general, a high tensile strength, high
Young’s modulus, and high elongation at break are wanted. The
latter could be somehow favored, because a flexible membrane will
yield to the stress and needs substantial strain before it cracks.

3.1 Fumatech: FAA3. This membrane is available through
Fumatech and independent distributors, and can be provided in
many different thicknesses as non-supported or PEEK- or
PP-reinforced membrane. The cost for a 20 cm x 30 cm sheet is cur-
rently one of the lowest among the discussed membranes. But this
could change, if another company would scale up the production.

Chemically, FAA3 is a polyaromatic polymer with ether bonds in
the main chain, and quaternary ammonium groups attached to the
main chain. While old membranes (2011) were not crosslinked,
newer membrane batches are slightly crosslinked. For the use as
ionomer, also fully soluble linear polymers are available. In one
work, it was observed that the Fumion FAA3-ionomer flakes
formed a gel phase in dimethylacetamide (DMAc). The addition of
a small amount of trimethylamine to the solution prevented gelation
[78].

A water electrolysis cell operating with FAA3-50 and a 1 M
KOH feed, and with Pt/C and IrO, as catalyst achieved a current
density of 1.5 A cm™ at 2.0 V (50 °C) and 1.9 V (70 °C) [16]. In
another work, which focused on the electrode fabrication, a cell
with FAA-3-PK-75 was operated at 1.8 V, resulting in current den-
sities of 460 (50 °C) and 625 (70 °C) mA cm > [80]. In terms of the
life time, a non-reinforced FAA3-40 membrane failed within 31 h
because excessive swelling led to poor mechanical stability, while
a PP-reinforced FAA-3-PP-75 membrane showed an initial
voltage increase but then operated stably for the remaining 150 h
of test [81]. In other systems, the non-supported FAA3-50 mem-
brane was shown to operate stably for 1000 h [82].

3.2 Tokuyama: A201. Tokuyama’s AEM were only available
through Tokuyama, and purchase required signing a non-disclosure
agreement. Unfortunately, this product is discontinued. The struc-
ture of Tokuyama A201 (which is different from the older
Aciplex A201) and that of the chemically same but thinner
(11 yum) A901 membrane are not disclosed, except that they are
hydrocarbon-based membranes with quaternary ammonium groups.

An electrolyzer equipped with a Tokuyama A201 membrane was
operated with carbonate solution for 1000 h. While the cell voltage
at 470 mA cm ™2 slightly increased from ca. 1.9 V to 2.05 V, the cell
resistance remained even more stable, indicating that the membrane
did not degrade significantly [83]. In 1 M KOH solution at 80 °C,
the ion conductivity (after exchanging back into the chloride
form) did practically not vary over a time of 14 days [69].

3.3 Ionomr: AEMION. Ionomr currently offers four standard
membranes, which vary in IEC (1.4-1.7 or 2.1-2.5 meq/g) and

OH OH-

thickness (25 or 50 um). They can be obtained directly from the
producer.

Aemion membranes were developed in the Holdcroft group at
Simon Fraser University and are based on methylated polybenzimi-
dazoles. Degradation of methylated polybenzimidazole (PBI) starts
from attack of hydroxides on the C2 position of the imidazolium
moiety [50,51]. In Aemion membranes, this attack is sterically hin-
dered by the introduction of methyl groups in both ortho-positions
of the linking 2-phenyl group [52]. The alkaline stability can be
further improved by increasing the electron density on C2. This
can be achieved by changing the linking 2-phenyl group for a
larger system, so that the positive charges of two neighboring imi-
dazolium ions are not stabilized by one phenyl ring, but by at least
two phenyl rings [53,54]. Although the exact structure is not dis-
closed, one exemplary structure is that of HMT-PDMBI (Fig. 3)
[84,85].

The research-based HMT-PDMBI membrane was tested in an
AEM water electrolyzer. With a NiAl anode and a NiAlMo
cathode and a 1 M KOH feed, the cell delivered 1 A cm™ at a
stable voltage of 2.1 V for over 150 h [86]. Recently, also all four
membranes in IONOMR’s portfolio were tested in AEM water elec-
trolyzers in 1 M KOH at 50 °C [87]. The best performing membrane
was AF1-HNN8-25-X. A current density of 500 mA em™ was
obtained at 1.7 V and showed a voltage increase of 2.4 mV h™'
over the tested 17 h. This is significantly higher than the state-of-the
art (5uVh™') [88], but impedance spectroscopy revealed that
the source for this degradation was severe catalyst degradation:
the resistance of the membrane did not increase [87].

3.4 Dioxide Materials: Sustainion. Sustainion samples can
be obtained directly through dioxide materials and independent dis-
tributors. Dioxide material’s sustainion membranes were developed
in Richard Masel’s group and are based on a classic poly(4-
vinylbenzyl chloride-co-styrene) chemistry (Fig. 4) [17,31]. The
structural design seems to be influenced by Weber et al.’s work
(1-methyl imidazole functionalized poly(vinylbenzyl chloride)
[89]) and Hugar et al.’s finding that 1-benzyl-2,3,4,5-tetramethyl-
imidazolium groups are the most alkaline stable in a series of
1-benzyl imidazolium ions [30].

The product code Sustainion 37-50 seems to indicate the molar
ratio of 4-vinylbenzyl chloride in the copolymer (37%) and the
thickness (50 um). Although the synthesis is done under nitrogen
atmosphere, it was reported that trace water is actually wanted to
produce crosslinked structures which show reduced swelling [90].
As expected for polystyrene based polymers, the material is rather
brittle and cracks easily in the dry state. Therefore, dioxide materials
ship Sustainion membranes as a “classic Sustainion” containing a
water-soluble plasticizer, and as “Class 60 Sustainon” with a
reduced amount of this plasticizer, which needs to be washed out
from the assembled electrolysis cell with the first feed water. Prob-
ably for operation at higher pressure, dioxide materials also offer a
polytetrafluoroethylene (PTFE)-supported “Class T Sustainion” and
a “Class TZ Sustainion,” which contains a PTFE support and is rein-
forced with zirconium oxide nanoparticles.

Fig. 3 Structure of HMT-PDMBI (hexamethylterphenyl-polydimethylbenzimidazolium)
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Fig. 4 Structure of Sustainion membranes [91]

Although very stable performances were demonstrated, the low
alkaline stability of imidazolium ions and the fact that no data
for operation in pure water are available raises the question if
Sustainion perhaps is in fact not a real AEM, but conductive
because of absorbed KOH and water. Although this may play a
role, Hugar et al. showed that 87% of 1-benzyl-2,3,4,5-tetramethyl-
imidazolium ions were retained in 1 M KOH/deuterated methanol at
80 °C after 30 days, whereas >99% of 1-methyl-3-benzyl imidazo-
lium derivative was degraded under these conditions [30].

In a water electrolysis test, a cell with Sustainion 37-50 mem-
brane and NiFe,O, anode and NiFeCo cathode catalysts showed
a stable performance of 1 A em™2 at 1.9V for over 2000 h [17].
With PGM catalysts, even 2 A cm™2 at 1.7V were achieved,
which seems to be the best reported performance so far for commer-
cial membranes [91].

3.5 Orion Polymer: Orion TMI. Orion Polymer’s
TM1-based membranes are available now in three grades, non-
reinforced membranes with an IEC of 2.19 meq/g, and 5-50 um
thick reinforced membranes optimized for use in applications.
Samples can be obtained through the producer and independent
distributors.

TM1 membranes were developed by Chulsung Bae’s group at the
Rensselaer Polytechnic Institute [48]. The synthesis of these mem-
branes seems to be simple and easily scalable. However, the
monomer 7-bromo-trifluorheptanone appears to be relatively

CF,

/\

OH
Fig. 5 Structure of Orion TM1
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expensive (8 USD/g was the cheapest offer we found). The chemi-
cal structure was rationally designed: to avoid backbone degrada-
tion, the backbone does not contain aromatic ether groups
(Fig. 5), which were identified to be the source of membrane
failure in other AEM [24]. By connecting rigid aromatic systems
by substituted methylene linkers, the flexibility of the polymer
chains is enhanced, allowing for well-soluble polymers and good
handling of the membranes. The length of the linking chain, to
which the quaternary ammonium group is attached, was chosen
within a certain length, because longer chains offer some steric pro-
tection and mobility of the cationic group, enhancing alkaline stabi-
lity, phase separation, and ion conductivity [34,92]. In a recent
survey conducted by the National Renewable Energy Laboratory
(NREL), over 50 AEM from over ten organizations were tested
for their alkaline stability. Orion TM1 was the most stable mem-
brane in this test, and the only membrane which did not show
signs of degradation [93]. In the AEM water electrolyzer, the
TM1 (TPN1-100 in the scientific literature) showed a stable
initial performance, but suffered from low mechanical stability in
the hydrated state [94].

3.6 Performance of Commercial Membranes in Anion
Exchange Membrane Water Electrolyzers. What remains rela-
tively rare in the literature is information on the performance of
cells based on these membrane types. This is despite the fact that
only cell tests can verify the suitability of the membrane (conductiv-
ity, thickness, mechanical and chemical stability, and permeability
to hydrogen) and ionomer itself (binder) for this specific applica-
tion. The performance is connected with the membrane’s interaction
with the complementary cell components (porous transport layer,
catalyst, and circulating medium), as well as with the compatibility
with the cell design and operational conditions (feed composition,
flowrate, and temperature) used. Table 3 (in the Appendix) summa-
rizes the results reported for the mentioned commercially available
AEMs in open sources. It includes key components, operation con-
ditions, and performances of AEM water electrolyzers. This table,
unfortunately, documents one important fact. AEM water electrol-
ysis is currently importantly underdeveloped and even a generally
accepted standardized testing protocol allowing for reliable compar-
ison of different materials available/newly prepared does not exist.

Due to the aforementioned facts, it is difficult to organize system-
atically and to understand the results reported holistically. Different
criteria may be used to achieve this target, e.g., type of catalyst
(PGM versus non-PGM), circulating medium (KOH solution
versus carbonate solution versus demineralized water), binder of
catalytic layer (ionomer versus PTFE), or operating temperature
(below versus above 50 °C). Figure 6 visualizes the basic trends
observed in Table 3. It compares the highest current densities
achieved at the cell voltage of 1.8 V with respect to the selected
parameter. In the first case, it is the anion-selective membrane man-
ufacturer and the catalyst type. In the second case, the circulating
medium and catalytic binder type are addressed.

The first obvious conclusion derived from Fig. 6(a) is that cells
utilizing PGM catalysts outperformed cells utilizing non-PGM cat-
alysts. This finding was expected. Just in the case of the Tokuyama
membrane the difference was not as significant as in the remaining
cases. This can be explained by the fact that the mass transport
strongly depended on the circulating solution (non-conductive
PTFE was used in the catalyst layer for both PGM and non-PGM
cells), and the concentrations of the used liquid electrolytes were
different. The KOH concentrations were 0.1 and 1 M for PGM
and non-PGM cell, respectively [83,95]. A combination of these
two factors could lead to better utilization of the non-PGM catalyst
due to improved ionic contact in the catalyst layer. Thus, the cell
utilizing non-PGM catalyst exhibited a current density close to
that of the cell with PGM catalyst.

This observation stresses the importance of the role of the anion-
selective polymer binder when deionized water (or highly diluted
alkaline solutions) is utilized as the circulating medium. It can be
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Fig.6 Comparison of (a) the highest current densities observed for selected AEM manufacturers (indicated in the x-axis descrip-
tion) [16,17,69,82,88,93,97,98] and (b) average current densities observed for electrolyte type (indicated in the x-axis description) @
1.8 V cell voltage in alkaline electrolytes. Orion membranes are not included, because the data base is too small yet.

further documented by the example of the Fumatech membrane,
where the data are available [96,97]. Utilizing a non-PGM catalyst
and an anion-selective polymer binder, it was possible to achieve
significantly higher current density (0.25 Acm™ @ 1.8 V) [97]
when compared to a cell based on PGM catalyst with inert PTFE
binder (0.02 A cm @ 1.8 V) [96]. The influence of the polymer
binder in context of the circulating medium composition is docu-
mented in Fig. 6(b).

Several conclusions can be derived from Fig. 6(b). At first, it is
obvious that the utilization of DI water as circulating medium is
possible only if an anion-selective polymer binder is applied. In
that case, cell performance is comparable to that with carbonate-
based circulating medium. This indicates that a comparable ionic
contact between the catalyst and AEM is obtained for cells with
ionomer binder and cells with inert binder/1 wt% carbonate solution.
Interestingly, the average performance was improved even in the
case of the hydroxide solution if an anion-selective polymer binder
was applied. This is clearly connected with improvement of the
above-mentioned ionic contact to the membrane. This is explained
by following aspects: (i) the active volume fraction of the hydroxyl
conductive phase increases if the catalytic layer is soaked with
KOH solution and (ii) the conductivity of the ionomer binder is
increased as well due to complete conversion to the hydroxide
form and absorption of additional potassium and hydroxide ions in
the ionomer phase (Donnan exclusion is ideal at very diluted concen-
trations [18,99]). Figure 6(b) also shows that it is possible to achieve
current densities up to 1 A cm™ @ cell voltage 1.8 V in the case of
the studied commercial membranes using hydroxide solution of 1 M
KOH. This is in detail documented in Fig. 7.

Figure 7 documents that alkaline solutions clearly dominate as a
circulating medium. As already discussed, the reason consists in
improved ionic contact inside the cell and in stabilization of perfor-
mance with regard to potential cell carbonization.

The line in Fig. 7 represents the performance of a typical current
commercial PEM water electrolyzer [98]. It is thus a current target
line for the AEM water electrolysis. However, the performance of
commercial PEM electrolysis is improving, and the target line
should not be mistaken as a static, unchangeable target. Further-
more, for AEM to reach market maturity, also the overall cost
needs to be equal or better than that of PEM technology, and the sta-
bility must be sufficient. Even now some AEM systems clearly out-
perform the target line in Fig. 7. One recently reported AEM water

Journal of Electrochemical Energy Conversion and Storage

electrolyzer using con-commercial membranes and ionomers, water
as feed and NiFe/PtRu as catalyst reached 2.7 A cm2at1.8V [19].
However, this system was optimized for performance, and the
authors caution that the durability needs to be improved.

Clearly, all cells outperforming the PEM system use a feed of
1 M KOH. But ultimately, pure water should be used, to ease the
transfer of AEM technology to existing PEM electrolysis systems,
but also to alleviate issues of rebalancing of the feed concentrations.
The last aspect is connected with the fact that 2 mol water is con-
sumed at the cathode and 1 mol water is produced at the anode
per unit reaction. Another observation is that most data points
above the target line, with only one exception, were obtained
with platinum group metal (PGM)-containing catalysts.

Whereas the quality of ionic contact between catalyst layer and
AEM impacts predominantly polarization voltage losses, mem-
brane resistance is related directly to the ohmic losses of the cell.
Therefore, the reported performance of the cells is significantly
influenced by the membrane thickness [88] and operating tempera-
ture [80]. The role of membrane thickness is clear, as membrane
ohmic resistance can be considered to be a linear function of its
thickness. The reduced thickness of the AEM thus results in
better performance of the cell [87]. At the same time, however, per-
meation of hydrogen through membranes increases. Additionally,
AEMs with low thickness can be less mechanically stable under
the conditions of the alkaline water electrolysis [81]. The typical
solution of this problem represents the utilization of a suitable rein-
forcement by a porous support, e.g., a fabric or non-woven material.
Reinforcement, on the other hand, reduces the conductive volume
fraction of the membrane and thus increases its ohmic resistance.
Reinforcement utilization thus represents a trade-off between mem-
brane mechanical stability and performance.

Increasing temperature clearly improves ionic conductivity
(Fig. 8). When considering the reported data, however, it is impor-
tant to remember the fact that most membranes are not long-term
stable at temperatures exceeding 50 °C and that therefore lower
operating temperatures with lower performances may be preferred
considering the enhanced durability. As a rule of thumb, the van’t
Hoff rule states that the speed of chemical reactions (e.g., alkaline
degradation) at least doubles when the temperature is increased
by 10 °C.

Recently, Bender et al. compared the literature-reported perfor-
mances of PEM water electrolyzers [101]. The voltages at
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Fig. 7 Performances of AEM water electrolysis systems:
(a) based on the use of PGM or non-PGM catalysts, (b) based
on the feed, and (c) based on the operation temperature. The
dotted line represents the performance of a commercial PEM
water electrolysis system [98] and therefore indicates a current
performance target for AEM water electrolyzers with pure water
as feed. The reader is referred to the online version for color
coding.

1 A cm™? varied significantly and showed a deviation of 500 mV for
Nafion 115 (based on 23 publications) and 600 mV for Nafion 212
(based on ten publications). In a round robin test, in which four
labs used the same equipment and procedure, the average voltage
at 1 Acm™ was 1.787 V with a standard deviation of 0.010 V.
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Fig. 8 Performance of AEM electrolyzers using Sustainion
and Aemion membranes, all with 1M KOH feed solutions
[17,87,91,100]. The upper line is from Ref. [100], the lower lines
for Sustainion are from Ref. [91]. Aemion membranes were
tested with PGM catalysts, and Aemion ionomer at 50 °C and
FAA3-ionomer at 60 °C. The question mark indicates that the per-
formance of AF1-HNN8-25-X was not reported for 60 °C with
FAA3 ionomer, but one may expect that it would be close to
that of Sustainon. More data are needed for a final evaluation.

According to the authors, the temperature control was the most sig-
nificant source for the observed deviation. For the AEM water elec-
trolysis, the expected variation of the literature values must be even
larger, because tested systems vary also in the composition of the
feed solutions. Another potential issue is the batch-to-batch repro-
ducibility. Pristine TM1 (Orion) can be expected to have a low var-
iability of the IEC value, because the IEC is fixed by the chemical
structure. The same is true for Sustainion, in which the IEC
depends on the composition of the monomer feeds, which can be
well controlled. However, since Sustainion is known to be mildly
crosslinked by reaction of water traces with the benzylchloride
groups, the degree of crosslinking and thus the swelling and conduc-
tivity could vary. For Fumatech membranes, the specified IEC varies
between different batches. For example, we received batches for
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Fig.9 Performance range of AEM water electrolyzers using dif-
ferent membranes and different operating conditions. Orion TM1
Durion membranes are not included because not enough litera-
ture is yet available (we are only aware of one report (Table 3)).
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which the IEC was specified as 1.63, 1.7-2.1, and 1.85 meq/g. This
could indicate changes in the product specification over the years, but
could also indicate that the synthesis of FAA3 includes a bromination
or chloromethylation step, which is difficult to control. Similarly,
Aemion is prepared by the methylation of PBI, and the degree of
methylation may vary. In case a tight specification is requested by
customers, companies can reach these values also by blending
batches with low and high values. This is common practice in
some industries (e.g., commodity polymers may show bimodal
molecular weight distributions for this reason), and for AEM could
affect other properties, like crystallinity and mechanical properties.
Finally, while chemical properties can be well characterized for
each batch, the way membranes are produced in large scale, typically
by casting a polymer solution on a moving support belt or film, makes
it difficult to guarantee that all membrane properties are exactly the
same at (for example) roll meter 5 and 18, due to fluctuations in tem-
perature, casting thickness, residual solvent content, etc. Therefore,
in any case, customers are recommended to look closely at the spec-
ifications when ordering AEMs, and to check individual samples at
least for their wet thickness before use.

A comparison of cell performances based on individual commer-
cially available membranes is shown in Fig. 9. The overlay of the
discussed data suggests that the performances of commercial mem-
branes can be sorted into two groups: Fumatech and Tokuyama
membranes (hydroxide conductivity in the range of 40 mS cm™,
Table 2) appear to have a lower performance, and the newer mem-
branes Aemion and Sustainon (conductivity up to 80 mS cm™" in
the best grades) have a higher performance. However, as discussed
earlier, higher ionic conductivity can have a negative impact on the
other characteristics of the electrolysis cell, particularly on the pen-
etration of H, to the O, stream, especially under differential pres-
sure conditions. Unfortunately, due to the novelty of the Aeminon
and Sustanion membranes, these values are not yet specified in
scientific literature. To define a “winner” between these membranes
requires significantly more work. Additional data have to be col-
lected. This is especially true when considering operation with
deionized water as a circulating medium. At the same time, it can
be said that there is still sufficient space for improvement in order
to outperform PEM water electrolyzers.

3.7 Stability. The most pressing issue is the stability of AEMs,
which is limited by chemical and mechanical degradation.
However, most work only focuses on the initial performance after
cell activation, and in the best cases, 2000 h of operation for Sustai-
nion [17] and 1000 h for A201 [83] and FAA3-50 [82] are reported.
For the latter, it was shown that all losses were fully recoverable
losses caused by mass transport, an issue which can be tackled by
optimization of the cell design, catalyst layer, and the porous trans-
port layers. In contrast to this, Vincent et al. reported that FAA3-50
already failed within a few hours, whereas supported FAA3-PP-75
could be operated stably for at least 200 h [81]. This shows that the
stability strongly depends on the system.

What is missing, is a reliable prediction when membranes will
fail. Since this ultimately should take a long time, up to several
10,000 h, and individual membrane samples could fail at quite dif-
ferent times, it is necessary to develop accelerated stress tests, as it
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was done for PEM Fuel Cells, which have a targeted lifetime of
“just” 5000 h in automobile applications. Arico et al. suggested
potential cycling between 1 and 1.8 V, to mimic the expected fluc-
tuations when electrolysis is used for grid balancing [82]. This can
lead to changes in the water content (if electro-osmotic drag is faster
than back diffusion) and in the local temperature. Both will swell
and shrink the membranes.

Overall, even though stability is acknowledged to be the bottle
neck, not much is known about the already achievable life time in
optimized systems.

4 Conclusions

There are research-based membranes and systems, which clearly
outperform commercial membranes and their systems. However,
they are not easily available and usually still do not fulfill the dur-
ability requirement inside of an electrolysis cell. Some membranes
seem to be very stable under alkaline conditions—which is a great
advancement. The next issues will be to solve the strong swelling
and the therefrom resulting softening in hot water, and to investigate
the stability against reactive oxygen species.

The main conclusion is that all materials (membrane, ionomer,
catalyst, cell design etc.) need to be optimized together. Therefore,
it is not possible to exactly rank the commercial membranes based
on the available literature data, and any experimental ranking would
be limited to a certain system. As a general trend, however, the
established membranes FAA3 and A201 have a lower ion conduc-
tivity than the newer membrane types Aemion and Sustainion.

Commercial AEMs are usually optimized for only a certain appli-
cation and operating condition. For example, no data for Sustainion
membranes operating in DI Water can be found in the literature, and
the technical data sheet of Fumatech FAA-3-50 recommends its use
for “electrodialysis for demineralization, desalination applications
and others,” while FAA-3-PK-75 is also recommended for “alkaline
water electrolysis at pH 9-12 and T below 50 °C.” Finally, it needs to
be remarked that, as far as we are aware, no commercial AEM water
electrolysis system uses the discussed commercial membranes, indi-
cating their still relatively low technological readiness level.

However, in contrast to a few years ago, several different AEM
chemistries are now commercially available, also in different thick-
nesses, and as homogenous, reinforced or supported grades. This
situation will allow system developers to improve their systems
and speed up the research process. The most challenging question
is still the life time.
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Appendix
Table 3 Commercial membranes and their performance in AEM water electrolyzers?®
Performance at 1.7,
Detailed membrane 1.8,1.9and 2.0 Vin
Entry  Company type Ionomer Anode catalyst Cathode catalyst Temperature Feed Membrane thickness Acm™ Reference
1 Fumatech FAA-3-50 FAA3-Br 1IrO, Pt/C 70 °C 1M 50 um 0.74 Park et al. [16]
KOH 1.15
1.49
1.83
2 FAA-3-50 FAA3-Br IrO, Pt/C 50 °C IM 50 um 0.41 Park et al. [16]
KOH 0.73
1.09
1.42
3 FAA3 FAA3 NiCoOx:Fe Pt/C 50 °C DI water 130 um - Xu et al. [102]
0.11
0.23
0.36
4 FAA-3-50 - Nickel foam Nickel foam 60 °C 10 wt% 55 ym 0.01 Lee et al. [103]
KOH 0.02
0.02
0.03
5 FAA-3-50 na IrO, Pt/C 60 °C IM 50 um 0.20 Park et al. [104]
KOH 0.32
0.47
0.62
6 FAA-3-50 na g-CN-CNF-800 Pt/C 60 °C IM 50 um 0.28 Park et al. [104]
KOH 0.48
0.72
0.98
7 FAA-3-25 Not disclosed ionomer Pt/C Pt/C 60 °C 1M 25 ym 0.02@2.2V Fan et al. [105]
KOH
8 Fumapem Fumion FAA-3-SOLUT-10 Ir black NiMo/X72 50 °C 1M 20-30 um 0.41 Faid et al. [106]
FAA-3-PE-30 solution KOH 0.68
1.00
1.37
9 Fumapem Fumion FAA-3-SOLUT-10 Ir black Pt/C 50 °C 1M 20-30 um 0.63 Faid et al. [106]
FAA-3-PE-30 solution KOH 1.01
1.40
1.80
10 FAA-3-PK-130 FAA-3-PK-130 solution in Cep,MnFe, 3Oy Ni 25°C DI water 130 um 0.11 Pandiarajan et al.
DMSO (dimethylsulfoxide) 0.25 [97]
after filtration -
11 FAA3-50 PTFE NiMn,O,/carbon Pt/C 50 °C DI water 50 um - Busacca et al.
nano fiber 0.01 [96]
0.02
0.04
12 FAA3-50 PTFE NiMn,O,/carbon Pt/C 60 °C DI water 50 um - Busacca et al.
nano fiber 0.02 [96]
0.03
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Table 3 Continued

Detailed membrane

Performance at 1.7,
1.8,1.9and 2.0 Vin

Entry  Company type Tonomer Anode catalyst Cathode catalyst Temperature Feed Membrane thickness Acm™? Reference
0.06
13 FAA3-50 PTFE NiMn,Og4/carbon  Pt/C 50 °C 6 M 50 um 0.13 Busacca et al.
nano fiber KOH 0.18 [96]
14 FAA3-50 PTFE NiMn,Og4/carbon  Pt/C 60 °C 6 M 50 um 0.10 Busacca et al.
nano fiber KOH 0.14 [96]
15 FAA3-50 FAA3 NiMn,0,/C Pt/C 50°C 1M 50 um 0.10 Carbone et al.
KOH 0.18 [82]
0.27
0.38
16 FAA3-40 I, (Acta Spa, Italy) Acta 3030 Acta 4030 (NV 60 °C 1% 40 um 0.10 Vincent et al.
(CuCoOy) Ce0,-La,05/C) K,CO; 0.21 [81]
0.37
0.60
17 FAA3-PP-75 I, (Acta Spa, Italy) Acta 3030 Acta 4030 60 °C 1% 80 um 0.07 Vincent et al.
(CuCoOy) (Ni-CeO,-La,05/C) K,CO; 0.14 [81]
0.24
0.41
18 FAA3-PK-75 PTFE IrO, Pt/C 50 °C 0.5M 75 um 0.33 Marinkas et al.
KOH 0.52 [69]
0.70
0.88
19 Tokuyama  A201 AS-4 IO, Pt black 50 °C DI water 28 um 0.26 Leng et al. [15]
0.40
0.56
0.79
20 A201 AS-4 (cathode) CuCoOx Pt/C 50 °C DI water 28 um - Ito et al. [76]
PTFE (anode) 0.01
0.02
0.04
21 A201 AS-4 (cathode) CuCoOx Pt/C 50°C 0.1 wt% 28 ym 0.07 Ito et al. [76]
PTFE (anode) K,CO; 0.18
0.26
0.40
22 A201 AS-4 (cathode) CuCoOx Pt/C 50°C 1 wt% 28 ym 0.12 Ito et al. [76]
K,CO; 0.29
0.46
0.68
23 A201 PTFE (anode) CuCoOx Pt/C 50 °C 10 wt% 28 um 0.15 Ito et al. [76]
K,CO; 0.50
0.97
24 A201 AS-4 (cathode) CuCoOx Pt/C 50°C 10 mM of 28 ym 0.11 Ito et al. [76]
PTFE (anode) KOH 0.22
0.38
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Table 3 Continued

Detailed membrane

Performance at 1.7,
1.8,1.9and 2.0 Vin

Entry  Company type Tonomer Anode catalyst Cathode catalyst Temperature Feed Membrane thickness Acm™? Reference
0.60
25 A201 No ionomer (PTFE) CuCoO; Ni/CeO,-La,0; 43 °C 1M 28 ym 0.29 Pavel et al. [83]
KOH 0.52
26 A-201 with Actal2  No ionomer (PTFE) CuCoO; Ni/CeO,-La,0; 43 °C 1% 28 ym 0.19 Pavel et al. [83]
ionomer K,CO3 0.32
0.51
27 A-201 I, (Acta Spa, Italy) Acta 3030 Acta 4030 60 °C 1% 28 um - Vincent et al.
(CuCoOy) (Ni-CeO,-La,05/C) K,CO; 0.16 [81]
0.37
0.62
28 A-201 AS-4 CuCoOx Pt/C 50°C 10 wt% 28 ym 0.18 Ito et al. [107]
K,CO; 0.44
0.87
29 A-201 Nafion NiFe,0y4 NiFeCo 60 °C 1M 28 um 0.10 Pushkareva et al.
KOH 0.26 [100]
0.54
0.92
30 A901 No ionomer (10% PTFE) IrO, Pt/C 60 °C 0.1M 11 ym 0.36 Wu et al. [95]
KOH 0.62
0.86
1.11
31 A901 I, (Acta Spa, Italy) Acta 3030 Acta 4030 (Ni/ 50 °C 1% 11 um 0.10 Vincent et al.
(CuCoOy) (Ce0,-La,03)/C) K,CO; 0.19 [108]
0.31
0.52
32 Tonomr AF1-HNNS8-50-X FAA-3 Fumion Ir black Pt/C 60 °C 1M 50 um 1.03 Fortin et al. [87]
KOH 1.82
33 AF1-HNN8-50-X FAA-3 Fumion Ir black Pt/C 50°C 1M 50 um 0.62 Fortin et al. [87]
KOH 1.00
1.44
1.90
34 AF1-HNN8-25-X FAA-3 Fumion Ir black Pt/C 50°C 1M 25 ym 0.77 Fortin et al. [87]
KOH 1.27
1.87
35 AF1-HNNS5-50-X FAA-3 Fumion Ir black Pt/C 50 °C 1M 50 um 0.43 Fortin et al. [87]
KOH 0.68
0.94
1.23
36 AF1-HNNS5-25-X FAA-3 Fumion Ir black Pt/C 50 °C 1M 25 ym 0.61 Fortin et al. [87]
KOH 0.96
1.35
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Table 3 Continued

Detailed membrane

Performance at 1.7,
1.8,1.9and 2.0 Vin

Entry  Company type Tonomer Anode catalyst Cathode catalyst Temperature Feed Membrane thickness Acm™? Reference
1.77
37 AEMION Nafion NiFe,0y4 NiFeCo 60 °C 1M 38 um 0.04 Pushkareva et al.
KOH 0.13 [100]
0.31
0.63
38 AEMION Nafion NiFe,0,4 NiFeCo 60 °C 0.1 M 38 um 0.01 Pushkareva et al.
KOH 0.03 [100]
0.07
0.13
39 Dioxide Sustainion Nafion NiFe,0y4 NiFeCo 60 °C 1M 50 um 0.05 Pushkareva et al.
materials KOH 0.16 [100]
0.43
0.94
40 Sustainion 37-50 NiFe NiFeCo 60 °C 1M 50 um 0.16 Liu et al. [17]
KOH 0.47 and Kaczuret al.
1.01 [91]
1.75
41 Sustainion 37-50 IrO, Pt 60 °C 1M 50 um 1.99 Kaczuret al. [91]
KOH 3.33
42 Sustainion X37-50 Sustanion XB-7 IrO, Pt/HSC (47% Pt 60 °C 0.1 M 50 um 0.72° Anderson et al.
grade T KHCO3 - [109]
43 Orion TPN1-100 (same Tokuyama AS-4 PGM PGM 50 °C 1M Not reported—TM1 - Park et al. [94]
polymer materials TM1) NaOH may be thinner, -
allowing higher -
performance 0.05

“Data were extracted from literature with Digitizelt (www.digitizeIT.de).

PExtrapolated value.
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