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ABSTRACT
Anion exchange membrane (AEM) electrolysis is one of the most promising water electrolysis technologies, combining the
advantages of proton exchange membrane (PEM) electrolysis, such as high gas purity, high current densities and dynamic
operation, while using cheap transition metal electrocatalysts known from alkaline water electrolysis (AWE). AEM water
electrolysis (AEMWE), when operated liquid (electrolyte or water) free (dry) at the cathode side, offers simplified water
management, reducing the balance-of-plant. Numerous factors, such as cell design, membrane properties, flow rate of electrolyte
and operation parameters, directly or indirectly, impact the performance of AEMWE, which becomes even more vital when the
cathode compartment is operated liquid free. Herein, this work presents a comprehensive overview of several factors involved
in the performance of a dry cathode AEMWE. Advancements and challenges in membrane materials, asymmetric electrolyte
feeds and operating parameters were analysed. Finally, to have a durable and efficient AEMWE, this article discusses current
development on the dry cathode AEMWE technology and outlines prospective avenues for further improving the system.

1 Introduction

Rising energy consumption and climate change motivate the
transition to a renewable energy economy. Hydrogen technolo-
gies have the potential to play a significant role in this regard as
hydrogen (H2) can be used both as a fuel and for energy storage.
However, currentlymost of theH2 is produced via steammethane
reforming and coal [1, 2] leading to significant carbon dioxide
emissions. Water electrolysis technology has emerged as a viable
approach for theH2 generation as it can be coupledwith the inter-
mittently available renewable energy and thus serve as a bridge to
sectors such as transportation and heavy industry [3]. Primarily,
three types of low-temperature electrolysers are employed for

the H2 generation: alkaline water electrolysis (AWE), proton
exchange membrane water electrolysis (PEMWE) and anion
exchange membrane water electrolysis (AEMWE) [4–6]. The
classic AWE electrolysers employ highly alkaline electrolyte and
non-noble transition metal catalysts coated electrodes that are
separated by a diaphragm. However, the low current density and
gas crossover leading to a low gas purity in classic AWE are often
reported as main issues in the literature [7, 8]. PEMWE uses a
PEM conducting protons (H+) from the anode to the cathode,
allowing cell operation at comparatively high current densities.
However, the use of acidic environment leads to inevitable use
of noble metals as electrocatalysts, thereby increasing the capital
cost [6, 9, 10]. On the contrary, AEMWE operates in an alkaline
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environment with the AEM conducting anions (OH−) aiming to
combine the advantages of AWE and PEMWE. As it operates in
an alkaline environment, non-noble electrocatalysts can be used,
alleviating the cost of system [11, 12].

Essentially, two types of feed configurations are possible in AEM
electrolysers. In one configuration, typically both the cathode
and the anode are supplied with electrolyte or water also known
as wet configuration, whereas in the dry cathode configuration,
only the anode side is supplied with electrolyte or water. Another
configuration which could be of interest is dry anode configu-
ration, where anode compartment is kept liquid free; however,
it is seldom employed [13–15]. At a commercial scale, ‘Hystar’
is employing a dry anode configuration in PEMWE [16, 17].
Each of the configurations has its advantages and limitations,
respectively. In the case of a liquid-fed anode and cathode,
generally better ionic conductivity can be achieved. The risk
of the membrane electrode assembly (MEA) drying out can be
eliminated due to a continuous supply of electrolyte, ensuring
sufficient reactant (OH− andH2O) is available for the reaction [18,
19]. However, the risk of electrolyte crossover, watermanagement
and degradation due to the corrosive alkaline environment can
make this configuration complex to handle [20]. On the contrary,
when the cathode is kept liquid free (dry cathode configuration),
it can provide advantages over the issues mentioned above. This
setup is being utilized on a commercial scale by ‘Enapter’ who
integrated it into their large-scale hydrogen production processes
[21]. In addition, a dry cathode configuration has the potential
to provide hydrogen with a higher purity since complex liquid–
gas separation setup is not necessarily required at the outlet of
cathode when compared to a configuration with a liquid feed
on both the anode and the cathode. However, the challenges
of a dry cathode configuration include the lack of hydration
leading to drying out of the membrane, lower ion conductivity
and potential degradation issues at higher current densities [22].
Recently, some investigations have been done on the dry cathode
concept in AEMWE; however, the literature regarding the same
is very limited.

Studies have investigated the influence of several parameters,
highlighting the effect of the binder amount [23], the membrane
type and its thickness [24], the water distribution, the used
electrocatalyst [25] and the catalyst loading [26]. However, despite
the focused research, a comprehensive overview elucidating the
complex interplay between these parameters in a dry cathode
configuration in AEMWE is still missing. The purpose of this
study is to bridge the gap among various particularities of the dry
cathode concept in order to provide a more holistic picture. This
perspective will provide an overview covering different factors
affecting cell performance of AEMWE operated in a dry cathode
configuration.

2 AEMWE Configurations: Mechanistic
Understanding

In principle, two different cell configurations have been studied
in the literature in AEMWE. In the wet configuration, an alka-
line electrolyte solution or de-ionized water (DIW) is supplied
to both the cathode and the anode. In most of the research
studies, potassium hydroxide (KOH) is employed as a supporting

electrolyte instead of DIW due to its higher ion conductivity [8]
and the stability of the non-noble materials [27]. Nickel, often
used material in AEMWE, however, gets unstable at anode side
under acidic or near-neutral pH (∼9) making alkaline medium
beneficial for its durability [28]. The AEM conducting hydroxide
ions is inserted between the cathode and the anode. When bias is
applied to the AEMWE, water dissociates into OH− and produces
H2 gas at the cathode via the hydrogen evolution reaction (HER).
The OH− ions are transported from the cathode to the anode
via the AEM due to the applied electric field (Figure 1a). These
OH− ions then produce water and O2 at the anode via the oxygen
evolution reaction (OER) [8, 26]. The two half-cell reactions and
the overall reaction can be written as follows:

𝐶𝑎𝑡ℎ𝑜𝑑𝑒∶ 2H2O(l) + 2e− → H2(g) + 2OH
−
(aq),

𝐸◦ = −0.83 V versus SHE

𝐴𝑛𝑜𝑑𝑒∶ 2OH
−
(aq) → H2O(l) + 1∕2O2(g) + 2e−,

𝐸◦ = 0.40 V versus SHE

𝑂𝑣𝑒𝑟𝑎𝑙𝑙∶ H2O(l) → H2(g) + 1∕2O2(g),

𝐸◦ = 1.23 V versus SHE

where E0 refers to the reversible potential and SHE stands for the
standard hydrogen electrode. In the alkaline environment, two
water molecules are required at the cathode to produce H2. Thus,
the water transport from the anode to the cathode plays a crucial
role in determining the overall performance [26].

On the other hand, in the case of a dry cathode configuration
(i.e., single-side feed mode), the anode is purged with liquid and
the cathode is kept liquid free (Figure 1b). Water is transferred
to the cathode by diffusion due to the concentration gradient,
whichmight cause K+ ions to diffuse as well [29]. OH− ions move
from the cathode to the anode, and the water at the cathode is
also dragged to the anode in the hydration shell of OH− ions
via an electro-osmotic drag. As the only source of hydration at
the cathode is by water diffusion from the anode to the cathode,
the generated H2 stream separation can be achieved with a small
liquid–gas separator. However, it may lead to the drying out of the
cathode due to insufficient hydration.

At higher current densities, conventional systems are susceptible
to a number of issues owing to several factors such as higher
reaction rates and an imbalance in water distribution. With
increasing current density, the hydrogen and oxygen production
rates increase, leading to a higher consumption of water in
electrochemical reaction. The inadequate water stoichiometry
ratio might lead to dehydration in the anode compartment or
cause local drying out [30]. This effect appears more prominent
in the case of a dry cathode configuration [29]. Another potential
issue in the conventional system could be the increase in gas
evolution in both compartments which may lead to formation of
large number of gas bubbles. This, in turn,may lead to the surface
coverage of catalyst by gas bubbles, which consequently affects
the overall performance [5, 26, 31]. This effect may be less evident
at the cathode side in the case of dry cathode configuration.
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FIGURE 1 Schematic of AEMWE in (a) wet configuration and (b) dry cathode configuration. AEM, anion exchangemembrane; GDL, gas diffusion
layer; MEA, membrane electrode assembly.

Gas crossover can also be an issue, typically more pronounced
in the case of AWE where a diaphragm is employed to separate
both compartments. However, gas crossover is also a potential
issue in membrane electrolysers (AEMWE and PEMWE) since
the membrane is not perfectly impermeable. Principally, both
oxygen and hydrogen can permeate through the membrane.
However, hydrogen crossover is more commonly observed owing
to its small molecular size, leading to higher diffusion [32].
The hydrogen crossover to the anode side can lower the overall
efficiency of the process and can pose safety concerns due to
potential buildup of an explosive gas mixture (>4% of H2 in O2)
[26]. However, a threshold of 2% is generally kept to mitigate
safety risks [33]. Several factors, for instance, operating current
density, pressure, temperature and membrane thickness, can
affect the H2 crossover [26].

In 2025, a report by Witte et al. highlighted the influence of
contact pressure on H2 crossover in conventional AEMWE [34].
The increase in contact pressure (0.5–2.5 MPa) led to higher gas
contamination (H2 in O2 content) from 1.4 to 2.9 vol% respectively
at a current density of 0.1 A cm−2 [34]. To mitigate gas crossover,
either thicker membranes can be used or the microstructure of
the membrane can be modified [26]. It is important to note that
thick membranes typically lead to higher resistances comprising
the cell performance. Moreover, H2 crossover was reduced by
56% by adding 2% zirconia to a Sustainion membrane [35]. H2
crossover is also a critical issue in dry cathode configurations,
possibly even more so due to the higher concentration gradient
of H2 across the AEM as the liquid is not present to act as

an additional barrier for evolved gas [36]. In addition, electro-
osmotic dragmay facilitate transport of the dissolved hydrogen in
the water molecules to the anode side. It can further contribute to
the crossover, although this effect is likely to be less prominent in
the case of dry cathode configuration. The topic of H2 crossover
in specifically dry cathode setup remains largely unexplored, with
only very few experimental investigations to date [37].

One of the key performance indicators in water electrolysis
is the ‘polarization curve’ for evaluating the cell performance
by providing insights into the current-voltage behaviour and
thus highlighting the losses associated with different electrolyser
components and parameters. Figure 2 represents the schematic
of losses involved in electrolytic performance influencing the
shape of the polarization curve of an AEMWE. During the
cell operation, practical voltage is perpetually higher than the
reversible voltage (E0) owing to the different loss mechanisms in
the electrolytic system. Characteristically, these voltage losses can
be subdivided into three different types of losses. Activation losses
comprise the losses due to the cathode and the anode kinetics
and are more evident at low current densities [38]. These losses
still persist at higher current densities; however, they are not
as significant compared to the ohmic losses. The linear region
at mid-section of current densities is attributed to the ohmic
losses. These ohmic losses are mainly attributed to anion transfer
through the membrane and partly to the resistances of other
cell components. Additionally, the electrode surface coverage
due to the generated gas bubbles may indirectly contribute to
the ohmic losses as well. This particular effect becomes even
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FIGURE 2 Schematic of the distribution of losses at various sections of a typical polarization curve of an AEMWE. This can be influenced by
several different operating parameters such as temperature, cell compression, flow rate and concentration of electrolyte. As these operating parameters
change, the cell voltage can change accordingly due to their influence on different processes involved in AEMWE. Source: Adapted from Ref. [38].

more pronounced at higher current densities, highlighted by
the steep increase in the voltage (mass transfer losses; see third
section in Figure 2).Moreover, insufficient electrolyte supply (low
reactant) may cause starvation at higher current densities, con-
tributing to the mass transfer losses, especially in a dry cathode
configuration. Under these conditions, the conductivity of the
membrane will also reduce, leading to steady increase in ohmic
losses, compounding to themass transfer losses. Several operating
parameters (temperature, flow rate, electrolyte concentration, cell
compression, H2 backpressure and others) can affect all these
losses, influencing the shape of the polarization curve (Figure 2).

Besides the hydration issue, one also needs to consider other
variables such as the electrolyte feed and other operating condi-
tions. Figure 3 depicts the classification of the factors affecting cell
performance specifically in a dry cathode setup. In this setup, cell
performance is influenced by two different types of parameters
categorised as the operational and the material parameters.
Operational parameters are the ones which directly influence the
performance and are subdivided into operating conditions such
as electrolyte feed, current density, flow rate, temperature and
relative humidity. Conversely, the indirect factors such as the ion
exchange capacity (IEC) of the ionomer used itself or as an AEM
and its amount constitute the material parameters.

3 Ionomer Effect

AEMs are the fundamental core component of AEMWE technol-
ogy. An ideal AEM should be highly conductive for the OH− ions,

bemechanically and thermally robust, have optimal water uptake
(WU) and be chemically stable [39, 40]. Generally, AEMs are
constituted by a polymer backbone with cationic groups which
are responsible for conferring anionic selectivity and conductivity
[41]. The capability of anion transport by an ionomer used inAEM
depends greatly on the water retention, also known as the WU.
Although Donnan exclusion typically prevents KOH permeation,
some retention may still occur in ion-solvating membranes or at
elevated KOH concentrations (≥1 M) [42], which is undesirable.
The physical quantity which influences the water retention is the
IEC of a membrane [29]. Hence, IEC plays a pivotal role in a
dry cathode configuration, especially as water management is a
key factor for long-term operation at a higher current density.
In principle, IEC represents the number of exchangeable ions
for the respective membrane per unit weight and is expressed in
meq g−1 or mmol g−1 [43]. Different methods, such as titration,
spectroscopy (i.e., UV–Vis) and ion-selective methods, can be
used to measure the IEC of H+ or OH− [44, 45]. WU, on the other
hand, is the measure of the mass changes when exposed to water
[45]. The WU can be defined as

WU = (𝑚𝑤 −𝑚𝑑)

𝑚𝑑

× 100 %

where 𝑚𝑤 is mass of the wet membrane, and 𝑚𝑑 is mass of the
dry membrane, respectively.

As optimal water management is vital in a dry cathode setup,
understanding the link among IEC, WU and the cell voltage is
even more important [45].
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FIGURE 3 Schematic of factors affecting the cell performance of dry cathode configuration are divided into three categories.

The molecular structure of an AEM consists of a primary
functional group and a polymer backbone. Traditionally, quater-
nary ammonium groups are used as functional groups with a
polymer backbone such as polystyrene, polysulphone, poly(ether
sulphone) or poly(phenylene oxide) via benzylicmethylene group
[41, 46]. Themolecular structure of other AEMs demonstrates the
use of an imidazolium cationic group and a metal (ruthenium)-
based cationic group as well. The use of different functional
groups offers their own advantages and limitations, respectively.
Quaternary ammonium groups show high hydroxide ion con-
ductivities, whereas imidazolium functional groups attached to
the polymer backbone exhibit improved chemical stability. Most
of the state-of-art commercial membranes employ quaternary
ammonium groups. Only a few commercial membranes use
imidazolium cationic group such asAemion and SustainionAEM
[47].

Figure 4 (hollow triangle and solid sphere symbols, respectively)
depicts the influence of IEC on the WU and cell voltage of
commercial and lab-tested membranes. All the sample’s initials
are referenced next to the symbols presented in Figure 4. For
commercial membranes (Figure 4, red symbols), the average IEC
is presented for simplicity. Some of the studies express IEC as
meq g−1, whereas the others present it inmmol g−1. However, both
of the units are the same provided the net charge or the valency
on the structure is unit [48]. Important to note is that these
commercial membranes are generally used in AEMWE where
both the catholyte and the anolyte are fed to the cathode and the
anode, respectively (Table 1).

Because the dry cathode configuration depends on the
water diffusing from the anode, there is a great need for
ionomer or membrane with varying IEC and WU. Chen
et al. developed four ionomers based on piperidinium, that
is, poly(fluorenyl-co-biphenyl piperidinium-14) (PFBP-14),
poly(fluorenyl-co-terphenyl piperidinium-8) (PFTP-8), PFTP-13

and crosslinked x-PFTP, in which three PFTP-based ionomers
were used to synthesize AEMs [6]. For comparison, these
three PFTP ionomer-based AEMs are presented in Figure 4 as
lab-tested ionomer-based membranes (Figure 4, grey symbols)
[6]. Among these three PFTP-based membranes, PFTP-13-
based membrane exhibited a WU of up to 73% with IEC of
2.80 mmol g−1 (Figure 4, grey triangle). A commercial PTFE-
reinforced Sustainion (X37-50 grade T)AEMexhibited a relatively
lowerWU (36%) under similar conditions (Figure 4, red triangle).
However, the values of WU for commercial and lab-tested
ionomer-based membranes do not exhibit a clear trend over the
entire range of IEC values. The cell voltages of both commercial
and lab-tested ones are compared at a constant current density of
1 A cm−2 and 60◦C (Figure 4, red and grey spheres, respectively).
The lab-tested membranes showed a slightly lower cell voltage
than the commercial membranes. However, there does not
appear to be noticeable trend in the cell voltages [6]. All the
details of the referenced samples in Figure 4 have been presented
in a tabular form (Table 1).

Given the discrepancies in conditions across studies, drawing
comparisons proves difficult. Compounding this, there is little to
no literature available that systematically studies the correlation
of IEC, WU and the cell voltage in the dry cathode configuration.
An important aspect is the amount of ionomer used at the
cathode and anode side. Cathode ionomer contents between
10% and 40% were tested, with a 25% cathode ionomer content
exhibiting superior performance, reaching 2V at a current density
of 3.5 A cm−2 with the AEMWE operating at 60◦C [6].

An investigation by Cho et al. focused on the effect of the PTFE
polymer content at the anode varying between 5 and 20 wt% [23].
In the case of a low binder content (5 and 9wt%), initially a higher
current density at a constant voltage of 1.8 V was observed, in
contrast to the other two binder content samples showing lower
performances initially. However, the trend for the higher and
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FIGURE 4 Ion exchange capacity (IEC) of commercial and in-house built membranes plotted versus water uptake (WU) and cell voltage at a
current density of 1 A cm−2 [6, 18, 20, 24, 50–54]. Cell voltage (A*) is presented at 50◦C. Red symbols represent commercial samples, and grey symbols
represent lab-tested samples.

TABLE 1 Data of the samples for ion exchange capacity (IEC), water uptake (WU) and cell voltage shown in Figure 4.

Label Sample

Average IEC,
meq g−1 or

mmol g−1 [Ref.] WU, wt% [Ref.]

Cell voltage @
60◦C 1 A cm−2, V

[Ref.]

Catalyst
(anode,
cathode)

Flow
configuration

S′ PTFE-reinforced
Sustainion AEMs
X37-50 grade T

1.1 [24] 36 [6] 1.8 [6] IrO2, Pt/C Dry cathode

T Tokuyama A201 1.8 [20] 30 [20] 2.0 [49] CuCoOx,
Ni/(CeO2–
La2O3)/C

Dry cathode

x-P x-PFTP (AEM) 2.73 [6] 74 [6] 1.73 [6] IrO2, Pt/C Dry cathode
P-8 PFTP-8 (ionomer

and AEMs)
2.8 [6] 85 [6] 1.7 [6] IrO2, Pt/C Dry cathode

P-13 PFTP-13 (AEM) 2.82 [6] 73 [6] 1.67 [6] IrO2, Pt/C Dry cathode
S Sustainion X37-50 1.1 [24] 80 [24] 1.9 [18] NiFe2O4,

NiFeCo
Dual-side

F Fumatech
FAA3-3-50

1.85 [50] 19 [50] 1.91 [51] IrO2, Pt/C Dual-side

A′ Aemion
AF1-HNN8-50-X

2.3 [52] 35 [52] 1.7 [53] Ir black, Pt/C Dual-side

A Aemion
AF1-HNN5-50-X

1.55 [52] 22.5 [52] 1.92 [53] Ir black, Pt/C Dual-side

V V-2-H-1 2.93 [54] 40 [54] 2.04 [54] NiFe2O4,
NiFeCo

No info

Note: 1 M KOHwas used as the electrolyte in all of the studies mentioned in the table. Dual-side in the flow configuration refers to liquid flowing in both the anode
and the cathode.
Abbreviation: AEM, anion exchange membrane.

6 of 15 Electrochemical Science Advances, 2026

 26985977, 2026, 1, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/elsa.70012 by Forschungszentrum
 Jülich G

m
bH

 R
esearch C

enter, W
iley O

nline L
ibrary on [27/01/2026]. 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



FIGURE 5 (a) Polarization curve for three different systems with a liquid-fed cathode and dry cathode operation with either a mid or high IEC
polymer used in the cathode layer; (b) degradation test done at operating temperature of 60◦C and constant current density of 1 A cm−2. [29] 0.1 M
KOH was used as the electrolyte. IEC, ion exchange capacity. Source: (a) and (b) Reproduced with permissions from RSC Advances under the licence
https://creativecommons.org/licenses/by/3.0/.

lower PTFE content samples reversed with increased time [23].
With a higher binder content of 20 wt%, a current density of
1.07 A cm−2 at 1.8 V was measured after 1300 cycles compared
to the lower binder content of 5 and 9 wt%, reaching <0.4 and
<0.6 A cm−2, respectively. This increased performance with a
higher anode binder content was correlated to less catalyst loss
and an optimized pore structure leading to better mass transport
and kinetics [23].

A subsequent study examined the water distribution for mid
(1.8–2.2 meq g−1) and high IEC (2.3–2.6 meq g−1) samples at
elevated current densities [29]. Neutron imaging was conducted
in order to experimentally observe the water distribution [29].
Indeed, an imbalance in the water distribution in the MEA exists
in a dry cathode configuration. This trend becomes even more
pronounced at elevated current densities (>0.6 A cm−2) evident
from the polarization curve (Figure 5a).

The KOH-fed (0.1 M) cathode exhibited lower cell voltages at
higher current densities compared (>0.6 A cm−2) to the dry
cathode operation with mid and high IEC owing to the better
membrane humidification [29]. Furthermore, degradation test
was performed at a constant current density of 1 A cm−2 for a time
duration of 6 h (Figure 5b). Comparing the cell performances of
all three configurations, the authors observed higher degradation
rate for initial 2 h in dry cathode operation, especially in case of
mid IEC with a degradation rate of 75 mV h−1 to a degradation
rate of 45 mV h−1 for high IEC and KOH-fed cathode. Overall,
KOH-fed cathode achieved a better performance compared to the
other configurations [29]. The overall performance of AEMWE
is greatly affected by chemical stability of the membrane in
alkaline environment [55]. The nucleophilic nature of OH−

can lead to either scission of polymer backbone or attack the
functional group reducing the IEC and themechanical stability of
AEM as well. The primary degradation paths affecting the func-
tional groups include nucleophilic substitution (SN2), Hoffman
elimination or formation of ylide intermediate in conventional
systems, induced by OH− attack [42, 56, 57]. In the dry cath-
ode configuration, the availability of free OH− is significantly
reduced compared to the conventional system. Though OH− can
still be produced locally during water electrolysis, its limited
concentration might suppress degradation pathways that rely
on nucleophilic attack such as SN2 and Hoffmann; however,
they may still occur with a limited prevalence. Furthermore,

mechanisms such as radical oxidative species-induced degrada-
tion may also be observed due to the generation of reactive
oxygen species [57]. The degradation mechanisms of AEMs with
different functional groups and polymeric backbones in the
conventional system have been discussed in detail in several
reviews [42, 45, 56, 58]. However, no experimental study is
available discussing possible degradation mechanisms in the dry
cathode configurations specifically which makes it challenging
to understand membrane/ionomer degradation. Future work
encompassing analytical techniques, such as Fourier-transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance
(NMR), is required to deconvolute degradation mechanism of
the AEM, particularly in dry cathode configuration. Additionally,
the correlation of IEC on WU and cell voltages should be
systematically studied.

4 Electrolyte Feed Effect

The impact of the electrolyte feed on the performance and
stability of AEMWE is significant as it controls the pH near
the electrode–electrolyte interface. The appropriate control of
the concentration of the supporting electrolyte is critical for
maintaining the ionic conductivity. Typically, aqueous potassium
hydroxide (KOH) in the range between 1 and 10 wt% is fed to
the cell, thereby ensuring an efficient water splitting reaction.
Different types of electrolytes feeding (i.e., single or dual-side,
asymmetric feed) are reported in the literature [15]. Leng et al.
studied scenarios of the cell testing at 50◦C with different feed
(DIW) modes [59]. The MEA was fabricated with catalyst coated
substrate (CCS) method, with an aminated Radel poly(sulphone)
as the applied ionomer. A stable cell voltage of 2.25 V at a
current density of 0.2 A cm−2 (for more than 500 h was achieved
when DIW was circulated through both the anode and the
cathode [59]. In another case, where DIW was only fed to the
anode side, cell voltage increased rapidly at the initial stage of
electrolysis; however, it became more stable afterwards yielding
around 300 h of stable operation. On the contrary, when DIW
was fed to the cathode only, relatively large degradation rates
were observed, resulting in a stable operation of up to 196 h
[59]. Interestingly, the stability of the system was extended up to
500 h of operation, when the cathode was fed for the initial 2 h
of the operation and the anode feed was employed for the rest
of the testing time [59]. These findings indicate that sufficient
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hydration to the cathode compartment, especially in the initial
period of operation, is crucial for efficient and durable operation.
The effect of the supporting electrolyte feed was investigated by
distinction between an ‘initial’ and an ‘operating’ feed [23]. The
‘initial feed’ can be considered as a form of conditioning with a
supply of either DIW or KOH for 10 min. The ‘operating feed’ on
the other hand describes the electrolyte feed during electrolysis
operation [23]. It was shown that supplying KOH as the ‘initial
feed’ results in better early performance and long-term operation,
especially when operated in a dry cathode configuration. This
better performance was attributed to an improvement in mass
transport [23].

As high pH electrolytes (i.e., pH ∼ 14) are generally chosen as
the electrolyte owing to their better ionic conductivity, they also
pose several disadvantages, such as a corrosive environment and
the shunt current issues during operation [60]. One alternative
could be to use neutral pH media or DIW; however, the ionic
conductivity of such media is typically lower, leading to the
ohmic losses. A study illustrated the systematic investigation
of the impact of metal salts when added to near-neutral pH
media on AEMWE [60]. Sodium perchlorate was used as the
baseline salt and was compared to the DIW. Addition of NaClO4
(10 mM) to the anolyte improved the performance markedly and
yielded an operating voltage of 2.58 V at a current density of
0.5 A cm−2 compared to an operating voltage of 2.77 V with DIW
[60]. The effects of two different salts (KNO3, NaHCO3) were
compared to the baselineNaClO4 salt aswell, withKNO3 showing
the best performance. Employing a saline anolyte compared to
pure water leads to a reduced ohmic resistance, resulting in a
smaller operating voltage. Ion crossover was minimized owing
to the combined effect of the membrane charge and the electric
field direction in the dry cathode configuration [60]. Some other
studies also probed the use of different electrolyte feed such as
pure water and potassium bicarbonate [61, 62].

An important parameter in the dry cathode AEMWE operation
is so-called cation and anion effects. A recent study unveiled the
effect of alkalimetal cations (i.e., Li+, Na+, K+ andCs+) combined
with the anolytes containing low hydroxide concentrations [63].
With the change in size of the cation, the cathode overpoten-
tial varied, whereas the overpotential at the anode side was
unchanged as the hydroxide concentration present in the anolyte
remained same. Sodium hydroxide (NaOH, 0.01 M) was used as
the anolyte and nitrate salts with varying alkali metal cations
(LiNO3, NaNO3, KNO3, CsNO3, 0.15 M) were experimentally
measured [63]. In the study at hand, the anode overpotential was
lowest when the anolyte contained only NaOH. However, when
nitrate salts were added, anode overpotentials increased slightly.
This could be attributed to the availability of more nitrate ions
in the ionomer covering some of the catalyst, leading to a low
hydroxide concentration in the ionomer [63].

On the contrary, cathode overpotential was affected majorly by
the addition of nitrate salts in the anolyte. Among all the four
cations, K+ exhibited the smallest cathode overpotential at high
current densities and showed the overall best performance in
the order from K+

< Na+ < Li+ < ∼Cs+ [63]. This trend in
performance was correlated with the dynamic ionic radius and
the cation mobility. As the AEM is not perfectly rejecting salts,
cations can diffuse andmigrate through AEM and are attached to

the hydration shell. Among all the four cations, Li+ had a small
ionic radius and a large hydration shell (Figure 6), resulting in
an overall larger dynamic ionic radius impeding its mobility [63].
Contrary to this, K+, which shows the best performance, reaching
a cell potential of 1.802 V at 1 A cm−2, exhibits the smallest
dynamic ionic radius (Figure 6). In addition to this finding, a long-
term stability of 1000 h of operation at 1 A cm−2 at 60◦C with the
anolyte containing K+ ions (0.01 M KOH + 0.15 M KNO3) was
reported [63]. Given the results in Figure 6, Na+ also can be an
interesting alternative to K+ ions as it has good hydration capacity
and goodmobility, especially in dry cathode configuration at even
higher current densities of 2 A cm−2 or more. Kiessling et al.
studied the influence of the catholyte supporting electrolyte on
the AEMWEperformancewhile applying 1MKOHas the anolyte
flow [64]. They noted a favourable effect at the higher current
densities owing to the lower high frequency resistance (HFR)
while using DIW or KOH at the cathode. The alteration of anions
from OH− to CO3

2− or NO3
− degraded overall cell performance,

attributable to the increasedHFRand anion poisoning at theHER
side [64].

Different feed modes appear to be influencing the long-term
operation of AEMWE systems. The system’s durability shows
improvement when KOH is supplied during the initial phase of
operation. Furthermore, performance variations may arise due to
added cations and anions in the electrolyte, necessitating further
research.

5 Operating Parameters and Design

5.1 Operating Parameters

Operating parameters mainly consist of cell compression, operat-
ing temperatures, pressure, flow rates and different conditioning
procedures and so forth [27]. Awork in 2021 highlighted the effect
of cell compression on overall performance of the AEMWE [65].
The authors examined the influence of mechanical compression
on the MEA by varying cathode gas diffusion layer (GDL)
thickness and number of gaskets used in the cell. A set of
commercial Toray papers (T30, T60, T90 and T120) were tested
with different thickness, keeping all the other parameters (i.e.,
fibre diameter, density and porosity) constant [65]. With an
increase in cell compression, cell performance was shown to
improve, with T120 performing the best. The reason behind
the improved performance was attributed to a better interfacial
contact leading to a lower contact resistance [65]. However, in
this work, both cathode and anode were supplied with DIW as
the electrolyte.

The variable which directly influences the kinetic rate con-
stants, thermodynamics and ionic conductivity is the operating
temperature. At a constant overpotential of 591 mV, varying
operating temperatures from 50◦C to 90◦C led to an increase in
the cell performance [66]. The performance improved from 0.5
to 0.7 A cm−2 corresponding to 50◦C and 90◦C, respectively. For
each 10◦C change, an increment of ∼0.05 A cm−2 in the current
density was reported using Fumasep FAA-3-PK-75 (Fumatech).
This increase in the current density was attributed to the better
ionic conductivity and catalytic activity at higher temperatures
[66]. Similar observations were made using a Fumasep FAA3-50
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FIGURE 6 Schematic of overall voltage at 1 A cm−2 as a function of dynamic ionic radius of Li+, Na+, K+ and Cs+. Source:Adapted from Ref. [63].

(Fumatech) membrane with a NiFe2O4 anode and a Pt/C cathode
in the temperature range from 30◦C to 60◦C [67]. At a constant
voltage of 2.2 V, an increase of 0.5 A cm−2 per 10◦C temperature
gradient was reported. A maximum of 3 A cm−2 was achieved at
60◦C, attributed to a lowered ohmic and kinetic resistance, thus
resulting in a better ionic conductivity and kinetics [67]. From the
above-discussed results, there is a trend observable in that the cell
performance improves with increasing operating temperatures;
however, it is hard to compare these specific results because the
two studies employed different membranes and systems.

The effect of anolyte concentration, operating temperature (30–
60◦C) and flow rate (1–9 mLmin−1) on the AEMWE performance
was further investigated by Azam et al. [68] Anolyte concentra-
tion was varied from 0.5 to 2 M KOH at an operating temperature
of 30◦C and a flow rate of 6 mL min−1 [68]. Polarization curves
revealed a cell voltage of 2.48 V at 1.2 A cm−2 for 2 M KOH
compared to a cell voltage of 2.62 V for 0.5 M KOH. These
performance changes indicate that with a higher concentration
of KOH, a better ionic conductivity across the membrane can be
reached. Thus, the cell voltage was reduced, in turn, reaching
a voltage efficiency of ∼60% (Figure 7a) at 1.2 A cm−2. Com-
paring polarization curves at different temperatures revealed an
inverse relationship between the cell voltage and the temperature
increase [68]. Cell voltage decreases with an increase in the
temperature, reaching ∼2.39 V and a voltage efficiency of ∼62%
(Figure 7b) at 1.2 A cm−2 for 60◦C. This impact of temperature
was attributed to an increase in mobility of the OH− ions at
higher temperatures, thus increasing the availability of OH−

ions at the catalyst surface for reactions to occur [68]. At lower
temperatures, themobility of theOH− ions becomes slower due to
a lower diffusion constant, causing increase in ohmic resistance.

Furthermore, lower temperature can slow down the reaction
kinetics, contributing to a higher charge transfer resistance [68].
However, the flow rate of the electrolyte showed minimal effect
on the cell performance evidenced from Figure 7c. Increasing
the flow rate from 1 to 9 mL min−1 improves the mass transfer
and decreases the cell resistance. A cell voltage of ∼2.469 V was
obtained at a current density of 1.2 A cm−2 (active area of 5 cm2)
and flow rate of 9mLmin−1, whereas a cell voltage of∼2.499Vwas
measured at 1 mL min−1. Despite the minimal impact of the flow
rate on the cell performance, its influence is still critical since it
pertains to the active area. According to EU harmonised protocol,
2 mL min−1 cm−2 is established as a recommended standard [69].

Discrepancies in system components and configurations across
studies make it challenging to directly compare the influence of
the flow rates reported in the literature. Moreover, the choice of
flow rates often seems to be random without a systematic basis.
As the O2 and H2 bubbles are formed at the anode and cathode,
respectively, it is important to remove the bubbles from catalyst
surface to avoid blocking active sites. Higher flow rates may help
in removing the bubbles faster and might help avoid the mem-
brane dehydration, specifically in a dry cathode configuration.
However, one must be careful as the higher flow rate can also
potentially enhance degradation of the electrode [68]. According
to observations from literature, the operating temperature and the
electrolyte concentration proved to be significantly affecting the
cell performance, whereas only a minor effect was observed for
the flow rate.

Applying backpressure of H2 at the cathode side is another inter-
esting factor as it can lower the need of downstream processing,
cutting down the H2 separation and compression cost [27, 70]. Ito
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FIGURE 7 Voltage efficiency versus current density (a) with varying concentration of KOH (0.5 to 2 M); (b) with varying operating temperature
(30–60◦C); (c) with different flow rates of electrolyte (1–9 mLmin−1) [68]. Voltage efficiency was defined as the ratio of the thermo-neutral voltage to the
cell voltage in percentage. Source: (a)-(c) Reproduced with permission from polymers under the licence https://creativecommons.org/licenses/by/4.0/.

et al. in 2019 demonstrated the effect of H2 backpressure in the
cathode compartment [37]. A systematic performance analysis
(cell voltage, resistance, H2 content in anode compartment and
dew point of produced H2) of a cell at three different cathode
backpressures (1, 5 and 8.5 bar) was carried out. CuCoOx was
used as the anode catalyst, Pt/C was used as the cathode catalyst,
and A201 (Tokuyama) membrane was employed for the OH−

transport [37]. A minimal effect of H2 backpressure on the cell
overpotential was reported and indicated that the pressure range
might not be sufficient for determining a trend. Interestingly, the
obtained dew point in outstream H2, which, in turn, indicates
the relative humidity, decreases with increasing backpressure.
It may be beneficial in terms of the reducing downstream cost
for post processing; however, it may also lead to the membrane
dehydration, especially when the cathode is operated liquid free
[37]. Furthermore, H2 crossover (H2 in O2) was increased with
an increase in cathode backpressure and at lower current density
(0.1 A cm−2). Amaximumvalue of 4 vol% ofH2 inO2 at 8.5 bar and
0.1 A cm−2 was observed that is higher than explosion limit. Thus,
attention should be paid while operating in this operation range.

H2 crossover was found to decrease with increase in the current
density (0.2 to 1 A cm−2) for all the cathode backpressures [37].

Procedures, such as pre-treatment or conditioning protocols,
are widely discussed for PEMWE [71]; however, for AEMWE,
such protocols are not widely implemented yet. Pre-treatment
or conditioning refers to the process of preparing the electrol-
ysis system components (i.e., membrane or MEA) to achieve
optimal performance, durability and efficiency of the process.
It may include the activation of the membrane or MEA, break-
in procedure at a constant current or potential (static mode)
and dynamic operation. Studies in the past report the activation
of membrane by dipping it in alkaline solution (0.5 to 3 M
KOH) for several hours up to 1 day extending up to several days
either ex situ or in situ [23, 66]. Alternatively, accelerated stress
testing in the forward and reverse direction may also govern
the AEMWE performance. Although operational variables are
critical in determining AEMWE efficacy, there is limited research
on systematic evaluation of these parameters, especially in a dry
cathode design.
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FIGURE 8 Schematic of flow fields (a) parallel; (b) serpentine; (c) interdigitated and (d) polarization curve comparing the performance of different
flow fields in the conventional setup; (e) schematic of PTL depicting themovement of H2O/KOH showing triple phase boundary. Source: (d) Reproduced
with permission [75] https://creativecommons.org/licenses/by/4.0/; (e) reproduced with permission [27] https://creativecommons.org/licenses/by-nc/
3.0/.

5.2 Cell Design

Despite recent progress in AEMWE [69, 72], it still needs more
in-depth understanding and standardization in terms of cell
architecture and operating parameters, especially for dry cathode
configurations. For the cell architecture, this may include mate-
rial choices for bipolar plates (BPP), porous transport layers (PTL)
and different electrode compositions. The BPP serves various
purposes such as the current distribution and managing the fluid
(reactant and product) distribution across the electrolyser compo-
nents, accounting about 40% of the stack cost [39]. Considering
the conditions in an AEMWE, generally graphite is used as the
BPP for the cathode side. Besides graphite, other metals such as
stainless steel (SS), nickel (Ni) and titanium (Ti) (anode) BPPhave
also been employed [51, 73, 74]. Although the choice of cheaper
materials can lower the stack cost, these materials can also
passivate and corrode, compromising the efficacy of the system
in the longer run. The flow fields are particularly important in
water electrolysis because there is two-phase flow constituting of
liquid flow and gas bubbles. The main function of the flow fields
includes uniformwater distribution to the catalyst layer (CL), gas
removal produced at the cathode or the anode and minimizing
the pressure drop. Flow fields can be used separately as well as
integrated with the BPP. Typically, different flow field designs
exist such as parallel, serpentine and interdigitated (Figure 8a–
c). The difference between parallel and serpentine flow fields is
generally the way liquid flows through the channel. In the case of

parallel flow field, the liquid flows through the electrode surface
in the same direction via all flow channels. In serpentine flow
fields, on the contrary, the liquid flows through continuous zigzag
path. However, there is no general agreement regarding which of
these geometries provides the best performance.

Four flow field designs (parallel, single serpentine, double serpen-
tine and triple serpentine) with the dimensions of 2 mm width
and 3 mm depth were examined in a 10 cm2 cell [75]. Polarization
curves (Figure 8d) were recorded in 1 M KOH at 333 K with
a flow rate of 270 mL min−1. The results demonstrate that the
cell with a parallel flow field exhibited a higher cell voltage in
the entire current range compared to the serpentine flow fields.
This performance difference could be due to the nonuniform
flow, temperature and pressure distribution in the parallel flow
channels [75]. Notably, with the triple serpentine design, cell
voltages are higher compared to the single serpentine flow field,
especially at higher current densities (Figure 8d). It was arguably
due to a lower mass flow rate of the electrolyte in each of the
three channels because the electrolyte flow is distributed across
channels. In other words, higher mass flow rate of electrolyte
in the case of single serpentine flow channel allows efficient
reactant utilization and product removal compared to the double
and triple serpentine. Thus, it resulted into relatively lower cell
voltage, leading to better cell performance [75]. It is important
to point out that this study employed conventional system (dual-
side feed). Currently, the efforts related to influence of flow field
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designs, especially for the dry cathode AEMWE, are scant in the
literature. Systematic investigation of flow field designs (parallel,
serpentine, interdigitated and mesh/grid) at the cathode should
be conducted so that it can facilitate gas removal and manage the
pressure and generated heat.

The PTL generally is present next to the either side of the AEM or
MEA. The transport layer facilitates gas diffusion, homogeneous
current distribution andwater transport and providesmechanical
support (i.e., fibre, foam or woven network) to the CL (Figure 8e)
[26]. Typically, carbon or Ni-based materials are used as the
PTL or GDL on the cathode side, and Ti PTL (either only Ti or
platinized Pt-Ti) is used on the anode side because the oxidizing
environment can lead to enhanced degradation of the PTL [51].
For instance, Park et al. studied the performance of nickel-iron
oxyhydroxide (NiFeOOH) for an AEMWE system [76]. Spray
coated Pt/C (40 wt%) on Fumasep FAA-3-50 was used as the
cathode layer, whereas NiFeOOH-PTL electrodeposited onto a
PTL via a CCS approach was employed as the anode catalyst.
The Ni0.56Fe0.44OOH exhibited the best performance among the
studied compositions, yielding a current density of ∼3.6 A cm−2

at a cell voltage of ∼1.9 V [76]. Furthermore, the number of
gaskets seemed to have an effect on the cell performance because
it also alters the thickness and hence the cell compression
[65]. The system with one gasket (cathode) along with an SS
(SS10) GDL exhibited an improvement of 0.11 V, yielding a
cell voltage of 2.13 V at 0.5 A cm−2. However, one needs to
be careful with the number of gaskets utilized, because higher
compression can lead to increased H2 crossover from the cathode
to the anode [65]. A comparative study was conducted on three
different PTLs (SS-PTL, Pt-Ti and Ni) for anodes in AEMWEs
[57]. The SS-PTL exhibited the highest electroactivity towards the
OER, with the lowest charge transfer resistance. A cell voltage
of 2 V was achieved at 4 A cm−2 demonstrating best device
performance. Furthermore, the SS-PTL electrode was compared
with conventional (iridium oxide, IrOx and cobalt oxide, Co3O4)
CLs coated on a Pt-Ti PTL [57]. Until a current density of 1 A cm−2,
IrOx exhibited the best performance; however, the cell voltage
increased up to 2.2 V compared to the SS-PTL with ∼2 V at
4 A cm−2. This performance variation was attributed to the
instability of the catalyst caused by high amount of gas and heat
generation in the conventional CL especially at higher reaction
rates [57]. Considering these functionalities, it is crucial to tune
the BPP, PTL and flow field for the optimal electrolyser operation.
In the case of dry cathode operation, the water management will
additionally be crucial for optimizing performance, especially
when scaling up this configuration.

Additional factors impacting performance entail the architectural
components such as the type of catalyst, the amount of loading
and the material choice of electrolyser cell or stack components.
The microstructure (e.g., porosity) of CL is vital as the direction
of water transport is via the membrane in the dry cathode con-
figuration compared to conventional wet AEMWE [15]. Thus, the
interplay between ionomer and CL is even more indispensable
here. A study highlighted the water distribution across the AEM
in electrolytic cells with single or doublemembranes. In addition,
they studied the influence of porosity of the cathode CL bymeans
of two different methods: ultrasonic stirring (less porous cathode
CL) and high-speed thin film mixing (highly porous cathode CL)
[77]. They showed less gradient in the water distribution or more

water at cathode side in the cell with low porosity cathode CL,
both in single- and double-membrane configurations, compared
to high porosity cathodeCL. Furthermore, the polarization curves
showed better performance when single membrane was used
owing to the Ni low resistance and concentration overpotential
[77]. Several articles and comprehensive reviews are available for
detailed discussion on the catalyst loading and stack components
[5, 15, 26, 65].

6 Conclusion and Perspective

In summary, operatingAEMWE in dry cathode configuration can
be advantageous in several aspects, offering better and simplified
water management and allowing the use of a non-corrosive
environment, thereby reducing the capital cost and making it
more cost-effective. The influence of different parameters such
as material (ionomer or AEM), operational (temperature, flow
rate and electrolyte feed) and cell design (flow field pattern)
affect the cell performance of the dry cathodeAEMWE.Although
the developments in this field have shown a great potential
alternative for AEMWE cell design, there is still a significant lack
of data for a dry cathode operation of AEMWEs. On the basis of
the existing literature work, we suggest several steps to remedy
this.

As electrolyte or water is supplied to the cathode by diffusion
through the AEM, it is vital to optimize the IEC and WU. The
IEC should not be too low as the WU will be lower, causing
dry out. On the contrary, a higher IEC will lead to a higher
WU, thereby causing swelling of the membrane, which might
also be detrimental [78, 79]. In order to tune the IEC, different
ionomers should be used at the cathode and anode, respectively.
More hydrophobic ionomers may be used at the anode side, as
this side is continuously being fed by water or electrolyte, and
hydrophilic ionomers can be employed at the cathode side, as
more hydration is required here, especially at higher reaction
rates [63, 78, 80]. The initial feed is important for the conditioning,
as it will influence the durability and performance of the cell.
There is no optimized protocol available for the conditioning
of dry cathode electrolysers yet. The existing literature on the
effect of the flow rate affecting cell performance is limited and
mostly related to the traditional AEMWE (dual-side feed). Studies
have reported different electrolyte flow rates; however, there is a
lack of in-depth investigation, particularly in the context of cell
configuration. Comprehensive screening is essential to assess the
effect of flow rate, particularly in thewide range (10–50mLmin−1)
which is especially important when there is no electrolyte at
the cathode side. This assessment is critical because it ensures
transport of the OH− ions through the membrane to the cathode
side for the reaction to occur and to avoidmembrane dehydration.
An approach to prevent membrane dehydration could be to use
either higher electrolyte concentration on the anolyte side [68] or
to supply some amount of electrolyte at cathode side in vaporized
form [64], primarily at current densities beyond >0.6 A cm−2.
However, there is a trade-off between better hydration and system
components degradation at higher KOH concentrations which
should be considered as well.

Furthermore, higher temperatures exhibited a favourable effect
on the cell performance; however, higher temperatures can also
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accelerate degradation and compromise durability of the system.
Ex situ and in situ diagnostics are needed to understand degra-
dation mechanisms in more depth. Because higher temperatures
will lead to a change in the dew point, it will consequently
change the relative humidity across the AEM. It is necessary to
systematically study the effect of humidity on the AEM or the
full MEA to deconvolute ion transport by means of in situ elec-
trochemical impedance spectroscopy (EIS) [81]. The application
of neutron imaging (ex situ and in situ) has been demonstrated to
be an effective method for mapping hydration gradients across
the AEM/MEA [29]. Furthermore, small-angle x-ray scattering
(SAXS) can be useful in understanding the microstructure and
hydrophilic/hydrophobic domains of AEM or MEA [82, 83]. To
comprehend the chemical degradation mechanisms occurring in
themembrane, it is imperative to employ techniques such as FTIR
and NMR [57]. These methodologies have been demonstrated to
be highly effective and should be utilized in conjunction with one
another to ensure comprehensive analysis. In order to effectively
monitor the gas crossover, it is essential to incorporate specialized
sensors into the system. In addition, gas chromatography (GC)
measurements should be conducted to obtain comprehensive
data on the gas composition in the anodic compartment [37].
The existing literature on AEMWE employs broadly two different
classes of catalysts: PGM-based catalysts and non-PGM-based
catalysts. Due to these two concurrent types of catalysts, it is better
to benchmark them separately.

Although the merits and utility of the dry cathode AEMWE
are promising, there are still many unanswered domains which
need to be addressed. Moreover, it is crucial to have a more
standardized and optimized protocol. Going forward, addressing
the aforementioned challenges may lead to advancing dry cath-
ode AEM technology; however, it requires thorough and critical
investigation approaches.
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