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Broader Impact Statement

Excessive usage of fossil fuels in the last century to meet the energy demands of a rapidly 
growing population has caused global warming by drastically increasing CO2 emissions. 
Hydrogen gas can play a key role in decarbonising the energy infrastructure. However, current 
hydrogen production is dominated by natural gas reforming and coal gasification, generating 
“grey” hydrogen with large CO2 emissions. “Green” hydrogen with net-zero emissions could 
be produced through water electrolysis using renewable electricity, however, its high cost and 
low production efficiency are limiting its widespread utilisation. To meet the United Nations’ 
climate goal of net-zero carbon emissions by 2050 (following the Paris Agreement), large-scale 
deployment of water electrolysers is required at the gigawatt level, which is a massive ramp-
up from currently deployment at the megawatt level. Several challenges, such as low current 
density, gas bubble accumulation and non-uniform water distribution exist in the electrolyser 
components (electrodes, gas diffusion layers and flow channels) of current cell designs. This 
paper aims to provide a comprehensive overview of current and next-generation cell designs 
along with fundamental modelling studies of cell components to guide future designs that are 
more suitable for large-scale deployment at the industrial level.
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Abstract
Large-scale, sustainable, low-cost production of hydrogen can reduce the negative effects of 
climate change by decarbonising energy infrastructure. Low-carbon hydrogen can be 
synthesised via water electrolysis. Today, however, this only constitutes a minor proportion of 
global hydrogen production, as fossil fuel-based processes are used predominantly with large 
amounts of carbon emissions. Low-temperature electrolysis (< 100 ºC) has garnered significant 
attention, due to lower capital cost and operational complexity than high-temperature 
electrolysis (> 700 ºC). In this review, the latest advancements in low-temperature water 
electrolysers are provided from the classical membrane-based designs to new potential designs 
such as membrane-less designs. The coverage of electrodes by gas bubbles can cause a drastic 
loss in their activity and, hence, the hydrogen production efficiency of the device. To alleviate 
this issue, aerophobic and aerophilic electrodes are being developed. Their advantageous 
properties are discussed. Furthermore, models of water electrolysers are reviewed to provide 
critical understanding of the different parameters affecting the electrochemical performance of 
these devices. Finally, an industrial perspective is given to discuss the challenges in large-scale 
Gigawatt-level deployment of these devices in coming decades to meet future green hydrogen 
demand.

1. Introduction
With rapid technological developments after the industrial revolution, urbanisation and 

population growth, demand for electricity has grown tremendously this past century, reaching 
~ 33000 TWh in 2024, which is expected to rise further by ~ 3% annually through 2026.1 Fossil 
fuels, such as oil, natural gas or coal, have been the main source of energy for various sectors, 
however, their excessive usage has caused a significant increase of carbon dioxide emissions 
to the atmosphere, resulting in the greenhouse effect and global warming.2 In this context, the 
development of renewable alternatives with limited or no negative impact on the environment 
is necessary. The past decade has seen considerable efforts on a global scale with countries 
committing to achieve net zero emissions by 2050 (Paris Agreement 2015) via renewable 
energy technologies.3, 4 Among various options explored, hydrogen obtained via low carbon 
emission processes is a promising route towards decarbonisation.5 
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Hydrogen, traditionally used as chemical feedstock for, e.g., ammonia production, is 
mainly produced by high carbon emissive processes, such as steam reforming of methane and 
gasification of coal or oil.6, 7 Interest has grown in pushing the research and development of 
hydrogen production by clean processes with limited or no CO2 emission, such as the European 
Union (EU) 2020 “Hydrogen Strategy for Climate-Neutral Europe” and “European Clean 
Hydrogen Alliance”.8, 9 Among several technologies, water electrolysis is a strong contender, 
since it utilises electricity to split water into hydrogen and oxygen.10, 11 Green production of 
hydrogen with net zero carbon emissions can be achieved through water electrolysis using 
electricity produced by renewable energy sources, such as wind or solar power.12, 13 Large-
scale deployment of green hydrogen (also called renewable hydrogen) can mitigate the effects 
of climate change by decarbonisation of energy infrastructure and hard-to-abate sectors, such 
as aviation, shipping, steel, chemicals, and petrochemicals.14 However, the current high cost of 
green hydrogen (~ 5 to 10 €/kgH2)15, 16 limits its market share to only 4% of total hydrogen 
production and many other challenges, such as production efficiency, scalability and durability 
need to be addressed to increase its demand.17 Amid the global hydrogen demand of ~ 90 Mt 
in 2021, water electrolysers produce only a negligible amount (~ 40 kt) of green hydrogen.6 
The demand for renewable hydrogen is expected to grow drastically within the coming years 
and decades, requiring ~ 100 Mt/y by 2030 and 500 Mt/y by 2050, according to the 
International Renewable Energy Agency (IRENA) to decarbonise carbon-intensive sectors.18 
The European Commission announced in its REPowerEU plan a projected domestic production 
of 10 Mt of renewable hydrogen in Europe by 2030,  importing the same quantity from 
abroad.19 The European Clean Hydrogen Alliance has set the target to install electrolysers at a 
Gigawatt-scale (~ 40 GW) by 2030 for green hydrogen production, a significant increase in its 
decarbonisation effort from the current installed capacity at a Megawatt-scale (~ 250 MW) in 
the EU.9, 20 To meet these ambitions, the global green hydrogen industry must be developed at 
a fast pace as IRENA’s Transforming Energy Scenario for 2050 estimates deployment of 
electrolysers at the capacity of Terawatt-scale (at least 1.7  TW with further increase in case of 
deep decarbonisation scenarios).18 

Water splitting (H2O → H2 + ½ O2) via electrolysis proceeds through two electrochemical 
reactions: the hydrogen evolution reaction (HER) at the cathode, involving a reduction 
reaction, and the oxygen evolution reaction (OER) at the anode, involving an oxidation 
reaction. These reactions follow different mechanisms in acidic and basic electrolytes.21 
Devices in which these electrochemical reactions take place are called electrolysers, which 
consist of electrodes coated with catalysts, a separator, bipolar plates, and flow channels. Low-
temperature water electrolysis operating below 100 ºC offers the advantages of a wide choice 
of compatible materials making operation simple, low-cost and durable, in contrast to high-
temperature electrolysis, which offers better H2 production efficiency but operates above 700 
ºC.22, 23 The current electrolyser technologies with their high cost of hydrogen production face 
several challenges at the cell level, e.g., energy losses due to high overpotentials, bubble 
accumulation, inefficient catalyst utilisation, etc.24-27 Therefore, novel electrolyser cell designs 
are urgently needed with improved efficiency, durability, cost competitiveness, and scalability 
to meet the rapid increase in demand for green hydrogen to achieve the net-zero targets of 2050.

This review presents the latest advancements of low-temperature electrolysers from 
current-generation, membrane-based (proton exchange or alkaline) electrolysers to the 
development of the next generation of electrolysers, using, for instance, a membrane-less 
design. Emphasis is given to various electrode designs for effective bubble management, as 
hydrogen and oxygen bubbles generated during the electrochemical reactions of water splitting 
cover the electrode surface, resulting in a drastic loss in hydrogen production efficiency of the 
device.28-30 To further improve the design of these electrodes and accelerate their development, 
modelling should be used prior to their manufacturing, as it is a powerful tool that can reveal 
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the relationship between their electrocatalytic as well as geometric characteristics and the 
efficiency of the device.31 However, remarkably, there are only limited modelling reports in 
the literature on water electrolysers, indicating that this fundamentally guided approach is still 
at an early stage. Herein, a critical review of the reported models, either focusing on the 
electrode or the whole device, is presented to showcase the crucial parameters affecting the 
efficiency of water electrolysers and improve their design. An industrial perspective is added 
to discuss the potential and challenges in large Gigawatt-scale deployment of these devices 
needed to meet massive increase of green hydrogen demand in coming decades. We note that 
this perspective is missing in many papers, as most articles only discuss challenges at the lab 
scale, such as catalyst development.

2. Electrolyser Technologies
2.1. Membrane-based designs 

The current generation of industrial electrolysers utilise membranes to separate the produced 
hydrogen and oxygen gases from each other, which can form an explosive mixture (lower 
flammability limit: 4% of H2 in O2 ).32, 33 Various designs have been explored for these 
membrane-based water electrolysers, such as simple diaphragms for alkaline electrolysis,34, 35 
proton exchange membranes (PEMs),36, 37 anion exchange membranes (AEMs),38, 39 and solid 
oxide ceramics.40, 41 PEM technology emerged in the 1960s during NASA’s space programs, 
where lab-scale PEM cells provided high-purity hydrogen with compact designs.42 Early 
laboratory versions struggled with membrane stability and high catalyst costs, limiting their 
industrial adaptation. Advances in these components (1980–2000) led to commercial PEM 
stacks (1–10 MW), which are now widely used in renewable green hydrogen projects.

A PEM electrolyser cell (Fig. 1a) comprises of two electrodes separated by a PEM (usually 
perfluorosulfonic acid, such as Nafion®) as a solid electrolyte in contrast to a liquid electrolyte 
present in an alkaline electrolyser. The most active catalysts for HER and OER reactions are 
platinum (Pt) and iridium oxide (IrO2).43-45 Therefore, two half-cell electrochemical reactions 
of the PEM electrolyser proceed on the catalytic materials, IrO2 and Pt, which are coated on 
the anode and cathode, respectively.46 A schematic diagram of different components of the 
PEM electrolyser is shown in Fig. 1a. Water is typically fed to the anode, producing oxygen, 
protons (H+) and electrons (e-) through an oxidation reaction (OER):

     2H2O → O2 + 4H+ + 4e–                                               (1)
It should be remembered that writing H+, is just a simplified notation to describe a dynamic 
positively charged aqueous species, and not necessarily a lone proton. As electrons pass 
through the external circuit, protons selectively pass through the membrane and combine with 
electrons at the cathode to produce hydrogen through a reduction reaction (HER): 

      2H+ + 2e–→ 2H2                                  (2)
The main advantages of PEM electrolysers include high current density (> 1 A·cm–2) and 
energy efficiency (~80%), production of hydrogen with high purity (≥ 99.9%), as well as a 
robust design, even when powered by intermittent energy sources.17 However, the utilisation 
of expensive and scarce noble metal catalysts remains a big challenge from a high ramping-up 
perspective.47 Being a subproduct of platinum mining, the availability of iridium is limited, 
with an annual production of around 8-9 tons per year. Given that a 1 GW PEM plant would 
require between 5 to 10% of this iridium amount, large-scale industrial deployment seems very 
complicated to conceive. Therefore, novel electrodes with reduced metal loadings while 
maintaining high intrinsic catalytic activity are necessary for future large-scale deployment of 
PEM electrolysis.48, 49 Moreover, the degradation of fluorine-based membranes, potentially 
generating toxic polyfluoroalkyl substances (PFAS), remains a major topic to address.50 
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On the contrary, alkaline water electrolysis (AWE) is a mature, commercialised technology, 
which has been in use for almost a century.6 Initially, AWE was utilised for industrial hydrogen 
production for use in fertiliser manufacturing (ammonia synthesis via the Haber-Bosch 
process) and petroleum refining.42 Early systems used asbestos diaphragms and nickel 
electrodes, operating at low current densities. However, with improvements of these 
components and pressurised operation, it saw widespread adoption in the 1950s–1970s with 
MW-sized electrolysers, and, today, AWE remains dominant in large-scale hydrogen plants 
around the world.

An alkaline electrolyser cell (Fig. 1b) consists of two electrodes immersed in a liquid 
electrolyte (30-40% potassium hydroxide KOH). Water in a cathodic chamber undergoes an 
electrochemical reduction reaction on the electrode surface to form hydrogen and hydroxide 
(OH-) ions: 

2H2O + 2e– → H2 + 2OH–                                       (3)

OH- ions pass through a diaphragm to the anodic compartment and undergo an oxidation 
reaction at the electrode surface generating oxygen and water:

4OH- → O2 + 2H2O + 4e–                (4)
The diaphragm generally consists of a porous zirconium oxide ceramic deposited on an open 
mesh polyphenylene sulfide fabric (Agfa’s Zirfon®, 500 μm thick), whereas catalyst materials 
are classically Raney Ni and/or pure Ni mesh and potentially metallic alloys based on transition 
metal compounds, such as Ni, Co, Mn, and Fe oxides.34 Alkaline electrolysers are less 
expensive than PEM (capital cost for a large > 1 MW stack is ~ 270$ per kW), due to the 
employed low-cost metals and electrocatalysts (Ni-based)51 and can be easily scaled up (cell 
size ~ 3 m2) making them suitable for hydrogen production at industrial level.17 However, 
alkaline electrolysers suffer from low current densities (~ 500 mA·cm–2), high energy 
consumption (~ 50-65 kWh per kgH2), corrosion of stainless steel elements of the balance of 
plant exposed to the alkaline electrolyte, and a long startup time, making them less suitable for 
use with intermittent electricity sources.6, 17, 18

Figure 1. Membrane-based electrolyser designs: (a) proton exchange membrane (PEM) and (b) 
alkaline exchange membrane (AEM). Reproduced with permission.52 Copyright 2022, 
Elsevier.
2.2. New generation of designs

The major disadvantage of the design of electrolysers presented in the above section is the 
membrane itself, as it increases the electrical resistance and hence the cell overpotential (≥ 0.2 
V). The polymeric membrane undergoes irreversible degradation at high temperatures, 
resulting in a limited operating range (50-90 ºC) and low voltage efficiency (~ 50-60 %) of 
these electrolysers.17 Hence, in recent years, various innovative new designs have been 
proposed, some of which are illustrated in Fig. 2.53 
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i) Flow-based membrane-less designs
The first membrane-less electrolyser employed a parallel flow field design with an 

inter-electrode distance of ~ 105 μm.54 This design leverages the Segré–Silberberg effect where 
neutrally buoyant gas bubbles assemble in an annulus, halfway between the centre of the 
electrolyser and the electrode, preventing the mixing of hydrogen and oxygen in the main 
chamber.53 As a result, a low ~ 0.4% gas crossover is achieved using platinum electrodes at ~ 
300 mA·cm–2 and 2.6 V with 42% energy efficiency.54 

Mesh flow-through electrodes employing RuO2/IrO2 and Pt as anode and cathode, 
respectively, with a ~ 0.8 mm gap interelectrode distance and electrolyte velocity > 0.1 m·s-1 
cause the formation of gas bubbles on the surface of the electrodes, which then move through 
their porous structure towards the back chamber.55 As a result, high-purity hydrogen (~  
99.83%) is generated, while operating at a current density of ~ 3500 mA·cm–2. A similar design 
to the above exhibits similar results, in which the mesh electrodes (Fig. 2b) are placed at an 
angle instead of parallel to each other.56 This architecture allows the flow of acidic or alkaline 
electrolyte into two separate effluent channels where the produced gases are separated from 
each other by a thin barrier. Electrolyser operation with ~ 72.5% efficiency and ~ 2.8% H2 
crossover is achieved at ~ 100 mA·cm–2 and ~ 26.5 cm·s–1 fluid flow.56 This Y-shaped cell 
design demonstrates improved gas separation and uniform current distribution compared to 
conventional I- and T-shaped membrane-less designs. Stable operation at a current density up 
to 250 mA·cm–2 is achieved with an efficient bubble removal rate from the surface of the 
electrode.57

Another successful design of a membrane-less electrolyser relies on permeable solid 
barriers to keep produced gas bubbles separate instead of leveraging the Segré-Silberberg 
effect.58 It comprises three separate channels where the electrolyte is introduced into the central 
channel and subsequently diffuses into the outer channels through the porous walls (Fig. 2c). 
Electrodes are positioned on the exterior of these porous walls. As a result, product gas bubbles 
of hydrogen and oxygen are formed only in the separate outer channels and do not enter the 
central channel, as the continuous flow of the electrolyte prevents them from mixing. This 
results in a very low gas crossover of ~ 0.14% at ~ 300 mA·cm–2 and electrolyte flowrate of ~ 
80 ml·h–1 which is ~ 58 times lower than the gas crossover for a membrane-less electrolyser 
with electrodes parallel to each other under similar operating conditions.58 Electrolyser scaling 
is possible without increasing interelectrode distance due to the absence of bubble flow, even 
though the fabrication of inclined pores as well as selective catalyst deposition remains 
challenging, whereas additive manufacturing can potentially provide some solution to these 
issues with the customisation of the porous network of the electrode.

ii) Decoupled electrolysis-based membrane-less designs 

A large interelectrode distance in membrane-less electrolysers causes Ohmic losses, resulting 
in lower current density and high operating voltage (> 2.5 V). This issue is resolved via the 
decoupled electrolysis operation of oxygen and hydrogen evolution in two separate 
compartments only connected through a wire to transfer electrons (Fig. 2a).59 Each 
compartment has a sandwich-type design containing a working electrode coated with 
bifunctional catalyst (FeP-CoP over nitrogen-doped carbon), a porous separator and an 
auxiliary electrode (AE); a counter electrode is also included in the setup to complete the circuit 
and allow current to flow. The AE is coated with a redox couple of NiOOH/Ni(OH)2 with a 
continuous flow of anolyte and catholyte in each compartment. With low Ohmic resistance due 
to the shorter distance for ions to travel in this compact design, it achieves a high current density 
of ~ 750 mA·cm–2 at 2.1 V (vs. reversible hydrogen electrode (RHE)), which is comparable to 
the current density generated by a PEM electrolyser.17 Furthermore, continuous cyclic 
operation is achieved by switching the electric polarity of the cell, typically occurring every 10 
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min. when AE materials are nearly all converted from Ni(OH)2 to NiOOH in the case of HER 
and vice versa for the OER at the end of each cycle. In the presence of two resistive counter 
electrodes, some energy loss occurs, which is minimised by compact cell design, resulting in a 
Faradaic efficiency of ~96.5%. Continuous cycling limits catalyst choices as it requires 
bifunctional catalysts for both OER and HER.59 A decoupled water electrolysis system has 
been developed utilising a tri-functional electrode, graphite felt-supported nickel-cobalt 
phosphate (GF@Ni1Co1–P) working as a redox mediator, HER catalyst, and OER catalyst.60 
This decoupled system operates at a total voltage of 1.68 V at 5 mA, with Faradaic efficiencies 
of 98.4% for H2 and 94.5% for O2 production and maintains stable operation over 400 cycles.60

iii) Capillary-fed membrane-based design

In the capillary-fed electrolyser, the lower end of a separator is immersed in liquid water 
and the upper part is sandwiched between two gas diffusion electrodes, which draw liquid 
laterally, covering their surface with a thin layer of electrolyte.61 NiFeOOH and Pt/C are used 
as the anode and cathode, respectively, in contact with a continuous flow of aqueous electrolyte 
via capillary action occurring in the hydrophilic separator situated between these electrodes 
(Fig. 2d). Application of a voltage results in the generation of oxygen and hydrogen in separate 
gas chambers, resulting in bubble-free operation at the electrodes. This innovative design 
results in superior electrochemical performance (~ 40.4 kWh energy usage per kgH2) with 
alkaline electrolyte compared to commercial electrolytic cells (~ 47.5 kWh power consumption 
per kgH2) and achieving a high current density of ~ 500 mA·cm–2 at only ~ 1.51 V with 98% 
efficiency at the cell level. When integrated into bipolar stacks with 500 individual cells, it 
showed performance comparable to conventional PEM and alkaline stacks.61 At the system 
level with stack and balance of plant included, it demonstrated 95% efficiency (~ 41.5 kWh 
per kgH2) compared with conventional electrolysers having 75% efficiency (~ 52.5 kWh per 
kgH2).62 
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Figure 2. Membrane-less electrolyser designs. (A) Decoupled electrolysis operation of oxygen 
and hydrogen evolution in two separate compartments mediated by an auxiliary electrode (AE) 
coated with a redox couple of NiOOH/Ni(OH)2 electrocatalyst. Reproduced with permission.59 
Copyright 2021, Springer Nature. (B) 3D printed porous electrodes placed at an angle to each 
other, enabling product gases to accumulate in separate channels. Reproduced with 
permission.56 Copyright 2016, The Electrochemical Society and IOP Publishing. (C) 
Microfluidic porous wall electrolyser, utilising permeable solid barriers instead of fluidic 
forces to keep gases separate. Reproduced with permission.58 Copyright 2021, The Royal 
Society of Chemistry. (D) Capillary-fed operation where electrodes receive a continuous flow 
of electrolyte through natural capillary action within an intermediate separator whose lower 
end is immersed in an electrolyte. Reproduced with permission.61 Copyright 2022, Springer 
Nature. 

3. Electrodes and bubble management for water electrolysis

The electrodes are key components of a water electrolyser. Their design significantly 
influences the H2 production efficiency.47, 63, 64 The choice of electrocatalyst in the electrode 
plays a crucial role in determining the electrochemical performance of the cell, which is often 
dependent on its nanostructure and material type. High current density in HER and OER 
electrochemical reactions is often achieved by either increasing the intrinsic activity of the 
catalyst or the number of its active sites.65 Various strategies are utilised for the synthesis of 
highly efficient electrocatalysts, including alloying,66-68 doping,69, 70 morphology 
engineering,71, 72 porous nano-structuring,73, 74 loading on high surface area supports,48, 75, 76 
and reducing the particle size to ultra-small,77, 78 or single atoms.74, 79 Several recent reviews80-

85 discuss in detail the design of the electrocatalysts for water splitting reactions and aspects of 
electrode engineering47, 63, 86, 87 for current generation membrane-based electrolysers. Interested 
readers are referred to these articles for further information. As redox reactions of water 
splitting occur on the electrocatalysts coated on these electrodes, hydrogen and oxygen bubbles 
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are generated from product gases. When these bubbles cover the electrode surface this results 
in lower production efficiency of the device due to an increase of activation and Ohmic 
overpotentials.88, 89 These bubbles-induced overpotentials for water electrolysis are substantial, 
ranging from ~ 80 mV at 10 mA·cm–2  in the case of nanobubbles to ~ 308 mV at above 500 
mA·cm-2.28 The development of novel electrodes for effective bubble management is crucial 
for next-generation devices, e.g., in membrane-less designs, where product gases could mix, 
posing a safety risk.90-92

 Bubble coverage on gas-evolving electrodes generally increases with current density, whereas 
an increase of temperature and pressure decreases it.93 Bubble break-off radius (Rr) and volume 
(Vr) immediately prior to its detachment can also impact the amount of electrode bubble 
coverage.93 Moreover, higher flow velocity in electrolyser microchannels is favourable, as it 
reduces bubble detachment diameter and time.94 

Electrocatalytic gas evolution is governed by the Marangoni effect, which refers to a 
flow driven by variations in surface tension along the gas-liquid interface caused by 
temperature (thermo-capillary force) or concentration gradients (solute-capillary flow).95-97 
The non-uniform coverage of the electrode by gas bubbles produced during the electrochemical 
reactions results in the appearance of a solutal Marangoni force.98 Such force causes the gas 
bubbles to oscillate along the surface of the electrode, leading to a self-pinning effect 
preventing the gas bubbles from leaving the surface. When instead, these bubbles are relocated 
to the bubble-free side of the electrode, it exposes the previously covered electrode surface to 
ensure the production and growth of gas bubbles.96 The understanding of Marangoni effects on 
gas bubble dynamics at the nanoscale remains elusive, due to the limitations in current 
technology, which cannot provide detailed information on the morphology and growth of gas 
bubbles.99 These limitations could be overcome via molecular dynamics simulations,96 or dark 
field microscopy100 providing valuable insights on the nucleation and growth of nanobubbles. 

Bubbles covering the electrode are typically micrometre sized (10-800 µm) during 
continuous water electrolysis.101, 102 Transient nanobubbles, which appear for a very short time 
(1-100 µs) as a result of gas supersaturation, dissolve rapidly in electrolyte during water 
electrolysis.103 However, highly stable surface nanobubbles on an electrode are observed by 
atomic force microscopy.104 These nanobubbles, characterised by long lifetime and low contact 
angle, require location gas supersaturation and contact line pinning for their stability.105 
Moreover, molecular dynamic simulations of single electrolytic nanobubbles reveal that a 
threshold current density (or a threshold gas flux ~ 10-12 kg·m-2·s-1) exists. Below this 
threshold, the nanobubbles are stable, whereas the nanobubbles grow indefinitely and detach 
from the surface of the electrode by buoyancy for a gas flux higher than its threshold value.106

Bubble management in water electrolysers can be achieved by electrode surface 
engineering or alteration of the operating conditions, such as pressure or electrolyte 
composition.28, 107 Superwetting electrodes with superaerophobic or superaerophilic properties 
have gathered significant attention for electrochemical reactions involving gases.108 The next 
section discusses various superwetting electrode designs utilised for effective bubble 
management.

3.1. Aerophobic electrodes

Morphology tuning and chemical surface modification of electrodes have been 
explored in the literature to make them bubble-repellent and achieve better electrochemical 
performance in water electrolysis.109-111 Nano-structuring the catalyst layer to make a porous 
electrode can improve its surface utilisation as well as multiphase transport.65, 112 For example, 
honeycomb (HC) nanostructured electrodes have unique porous morphology and high surface 
area, which provides efficient ion transport, improved conductivity and mechanical stability.113 
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An HC-structured iridium (Ir) catalyst layer (Fig. 3a) has a large electrochemically active 
surface area (outer charge Q ~ 71.4 mC·cm–2 for HC Ir and ~ 32.9 mC·cm–2  for dense Ir, 
respectively) with much lower Ir loading of ~ 0.27 mg·cm–2 on the anode (compared to 3 
mg·cm–2 for typical anode catalyst).101 As a result, a ~ 2.2 times improvement in OER 
performance is achieved compared to a dense Ir-coated electrode due to its higher mass activity 
of 4.16 A·mg–1. The HC design favours the formation of smaller bubbles (~ 100 μm) with the 
majority of bubbles detaching within the 10-20 μm range and it achieves a low cell voltage of 
1.8 V at 2 A·cm–2 current density in electrolyser operation.101 Instead of Ir, a nickel/gold 
(Ni/Au) honeycomb structured electrode, prepared via hard templating employing ~ 100-300 
nm polystyrene beads, is a feasible alternative.114 Compared to a flat Ni/Au electrode, much 
improved HER activity with 115 mV reduction of overpotential is observed for a HC Ni/Au 
electrode containing a uniform distribution of holes with ~ 31 nm diameter.114 This is attributed 
to the change in surface wettability as the average bubble diameter decreases from ~ 519 μm 
for a flat Ni/Au electrode to ~ 128 μm for this modified electrode. 

Depositing nanomaterials on the surface of the electrocatalyst can alter its wetting 
properties for favourable bubble detachment by reducing their contact area and adhesion. To 
elucidate the effect of surface morphology of catalyst thin films, nickel nanorod arrays have 
been deposited at oblique angles from 60 to 80º on a flat Ni-film (Fig. 3b) using an electron 
beam evaporator.115 Ni arrays deposited at 80º angle (Ni-80) have the highest porosity of 52% 
and an air contact angle of 156º. As a result, Ni-80 produced an ~ 2.4 times smaller bubble 
radius and released bubbles ~ 3.8 times faster than a flat Ni-film, resulting in much reduced 
overpotentials at a current density of 100 mA·cm-2 for HER. Further investigation by 
chronopotentiometry reveals a nearly mass transfer-free reaction for Ni-80, as the potential 
remained stable from 100 to 1600 RPM, whereas noticeable fluctuations in voltage are seen 
for a flat Ni-film below 400 RPM.115 Nickel nanocones (NC) with base sizes ranging from 300 
to 700 nm have been electrodeposited on various types of nickel electrodes (foil, foam and 3D 
printed lattices) to increase their aerophobicity, retaining > 95% of electrolyser performance 
over 100 h of operation at ~ 900 mA·cm–2 (Fig. 3c).116 Visualisation of hundreds of bubbles 
generated at different locations on the electrode, via high-speed camera measurements, 
confirms the smaller size of the bubbles (~ 97 μm vs. ~ 379 μm) and their shorter residence 
time  (~ 3 s vs. ~ 56 s) on NC-modified electrodes compared to pristine nickel foil for both 
HER and OER. This is because the adhesion force exerted on bubbles by a NC-modified 
electrode surface creates an angle instead of being perpendicular to the flat electrode surface, 
thereby reducing its effect on the opposite, upward buoyancy force on bubbles and promoting 
their easier detachment.116 Transition metal layered double hydroxide (LDH) has been 
deposited on a Ni foam (NF) electrode by hydrothermal treatment with metal precursors for 12 
h.117 This results in the vertical growth of hierarchical nanoarrays with 2D nanosheets (~ 58-
105 nm thickness) and 1D nanowires (~ 1.7 μm length), intersecting at 75º angle and forming 
a knitted structured surface with superaerophobicity (contact angle (CA) ~ 151º). This modified 
electrode exhibits excellent OER performance in alkaline seawater with a low overpotential of 
~ 320 mV at 400 mA·cm–2 , and negligible reduction (~ 19 mV) in overpotential occurs after 
300 h of operation at 100 mA·cm–2.117

Apart from surface structural engineering to create an aerophobic electrode, chemical 
coating of the surface can also modulate the bubble adhesion force to facilitate its early 
detachment.102, 111, 118 Layer-by-layer deposition is employed on a NF electrode by conjugate 
reaction between acrylate and amine groups of polymeric chemical modifiers to achieve a very 
low adhesion force of ~ 4.6 μN for H2 bubbles.111 Apart from superior HER activity at a high 
current density of 500 mA·cm–2 with ~ 512 mV overpotential compared to ~ 748 mV for bare 
NF electrode, it also shows low overpotential (~ 250 mV) at a lower current density of 100 
mA·cm–2 where smaller gas bubbles tend to attach more firmly to the unmodified electrode due 
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to smaller buoyancy forces. Physical coating of the catalyst surface also provides an alternative 
route to fabricate aerophobic surfaces with lower cost and easy scale-up.102, 118 Large area 
superaerophobic electrodes up to 100 cm2 in size can be fabricated by spin coating of fibrous 
polyallylamine hydrogels on Pt-coated Ni foils (Fig. 3d).102 The porous network of this 
hydrogel provides removal pathways for bubbles resulting in better HER and OER activity in 
a three-electrode system and an improved polarisation curve in a two-electrode cell compared 
to a pristine Pt electrode.  Polyethylenimine (PEI) hydrogel coating on platinum-coated FTO 
and NF electrodes has also been deposited via condensation reaction of precursors and freeze-
drying.118 Hydrogels with optimum 2 wt% PEI concentration have the highest porosity of ~ 
10.94% with an average pore size of ~ 20.18 µm creating a superaerophobic electrode surface 
with an air contact angle above 150º. As a result, lower HER overpotential (~ 608 mV vs. ~ 
774 mV of bare NF electrode) at 500 mA·cm–2 and stable voltage for 20 h of operation in an 
alkaline medium is achieved.

Figure 3. Aerophobic electrode designs: (A) Honeycomb structured Ir catalyst layer. 
Reproduced with permission.101 Copyright 2023, American Chemical Society. (B) Oblique 
angles deposited nickel nanorod arrays-based Ni films. Reproduced with permission.115 
Copyright 2023, Wiley-VCH. (C) Electrodeposited nickel nanocones-based Ni electrodes. 
Reproduced with permission.116 Copyright 2023, Wiley-VCH. (D) Bubble-repellent fibrous 
polyallylamine hydrogels coated Pt/Ni foils. Reproduced with permission.102 Copyright 2023, 
Wiley-VCH.

Superaerophobic designs can effectively remove bubbles from an electrode surface in 
membrane-based electrolysers and enhance their electrochemical performance. To implement 
such technical solutions in industrially relevant systems, the challenge remains of transferring 
such preparation methods to large-scale production. Furthermore, in the case of the 
development of membrane-less electrolysers, such superaerophobic design may not be a 
suitable choice, as hydrogen and oxygen gas bubbles repelled from the electrode surfaces can 
then mix in the main chamber. Hence, there are no literature reports so far on using 
superaerophobic electrodes in membrane-less electrolysers. However, the modification of the 
surface of the electrode to moderate bubble adhesion via alteration of its orientation has been 
utilised to increase the efficiency of a membrane-less water electrolyser.90 This tilted micro-
cone array (TMCA) electrode fabricated by electrochemical etching of Cu foil with an 
optimised tilting angle of 50° provides facile, unidirectional bubble transport, preventing 
bubble accumulation and gas crossover. At a current density of 240 mA·cm−2, the TMCA 
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electrode achieves 99.99% pure hydrogen separation with an interelectrode distance of just 1.5 
mm, compared to conventional designs with superaerophobic electrodes, which only achieve 
88.3% H2 purity.90 This issue of gas mixing in membraneless electrolysers can be resolved 
using aerophilic electrodes, providing an effective strategy for bubble management and 
prevention of gas crossover for these electrolysers.119

3.2. Aerophilic Electrodes

Aerophilic electrodes have been explored for directional bubble transportation by 
utilising a hydrophobic membrane coating or structural modifications of electrodes.91, 120 A 
breathable anode electrode (Fig. 4a) has been prepared by sputter deposition of ~ 30-40 nm 
sized platinum nanoparticles on hydrophobic polytetrafluoroethylene (PTFE) membrane 
(Gore-Tex), with well-defined pores and narrow size distribution of 1-10 µm.119 This electrode 
rapidly removes oxygen bubbles (~ 92%) from its surface, reducing the need for a separator to 
prevent gas crossover. Another porous electrode is fabricated by incorporating an inactive 
hydrophobic layer of polyethylene on the catalyst layer to direct formed bubbles to the gas 
chamber at the back of the electrode.91 This concept enables the fabrication of a bubble-less 
alkaline electrolyser using NiCo2O4 and Ni as anode and cathode catalysts, respectively, 
without any membrane between electrodes. It achieves a very low onset potential of ~ 1.28 V 
due to the significantly reduced electrode overpotentials (~ 0.11 V at anode) at 10 mA·cm–2.

Apart from utilising hydrophobic membranes for bubble removal from the surface of 
the electrodes in water electrolysers, nanostructured electrodes with geometry gradients are 
also explored as an alternative for effective bubble removal.121, 122 A hydrophobic cone-shaped 
electrode (Fig. 4d) is fabricated by electroetching of a copper wire (~  0.8 mm diameter) and 
immersion in 1-dodecanethiol solution for 12 h.121 Its conical structure creates a Laplace 
pressure difference for gas bubbles, which, coupled with the hydrophobic surface (contact 
angle ~ 102.3°) and high adhesive force of ~ 167 µN, results in efficient movement of bubbles 
from the tip to the base of the electrode in the HER reaction. The wettability of this hydrophobic 
cone-shaped electrode can be further improved by coating superhydrophobic nano-silica 
particles. This enables the facile transportation of produced hydrogen during HER at the base 
of an integrated bundle electrode consisting of an array of copper cones (Fig. 4e) and its 
continuous removal from the reaction chamber.122 Combined concepts of geometry gradient 
and wettability difference, seen in Janus materials with opposite wetting properties,123, 124 can 
be used to design an electrode with dual self-propelled bubble transport interface, enabling 
more efficient bubble removal. Such an example is a Janus nickel foam electrode (Fig. 4f), 
consisting of a hydrophobic (CA ~ 125o) and superhydrophobic (CA ~ 158o) surface on 
opposite sides of its hierarchical structure, resulting in the directional self-transport of 
generated gas bubbles.125 

Study of gas bubble manipulation by biological organisms found in nature (such as, 
super-aerophilic lotus leaf, super-aerophobic fish scale, or asymmetric pitcher plant peristome) 
has provided an effective strategy to address gas bubble issues of electrochemical reactions.126  
The mammalian lung is one of the most efficient gas exchange systems in nature for breathing. 
It utilises tiny sacs called alveoli at the end of bronchioli for two-way gas diffusion.127 Air 
inhaled into lungs and CO2 in blood capillaries are exchanged through a micron-thick alveolus 
membrane, whose asymmetric wetting properties facilitate rapid gas diffusion. Inspired by this 
sophisticated design, an alveolus-imitating oxygen electrode has been fabricated, mimicking 
the breathing mechanism of mammals by coating an Au/NiFeOx catalyst layer of ~ 50-100 nm 
thickness on a nanoporous polyethylene (PE) membrane of 12 µm thickness.128 O2 molecules 
formed on the hydrophilic catalyst surface undergo rapid diffusion into the gas phase through 
the hydrophobic PE membrane, which is impenetrable for water. This electrode achieves a low 
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onset potential of 1.42 V (vs. RHE) at 10 mA·cm–2 in the alkaline OER with bubble-free 
operation due to a reduced overpotential to only 0.19 V. A rose petal surface displays a wetting 
regime with high water contact angle, which prevents a water droplet from leaving its surface, 
unlike a lotus leaf, where a water droplet rolls over and leaves the surface.129 This originates 
from multiscale surface roughness with alternate blocks of superhydrophobic (nanoscale folds 
on micro papillae) and water adhesive (grooves between micro papillae) patches. As these 
features are useful for efficient contact of electrolyte and catalyst to minimise overpotentials 
and remove gas quickly, an electrode design was proposed (Fig. 4c) for bubble-less electrolysis 
imitating the rose petal effect having multiscale roughness with adhesive superhydrophobicity 
(~ 161º).92 Alternate water adhesion and repelling blocks are created by filling hydrophilic Pt/C 
nanoparticles to the void spaces of closely packed hydrophobic silica (SiO2) microspheres 
through mixing and loading on carbon paper substrate. This allows the quick release of formed 
bubbles by spreading and moving away from the catalyst surface compared to a conventional 
aerophilic electrode,119 where gas bubbles need to diffuse through the membrane electrode 
assembly (MEA) of high diffusion resistance for their removal. As a result, a high current 
density of ~ 4.2 A·cm–2 is achieved for this rose petal mimetic electrode in bubble-less HER 
reaction with ~ 61.5 % H2 production efficiency and negligible gas crossover (~ 0.003% at 1 
mm interelectrode distance) occurs for membrane-less electrolyser operation.92

Figure 4. Aerophilic electrode designs (A) Porous electrode prepared by coating Ni-based 
catalysts on hydrophobic PTFE membrane. Reproduced with permission.91 Copyright 2019, 
Elsevier. (B) Alveolus-like oxygen electrode with Au/NiFeOx catalyst layer of 50-100 nm 
thickness on hydrophobic nanoporous polyethylene substrate. Reproduced with permission.128 
Copyright 2018, Elsevier. (C) Rose-petal-effect mimicking electrode. Reproduced with 
permission.92 Copyright 2023, Elsevier. (D) Hydrophobic cone electrode by electroetching of 
copper wire and silica nanoparticle coating. Reproduced with permission.121 Copyright 2016, 
Wiley-VCH. (E) Integrated copper cones array electrode with wettability gradient due to 
concentration variation of aerophilic silica nanoparticle from tip to base. Reproduced with 
permission.122 Copyright 2021, American Chemical Society. (F) Conical nickel foam electrode 
with asymmetric wettability for dual self-propelled bubble transport. Reproduced with 
permission.125 Copyright 2020, Wiley-VCH.

Instead of designing an electrode with bubble repelling or attracting property alone, 
electrodes with localised aerophobic and aerophilic patches have been designed for directional 
movement and removal of gas bubbles.130-133 A novel electrode incorporating a pattern of 
stripes of superaerophobic (SAB) electrocatalytic Pt and superaerophilic (SAL) SiO2 
nanoparticles (Fig. 5a) has been fabricated for HER.132 As H2 bubbles are formed on a Pt 
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surface in the SAB stripe with an optimal width of 250 µm, they are quickly moved into 
adjacent regions of SAL stripes with an optimal width of 500 µm, working as gas channels 
transporting hydrogen out of the reaction system. This design keeps the electrocatalyst surface 
clean from any blockage by bubble adhesion and enhances the H+ diffusion from the bulk acid 
electrolyte. Finite element simulations reveal that the H2 concentration at the electrode reduced 
from 0.66 M to 0.29 M by the introduction of adjacent SAL stripes, which reduce the H2 
diffusion distance owing to the presence of a gas cushion, resulting in much reduced 
overpotentials of -80 mV compared to -511 mV for a flat Pt electrode.132 Another electrode 
design (Fig. 5b) employs microporous stainless-steel mesh (1x1 cm), which is spray-coated 
with PTFE on one side and contains the Pt/C electrocatalyst on the other side.133 This enables 
directional bubble movement from the aerophobic catalyst side to the aerophobic PTFE side 
through the pores of a mesh, leading to a ~ 15 times enhancement of HER current density.  

Figure 5. Electrode designs with aerophilic/aerophobic patches for directional removal of 
bubbles: (A) electrode with alternative stripes of micrometre width of superaerophobic (SAB) 
electrocatalytic Pt and superaerophilic (SAL) SiO2 nanoparticles for HER reaction. 
Reproduced with permission.132 Copyright 2023, American Association for the Advancement 
of Science. (B) stainless-steel mesh electrode, with aerophilic (AI) coating of 
polytetrafluoroethylene (PTFE) on one side and aerophobic (AO) Pt/C catalyst on the other 
side. Reproduced with permission.133 Copyright 2020, American Chemical Society. 

In summary, electrode wettability in water electrolysis is dynamic, influenced by surface 
properties, applied potential, and gas evolution. When a voltage is applied, the distribution of 
ions at the electrode-electrolyte interface changes, causing a shift in surface charge. This 
phenomenon, known as the electrocapillary effect,134 can modify the wettability of the 
electrode, while gas films increase local hydrophobicity, hindering electrolyte contact. To 
counter this, nanostructuring, coatings, and chemical treatments enhance wetting,102, 111, 114, 115 
while surfactants and pH adjustments can optimise electrode-liquid interactions.135-137 To 
ensure efficient gas removal and maintain electrode wettability, understanding these factors is 
essential for the optimised electrochemical performance of water electrolysers.
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4. Electrolyser Models
For the development of advanced water electrolysis devices, data are often needed 

under various operating conditions and using various materials.21, 138, 139 Modelling of water 
electrolysers can aid towards this goal, since it is a powerful tool for understanding the 
relationship between structure/property and electrochemical performance, which can 
accelerate the technology development by saving time and cost of experiments.31 Electrolyser 
models can be grouped into two categories: the first one investigates the integral behaviour of 
the complete cell (e.g. polarisation curve) as a function of the operating conditions, while the 
second category focuses on individual functional layers of the electrolyser device (electrode, 
gas diffusion layer (GDL), flow field) to obtain a mechanistic understanding of the underlying 
phenomena (e.g. gas and water transport).140 

Most of the electrolyser models utilise a continuum approach, which applies principles 
of classical fluid dynamics and electrochemistry, treating the electrode, GDL and electrolyte 
as continuous media.141, 142 With the advancement of computational power and the realisation 
that the microstructure of the electrode and the GDL significantly impact transport phenomena, 
pore-scale models have been developed recently for electrolysers.143, 144 With the development 
of artificial intelligence in the past decade, machine learning based predictive models are 
developed as well, which can analyse much larger and more complex datasets with high 
accuracy. These tools could accelerate the development and optimisation of key components 
of water electrolysers, such as electrocatalysts and the membrane electrode assembly 
(MEA).145, 146 

Models developed thus far for water electrolysers face several challenges, such as 
computational resources, complexity, data requirements, and validation.31  However, literature 
on modelling water electrolysers is scant,147-149 and a review summarising the state-of-the-art 
and problems in model development is lacking. Therefore, a comprehensive overview of 
models with various levels of detail (complete cell models to layer-specific models) is provided 
here, that can serve as a tool for their further advancement.

4.1. Layer Specific Models
4.1.1. Electrode Models

As the electrode is an important component of the electrolyser, where an 
electrochemical reaction takes place converting water to hydrogen and oxygen, there is a need 
to  model it to optimise its design.150 The dependence between the electrode potential and the 
concentration of the species involved in any electrochemical reaction is dictated by the Nernst 
equation:151

                                                  𝐸 = 𝐸0 + 𝑅𝑇
𝑛𝐹𝑙𝑛 𝑎∗

0

𝑎∗
𝑅

                                      (5) 

where 𝐸0 is the standard electrode potential (V) vs. standard hydrogen electrode (SHE), 𝑎∗ is 
the bulk activity for the considered species (oxidised or reduced) (mol·cm–3), F is Faraday 
constant (C·mol–1), R is the universal gas constant (J·K–1·mol–1), and n is the number of 
electrons involved. Mass transfer on the electrode surface is dictated by the Nernst-Planck 
equation:152

                                                     𝑁𝑖(𝑥) =  𝐶𝑖𝑣(𝑥) ― 𝐷𝑖
𝑑𝐶𝑖(𝑥)

𝑑𝑥 ― 𝑧𝑖𝐹
𝑅𝑇𝐷𝑖𝐶𝑖

𝑑ɸ𝑖(𝑥)
𝑑𝑥                              (6)
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Each term on the right-hand side of equation (6) represents convection, diffusion (concentration 
gradient) and migration contributions, respectively, where 𝑁𝑖(𝑥) is the flux of species i (mol·s–

1·cm–2) at a distance x (cm) from the electrode surface, 𝐷𝑖 is the diffusion coefficient (cm2·s–

1), 𝑧𝑖 is the charge (unitless), 𝐶𝑖 is the concentration (mol·cm–3), v(x) is the velocity (cm·s–1) 

with which a volume element in solution moves along the axis, 
𝑑𝐶𝑖(𝑥)

𝑑𝑥  is the concentration 

gradient and 
𝑑ɸ𝑖(𝑥)

𝑑𝑥  is the potential gradient at distance x, neglecting any pressure or 
temperature gradient, and electro-osmosis.

Several equations have been developed to capture the kinetics of electrochemical reactions at 
the electrolyte-electrode interface, the most notable of which is the Butler-Volmer equation, 
which computes electrode current density 𝑖 as a function of the activation overpotential η:152

                                                                                                             (7) 

where αc and αa are the cathodic and anodic charge transfer coefficients (unitless), respectively, 
𝑖0 is the exchange current density (A·cm-2), and η is the overpotential (V).

At higher overpotentials (> 50 mV), the Tafel equation can be used to describe electrode 
kinetics, which links applied overpotential 𝜂 to the current i passing through the electrode:152

                                 𝜂 =± (𝑅𝑇
𝛼𝐹𝑙𝑛 𝑖0 ― 𝑅𝑇

𝛼𝐹𝑙𝑛 𝑖)                                                             (8) 

where 𝑖0 is the exchange current (A). A simplified form of this equation is often used:
𝜂 = 𝑎 +  𝑏 ∗ 𝑙𝑛 𝑖              (9) 

where a and b are constants which can be calculated by plotting 𝜂 vs. 𝑙𝑛 𝑖, also known as the 
Tafel plot, providing important information about the electrochemical activity of an electrode 
for a specific reaction.153

Modelling of the gas bubbles formed during electrochemical reactions in an electrolyser 
is of significant interest, as their coverage of the electrode surface has a detrimental effect on 
cell overpotential.154 Gas bubbles undergo nucleation first on the electrode surface, after which 
their growth and detachment take place.155 The geometry of the electrode surface and its 
wettability are the two most influential parameters affecting the gas bubble behaviour. Hence, 
the tuning of these properties provides an important strategy for effective bubble management 
and improved electrochemical performance.150, 156

Bubbles formed in water electrolysis are modelled using Lagrangian or Eulerian 
approaches.155, 157 The Lagrangian approach allows the monitoring of individual gas bubbles at 
the gas-liquid interface.155 For example, a gas-liquid two-phase model is developed to simulate 
the flow, as well as the growth and detachment of gas bubbles from the surface of the electrode 
(Fig. 6a).156  The model provides detailed information on bubble detachment and coalescence 
from the electrode surface and in bulk electrolyte, considering the wettability of the electrode 
surface as well as the size of the bubbles, via Cahn-Hilliard (C-H) equations (10-11):

                                                                                         (10)

                                                                                (11)
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where ϕ is the phase-field parameter (ϕ = −1 for fluid 1, ϕ = 1 for fluid 2 and ϕ = 0 for the 
interface), ψ is the free energy (J·m–3),   is the interfacial thickness (m), 𝑢 is the velocity 
field (m·s–1), 𝛾 is the mobility (m3·s·kg–1) and λ is the mixing energy density (N). It is revealed 
that the coalescence of smaller bubbles on the surface of the electrode is the main mechanism 
for the detachment of gas bubbles.156 The hydrophilic surface of the electrode with a 
sufficiently small contact angle (~ π/5) shrinks bubbles to a round shape that are less attached 
to the solid surface. Further decrease of the contact angle detaches and repels this round bubble 
from the surface of the electrode into the bulk electrolyte. The smaller the contact angle (from 
π/5 to π/9) of the bubble, the further the bubble is repelled.156

In another Lagrangian model, the growth of a hydrogen bubble on a vertical electrode 
is simulated in a cathodic half-cell compartment (30% KOH solution) (Fig. 6b) using equations 
of fluid flow, mass transfer, and tertiary current distribution.158 The effect of flow rate and 
pressure on the growth of a single stagnant gas bubble is evaluated; an increase of both 
parameters (~ 1.2 to ~ 40 mm·s-1 and 1 to 40 bar for velocity and pressure, respectively) 
decreases the radius of the gas bubble by ~ 20% and ~ 82%  (from ~ 40 to ~ 32 and ~ 7 μm), 
respectively. CFD simulations are also employed to study the effect of electrolyte flow velocity 
and morphology of the nanostructured electrode on bubble dynamics (Fig. 6c).150 The surface 
of the electrode contains hematite arrays with hydrophilic properties; these arrays have a large 
electrochemically active surface area and attract liquid into their structure via capillary action, 
creating a reactive liquid film favouring electrochemical reactions. As a result, the removal of 
formed gas bubbles is accelerated, and electrochemical reaction sites become mostly available 
due to minimal bubble adhesion, resulting in an increase in current density. A ~ 4.3 mA·cm−2 

current density at 2 V (vs. RHE) is obtained for this modified electrode at ~ 0.1 m·s-1 flow 
compared to ~ 3.5 mA·cm−2 at no electrolyte flow.150

Figure 6.  Electrode models for gas bubble management. (A) Model of bubble coalescence on 
and detachment off a vertical gas-evolving electrode; reproduced with permission.156 
Copyright 2020, The Electrochemical Society and IOP Publishing. (B) Model of growth of 
single gas bubble of hydrogen at the cathode side of an alkaline electrolyser. Reproduced with 
permission.158 Copyright 2019, Elsevier. (C) Effect of electrode morphology on bubble 
hydrodynamics. Reproduced with permission.150 Copyright 2023, Elsevier. (D) Hydrogen 
bubble nucleation study on electrode surface in alkaline solution; Reproduced with 
permission.159  Copyright 2020, American Chemical Society.

The second modelling approach of multiphase flow, namely the Eulerian approach, 
treats both dispersed (gas bubbles) and continuous phases (liquid electrolyte) as 
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interpenetrating continua. It is based on averaging the Navier-Stokes equations (Eq. S1 and S2 
in ESI) for each phase present.160 Even though it does not allow the monitoring of individual 
bubble growth at the microscale, it requires a much lower computational cost than the E-L 
approach for simulating bubble dynamics at the macroscopic scale in water electrolysers.161 It 
can provide an estimate of the bubble coverage of the electrode surface (an important parameter 
increasing cell overpotential) by measuring gas plume thickness.162 A 2D two-fluid Euler–
Euler model is developed for a water electrolysis cell of 12 cm length and 3 cm width.163 Two 
4 cm long vertical planar electrodes for the HER and OER are placed parallel to each other at 
a 3 mm gap and 40 mm distance from the bottom of the cell with an alkaline electrolyte in the 
channel. As the current is applied, gas bubbles evolve over the electrodes and form a diphasic 
boundary layer, which becomes thicker along the height of the electrodes. Increasing current 
density from 500 A·m−2 to 2000 A·m−2 results in an increase of the bubble void fraction (ε) 
and boundary layer thickness (δ) of both anode (ε𝑎𝑛 from ~ 0.23 to ~ 0.33 and δ𝑎𝑛 from ~ 515 
µm to ~ 690 µm) and cathode (ε𝑐𝑎𝑡ℎ from ~ 0.13 to ~ 0.19 and δ𝑐𝑎𝑡ℎ from ~ 600 µm to ~ 800 
µm). As electrolyte resistance increases with bubble void fraction, this model provides an 
important tool to optimise the operating conditions and cell design for effective bubble 
management.163 

A 2D Euler-Euler model of multiphase flow has been developed for a porous HER 
electrode in alkaline electrolyte using the Euler-Euler model to investigate the impact of 
electrode surface properties on gas fraction.164 In a stagnant electrolyte, an electrode with a 
superaerophobic surface facilitates bubble detachment and increases gas fraction; a decrease 
of electrode CA from 161.3° to 29.4° raises gas fraction from ~ 0.9% to ~ 1.4% at ~ 125 
mA·cm−2. Furthermore, forced electrolyte flow can improve diffusive ion transport into the 
porous electrode by lowering the gas fraction near its surface; it is observed that an increase of 
flow velocity from ~ 1 to ~ 15 cm·s-1 reduces the gas fraction from ~ 2.7% to ~ 1.3%.164 
Another Eulerian model of a parallel plate membrane-less electrolyser highlights the potential 
trade-offs between current density, efficiency, and product gas purity.165 High-speed camera 
imaging is used to estimate the width of the generated downstream H2 bubble plume in the 
cathode as an indicator of gas crossover. Exploration of various flowrates (from low Re ~ 131 
to high Re ~ 1419) reveals that the smallest width of the bubble plume is achieved at Re ~ 796 
for this electrolyser operating at 200 mA·cm−2 in a 0.5 M H2SO4 electrolyte solution. A 1D 
model is used to estimate the required channel width for specific voltage efficiency (~ 45 - 
85%) and current density (up to ~ 1000 mA·cm−2) for the safe operation (H2 crossover < 4%) 
of this device. The required channel width to achieve electrolyser efficiency > 65% at ~ 400 
mA cm-2 in an acidic solution (0.5 M H2SO4) should be less than 1.8 mm. For a more 
conductive alkaline electrolyte (30% KOH), the channel width can be increased to larger values 
(< 2.6 mm) to achieve the same efficiency and current density. To reach > 85% electrolyser 
efficiency while maintaining H2 crossover below 4 %, its channel width should be < 0.5 mm 
and operated at a small current density (< 25 mA·cm−2), demonstrating the structural and 
performance limitations of this design.165

4.1.2. Gas Diffusion Layer Models

The porous gas diffusion layer (GDL), alternatively known as the porous transport layer 
(PTL), transports reactants and products to or out of the catalyst layer of an electrolyser, 
respectively.166 Models reported in the literature examine the impact of the thickness or 
morphology of the GDL on water saturation in an electrolyser.167, 168 A thick GDL causes 
significant resistance in fluid flow and charge transport, however, reducing its value below ~ 
0.25 mm results in water starvation of the device.169 This experimental observation is 
confirmed by a 2D Multiphysics model of the PTL in a proton exchange membrane electrolyser 
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cell (PEMEC)  (Fig. 7a).167 Electrolyser operation at a high current density of 5 A·cm−2 with 
thin PTL (~ 100 μm) results in water starvation (1% liquid saturation) and very low current 
density (~ 0.5 A·cm−2). At lower current density (~ 2-3.5 A·cm−2), liquid saturation increases 
to ~ 10-20%. However, thicker PTLs (200 μm or 500 μm) show improved water saturation 
above 30 % and uniform distribution of current density across the catalyst layer, signifying the 
importance of optimising PTL thickness to achieve good performance in water electrolysers.167 
The role of the pore size of a hierarchical GDL in the anode on electrolyser performance is also 
investigated.168 A GDL containing large pores with ~ 406 mm diameter and ~ 203 mm spacing 
increases device performance by preventing oxygen gas buildup in the catalyst layer and drying 
of the membrane, compared to other GDLs containing pores of smaller diameter (~ 305 mm) 
and spacing (~ 152.5 mm). However, device performance becomes similar to the latter GDL 
when the GDL with the largest pores (~ 406 mm) has a lower number of available pores.168 

Gas bubble dynamics in a PTL are highly dependent on the operating conditions of the 
electrolyser.170 Modelling and high-speed camera visualisation of micropores of a PTL show 
that both current density and temperature increase bubble growth rate, whereas flowrate has no 
impact on bubble behaviour. Surface properties of a PTL can also significantly impact multi-
phase transport and gas bubble dynamics of water electrolysers. The impact of the wettability 
of the PTL and anode catalyst layer (ACL) on the growth and stability of three types of bubbles 
has been investigated (Fig. 7b): nucleation-driven, buoyancy-driven, and drag-driven.171 While 
nucleation driven bubbles flowing inside the pores of PTL show an overpotential of ~ 28 mV, 
buoyancy- and drag-driven bubbles formed at the interface of the PTL and flow channel block 
the water transport to the PTL pores located underneath, resulting in larger overpotentials (~ 
43 and 35 mV for buoyancy-driven and drag-driven bubbles, respectively). The wettability of 
the ACL and PTL affect significantly the bubble overpotential and their lifetime; the more 
hydrophilic they are (contact angle ~ 140º - 175º), the smaller the bubble overpotential (~ 40 
to 5 mV for drag-driven bubbles located on a hydrophilic ACL and ~ 55 to ~ 35 mV located 
on a hydrophilic PTL) and their lifetime (~ 3.4 to 2.6 s).171 

Figure 7. Gas diffusion layer models: (A) 2D model of porous GDL of PEMEC to investigate 
the impact of its thickness on liquid saturation of the anode catalyst layer. Reproduced with 
permission.167 Copyright 2020, Elsevier. (B) Model studying the effect of GDL wettability and 
pore size on oxygen bubble transport and overpotential. Reproduced with permission.171 
Copyright 2017, Elsevier.

4.1.3. Flow-field models

Apart from product gas removal from the GDL, the flow field distributes water through 
the GDL uniformly and prevents water flooding or starvation. Flow-field design plays a critical 
role in the performance of an electrolyser by affecting bubble dynamics, heat management, 
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mass transfer, and electrode surface coverage.172 Achieving uniform distribution of reactants 
and product gases in an electrolyser is often challenging. For example, three-dimensional 
modelling of two-phase flow in a parallel flow-field of a PEM electrolyser has been performed 
with the anode side subjected to a constant water flow of ~ 260 mL·min−1 and varying oxygen 
generation rate of 0 to ~ 14 mg·s−1.173 Simulations reveal that the oxygen volume fraction and 
velocity are not uniform across the flow-field with a higher oxygen fraction and lower velocity 
observed in its centre. This issue can be addressed by exploring various flow-field designs, 
such as serpentine and interdigitated  (Fig. 8a).174 The velocity distribution is relatively uniform 
in a serpentine flow-field, whereas in parallel and interdigitated flow-fields the velocity 
distribution is non-uniform: a peak velocity is observed at the inlet and outlet, whereas the 
velocity in the centre of these flow-fields is small, leading to slow transport of the reactants 
through the electrode. A similar trend is observed for the oxygen concentration across these 
flow-fields.174 The effect of various circular designs of the flow-field on the hydrodynamic 
behaviour of a PEM electrolyser (Fig. 8b) is also examined via CFD simulations.175 Three 
different inlet-outlet port configurations (designated as geometry 1, 2 and 3) of an anode PTL 
for a PEM electrolyser were considered to simulate the distribution profile of oxygen across 
each flow field. Even though the mean velocity of oxygen at the centre of each flow-field is 
similar within 0.1 m·s−1, the velocity fluctuates at the inlet and outlet ports (~ 5.7 m·s−1 for 
geometry 1, ~ 2.95 m·s−1 for geometry 2, and ~ 1.96 m·s−1 for geometry 3). A difference in the 
mean oxygen volume fraction of each flow-field is observed as well; the flow-field with 
geometry 1 has the highest (~ 0.8), whereas the flow-field with geometry 3 demonstrates the 
lowest (~ 0.1) volume fraction, indicating that the latter flow-field can improve the 
performance of the PEM electrolyser, since the formed bubbles will be smaller than the ones 
in the flow-field with geometry 1.175   

As design parameters of channels have a significant impact on multiphase flow and 
device performance, 3D simulations were performed to investigate the influence of various 
characteristics (height, wettability, upper wall geometry) of the microchannels of a PEMEC on 
bubble dynamics to optimise its design for favourable bubble detachment.176 Visualisation by 
high-speed camera using transparent flow channels was employed to qualitatively show the 
four stages of bubble detachment based on the interplay of surface tension and forces of fluid 
flow: initial phase, instability, deformation, and detachment. The required power for the 
detachment of a ~ 100 μm bubble from a flow channel with 1 mm height and CA ~ 60º is ~ 
60.8 µW; it was demonstrated that a reduction in CA (~ 30ο) and height (~ 0.6 mm) of the flow-
field can significantly decrease the parasitic losses, as the power required is significantly 
reduced to ~ 7 and ~ 33 μW, respectively. However, a reduction in height of the flow channel 
will obstruct the flow of the electrolyte and, hence, the H2 production efficiency of the 
electrolyser; to circumvent this issue, while maintaining the same low height of the flow 
channel, a waveform design (such as, sinusoidal and rectangular) can be employed for the 
engineering of the flow cell, minimising the power requirement for bubble detachment.176 A 
3D cell model has been developed using coupling of heat transfer, two-phase flow and 
electrochemistry to study the temperature evolution in alkaline electrolyser flow channels with 
zero-gap cell design configuration.177 This showed is a non-uniform temperature distribution 
along the flow channels of the electrolyser and formation of local hot spots in the regions where 
gas bubbles are accumulated due to inadequate flow of the electrolyte. At higher current density 
(~ 4242 mA·cm−2) temperature uniformity deteriorates with maximum temperature variation 
along the x-axis reaching up to 5.1 K. A high flow rate (~ 2.1 vs. ~ 0.9 ml·min-1·cm−2) can 
reduce the temperature difference in a cathode channel significantly (0.4 K vs 3.6 K), whereas 
a higher inlet temperature (351.35 K vs. 303.15 K) can also aid in the reduction of the 
temperature variation (1.4 K vs. 2.2 K).
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Figure 8. Flow field models (a) Effect of flow field designs (parallel, serpentine or interdigitate) 
on PEMEC cell performance. Reproduced with permission.174 Copyright 2023, MDPI. (b) 
Effect of circular flow field design on the distribution of oxygen volume fraction in a PEMEC. 
Reproduced with permission.175 Copyright 2023, Elsevier.

4.1.4.  Pore Network Models (GDL and Catalyst layer)

Most of the reported models describing the transport processes of water electrolysers 
are continuum models. However, such an assumption is not applicable at the nanoscale, where 
conventional fluid dynamic equations cannot accurately describe fluid transport behaviour.178 
As the diameter of the pores in the  GDL and catalyst layer (CL) is in the nanometres range, a 
mesoscopic pore network model (PNM) is needed to accurately describe the complex transport 
processes encountered through the porous media of these devices.179 PNMs are popular in 
PEMFCs,179 where they have been employed for the modelling of complex reactive processes 
in fuel cell catalyst layers,180-182 as well as evaluating the water saturation of GDLs.183, 184 
However, these mesoscopic PNMs are rarely utilised for multi-phase transport modelling in 
water electrolysers. Early models generate pore networks of iridium oxide (IrOx) 
electrocatalyst in proton exchange membrane water electrolyser (PEMWE) via a stochastic 
method with two pore regions (below and above 250 nm),185 and simulations are performed to 
correlate the CL’s micro-structural properties with two-phase transport. The Bruggeman 
relation, widely employed in macroscopic models,186-188 could be leveraged here for the 
estimation of water and gas permeation, as single- and two-phase permeability calculations 
show an order of magnitude difference for this CL having a porosity of 0.38 (a typical value 
for commercial CLs).185 However, for calculating these two-phase properties, a higher value 
of the Bruggeman exponent (~ 4) has been recommended instead of the commonly used value 
of 1.5, due to variations in the pore diameter of this IrOx CL having two distinct pore regions, 
where the assumption of homogenous tortuosity of the CL is invalid.185

To study the effect of pore diameter (dpore) on two-phase transport properties, the pore 
network of a titanium-based PTL in a PEM electrolyser is numerically generated by stochastic 
modelling, possessing spherical pores connected through cylindrical throats.143 The larger 
pores of the PTL show higher permeation for liquid water; at 36% oxygen coverage, a PTL 
with  ~ 33.5 μm has a two-phase water permeability of ~ 5.5·10-13 m2, which is higher than 
the ~ 1·10-13 m2 for a PTL with ~ 26.5 μm. The effect of the porosity gradient between the 
PTL-catalyst coated membrane (CCM) interface and PTL-flow-field interface is examined by 
employing two PTLs with specific structural properties obtained from micro-tomography 
(25%–65% gentle gradient, GG-PTL and 8%–85% steep gradient, SG-PTL). SG-PTL shows 
lower ~15% gas saturation than GG-PTL at its centre, causing higher water permeation (3·10-
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13 m2), and suggesting that a lower porosity at the PTL-CCM interface can further improve 
reactant transport through PTLs.143 The design parameters of these PTLs can be optimised by 
investigating the impact of particle diameter ( ) of precursor titanium powder and PTL 
porosity (ε) on reactant transport.144 As  increases from ~ 25 μm to ~75 μm, the two-phase 
water permeability increases significantly from ~ 6.37·10-14 m2 to ~ 76.9·10-14 m2. Although 
higher porosity yields improved water permeation, it also increases the surface roughness and 
contact resistance of the PTL. This effect is more prominent at porosity values above 40% 
leading to severe PTL roughness of ~ 80 μm and, thus, to performance losses. To overcome 
this issue, a PTL with  ~ 25 μm and ε ~ 0.265 is suggested for electrolyser operation at 
intermediate current density, while a PTL with  ~ 25 μm and ε ~ 0.405 is suggested for 
electrolyser operation at high current density.144 

4.1.5. Other electrolyser layers models

There are limited modelling reports of other electrolyser layers, such as electrocatalyst, 
membrane, etc. A gradient-distributed catalyst layer (CL) design in a PEMWE using a 2D 
numerical model has been developed, showing a 7% increase in current density at 2.4 V 
compared to a uniform CL.189 Such CL design with linear variation of agglomerate radius size 
(average size ~ 1 μm) from membrane to GDL interface could reduce precious metal loading, 
with total catalyst and ionomer loading of 1.0 mg·cm−2. However, it results in a slight 
temperature rise (1–2°C) within the PEM, which may affect long-term stability. Another 2D 
numerical model investigates different electrocatalysts for improved OER efficiency.190 
Utilisation of Pt-Ir instead of Pt results in a fourfold increase in current density, while the 
hydrogen molar fraction in the cathode gas channel increases by 60%.191 

A current-voltage and gas crossover model has been developed for a zero-gap alkaline 
electrolyser with ~ 20 Nm3·h−1 hydrogen generation capacity. The impact of the thickness of 
the diaphragm (100–500 µm), temperature (60–100 ºC) and pressure (1–50 bar) on electrolyser 
performance with minimum gas crossover has been investigated. Simulation results show that 
a current density up to 1.6 A·cm−2 is achievable for a zero-gap cell design vs. 0.4 – 0.6 A·cm−2 

for a conventional alkaline cell design by reducing the thickness of the diaphragm up to 0.1 
mm and using the higher temperature of 100 ºC. However, such alterations cause high gas 
crossover, which must be decreased below 10% via operation below 8 bar.191 A 1D numerical 
model of an MEA has been developed for investigating the effect of temperature on the 
membrane degradation in a PEMWE (25 cm2).192 The production of fluoride ions is increased 
as temperature climbs from 333 K to 353 K, while the thickness of the membrane is reduced 
by half after ~ 380-500 h of operation at 333 K and ~ 80-700 h at 353 K, emphasising the need 
for optimised operating conditions to extend electrolyser lifespan.192 

4.2. Complete Cell Models

There are several reports in the literature of complete cell models to study the effect of 
the operating conditions and design parameters on electrolyser performance.193, 194 Apart from 
standard equations of charge transfer and kinetics, which are used to model electrode layers in 
such models, the overall cell voltage (𝑉cell) is composed of several components: open-circuit 
voltage (𝑉ocv), the activation overvoltage (𝑉act), the ohmic overvoltage (𝑉ohm) and the mass 
transport or diffusion overvoltage (𝑉diff), which are described by equations (S3)-(S11) in the 
ESI. Complete cell models are usually three-dimensional (3D) to investigate coupled 
physicochemical phenomena encompassing electrochemical reactions, mass transport, and 
capillary flow of multiple phases within cathodic/anodic channels and porous gas diffusion 
layers (Fig. 9a and 9b).195, 196 For a PEM electrolyser, an increase in the porosity of the GDL 
from ~ 0.2 to ~ 0.6 results in lower water saturation in the cathode diffusion layer (CDL), i.e. 
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~ 0.21 and ~ 0.19 for the previously mentioned porosity values of the GDL.195 The opposite 
effect is observed at the anode diffusion layer (ADL), as the water saturation increases with 
porosity (~ 0.55 and ~ 0.61 at ~ 0.2 and ~ 0.6 porosity, respectively). This is due to the 
enhancement of capillary flow as the porosity of the GDL increases, transporting water rapidly 
from the cathode to the anode.195 A similar result is obtained with the alteration of the 
hydrophobicity of the GDL, since any increase decreases the capillary pressure and, hence, 
capillary flow, leading to water transport from CDL to ADL.196 However, to avoid water 
starvation or flooding of the catalyst layer, the hydrophobicity of the GDL should be higher 
than the ACL’s. Under such conditions, the direction of capillary pressure from the ACL to 
GDL promotes the detachment of the generated gas bubbles from the ACL, resulting in an 
increase in H2 production efficiency (~ 13%).196 

The impact of thermal limitations on electrolyser performance at high current density 
is investigated via a 1D thermal model and validated with experimental measurements in a 5 
cm2 cell.177 At high current densities up to 25 A·cm−2, significant heat (up to 35.5 W·cm−2 

compared to ~ 1 W·cm−2 for today’s PEMWE typical current density range of 1−2 A·cm-2) is 
generated due to ohmic and activation losses, leading to increased MEA temperatures (~ 90 
°C). This excessive heating without proper cooling management accelerates membrane and 
catalyst degradation. To avoid this, high water flow rates (~ 25 ml·min−1·cm−2 at 10 A·cm−2) 
are essential for effective dissipation of the heat produced (~ 5.7 W·cm−2) and stable operation. 
The possibility to use such higher current densities can result in a significant reduction in 
material usage and device cost, ultimately paving the way to meet the future goal of their large-
scale application.177 

The integration of electrolyser technologies with renewable power is often required in 
practical conditions. This is investigated in Multiphysics modelling to optimise the design of 
industrial alkaline water electrolysis (AWE) stacks under varying load conditions when 
coupled with renewable energy sources.197 Small cell (SC) design has a higher number of 
smaller cells, resulting in a reduction of bubble coverage (~ 12.5% lower volume fraction near 
the electrode) and an increase of hydrogen production (~ 6.7% higher at 2.3 V) under heavy 
loads (on-grid scenario). However, under light and dynamic load conditions, SC suffers from 
high shunt currents, leading to lower efficiency. For off-grid scenarios, such as the use of wind 
power, large cell (LC) design, which has fewer but larger cells, is more suitable as it minimises 
shunt currents and improves current efficiency (~ 20% higher at 1.7 V). However, the longer 
flow channels in LC design result in a larger bubble curtain, which can negatively impact the 
contact between electrolyte and catalyst.197 Integration with renewable power sources is further 
explored in system-level models, encompassing the entire electrolysis stack, balance of plant 
(BOP) and power supply.198, 199
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Figure 9.  Geometries for various cell models of water electrolysers: (A) 3D model of PEM 
design. Reproduced with permission.195 Copyright 2022, Elsevier. (B) 3D model of PEM 
design with single channel and multiphase flow. Reproduced with permission.196 Copyright 
2022, Elsevier.

Thus far, there are limited reports on numerical models for membrane-less electrolysers.57, 

165, 200 An analytical multiphase flow model has been developed for a parallel-plate electrolyser 
without a separator, focusing on gas-liquid flow dynamics.200 By quantifying the gas fraction 
profile of bubble plumes along the vertical electrodes, it estimated the maximum height of the 
membrane-less electrolyser required for safe operation at specific interelectrode distance and 
flow velocity. At 1000 mA·cm−2, a buoyancy-driven membrane-less electrolyser with a 3 mm 
interelectrode distance can achieve a maximum height of ~ 7.6 cm while maintaining 98% 
product purity at atmospheric pressure. However, by introducing forced flow at Re = 1000, the 
same electrolyser can be scaled up to ~ 17.6 cm.200 Increasing the operating pressure can allow 
a further increase in its height, as the bubble size is reduced, enhancing gas dissolution.200 The 
effect of cell geometry on the efficiency of membrane-less electrolysers is also investigated via 
numerical simulations and experimental validation.57 A Y-shaped cell geometry is introduced 
as an optimised design compared to a flow-through T-shape or straight I-shape cell design. The 
Y-shaped cell design provides more uniform current distribution and increased efficiency, 
whereas T- and I-shaped cell designs suffer from non-uniform bubble accumulation, leading to 
increased local resistance and higher voltage losses. The cell voltage can be reduced further by 
~ 0.17 V for Y-shaped electrolyser at a current density of 250 mA·cm–2 by increasing the flow 
rate (Re ~ 1500).57

Overall, electrolyser numerical models offer critical insights from fundamental microscale 
phenomena to system-level optimisation. Although current models can describe electrode 
kinetics, bubble dynamics, mass transport and fluid flow, challenges lie in Multiphysics 
complexity and scalability. Addressing this gap will require the refinement of current 
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electrolyser models and the development of multiscale models through integrated 
computational approaches.

5. Development of water electrolyser technologies from an industrial 
perspective  

5.1. Technoeconomic context
 PEM and alkaline electrolysers (AWE) remain the most mature technologies with 

several large-scale manufacturers in the USA (Plug Power and Proton onsite), Europe (ITM 
Power, NEL Hydrogen, ThyssenKrupp ) and China (LongGi, PERIC Hydrogen and Tianjin 
Mainland).201  Among alkaline electrolysers, atmospheric technology remains much more 
mature than pressurised  technologies where there remain many questions about the operational 
limits.  Besides, several challenges need to be addressed by 2050 in the development of very 
large-scale electrolyser plants. This includes enhancement of current densities (> 2 A·cm–2 for 
alkaline from current ~ 0.2-0.8 A·cm–2 and up to 4-6 A·cm–2 for PEM from current ~ 1-2 A·cm–

2) to increase the hydrogen production rates and improve the energy efficiency (< 45 kWh per 
kgH2 from current ~ 50-70 kWh per kgH2) to reduce power consumption.18  Other 2050 targets 
include operation possibly at higher pressure (> 70 bar vs. current < 30 bar) and increasing the 
stack unit size to 10 MW from 1 MW along with doubling its lifetime to ~ 100,000 h and 
above.18 An important challenge for such a massive scale-up is to bring down the current high 
cost of electrolytic hydrogen to a much lower level (< 2 $/kg) to make it competitive enough 
with other hydrogen production technologies on the market, notably steam methane reforming, 
which had a 45% market share in 2020.202 This will require reduction of both capital 
expenditure (CAPEX) and operational expenditure (OPEX).

The high production cost (OPEX) of electrolytic hydrogen is mainly because of the high 
cost of electricity. The electricity costs represent the largest share of the renewable H2 
production technical cost from 50% up to 80% depending on the geographical zone. Moreover, 
grid electricity cannot meet the total demand of electricity consumption while scaling up the 
electrolysers to GW scale. For example, if all of today’s hydrogen demand is to be met by water 
electrolysers with 60% assumed efficiency, it will require 3600 TWh of electricity 
consumption, which exceeds the total grid electricity generated in Europe annually.20 
Electricity from renewable sources, such as solar or wind, can bring down its cost to make it 
more affordable.203  That is why large GW-scale plant projects are envisaged in regions with 
the highest load factors of wind or sun to benefit from the lowest possible levelised cost of 
electricity (LCOE). In this context, it is essential to maximise the conversion rate from the 
produced electrons to hydrogen. As an illustration, if one considers an islanded plant delivering 
75 kt/y of green H2 (powered roughly by 1 GW of renewables): the increase of the energy 
efficiency of the electrolysis plant by 10% may reduce the global electricity expenditure by 
more than 400 M$ with a 55 $/MWh electricity price over the project life. In addition to the 
reduction of the electricity OPEX, substantial efforts are required to decrease at the same time 
the installation cost of electrolysers (CAPEX). This should be achieved by automating the 
manufacturing processes and the use of affordable materials. For a minimum 10 MW 
electrolyser plant, total installed system CAPEX for alkaline (~ 500-1000 $/kW) and PEM (~ 
700-1400 $/kW) electrolysers reported in 2020 – numbers that are even higher if one consider 
the full installation costs – are far away from the 2030 CAPEX target (< 200 $/kW).18 Stack 
cost, which is a major component of CAPEX, is expected to decrease significantly by 2030 to 
52–79 €/kW for alkaline and 63–234 €/kW for PEM electrolysers respectively, while ramping 
up their stack power densities from 0.5 W·cm–2 to 2.3 W·cm–2 and 4.75 W·cm–2 to 6.3 W·cm–2, 
respectively.204 
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5.2. Technological status and development

i)  PEM and AWE 
A cost breakdown for 1 MW PEM and AWE electrolysers is given in Figure 9 for 

comparison from cell level (membrane/diaphragm electrode assembly) to stack and full system 
based on IRENA estimates in 2020.18 For a PEM, electrode catalysts and bipolar plates 
constitute 10% and 50% of electrolyser stack cost, respectively.20

Electrocatalyst development with advanced architectures and manufacturing techniques 
will play a critical role in GW-scale electrolyser deployment.205  Current catalysts are not only 
expensive materials (Pt, Ir) but have limited supplies. For example, finding an alternative to Ir 
and/or being able to recycle it fully is crucial, because of its very limited availability worldwide. 
As of today, the iridium requirement in a PEM stack is around 0.75 kg/MW, while the annual 
global iridium production ranges from 8 to 9 tonnes. One can reasonably consider that around 
20% of today’s iridium supply could be allocated to electrolyser production, which would 
allow the construction of only 2 or 3 GW of PEM electrolysers.206 Those figures must be put 
in comparison to electrolyser production forecasts. IRENA estimates an average of 160 GW 
annually installed electrolyser capacity over the next 25 years to meet the demand objective of 
renewable H2.207 By combining such a capacity with IEA’s predictions of a 90% alkaline to 
10% PEM ratio, the future stress on iridium is not negotiable. Technological breakthroughs are 
required in current electrode catalysts to significantly reduce the amount utilised of these rare 
and expensive noble metals;  it is expected to decrease iridium loading on the anode to 0.2 
mg/cm2 and platinum loading on the cathode to 0.05 mg/cm2 by 2030.18 Nanostructured 
electrocatalyst design strategies, e.g. alloying, doping, size reduction to small nanoparticles or 
single atoms and loading on advanced nanocarbon supports can assist in achieving these 
targets.208 
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Figure 10.  Cost breakdown for PEM and AWE technologies from a single cell (membrane 
electrode assembly) to a complete stack (1 MW electrolysers), reproduced from the 
International Renewable Energy Agency Report: Green Hydrogen Cost Reduction.18 Copyright 
2020, IRENA.

The stability of a PEM electrolyser is highly dependent on the durability of MEA 
components and operating conditions, including temperature, current density, and water flow 
rate. To translate any lab scale PEM electrolyser to a commercial product, accelerated stress 
tests (ASTs) of MEA components are essential. These tests are extensively discussed in recent 
reviews209-211 for evaluating the feasibility of PEM electrolysers for industrial deployment in 
long-term operation. With a long PEM electrolyser operational lifetime of ~50,000 h, high 
electrocatalyst stability is needed to maintain the stack performance. Many phenomena, such 
as morphology change, metal dissolution and surface passivation, can lead to voltage 
deterioration during the industrial operation of an electrolyser.212 This opens the question of 
the duration of stability tests of catalysts in the literature: roughly limited to 100 h, such results 
are insufficient to be able to anticipate the catalyst's behaviour in an industrial context and 
potentially transfer the technology. Electrocatalyst durability testing is often neglected in 
laboratory studies where performance degradation testing of an MEA for an initial few 
thousand hours (~ 4000 h) can even provide some insights into catalyst stability.213 As the Ir 
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catalyst in the anode is more prone to degradation at high potentials (> 1.8 V), its stability can 
be better evaluated in shorter time by various ASTs such as potential cycling between 1.45 to 
2 V at 80°C and a square-wave current cycling between 0.1-1 A·cm–2 for 100 h.209 From a 
CAPEX point of view, bipolar plates represent a major portion (~ 50%) of the stack cost. They 
are based on titanium coated with noble metal: platinum-coated titanium at the anode and gold-
coated titanium at the cathode. Research on alternative materials like carbon-based bipolar 
plates is an interesting route for cost optimisation of the stack.214 Chemical, thermal or 
mechanical degradation of the membrane can occur under various stressors; membrane 
degradation occurs due to radical attack at the weak links (end groups) of the perfluorosulfonic 
membrane, which is accelerated at high current densities (> 2 A·cm–2). As the membrane 
backbone is attacked by oxidative species, fluorine and sulphur are released..209, 210 The porous 
transport layer (PTL) at the anode side is more prone to chemical degradation due to higher 
voltage and oxygen-rich environment compared to the cathode side. The anode PTL, which is 
typically titanium-based, experiences passivation, hydrogen embrittlement, and conductivity 
loss over time.209 An AST for PTL stability involves constant current operation (2 A·cm–2 for 
1000 h) demonstrating that Ti passivation increases ohmic resistance, which can be reduced by 
89% with Pt-coating.210 Carbon corrosion can occur at the gas diffusion layer (GDL) at the 
cathode side. An AST for GDL involves its immersion in 35% H2O2 at 90°C for 12 h, resulting 
in loss of its hydrophobicity and increased water flooding. Furthermore, an AST for evaluating 
GDL mechanical stability involves cyclic compression (1.4-3.4 MPa, ~ 5 cycles), resulting in 
structural changes in the GDL, such as cracks and reduced porosity.210

Alkaline electrolyser stacks are indeed 2 to 3 times less expensive than PEM stacks as 
they use non-noble catalysts, typically nickel, coupled with nickel bipolar plates, making the 
technology more attractive in terms of CAPEX compared with PEM electrolysis. The reduction 
in costs of materials in alkaline electrolysers is not trivial, especially since the price of nickel 
could rise if a context of strong demand emerges. However, the tendency regarding the 
development of new catalysts is less driven by cost reduction than by an increase in catalytic 
activity to promote the cells’ current density. This improved performance must persist over the 
long term with low degradation rates, as, in practice, the operating voltage of current 
electrolyser stacks degrades by ~ 0.4–5 μV/h, leading to a 10% lower performance after ~ 
40,000 h of operation compared to the startup.20 Therefore, it is important to develop longer-
lasting tests and relevant accelerated stress tests that could better extrapolate to real operational 
conditions of alkaline electrolysers.215 Moreover, electrocatalyst testing at industrially relevant 
harsher conditions such as a high temperature (70 °C vs. 25 °C in the laboratory) and using 
more concentrated electrolytes (6.9 M vs. 1 or 0.1 M KOH in the laboratory) is required.216 For 
alkaline electrolysers, an intermittent rather than continuous operation puts stress on electrodes, 
causing irreversible changes by catalyst dissolution and performance degradation. Therefore, 
the development of catalysts is needed that are more robust to reverse currents to handle 
dynamic load changes of renewable energy sources.216 Scaling up electrocatalyst synthesis 
from laboratory milligram scale to industrial kilogram scale requires the development of high-
throughput production methods such as a roll-to-roll method demonstrated for manufacturing 
catalyst thin films of 5 m length and 0.25 m width for alkaline water electrolysis.217 The 
development of alternative diaphragms that are stable at high temperatures while maintaining 
conductivity could be relevant, as a reduction in overpotential by increasing temperature can 
be achieved (~ 2.3 to 3.6 mV/°C for the temperature range of 50-200 °C, while operating at a 
current density of 1 A·cm–2).216 However, the current state-of-the- art Zirfon diaphragm limits 
the electrolysis operation below 100 °C. Utilising zero-gap designs and thinning diaphragms 
down to 150 μm should lead to a major increase in efficiency of these devices in the future. 

Moreover, corrosion of stainless-steel equipment of the balance of stack (BoS) can take 
place during pressurised alkaline electrolyser operation, releasing some impurities that can 
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impact the electrode quality. Exogenous and endogenous impurities from various sources can 
impact the electrolytic performance of the cell by catalyst poisoning, lowering membrane 
conductivity, etc.218 but it is seldomly studied in literature. For example, iron oxide impurities 
are released in alkaline electrolysers due to the corrosion of stainless-steel equipment exposed 
to KOH in 30 wt% lye. Some of those iron particles are trapped by the mechanic and/or 
magnetic filters that can be present in the lye circulation loop of the BoS, but soluble impurities 
and fine particles can go through it, causing some deposition on and/or insertion in the 
electrodes. Demnitz et al. showed recently the growth of iron dendrites on the Ni cathodes of 
alkaline electrolyser in presence of iron dissolved in the lye.219 That being said, we must 
question the stability of new catalysts (which generally contain a fraction of noble metals) 
under aged electrolyte conditions, since they could be more sensitive to metallic impurities or 
traces, which would impact their expected performance over time.

ii) Potential development axes
In this context, the development of a new generation of electrolysers operating under 

15-30 barg pressure, going toward corrosion-free design, would constitute a key advance to 
maximise the stability of the electrodes by preventing them from impurities. This means either 
using a stable coating in existing metallic equipment or replacing them by polymeric elements. 

Typically, membrane-less or capillary-fed electrolyser cell/stack designs discussed in 
Section 2.2 are attractive, since, via potentially relevant choices of materials and simplification 
of designs, they could fulfil the requirements mentioned above in terms of material stability to 
corrosion or operating temperature range. This would allow a reduction in CAPEX and 
potentially OPEX in case of increased energy efficiency of the system. Nevertheless, at that 
stage, the real impact of such cell designs on gas separation via the control of flux of the 
electrolyte or gas in the vicinity of the electrodes remains to be demonstrated at a larger scale 
(MW system).53 All those new approaches in cell (Section 2.2) and electrode design (Section 
3) are still at an early stage and far from large deployment, but this opens the route to potential 
breakthroughs in the long term. 

From a shorter-term perspective, the anion exchange membrane (AEM) or solvating 
membrane (like PBI) appears as a promising route for optimising alkaline-based systems. AEM 
can be much thinner than traditional diaphragms with better gas tightness, significantly 
reducing ohmic losses and optimising the energy efficiency of the cells when paired with non-
noble catalysts.220 For AEM water electrolysis, membrane degradation is a major concern due 
to its chemical instability in an alkaline environment, while the noble metal-free 
electrocatalysts are susceptible to corrosion over extended operation (≥ 300 h).221 Despite 
advances in AEM membrane chemistries enhancing stability, additional fundamental research 
is needed to optimise this technology. Specifically, developing tailored ionomers and catalysts 
for low-concentration electrolytes or pure water and a better understanding of the 
catalyst/ionomer/membrane interactions are crucial to compete with traditional technologies in 
performance and lifespan for industrial-scale deployment.222

5.3. Operation perspective
From an operational point of view, beyond safety aspects, the efficiency and reliability 

of the production plants are compulsory. Accordingly, the question of the real stack efficiency 
and performance decay over time is of paramount importance, since the repeated unexpected 
change of stacks would have a drastic impact on the maintenance costs. Typically, the 
operational lifespan of an electrolyser stack is expected to be between 8 to 10 years. This 
limitation of replacement OPEX costs is necessary to ensure the economic viability of any 
projects for large production of green H2.

Page 29 of 41 Energy & Environmental Science

E
ne

rg
y

&
E

nv
ir

on
m

en
ta

lS
ci

en
ce

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 5

/2
/2

02
5 

8:
52

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D4EE05559D

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee05559d


29

That is why R&D on new designs of materials, cells (Section 2) and stacks are still 
necessary to optimise performance and/or reduce costs. For example, new electrode designs 
mentioned in Section 3, based on hydrophilic or hydrophobic material solutions28, 108 for gas 
removal are attractive, since the management of bubbles and dissolved gas is of paramount 
importance to reduce the gas crossover. A reduction of the latter is particularly interesting to 
optimise the operational range of the electrolyser system. 

The modelling of the different elements of the cells/stacks will help to promote future 
optimised architectures of cells and stack designs. Modelling is also very useful at a system 
level to optimise industrial operations. At that stage, acquiring operational data on real stacks 
remains the Holy Grail to feed and refine models. Building stack models integrating the ageing 
aspect would be extremely beneficial for supporting operations by developing predictive 
maintenance tools.  

Conclusions 
Green hydrogen production by water electrolysis can help to fight climate change, which has 
arisen mainly due to the enormous increase in energy produced from fossil fuels in the past 
century, raising it from ~ 23 to ~ 548 EJ.223 However, to meet the United Nations' goal of net 
zero carbon emissions by 2050, widespread GW-scale hydrogen production is required, which 
is a significant increase from the current installed capacity at the MW-scale, dominated by 
PEM and alkaline electrolyser technologies. Several challenges need to be addressed to achieve 
this target of developing very-large-scale electrolyser plants, such as reduction of cost of 
electrolytic hydrogen (< 2 $/kg), enhancement of current densities (> 2 A·cm-2 for alkaline and 
4-6 A·cm-2 for PEM) and improvement of the energy efficiency (< 45 kWh per kgH2). Bubbles 
(10-800 µm) generated in water electrolysis cover the electrode, blocking its surface and 
degrading the cell performance substantially (overpotential of ~ 308 mV at current density 
above 500 mA·cm-2). Therefore, the latest electrode designs reported in the literature have been 
comprehensively reviewed for effective bubble management of the water electrolysis reactions 
(HER and OER), based on either bubble mitigation strategy (aerophobic electrode) or 
transportation strategy (aerophilic electrode). As models can aid experiments and accelerate 
technological development, the latest advancements in the modelling of water electrolysers 
have been reviewed, from complete cell models to more specific layer models. Membranes 
used in water electrolysers for separation of product gases pose challenges of high electrical 
resistance (≥ 0.2 Ω·cm2) and thermal degradation above 90 ºC. As a result, a new generation 
of membrane-less electrolysers has emerged within the last decade whose cell designs and 
electrochemical performance have been reviewed here. Despite various promising new designs 
of membrane-less electrolysers, several challenges remain to be addressed for achieving their 
commercial viability. Future research should focus on developing scalable and robust designs, 
improving gas separation and safety, and ensuring their long-term stability. Efficiency at the 
stack and system level needs to be evaluated for any proposed new cell design, along with 
techno-economic analysis and integration with renewable energy sources, to compete with 
existing electrolysis technologies.

Nomenclature 

1D One-dimensional
2D Two-dimensional
3D Three-dimensional
ACL Anode catalyst layer
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ADL Anode diffusion layer
AE Auxiliary electrode
AEM Anion exchange membrane
AI Aerophilic
AO Aerophobic
AWE Alkaline water electrolysis
CA Contact angle
CAPEX Capital expenditure
CCM Catalyst coated membrane
CDL Cathode diffusion layer
CL Catalyst layer
EU European Union
FC Fuel cell
GDL Gas diffusion layer
HC Honeycomb
HER Hydrogen evolution reaction
LDH Layered double hydroxide
MEA Membrane electrode assembly
NC Nanocone
NF Nickel foam
OER Oxygen evolution reaction
OPEX Operational expenditure
PEM Proton exchange membrane
PEMEC Proton exchange membrane electrolysis cell
PEMWE Proton exchange membrane water 

electrolyser
PFAS Polyfluoroalkyl substances
PNMs Pore network models
PEI Polyethylenimine
PE Polyethylene
PS Polystyrene
PSD Pore size distribution
PTFE Polytetrafluoroethylene
PTL Porous transport layer
RDE Rotating disk electrode
RHE Reversible hydrogen electrode
RPM Revolutions per minute
SAB Superaerophobic
SAL Superaerophilic 
SHE Standard hydrogen electrode
WE Water electrolyser
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