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Abstract

Water splitting is one of the most promising technologies for generating green hydrogen. 

To meet industrial demand, it is essential to boost the operation current density to industrial 

levels, typically in the hundreds of mA cm-2. However, operating at these high current densities 

presents significant challenges, with bubble formation being one of the most critical issues. 

Efficient bubble management is crucial as it directly impacts the performance and stability of 

the water splitting process. Superwetting electrodes, which can enhance aerophobicity, are 

particularly favorable for facilitating bubble detachment and transport. By reducing bubble 

contact time and minimizing the size of detached bubbles, these electrodes help prevent 

blockage and maintain high catalytic efficiency. In this review, we aim to provide an overview 

of recent advancements in tackling bubble-related issues through the design and 

implementation of superwetting electrodes, including surface modification techniques and 

structural optimizations. We will also share our insights into the principles and mechanisms 

behind the design of superwetting electrodes, highlighting the key factors that influence their 

performance. Our review aims to guide future research directions and provides a solid 

foundation for developing more efficient and durable superwetting electrodes for high-rate 

water splitting.
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1. Introduction

Hydrogen is a clean, renewable fuel with high energy density, making it an ideal 

replacement for fossil fuels.1,2 However, over 95% of hydrogen is currently produced through 

unsustainable petrochemical processes. Due to the ongoing energy crisis and environmental 

concerns, there is a growing need to explore alternative hydrogen generation methods.3,4 Water 

splitting is one of the most promising technologies for producing green hydrogen.5-7 The main 

methods of water splitting include polymer electrolyte membrane (PEM), alkaline water 

splitting (AWS), and solid oxide electrolysis cell (SOEC) technology.8-10 These methods share 

a common principle: the hydrogen evolution reaction (HER) occurs at the cathode, while the 

oxygen evolution reaction (OER) takes place at the anode. AWS and PEM electrolysis operate 

at temperatures between 60 and 90 °C, while SOEC operates at much higher temperatures, 

ranging from 600 to 900 °C. Each technology has its own set of challenges. PEM utilizes a 

proton-conducting solid membrane, which provides superior higher ionic conductivity, reduces 

ohmic losses, and supports high current density operation. Therefore, high current density is 

not a limiting factor for PEM-based water splitting. However, this system relies on noble metal-

based catalysts (e.g., IrO₂, Pt) to operate effectively in the acidic environment, which increases 

costs and limits large scale adoption.11, 12 In contrast, AWS offers a more cost-effective 

alternative by employing non-precious metal (non-PGM) electrodes, such as Ni-based catalysts, 

and more affordable diaphragms in alkaline electrolytes, significantly reducing overall system 

costs. Nevertheless, AWS is limited in achieving high current densities at low voltages due to 

the lower catalytic activity of the electrodes and the higher ionic resistivity of the diaphragm, 
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resulting in moderate energy efficiency.13-17 SOEC technology faces difficulties due to its 

significantly shorter lifespan compared to PEM and AWS.18,19 

The efficiency and durability of any water-splitting technology largely depends on the 

performance of its electrode materials. To meet industrial needs, it is essential to develop 

electrode materials that can maintain high performance under demanding conditions, such as 

high current density, extended operation, and specific pressure and temperature 

requirements.20-22 The primary difference between low-rate (tens of mA cm-2) and high-rate 

(hundreds of mA cm-2) water splitting is the amount of gas bubbles generated during the 

electrochemical process.23-25 This significantly impacts the two main types of overpotentials, 

activation (ηact) and ohmic overpotentials (ηohm), during water splitting.26-28 Electrochemical 

gas bubble evolution on the electrodes occurs in three stages: nucleation, growth, and 

detachment.29,30 As shown in Figure 1, during low-rate water splitting, the concentration of gas 

bubbles is lower than the gas solubility limit of the bulk electrolyte, therefore allowing for 

efficient bubble dissolution and transport. However, in high-rate water splitting, the rate of gas 

production exceeds the rate of gas diffusion. This leads to the accumulation of bubbles on the 

electrode surface, which blocks active sites, increases activation energy, and results in higher 

ηact.31-33 ηohm is influenced by the various resistances throughout the electrochemical process, 

including those of the electrode, electrolyte, membrane, wire connection and gas bubbles. At 

low current densities, the number of bubbles is minimal, so their contribution to ohmic 

resistance is small. However, as current density increases, the amount of gas bubbles rises 

significantly. This extensive bubble coverage on the electrodes creates a barrier between the 

electrolyte and electrode, resulting in increased ionic diffusion resistance and, consequently, 
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higher ηohm.34-36 Additionally, gas bubbles that adhere to the catalyst surface continue to grow 

until their buoyancy overcomes the adhesion forces with the catalyst. When larger bubbles 

eventually detach from the catalyst surface, the forces exerted at the bubble-electrode interface 

can damage the catalyst layer, potentially leading to structural failure or loss of catalyst 

material.37

 

Figure 1. (a) Gas bubble generation during low-rate water splitting, where minimal bubbles 

form on the electrode surface, and (b) gas bubble generation during high-rate water splitting, 

where a layer of bubbles forms on the electrode surface, obstructing actives sites and impeding 

ion diffusion.

Numerous strategies have been developed to address bubble-related issues during water 

splitting.38-40 For instance, passive methods like adjusting the electrolyte composition to 

modify surface tension can significantly influence bubble behavior in electrochemical 

systems.41 Research has shown that bubble detachment radii decrease with increasing pH 

values.42 Additionally, the addition of surfactants like sodium dodecyl sulfate,43 

hexadecyltrimethylammonium bromide 44 or potassium perfluorobutyl sulfonate 45 can reduce 

bubbles detachment radii by improving surface hydrophilicity, promoting better wetting 

behavior. They facilitate bubble detachment by reducing the contact angles between gas 
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bubbles and the electrode surface. Surfactants also reduce surface tension (e.g., liquid/vapor 

interfacial tension) and modify the interfacial tension at the solid/liquid interface. This 

reduction enhances the mass transfer rate within the gas diffusion layer during water splitting. 

However, while surfactants can help reduce energy losses caused by bubbles, they also 

complicate the system by potentially participating in unwanted electrode reactions. To further 

enhance bubble detachment and transport, various active methods utilizing external fields, such 

as magnetic and acoustic fields, have been developed.46-48 These methods aim to reduce the 

impact of bubbles on the system's overpotential. For example, applying magnetic fields can 

create Lorentz forces in the electrolyte, which induce convection. This convective flow 

improves mass transfer, reducing both ohmic and concentration overpotentials.49 Matsushima 

and coworkers found that the HER performance of a platinum electrode in an acidic electrolyte 

(0.5 M H2SO4) improved with increasing magnetic flux intensity.50 Furthermore, acoustic 

fields explore the use of ultrasonic radiation in conjunction with electrochemical process. The 

goal is to enhance mass transfer in the liquid electrolyte and facilitates the removal of bubbles 

from electrode surfaces during reactions.51 For instance, Li and coworkers demonstrated that 

applying acoustic fields improved hydrogen generation efficiency by 5-18% on a RuO2 and 

IrO2-plated Ti electrode in alkaline electrolytes.52 However, the practical application of these 

active methods is often limited by the need for external field generators and the potential for 

these fields to degrade the catalyst layer.53

Furthermore, biomimetic materials offer inspiration for developing innovative methods to 

engineer functional surfaces with unique wetting properties.54-57 Recent studies have 

demonstrated that by tailoring the compositions and micro/nanoarchitectures of electrode 
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surfaces, it is possible to effectively control the adhesion between gas bubbles and the electrode 

surface underwater.58,59 This approach has created new opportunities to enhance 

electrochemical performance by manipulating surface properties related to superwettability.60 

Nanostructured superaerophobic electrodes, for instance, create discontinuous three-phase 

contact lines (solid-liquid-gas, TPCL), which minimize gas bubble adhesion and accelerate gas 

evolution.61-63 As a result, there is a growing interest in designing superwetting electrodes based 

on this principle.

In this review, we aim to provide a thorough overview of superwetting electrodes for high-

rate water splitting. We start by highlighting the significance of operating water splitting 

processes at high current densities. Next, we introduce the concept of superaerophobicity in 

aqueous environments. Then, we summarize recent advancements in the use of superwetting 

electrodes for high-rate water splitting, dividing them into two-dimensional (2D) substrates 

(such as foil-based electrodes) and three-dimensional (3D) substrates (such as Ni foam and 3D-

printed electrodes). Finally, we discuss future directions for the development of superwetting 

electrodes and the challenges they face in practical applications.

2. High-Rate Water Splitting

For industrial applications, it is essential to develop electrode materials that can perform 

effectively under industry-relevant conditions, such as high current density, extended 

operational periods, and specific pressure and temperature requirements. High current density 

is particularly important because it increases the rate of hydrogen production, which can reduce 

capital costs and improve the profitability of hydrogen production.64-66
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The ability to produce hydrogen at high rates is vital to effectively meet the growing 

demand for hydrogen in various applications, including hydrogen-powered fuel cell vehicles, 

ammonia production, and fuel cell related energy storage systems.67,68 Various governments 

and organizations have established technical targets for high-rate water splitting to address 

different application needs. For example, the U.S. Department of Energy (DOE) has set 

ambitious targets for PEM water splitting.69 By 2026, the DOE aims to achieve a current 

density of 3000 mA cm-2 at a cell voltage of 1.8 V, with a long-term goal of reaching 3000 mA 

cm-2 at 1.6 V. Similarly, the Fuel Cells and Hydrogen Joint Undertaking (FCH JU) in Europe 

has set broader targets,70 aiming for a current density of 800 mA cm-2 for AWS and 2500 mA 

cm-2 for PEM water splitting by 2030. These targets are part of a broader strategy to enhance 

performance and reduce the costs of hydrogen production technologies, making them more 

accessible and practical for widespread use. However, achieving high current densities can 

accelerate the degradation of electrode materials, highlighting the need for more robust and 

durable catalysts and electrodes. Research efforts have been focused on developing advanced 

catalysts, innovating electrode architectures to improve mass transport and reduce 

overpotentials, and integrating electrolysis systems with renewable energy sources to ensure 

sustainable hydrogen production. Table 1 summarizes some of the future technical 

performance targets, which are driving research into electrochemical water splitting under high 

current density conditions.

Table 1 Summary of the technical targets for high-rate water splitting devices

Source Technique Year
Current density 

(mA cm-2)
Voltage 

(V)
Energy 

Efficiency (%)
Durability (h)

DOE PEM 2026 3000 1.8 69 80000
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DOE PEM Ultimate 3000 1.6 77 80000

FC HJU PEM 2030 2500 - -
Degraded by 

0.12% per 1000 h

FC HJU AWS 2030 800 - -
Degraded by 

0.1% per 1000 h

3. Principle of Superwetting Electrode

Achieving high current densities can lead to increased gas bubble formation and faster 

degradation of electrode materials, highlighting the need for more efficient gas-removal 

electrodes. The development of superwetting electrodes has emerged as a promising approach. 

These electrodes are engineered to optimize the interaction between the solid electrode surface 

and gas bubbles, reducing bubble-induced resistance and therefore enhancing overall 

performance. The relationship between water contact angle (WCA) and a solid surface is 

described by Young's equation (Eq. 1), which explains hydrophilicity or hydrophobicity under 

ideal conditions by balancing forces at the TPCL, where the liquid, solid, and gas bubbles 

meet.71-73 Essentially, Young's equation quantifies how a liquid droplet interacts with a solid 

surface, determining whether the surface will repel or attract water molecule. Similarly, 

Young's equation can also be applied as a theoretical model for analyzing the aerophilicity and 

aerophobicity properties of a solid surface, as shown in Eq. 2. Using the same assumptions as 

those applied for liquid interactions, this equation helps explain how gas bubbles interact with 

the solid surface, providing insights into the surface's behavior in gaseous environments.74, 75

𝑐𝑜𝑠𝛼 =
𝛾𝑆𝐺 ― 𝛾𝑆𝐿

𝛾𝐿𝐺
(Eq. 1)
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𝑐𝑜𝑠𝛼 =
𝛾𝑆𝐿 ― 𝛾𝑆𝐺

𝛾𝐿𝐺
(Eq. 2)

where 𝛾𝑆𝐿, 𝛾𝑆𝐺, and 𝛾𝐿𝐺 represent the interface tension of solid/liquid, solid/gas and 

liquid/gas, respectively. 𝛼 represents either the WCA or gas bubble contact angle (BCA). A 

superaerophobic surface is characterized by a large BCA (usually > 150°) underwater and low 

adhesion force, whereas a superaerophilic surface features a low BCA (usually <10°) and high 

adhesion force.76,77

These wettability characteristics are crucial for various applications, particularly in gas 

evolution reactions like water splitting. The Cassie-Baxter equation (Eq. 3) was introduced to 

explore how electrode surface design can achieve superaerophobicity underwater.78,79 This 

equation accounts for the heterogeneous composite surface within the rough texture of the 

electrode, which reduces the contact area between gas bubbles and the solid surface. As a result, 

this promotes the release of gas bubbles and enhances the overall efficiency of the 

electrochemical process.

𝑐𝑜𝑠𝛼∗ = 𝑓𝑠(𝑐𝑜𝑠𝛼 + 1) ― 1 (Eq. 3)

where 𝛼∗ represents the apparent BCA on the rough surface, 𝑓𝑠 is the solid contact fraction 

between the gas bubble and the solid surface, and 𝛼 is the apparent BCA on the flat surface. 

The Cassie-Baxter equation suggests that the intrinsic aerophobicity of materials can be 

significantly enhanced by modifying the surface with micro/nanostructures, which increased 

surface roughness (Figure 2).80 This surface texturing reduces the contact area between the gas 

bubble and the solid surface, thus promoting bubble detachment. For example, Ren et al. 
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investigated the effect of surface modifications on underwater aerophobicity by comparing flat 

surfaces with those modified with nanocones.81 Their findings demonstrated that surfaces with 

increased roughness exhibited superaerophobic behavior, with BCA values exceeding 150°. 

This enhanced electrode aerophobicity is crucial for gas bubble detachment, as it effectively 

prevents gas bubbles from adhering to the surface by reducing the solid contact fraction 

between the gas bubble and the solid surface and, thus, preserving the electrode's active sites.

Figure 2. Schematic illustration showing the effect of surface roughness on the bubble contact 

angle and bubble detachment size: (a) on a flat surface, and (b) on a rough surface, as predicted 

by the Cassie-Baxter equation. Reproduced from ref. 81 with permission from Wiley, copyright 

2023.

In high-rate water splitting, gas bubbles formed at active sites follow a direct injection 

model, where the surrounding dissolved gas flows into the bubble, causing its radius to increase 

in proportion to the cube root of the growth time. According to this model, the dynamics of 

bubble growth are influenced by the local concentration of dissolved gases and the properties 

of the electrode surface. As shown in the Eq. 4, the radius of the detached gas bubble (𝑟∗
𝑑) is 
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proportional to the contact area, surface tension, and the sine function of BCA raised to the 

power of 1/3.82

𝑟∗
𝑑 = (

3𝑟0𝜎𝑠𝑖𝑛𝛼
2∆𝜌𝑔 )

1/3 (Eq. 4)

Where 𝑟0 represents the radius of the contact area between bubble and electrode, 𝜎 is the 

surface tension, 𝛼 is BCA, ∆𝜌 is the difference in density between the liquid and gas phase 

and 𝑔 is the gravitational acceleration. Based on Eq. 4, minimizing the bubble contact area 

and surface tension, or increasing BCA (or aerophobicity), results in a smaller detached bubble 

size, as demonstrated in previous studies. By modifying electrode surfaces with nanostructures 

can alter the aerophobicity/aerophilicity or hydrophobicity/hydrophilicity of the catalyst, which 

in turn impacts the electrode/electrolyte/gas bubble interface environment and interactions. For 

example, the Jiang group synthesized superaerophobic MoS2 nanostructures on a Ti foil 

substrate for HER in a 0.5 M H2SO4 electrolyte.83 They demonstrated that the adhesion of gas 

bubbles formed on the nanostructured electrode surface could be reduced by an order of 

magnitude compared to flat MoS2 catalyst layers. The nanostructured MoS2 exhibited enhanced 

aerophobicity, leading to improve HER performance characterized by faster hydrogen bubble 

removal and smaller bubble detachment sizes. Similarly, the Sun group designed a pine-shaped 

Pt nanostructured electrode, which achieves underwater superaerophobicity for ultrahigh and 

stable HER performance in 0.5 M H2SO4 electrolyte.84 This electrode featured reduced gas 

bubble contact area, lower gas bubble adhesion force, and smaller bubble detachment sizes.
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4. Implementation of Superwetting Electrodes on Different Substrates

Superwetting electrodes can be fabricated on a variety of substrates using a range of 

methods, including electrodeposition and hydrothermal reactions. As outlined in Table 2, they 

include two-dimensional (2D) substrates, mainly flat foils, and three-dimensional (3D) 

substrates, which offer more complex and structured architectures. For example, 3D-printed 

electrodes, which leverage additive manufacturing techniques to create customized electrode 

structures with periodic pores or channels. By exploring and utilizing these diverse substrate 

geometries, researchers can optimize electrode/device design and functionality to meet specific 

requirements and improve the performance of high-rate water splitting.
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Table 2. Summary of superwetting electrodes developed for high-rate water splitting.

Substrate/Electrode Electrode architecture Electrolyte Reaction
Current density 

(mAcm-2)
Overpotential 

(mV)
Ref.

Pt foil Superaerophilic/superaerophobic cooperative electrode 0.5 M H2SO4 HER 471 300 85

NiFe LDHs on Ni plate Superaerophilic/superaerophobic cooperative electrode 1.0 M KOH AWE 500 - 86
2D

Co-Ni phosphide/spinel 
oxide on Ti plate

Nanowires and nanosheets 6.0 M KOH
zero-gap 

AWE
3500 1020 77

CoMoSx Hierarchical micro-/nanostructures 1.0 M KOH AWE 500 660 87

NiMo alloy film and NiFe-
LDH film 

Hemispherical structure (NiMo) and nanoplates (NiFe-
LDH)

6.0 M KOH AWE ＞400 670 58

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ 
(PBSCF)-Ni3S2

Heterodimensional nanostructure 1.0 M KOH AWE 1000 563 88

CoMoSx on Ni foam Nanosheet 1.0 M KOH AWE 500 660 89

3D porous CoxP Ordered nanoarray 1.0 M KOH HER 200 272 90

NiP2@MoO2/Co(Ni)MoO4 Bouquet-like core–shell cuboid array 1.0 M KOH HER 1000 297 91

NiMoO4@NiFeP Nanoarray structure 1.0 M KOH AWE 500 700 92

Polyethyleneimine 
hydrogels

Polyethyleneimine hydrogels coating 1.0 M KOH HER 500 608 93

3D Ni 
foam

Ni2P nanoarray Nanowires 1.0 M KOH HER 1500 368 94

MoNi4-MoO2/3DP Ni||NiFe 
LDH/3DP Ni

Hierarchical porous structure 1.0 M KOH AWE 500 400 95

Anisotropic porous NiMo Anisotropic porous structure 1.0 M KOH HER 500 ∼150 96

Carbon-doped NiO Nanorods on periodic lattice structure 1.0 M KOH AWE 850 970 37

Ni nanocones Nanocones modified lattice structure 1.0 M KOH AWE 910 1220 81

3D-
printed

Porous nickel-based alloy Porous structure 1.0 M KOH AWE 500 - 97
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4.1 2D Substrates

The Yan group developed a superaerophobic heterostructured catalyst composed of Ni2P-

CoP phosphide and NiCo2O4 spinel oxide on a nickel sheet.77 The phosphide provided 

hydrophilicity and activity for both OER and HER, while the spinel oxide, after oxidation, 

contributed superaerophilicity and OER activity. The morphology of the hybrid catalyst was 

optimized to form low density nanosheet bundles (BS-1), which showed high wettability with 

a water contact angle of 0°. Compared to NF, the hybrid catalyst showed reduced bubble 

adhesion at various HER current densities (Figure 3a). The catalyst was then incorporated into 

a zero-gap alkaline water electrolyzer (AWE) using 6.0 M KOH. At 85 °C, as shown in Figure 

3b, the cell achieved a current density of 3500 mA cm-2 at 2.25 V and remained stable after 

330 hours at 85 °C at a current density of 2000 mA cm-2. The cell also exhibited a less 

significant increase in ohmic resistance with rising current density compared to the cell with 

NF electrodes. The enhancement was attributed to the reduced bubble adhesion, which 

dominates ohmic overpotential at high current densities. 

The Jiang group developed a strategy of using superaerophobic/superaerophilic 

(SAB/SAL) electrode to enhance mass transfer for HER.98 As shown in Figures 3c-f, the 

electrode features alternating stripes of Pt decorated with superaerophilic SiO2 nanoparticles 

and superaerophobic nanostructured pine-shaped Pt on a titanium sheet (SAL/SAB Pt). During 

HER, the superaerophilic stripes form a gas cushion that acts as a diffusion channel for H2 

bubbles, promoting rapid bubble transport through asymmetric Laplace pressure. Additionally, 

these gas cushions, connected to ambient air, provide a shorter diffusion path for H2 gas 
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generated in solution, leading to more efficient diffusion and lower H2 concentration near the 

electrode. As shown in Figure 3g, this enhanced H2 bubble transfer improves the HER 

performance of SAL/SAB Pt in an acidic electrolyte. The Jiang group further developed a 

similar superaerophobic/superaerophilic patterned electrode for overall water splitting using 

NiFe layered-double-hydroxides (LDHs).86 The electrode, consisting of alternating stripes of 

superaerophilic SiO2 nanoparticles and superaerophobic NiFe-LDHs on a nickel plate, 

functions as both the anode and the cathode in overall water splitting, achieving a current 

density of 500 mA cm-2 at around 2.4 V in 1.0 M KOH.

Figure 3. (a) Comparison of surface bubbles on the NF and BS-1 electrodes at various HER 

current densities. (b) Overall water splitting performance of NF and BS-1 electrodes using a 

zero-gap AWE at 85 °C. Reproduced from ref. 99 with permission from Wiley, copyright 2022. 

(c-f) Optical images and schematic illustrations of H2 bubble behavior on the four different 

electrodes. (g) Linear sweep voltammograms (LSV) of the four HER electrodes. Reproduced 

from ref. 85 with permission from Science, copyright 2023.
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4.2 3D Ni Foam Substrates

2D electrodes, characterized by their flat and planar structures, offer simplicity in design 

and ease of fabrication, making them ideal for fundamental studies and applications. However, 

their limited surface area constrains the number of active sites, reducing efficiency at higher 

current densities. Furthermore, gas bubbles formed during electrolysis tend to adhere to the flat 

surface, increasing mass transport resistance and diminishing performance under practical 

conditions. 2D electrodes are simple in design and easy to fabricate, making them ideal for 

fundamental studies and some applications. However, their limited surface area restricts the 

number of active sites, reducing efficiency at higher current densities. Additionally, gas 

bubbles formed during electrolysis tend to adhere to their flat surfaces, increasing mass 

transport resistance and diminishing performance under practical conditions.

In contrast, 3D electrodes, with their high surface area, provide a significantly greater 

number of active sites. Porous nickel foam (NF) is a widely used commercial electrode for 

alkaline water splitting due to its low cost, stability, and scalability.100,101 The addition of 

superaerophobic catalysts to the NF surface provides an effective pathway for developing 

effective superwetting electrodes. For example, the Jiang group developed a 

superhydrophilic/superaerophobic CoMoSx chalcogel on NF for overall water splitting.87 They 

attributed the electrode’s superaerophobicity to its hierarchical micro/nano structure, which 

created a discontinuous TPCL between bubbles and the electrode surface. This reduced contact 

area allowed for faster bubble release (Figures 4a-c). Additionally, the amorphous morphology 

of CoMoSx provided abundant active sites and defects, enhancing catalytic activity. The 
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electrode achieved a current density of 500 mA cm-2 at 1.89 V in 1.0 M KOH and maintained 

this performance for over 100 hours (Figure 4d). Similarly, the Yu group developed a Ni2P 

nanoarray catalyst on NF (Ni2P/NF) for HER.94 This catalyst’s morphology, consisting of Ni2P 

nanosheets uniformly distributed on Ni2P nanowire arrays, turned the electrode into a 

superaerophobic surface, which facilitated rapid bubble release (Figure 4e). The Ni2P/NF 

electrode achieved high HER current densities of 1000 and 1500 mA cm-2 at overpotentials of 

306 and 368 mV, respectively. When paired with a NiFe-LDH anode for overall water splitting, 

the device outperformed the combination of traditional noble metal catalysts Pt/C and Ir/C at 

high current densities (Figure 4f). The catalyst remained stable at 1200 mA cm-2 for 160 hours, 

with no changes in structure or phase observed after testing.

Figure 4. Digital images showing bubbles released from (a) NF, (b) Pt/C , and (c) CoMoSx/NF 

during HER at a current density of 200 mA cm-2. Scale bars are 0.5 mm. (d) LSV for 

CoMoSx/NF, MoSx/NF, IrO2-Pt/C, and NF electrodes at a scan rate of 5 mV s-1. Reproduced 
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from ref. 87 with permission from Wiley, copyright 2019. (e) Digital images of hydrogen 

bubbles on NF and Ni2P/NF. (f) LSV of the catalysts at a scan rate of 10 mV s-1, with the inset 

showing EIS Nyquist plots of the catalysts at 1.7 V. Reproduced from ref. 102 with permission 

from ACS, copyright 2019.

The Park group developed a bifunctional superaerophobic/superhydrophilic 

heterostructured catalyst on NF designed for high-rate water splitting.88 The catalyst is 

composed of one-dimensional (1D) Ni3S2 nanorods, which are coated by zero-dimensional (0D) 

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (PBSCF) nanoparticles, as shown in Figure 5a. This unique 

morphology enhances the availability of active sites at the exposed regions of the 

heterointerface regions, enabling a high electrochemical active surface area (ECSA). 

Additionally, this increased exposure of active sites provides an effective pathway for mass 

transfer at the TPCL. As a result, the catalyst promotes enhanced bubble release, with bubbles 

detaching from the PBSCF-Ni3S2 electrode with a smaller average diameter of 83.6 μm, 

compared to 392.6 μm for NF and 187.4 μm for Ni3S2 (Figures 5b-g). The PBSCF-Ni3S2 

catalyst achieved a current density of 1000 mA cm-2 at 1.793 V (Figure 5h) and demonstrated 

stability for 500 hours at a current density of 500 mA cm-2 (Figure 5i), with no noticeable 

degradation or change in morphology, chemical composition, crystal structure or bonding. In 

a different approach, the Ryu group introduced a method to impart superaerophobicity to 

various electrodes by coating them with a porous polymeric hydrogel.93 Substrates, either NF 

or flat Pt, were first functionalized with amine groups, and then coated by crosslinking with 
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polyethyleneimine (PEI). The coating’s pore size, porosity and superaerophobicity were 

controlled by varying concentrations of PEI. Concentrations between 2.0% and 7.3% PEI 

resulted in a porous network structure, with pore size and porosity decreasing as PEI 

concentration increased (Figures 5j-m). The 2.0% PEI electrode exhibited the highest 

aerophobicity, with a bubble contact angle of 153.7° (Figure 5n), likely due to the 

agglomeration of PEI and the covering of hydrophilic amine groups at higher PEI 

concentrations. This electrode also demonstrated the best HER performance, outperforming 

other HER electrodes at high current densities (Figure 5o). The structural stability of the 

hydrogel-modified electrodes was confirmed with repeated CV cycles and 

chronopotentiometry tests (Figure 5p). The 2.0% PEI hydrogel maintained its 

superaerophobicity and porous structure after testing at 500 mA cm-2 for 20 hours (Figure 5q).
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Figure 5. (a) SEM image of PBSCF-Ni3S2. Images of the generated bubbles on (b) NF, (c) 

Ni3S2, and (d) PBSCF-Ni3S2. Dashed circles represent the gas bubbles produced. Bubbles size 

distributions in (e) NF, (f) Ni3S2, and (g) PBSCF-Ni3S2. (h) LSV of PBSCF-Ni3S2∥PBSCF-

Ni3S2 and Pt/C∥IrO2 coupled electrodes for overall water electrolysis in 1.0 M KOH. Dashed 

lines indicate cell voltages at 100 and 500 mA cm-2. (i) Stability test of PBSCF-Ni3S2∥PBSCF-

Ni3S2 and Pt/C∥IrO2 at a constant current density of 500 mA cm-2. Reproduced from ref. 88 

with permission from ACS, copyright 2024. SEM images of (j) Bare NF, (k) PEI-0.5%, (l) PEI-

2.0%, and (m) PEI-7.3%. (n) Air contact angles of the NF-based electrodes. (o) LSV of various 

HER electrodes (without iR correction). (p) Chronopotentiometry of bare and hydrogel-

modified NF electrodes at 500 mA cm-2 for 20 h without external convection. (q) SEM images 

of the hydrogel-modified NF electrodes after the stability test, with the inset showing air 

contact angles. Reproduced from ref. 93 with permission from Wiley, copyright 2022.

4.3 3D-Printed Substrates

Additive manufacturing, commonly known as 3D printing, enables the creation of 

advanced electrode architectures, enhancing the performance of electrochemical devices.103-107 

The complex architecture of NF, with disordered pore sizes and irregular spatial distribution, 

can hinder efficient gas removal at high current densities, thereby limiting performance. 3D 

printing techniques present a promising solution to these challenges by enabling the fabrication 

of electrodes with well-defined, ordered architectures. This approach allows precise control 

over channel design, optimizing reactant flow and gas bubble transport to enhance mass 

Page 21 of 50 Nanoscale



transport and overall performance. Moreover, the flexibility of 3D printing makes it possible 

to customize 3D electrode structures for specific operational requirements. Almost any 

electrode geometries can be realized through computer programming.108 Additionally, 3D 

printing technology supports a wide range of materials, including polymers, metals and metal 

oxides, carbon, and ceramics.109,110 The highly automated manufacturing process and 

straightforward synthesis routes also help reduce the cost of production compared to traditional 

methods. Various 3D-printing techniques are currently available, including direct ink writing 

(DIW),111 selective laser sintering (SLS),112 fused deposition modeling (FDM),113 selective 

laser melting (SLM),113 digital light processing (DLP),114 and binder jetting (BJ).115 

Kou et al. developed catalyst-decorated 3D-printed Ni lattice-based electrodes (3DPNi) 

using the DIW technique for AWS. These electrodes feature periodic channels and open 

structures that effectively suppress gas bubble coalescence, jamming, and trapping, resulting 

in more efficient gas bubble transport and release compared to NF-based electrodes with 

randomly distributed pores (Figures 6a and 6b).37 Simulation studies (Figures 6c-e) reveal that 

the critical bubble size (dc) at which bubbles become trapped in the porous medium is larger 

in the periodic 3DPNi electrode (dc = 29) compared to the NF structure (dc = 20). As shown 

in Figures 6h and 6i, the 3D-printed Ni lattice-based electrode exhibits superior HER and OER 

performance, particularly at high current densities. This enhanced performance was attributed 

to its periodic channels that enable smoother bubble transport and release. 

Building on this, recent innovations have further explored the role of 3D-printed electrode 

geometry in optimizing gas removal and overall efficiency. For instance, the Proost group 
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developed tailored 3D-printed electrodes with various geometries, such as Gyroid, Fischer-

Koch, and Schwarz CLP structures (Figure 6j).116 These geometries, characterized by their 

zero-mean curvature, are ideal for enhancing gas removal due to their three-dimensional 

periodicity. A key advantage of these designs is the ability to independently adjust porosity, 

which affects the available surface area, and pore size or flow channel dimensions, which 

influence bubble entrapment. Computational models reveal that different electrode geometries 

create distinct flow patterns. For example, as displayed in Figure 6k, Gyroid and Fischer-Koch 

structures induce lateral flow mixing, leading to increased pressure drop at a constant vertical 

velocity, which may encourage bubble coalescence. In contrast, the Schwarz structure, with its 

unique symmetry along one axis, directs flow vertically, reducing pressure drop. This 

characteristic suggests that the Schwarz geometry may be the most effective among the 

analyzed structures, given its inherent high permeability and notable flow sensitivity, offering 

the highest electrocatalytic efficiency for AWS (Figure 6l).
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Figure 6. High-speed camera images of (a) C-Ni1-xO/NF and (b) C-Ni1-xO/3DPNi electrodes 

during overall AWS. Scale bars are 2 mm. Structure model of (c) 3DPNi and (d) NF. (e) 

Relative bubble migration time through 3DPNi and NF as a function of bubble diameter, 

determined by time to cross the central plane of the structure (units are dimensionless). (f, g) 

Simulation frames showing the shape of a bubble (d = 20) during transport in (f) 3DPNi and 

(g) NF. The arrow in the inset of (g) highlights an interaction with the NF surface, which causes 

bubble deformation. LSV of C-Ni1-xO/NF and C-Ni1-xO/3DPNi collected in 1.0 M KOH at a 

scan rate of 0.1 mV s-1 for (h) HER and (i) OER. Reproduced from ref. 37 with permission 

from Wiley, copyright 2020. (j) Examples of triply periodic minimal surfaces (TPMS) 

geometries, all with a lattice size of 8 mm and a t parameter of 0.26. Arrows indicate the 

direction of forced electrolytic flow. (k) Velocity streamlines for structures with the same 

theoretical surface area (32 cm2) and porosity (61%) in Schwarz: L = 4 and t = 0.18; Gyroid: 

L = 3.94 and t = 0.34; and Fischer–Koch: L = 6.5 and t = 0.25 structure. (l) Flow sensitivity at 

a projected current density of 0.4 A cm-2 for structures with a measured ECSA around 100 cm2 

(Gyroid: L = 4 mm, t = 1.2; Fischer-Koch: L = 8 mm, t = 0.7; Schwarz: L = 4 mm, t = 0.26). 

Reproduced from ref. 116 with permission from Wiley, copyright 2023.

The Huang group utilized DLP technology to construct a 3D porous nickel structure (3DP 

Ni) with a precisely designed periodic arrangement and unique surface chemistry.95 As shown 

in Figures 7a-d, the average diameter of bubbles formed on the 3DP Ni surface is significantly 

smaller (d(average) = 13 μm) compared to those on NF (d(average) = 500 μm), with a reduced 
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number of bubbles as well. The macroscopic ordered pores in the structure facilitate rapid 

bubble evolution and release (Figures 7e-l), while the microporosity contributes to a high 

ECSA. As previously discussed, lateral mixing can promote bubble coalescence, so structures 

like gyroids that can direct flow are preferred. This design enhances the efficiency of 

continuous gas evolution reactions in industrial production. When further loaded with MoNi4 

and NiFe LDH active materials, the 3DP Ni structure achieves low overpotentials of 104 mV 

for the HER and 310 mV for the OER at a current density of 500 mA cm-2. Additionally, they 

demonstrated a fully 3D-printed electrolyzer using 3DP Ni composite electrodes (Figure 7m). 

The device achieved a low overpotential of 1.63 V and maintained performance at a high 

current density of 500 mA cm-2 for 1000 hours (Figure 7n).

Architected electrodes have also been used in seawater electrolysis to promote catalyst-

electrolyte interaction and gas bubble releasing. The Lu group used DIW technology to print 

two 3D electrodes with different internal porous channel structures, utilizing distinct NiMo-

based nanostructures: nanorods and nanospheres. They printed both anisotropic (3DP NiMoAS) 

and isotropic structures (3DP NiMoIS) (Figures 7o and 7p).96 The 3DP NiMoAS maintained a 

long-range ordered structure under well-controlled processing parameters. This unique 

structure allowed nearly all electrocatalysts within the internal space to participate in the 

reaction driven by capillary pressure, while also facilitating rapid electrolyte-hydrogen phase 

conversion during electrochemical reactions. When the 3DP NiMoIS was used as the cathode, 

hydrogen gas bubbles were released only from the electrode surface (Figure 7r). In contrast, 

for the 3DP NiMoAS electrode, a larger number of bubbles emerged from the tip region (Figure 

Page 25 of 50 Nanoscale



7q ). The obtained 3DP NiMoAS exhibited superior electrocatalytic performance and excellent 

long-term operational stability, with an extremely low overpotential of 150 mV at a current 

density of 500 mA cm-2 in 1.0 M KOH seawater (Figure 7s).

Figure 7. SEM images of (a) a 3DP Ni and (c) a NF electrode. Optical microscope images 

showing the bubble evolution behavior at the same voltage for the (b) 3DP Ni and (d) NF 

electrodes. Camera images of bubble release from (e-h) 3DP Ni and (i-l) NF structures at 

different time intervals. Red and blue dotted lines highlight the first and second bubbles, 

respectively. (m) Digital images of the fully 3D-printed electrolyzer, showing the membrane 

separating hydrogen from oxygen during water splitting. (n) LSV of MoNi4-MoO2/3DP 

Ni||NiFe LDH/3DP Ni and MoNi4-MoO2/NF||NiFe LDH/NF devices for overall water splitting. 

Reproduced from ref. 95 with permission from ACS, copyright 2023. (o, p) Schematic 

diagrams illustrating the preparation of 3DP NiMoAS and 3DP NiMoIS, respectively. (q, r) 

Digital images of 3DP NiMoAS and 3DP NiMoIS electrodes captured during the HER process. 
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The marked potentials are versus RHE. (s) LSV for HER of 3DP NiMoAS and 3DP NiMoIS. 

Reproduced from ref. 96 with permission from Elsevier, copyright 2023.

While the 3D-printed electrodes promote gas bubbles releasing from porous structures, 

they are not helping on the bubble nucleation and detachment. To address the issues of bubble 

detachment during AWS, Ren et al. successfully enhance the wettability of a 3D-printed Ni 

lattice electrode by decorating it with Ni nanocone (NC) structures (Figures 8a-d), thereby 

facilitating gas bubble detachment.81 As shown in Figures 8e and 8f, BCA measurements reveal 

that, compared to a flat Ni electrode (134.6°), the nanocone-modified Ni electrode exhibits 

superaerophobic properties with a contact angle of 151.8°. The rough structures significantly 

reduce the hydrogen gas bubble detachment time on the NC-decorated electrode to 3.05 ± 6 s, 

compared to 56.90 ± 26.18 s on the flat surface). Additionally, the gas bubble detachment size 

on the NC-modified electrode (97 ± 42 μm) is significantly smaller than that on the flat Ni 

electrode (379 ± 121 μm), with a similar trend observed for oxygen gas bubbles (Figures 8g-

j). Significantly, the NC surface modification approach was also successfully applied on the 

3D-printed nickel lattice (Lattice_NC). As shown in Figures 8k and 8l, the Lattice_NC shows 

substantially reduced HER and OER overpotentials at 1000 mA cm-2 compared to the pristine 

lattice (Lattice). The electrolyzer, assembled with two Lattice_NC electrodes, retains over 95% 

of its performance after testing at approximately 900 mA cm-2 for 100 hours, demonstrating 

excellent electrochemical durability.
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Figure 8. Schematic illustrations show bubble contact angle, area and evolution on (a) a smooth 

Ni surface and (b) a NC-modified Ni surface. SEM images of (c) Foil and d) Foil_NC. Scale 

bars are 1 µm. Digital images showing air contact angles on (e) Foil and (f) Foil_NC. 

Histograms illustrate the distribution of (g, h) bubble detachment time (Td) and (i, j) detachment 

size (Dd) on Foil and Foil_NC substrates. LSV of Lattice and Lattice_NC electrodes collected 

in 1.0 M KOH at a scan rate of 0.1 mV s-1 for (k) HER and (l) OER. Reproduced from ref. 81 

with permission from Wiley, copyright 2023.

In a membrane electrolyzer, the gas diffusion layer (GDL) position between the catalyst 

layer (CL) and the flow field plate plays a vital role in removing gas bubbles. Efficient bubble 

escape within the GDL significantly reduces the dead volume of gas products and decreases 
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gas saturation at the GDL/CL interface, thereby retaining bubble formation in the CL.117,118 

Thanks to advanced 3D printing techniques, the geometry of the GDL can be precisely tailored 

to optimize mass transport. 

The Zhuang group developed a Ni GDL (GDL3D print) with straight-through pores and 

a three-dimensional periodic structure using the DIW technique (Figure 9a).119 In a pure-water-

fed anion exchange membrane water electrolysis (AEMWE), the GDL3D print achieved an 

industrial current density of 1000 mA cm-2 at 1.8 V, compared to 2.0 V required for a NF 

electrode to reach the same current density (Figure 9b). Using an in-situ high-speed camera 

(Figure 9c), it was observed that the average size of bubbles released from the GDL3D print 

surface (450 μm) was considerably smaller than those from the NF surface (600 μm on average) 

at 1000 mA cm-2. The GDL3D print also improved bubble release dynamics, allowing oxygen 

bubbles to fully detach from its surface within 0.05 s, while NF required more time. Adhesion 

measurements showed that the bubble adhesion force on NF was 19.7 μN, approximately three 

times higher than that on the GDL3D print (6.3 μN). The higher hydrophilicity and 

aerophobicity of the GDL3D print reduce the contact area between bubbles and the GDL 

surface, resulting in a lower adhesion force (Figures 9d-g), which explains the smaller bubble 

detachment diameter on the GDL3D print compared to NF. Furthermore, the Zhuang group 

used DIW technology to 3D print Ni GDLs with various grid sizes: 40, 100, 240, 380, and 440 

μm (Figure 9h).120 Among these, the grid size of 240 μm (Ni-240) demonstrated the best 

AEMWE cell performance (Figures 9i-k). High-speed camera observations, shown in Figure 

9l, provided statistical results of bubble detachment diameter and bubble residence time for 
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different GDLs with various grid sizes. For example, the diameter of bubbles released from Ni-

440 was 304 ± 77 μm, while it was 788 ± 152 μm for Ni-40 at a current density of 1000 mA 

cm-2. The bubbles residence time was 57 ± 24 ms on Ni-40 but mostly only 10 ms on Ni-440. 

Additionally, bubbles release from the electrode with the 440 μm grid size without contacting 

the grids, indicating that the contact area can be zero when the grid is sufficiently large, 

resulting in almost zero adhesion. However, this also leads to lower catalyst utilization due to 

higher in-plane electrical resistance, which explains why Ni-240 provides the best cell 

efficiency by balancing mass transport and catalyst utilization.

Figure 9. (a) Optical microscope images of GDL3D print. (b) performance comparison curves 

of pure-water-fed AEMWE between NiFe/GDL3D print and NiFe/NF at 80 °C. (c) Schematic 

of an AEMWE with a high-speed camera and an in-situ observation system. Size distribution 
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statistics of oxygen bubbles released form (d) NF and (e) GDL3D print in an operating 

AEMWE at 1000 mA cm-2. Insets show the corresponding images of bubbles from NF and 

GDL3D print. Adhesion force measurement of oxygen bubbles on (f) NF and (g) GDL3D print. 

Insets show the corresponding images of bubble contact angles and liquid contact angles. 

Reproduced from ref. 119 with permission from Elsevier, copyright 2023. (h) Schematic of the 

preparation process for 3D printed Ni GDLs. (i) LSV and (j) performance comparison of 3D 

printed GDLs with different grid sizes in pure water at 80 °C. (k) Conductivity comparison of 

the catalyst layer and 3D printed GDLs with different grid sizes. (l) Photos of bubbles released 

from 3D printed Ni GDLs with different grid sizes, observed in a circular pore of an operating 

AEMWE at 1000 mA cm-2, (a1, b1) Ni-40, (a2, b2) Ni-100, (a3, b3) Ni-240, (a4, b4) Ni-380, 

and (a5, b5) Ni-440. (c1-c5) Size distribution statistics of oxygen bubbles released form 3D 

printed Ni GDLs with different grid sizes. (d1-d5) Time distribution statistics of bubbles 

growth and detachment on the surface of 3D printed Ni GDLs with different grid sizes. 

Reproduced from ref. 120 with permission from Wiley, copyright 2023.

Furthermore, by leveraging 3D printing techniques, the water electrolyzer device can be 

optimized to improve efficiency through enhanced mass transport and ion diffusion. Ren et al. 

recently developed a novel device featuring 3D interpenetrating gyroid electrodes using DLP 

technology, specifically designed to improve mass transport and ion diffusion in overall 

AWS.121 This innovative configuration includes two intertwined bicontinuous struts with 

smoothly curved surfaces, promoting efficient bubble evacuation (Figures 10a-c). The use of 
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two lattices with opposite chirality enables the creation of an interpenetrating topology. The 

open structure of each single electrode in this compact design ensures rapid bubble release. The 

3D interpenetrating gyroid device (3DIG) achieves an ultrahigh current density of 1000 mA 

cm-2 at 2.85 V, outperforming a control device with two separate 3D gyroid electrodes (3DG), 

which only reaches 225 mA cm-2 at the same voltage (Figure 10d). This performance 

enhancement is attributed to the reduced distance between the electrodes in the 3DIG device. 

Electrochemical Impedance Spectroscopy (EIS) analysis confirms that the 3DIG exhibits lower 

solution (Rs) and charge transfer resistance (RCT), facilitating ion diffusion and enhancing 

reaction efficiency (Figures 10e and 10f).

Figure 10. Schematic illustration of (a) a 3DIG device and (b) a 3DG device. (c) SEM image 

of the 3DIG device, showing its thickness and the pore size. (d) LSVs of 3DIG and 3DG, 

collected in 1.0 M KOH at a scan rate of 1 mV s-1. Histograms display the (e) RS and (f) RCT 
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values for both 3DIG and 3DG at voltages corresponding to a current density of 10 mA cm-2. 

Reproduced from ref. 121 with permission from ACS, copyright 2024.

5. Conclusion and Outlook

This review highlights the significant advantages of integrating superwetting strategies 

with architected electrodes to tackle the issues of bubble formation, detachment and transport 

for high-rate water splitting. We have summarized recent works to showcase various 

approaches and their effectiveness. These electrodes possess unique properties that enhance 

both the efficiency and stability of the water-splitting process, making them highly promising 

for industrial applications. Despite these advancements, there remain several promising 

directions for further exploration.

First, stability is a crucial factor when evaluating electrode materials for high-rate water 

splitting. These systems must reliably operate over extended periods−often thousands of 

hours−under harsh conditions such as elevated temperatures, pressure, strong acidic or alkaline 

electrolytes. Maintaining stability, both electrochemical and mechanical, is critical. Electrode 

materials must be robust and resilient to withstand these demanding conditions without 

significant degradation in electrochemical performance. Advanced electrode materials, such as 

3d transition metal oxides and hydroxides, have shown promise due to their abundance, great 

stability, and tunable structure.122-124 Moreover, superwetting properties are typically related to 

electrodes’ nanostructured surface features such as nanoflakes and nanocones. While these 

nanostructures enhance the electrode/water interaction and facilitate gas bubbles detachment, 
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they often undergo surface reconstruction during water splitting process.125,126 Electrode 

wettability can degrade over time due to structural deterioration under harsh electrolytic 

conditions. Prolonged exposure to reactive intermediates and gas bubbles can alter surface 

properties, leading to reduced electrolysis and bubble mitigation efficiency. Advanced 

electrode designs have been investigated to improve wettability retention during extended 

operation. For example, superwetting electrodes with nanostructures have demonstrated 

enhanced stability and sustained superaerophobic properties.25 Additionally, durable surface 

coatings, such as corrosion-resistant hydrophilic polymers, can minimize degradation, while 

adaptive wettability features that dynamically adjust to operational conditions offer promising 

solutions.93 Among these advancements, 3D-printed electrodes stand out for their unique 

benefits. Their ordered channels and customizable surface properties enhance electrolyte flow, 

promote efficient gas bubble releasing, and maintain wettability during prolonged operation.37 

For superwetting electrodes, ensuring that these materials retain their superwetting properties 

and structural integrity throughout the water splitting process is vital for efficient gas bubble 

removal and overall system performance. 

Second, the use of 3D printing technology to optimize electrode structure for gas bubble 

detachment and release is highly desirable. The 3D-printed Schwarz structure, for example, 

shows great potential for efficient gas diffusion. Nanostructuring to enhance aerophobicity 

further aids in controlling bubble dynamics. Combining 3D printed geometries with 

superwetting surface design can significantly improve the efficiency of high-rate water splitting 

by facilitating both gas bubble detachment and transport. Advancements in 3D printing and 
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computational simulations can accelerate the development of optimized superwetting electrode 

materials and customized electrolyzer devices, enhancing overall performance and durability. 

Third, observing bubble behavior under industrial operation conditions using in-situ 

techniques is crucial for understanding the mechanisms governing bubble evolution and 

interface chemistry. First, it is essential to observe bubble formation and dynamics under 

varying current densities. Besides, industrial water splitting typically occurs at higher 

temperatures (80 °C) and pressures (several hundred psi),128-132 which are significantly 

different from the experimental settings commonly reported in literature. Elevated 

temperatures enhance reaction kinetics and reduce the overpotentials required for HER and 

OER, thereby improving catalytic activity. However, high temperatures also present challenges, 

including material degradation through corrosion and loss of structural integrity. To address 

these issues, superwetting electrodes must be fabricated using thermally stable materials 

capable of maintaining performance under such conditions. Similarly, elevated pressures 

introduce mechanical stress, increasing the risk of deformation or cracking. Materials with 

strong mechanical properties are crucial to ensuring electrode stability. While higher pressure 

reduces bubble size, it can also increase bubble adherence to the electrode surface, potentially 

hindering gas release. Additionally, porous or layered electrode architectures can balance mass 

transport, mechanical robustness, and thermal expansion. These designs help accommodate the 

stresses induced by high temperatures and pressures, ensuring sustained performance under 

industrial operating conditions.
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Fourth, seawater, constituting over 96% of Earth's water, is an abundant resource, making 

it a promising candidate for large-scale water electrolysis. The principles of electrode design 

are similar for seawater electrolysis; however, seawater electrolysis poses additional challenges 

compared to freshwater electrolysis. Seawater contains high concentrations of salts and 

impurities, particularly chloride ions (Cl⁻), which drive the chlorine evolution reaction at the 

anode. This reaction produces chlorine gas, compromising the stability of both the catalyst and 

the electrolytic cell. Additionally, cations such as Ca²⁺ and Mg²⁺, along with microbial 

impurities, can accumulate on the electrode surface, forming fouling layers that diminish 

efficiency. To address these issues, it is crucial to develop superwetting electrodes and catalysts 

with high selectivity for the OER and long-term stability to mitigate the effects of Cl⁻ at 

industrially relevant current densities.

Finally, beyond scientific and technological challenges, economic considerations are 

crucial for developing superwetting electrodes. It is essential to evaluate the costs associated 

with the production processes, including raw materials, electrode fabrication including the 

architected electrode and superwetting surface features, and energy consumption during 

electrochemical reactions. Efforts to develop inexpensive and efficient fabrication processes is 

critical to ensure large-scale and sustainable implementation of superwetting electrodes for 

water splitting technologies.
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