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Abstract

:

Water splitting is widely acknowledged as an efficient method for hydrogen production. In recent years, significant research efforts have been directed towards developing cost-effective electrocatalysts. However, the management of bubbles formed on the electrode surface during electrolysis has been largely overlooked. These bubbles can impede the active sites, resulting in decreased catalytic performance and stability, especially at high current densities. Consequently, this impediment affects the energy conversion efficiency of water splitting. To address these challenges, this review offers a comprehensive overview of advanced strategies aimed at improving catalytic performance and mitigating the obstructive effects of bubbles in water splitting. These strategies primarily involve the utilization of experimental apparatus to observe bubble-growth behavior, encompassing nucleation, growth, and detachment stages. Moreover, the review examines factors influencing bubble formation, considering both mechanical behaviors and internal factors. Additionally, the design of efficient water-splitting catalysts is discussed, focusing on modifying electrode-surface characteristics. Finally, the review concludes by summarizing the potential of bubble management in large-scale industrial hydrogen production and identifying future directions for achieving efficient hydrogen production.
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1. Introduction


With increasing global concern over climate change and environmental degradation, there is a growing shift away from traditional fossil fuels towards cleaner and renewable energy sources [1,2,3]. Hydrogen, as a renewable and clean energy alternative, holds significant promise in replacing fossil fuels [4,5]. Water splitting emerges as one of the most environmentally friendly and sustainable methods for hydrogen production. However, the efficiency of water splitting crucially depends on the development of electrocatalytic materials [6,7,8]. The core of water electrolysis lies in the electrochemical reactions occurring at the electrode surfaces. At the cathode, water is reduced to hydrogen gas, while at the anode, water is oxidized to oxygen gas [9]. These reactions lead to the formation of hydrogen and oxygen gases at the electrode surfaces, which are eventually released in the form of bubbles. When gases diffuse and accumulate near the electrode surfaces in the electrolyte, initial nucleation of bubbles occurs [10,11,12]. Once bubbles form, they continue to grow within the electrolyte until they reach a sufficient size to be released from the electrode surfaces. The growth rate of bubbles depends on gas-diffusion rates, electrolyte-flow conditions, and electrode-surface properties. When bubbles reach a critical size, they are released from the electrode surfaces and rise to the electrolyte surface due to buoyancy. Upon release into the electrolyte, bubbles gradually dissolve as a result of gas diffusion [13,14,15,16]. The surface characteristics of electrodes play a pivotal role in the formation and release of bubbles during electrolysis, particularly under high current density conditions [17,18]. The accumulation of bubbles on electrode surfaces hinders active sites, thereby impacting catalytic performance and stability [19]. Bubbles can impede the mass transfer of reactants to the electrode surface, especially when they form a gas film [20,21,22]. Additionally, the formation of large bubbles or air pockets in the electrolyte disrupts the uniformity of the electrolyte solution. Bubbles can hinder effective contact between electrodes and electrolytes during electrolysis, leading to a decrease in the rate of electrochemical reactions and thus affecting water-splitting efficiency. Additionally, bubbles may cause instability in gas-liquid two-phase flow, resulting in uneven distribution of the flow field inside the reactor, thereby affecting the performance and stability of the reactor. This uneven distribution can lead to localized changes in reactant concentration and pH, thereby affecting the kinetics of electrochemical reactions [23,24,25,26,27]. Moreover, bubble growth and detachment can lead to the loss of active species, further compromising electrocatalyst performance.



In recent years, research efforts have increasingly focused on developing electrocatalysts with reduced bubble adhesion. There are several strategies to reduce bubble adhesion. One approach is to modify the surface properties of electrocatalysts to alleviate bubble adhesion. This can be achieved by applying hydrophobic or superhydrophobic coatings to the surface [28]. These coatings exert a repulsive force on bubbles, preventing them from adhering to the electrode surface. Additionally, surface-roughening techniques, such as electrodeposition or etching, can be used to create micro or nanostructures, thereby minimizing the contact area with bubbles [29,30,31,32]. Another strategy involves carefully selecting electrode materials with intrinsic properties that deter bubble attachment. For instance, materials like graphene and carbon nanotubes exhibit low surface energy and high conductivity, making them less prone to bubble adhesion [33,34,35,36]. Similarly, transition metal oxides and sulfides are being investigated for their fouling-resistant properties, which can reduce bubble adhesion. Furthermore, designing nanoscale features on the electrode surface, such as nanopores or nanowires, provides an effective means to reduce bubble adhesion. These nanostructures form a barrier that limits bubble attachment and facilitates their detachment from the electrode surface [37,38]. However, synthesized electrocatalysts’ surface properties under high current density have not yet met the rigorous requirements for large-scale practical applications [39,40]. Improving the electrochemical performance of nanostructured electrocatalysts under high current density and implementing effective strategies to address bubble accumulation on electrode surfaces are imperative to maintaining catalyst activity.



In this review, we discuss intrinsic methods for observing bubble-growth behavior, such as the high-frequency impedance method and the time-varying potential method. We also examine the influence of physical, mechanical, and internal factors on bubbles, and systematically discuss the impact of altering catalyst surface characteristics on bubble detachment, including the design of electrocatalysts with superhydrophobicity and superhydrophilicity. Additionally, centralized bubble separation and transportation strategies are summarized, followed by insights into future development directions. This review contributes to advancing strategies for efficient bubble management in water electrolysis, thereby facilitating large-scale hydrogen production.




2. Bubble-Behavior Monitoring


The bubbles formed during the water-splitting process significantly impact the efficiency and performance of electrochemical reactions. Adverse effects of bubbles, such as excessive overpotential and unstable currents, can result in energy efficiency losses, blockage of active sites on electrode surfaces due to bubble adhesion, and physical degradation of catalysts caused by increased bubble size leading to tensile forces [41]. The lack of real-time bubble detection presents a significant challenge to improving electrolysis efficiency. Therefore, the development of effective bubble-characterization strategies is crucial for optimizing the electrolysis process. Experimental strategies include direct observation of bubble formation, growth, and detachment on electrode surfaces using techniques such as high-speed imaging, scanning electron microscopy (SEM), and atomic force microscopy (AFM) [42]. In situ monitoring methods, such as impedance monitoring, in situ monitoring, and current monitoring, can provide real-time data on bubble dynamics during electrolysis. Undoubtedly, these monitoring techniques exhibit limitations. High-frequency impedance bubble monitoring, for instance, may lack the sensitivity required to detect bubbles accurately, potentially resulting in the oversight of tiny bubbles. Furthermore, environmental factors can significantly interfere with the precision and stability of high-frequency impedance bubble monitoring [43,44,45]. In microfluidic systems, the rapid movement and dispersion of bubbles due to the high speed of liquid flow pose additional challenges to monitoring efforts. Additionally, the high cost associated with the preparation and operation of microfluidic reactors restricts their widespread adoption in practical applications, necessitating a high level of technical expertise and operational experience to operate them effectively. The effectiveness of monitoring results obtained through chronopotentiometry is heavily reliant on electrode performance, which may vary under different conditions [46,47]. Similarly, SPRi technology, while promising, typically requires some time to capture images and perform analysis, rendering it difficult to monitor bubbles in instantaneous or rapidly dynamic processes, particularly in scenarios with high bubble concentrations or rapid dynamic changes. By comprehensively analyzing the advantages and disadvantages of various monitoring technologies, it is imperative to select monitoring techniques judiciously to enhance monitoring efficiency and ensure reliable results [48]. By integrating experimental and theoretical methods, a comprehensive understanding of the dynamic characteristics of bubbles in water electrolysis can be achieved, facilitating the development of efficient electrolysis systems for hydrogen production.



2.1. Operando Monitoring by Single High-Frequency Impedance


The development of efficient electrolysis systems for hydrogen production necessitates a comprehensive understanding of bubble dynamics. Traditional characterization methods, such as visual observation and gas analysis, have limitations in providing real-time quantitative data on bubble evolution [49,50]. High-frequency impedance spectroscopy offers unique advantages in this regard, allowing for continuous monitoring of bubble behavior. The formation of bubbles during water electrolysis alters the electrochemical-reaction conditions at the electrode surface, thereby affecting the overall electrochemical behavior of the electrolysis process and causing changes in system impedance. Through the analysis of impedance spectra, information regarding bubble size, distribution, and dynamics can be extracted. High-frequency impedance spectroscopy (HFIS) provides a powerful and versatile method for characterizing bubble behavior in water electrolysis. It enables real-time quantitative analysis of bubble dynamics and is an important tool for advancing the development of efficient hydrogen-production technologies.



As shown in Figure 1a, the amplitude of resistance fluctuation indicates the non-periodic impact of bubble evolution on the electrode surface. It is observed that a higher amplitude correlates with an increased quantity of bubbles, accompanied by a decrease in the rates of both growth and detachment from the electrode surface. The behavior of these bubbles is influenced by the electrode structure. Additionally, the nanostructured surface of NF exhibits a multi-directional hierarchical structure, which plays a key role in creating gas-repellent surfaces and manipulating bubbles. The effect of surface wetting and anisotropic morphology on gas-bubble evolution (GBE) was monitored by single-frequency impedance [51]. With desirable super-wettability, Ni(OH)2@N-NiC/NF heterogeneous layered nanostructured electrodes showed significantly improved alkaline hydrogen evolution reaction (HER) performance (Figure 1b). Subsequently, investigations were conducted into the release rate of bubbles and the quantity of bubbles generated per unit time from different electrodes. As depicted in Figure 1c,d, bubbles on the three-dimensional surface of Ni(OH)2@N-NiC/NF disperse rapidly, whereas there was no apparent bubble dispersion during the early stages of HER for Ni(OH)2/NF at low and medium potentials. The number of bubbles captured per unit time from the Ni(OH)2@N-NiC/NF electrode significantly exceeds that of the Ni(OH)2/NF electrode, as shown in Figure 1e,f. Figure 1g shows a significant reduction in dynamic resistance changes for Ni(OH)2@N-NiC/NF at a fixed 20 kHz single-frequency impedance and a current density of −100 mA cm−2. In order to validate the functionality of the single high-frequency impedance for bubble management during the HER process, electrochemical monitoring of GBE was further investigated in an anion-exchange membrane (AEM) water electrolyte (Figure 1h). The method of real-time monitoring GBE was studied in an AEM water electrolysis cell setup, as shown in Figure 1i. In conclusion, tracking dynamic resistance changes at the optimal high-frequency with minimal phase provides a universal alternative approach for operational GBE monitoring in water-electrolysis processes. This method of monitoring GBE is particularly suitable for practical water electrolysis applications, where optical visualization may be limited, and can aid in optimizing electrode performance and stability.




2.2. Operando Monitoring by Chronopotentiometric


Traditional methods for bubble characterization often lack temporal resolution and may not capture transient events. The timing potential method addresses these limitations by providing time-resolved data on bubble dynamics [52]. This method involves periodically measuring the potential of the working electrode during electrolysis. Changes in potential over time reflect the formation and behavior of bubbles on the electrode surface. By analyzing the timing of potential changes, valuable information about bubble nucleation, growth, and detachment can be obtained [53]. The timing potential method can also be combined with other techniques, such as high-speed imaging, to provide complementary information on bubble characteristics [54]. This method offers a valuable approach for characterizing bubbles in electrolysis processes. Its ability to provide time-resolved data makes it a powerful tool for advancing the understanding of electrolysis processes and optimizing hydrogen production technologies.



Chronopotentiometry is a technique based on the relationship between current and time. By observing the change of current with time, information related to the kinetics of electrochemical reactions can be obtained. Chaewon Song et al. successfully synthesized fibrous tubular RuxCrO1−xy by electrostatic spinning and optimized calcination atmosphere condition steps, demonstrating excellent catalytic activity and OER durability over a wide range of pH values while maintaining the unique morphology. In particular, the fibrous RuxCrO1−xy structure in the tube efficiently promotes bubble dynamics by enabling easy detachment of the evolved O2 bubbles [55]. The different bubble growth/desorption characteristics of the RuxCrO1−xy_n series during OER were investigated as shown in Figure 2. Ru/RuO2 exhibited a severe positive potential drift with irregular fluctuations suggesting an irregular O2 generation/desorption cycle (Figure 2a). RuxCr1−xOy_5 (Figure 2b) also showed a positive potential drift, implying that the OER was interrupted by a rather slow O2 desorption, where the O2 production/desorption cycle was similar to that of RuxCrO1−xy_50. RuxCrO1−xy_20 in Figure 2c also shows insignificant overall potential changes, while the potential amplitude is very small at high frequencies. This suggests that at RuxCr1−xOy_20, O2 bubbles are easily detached and the O2 generation/desorption cycle is more regular. Compared to RuxCr1−xOy_20, RuxCr1−xOy_100 (Figure 2d) showed slower bubble kinetics, resulting in longer bubble generation and desorption cycles. Among the materials tested, RuxCr1−xOy_20 demonstrated the most promising characteristics for OER performance, primarily due to its distinctive thin-shell-with-a-core structure. This configuration offered advantages not only in terms of external surface area but also in the interface between the shell and core, enabling efficient oxygen evolution and easy release compared to alternative structures. For bubble monitoring, characteristic changes in the current signal are produced when bubbles are generated or disappear. This is because the formation or disappearance of bubbles alters the mass transfer on the electrode surface, which affects the electrochemical reaction rate and hence the current signal. In conclusion, the chronopotential method, as a sensitive, fast, and reliable technique, has been widely used in the monitoring and research of gas bubbles. Through this method, we can gain a deeper understanding of the process of bubble generation and disappearance.




2.3. Operando Monitoring by a Microfluidic Reactor


Microfluidic reactors provide a flexible and precise platform for controlling reaction conditions [56,57]. However, the generation and behavior of bubbles in gas-liquid phase reactions have a significant impact on reaction outcomes [58]. Therefore, the development of bubble characterization strategies suitable for microfluidic environments is crucial. Experimental methods for bubble characterization in microfluidic reactors include high-speed imaging, laser scanning confocal microscopy, and flow cytometry [59,60]. These techniques enable real-time observation of bubble formation, evolution, and motion trajectories, providing intuitive data for research. Numerical simulation methods involve establishing mathematical models of microfluidic reactors to simulate gas-liquid phase flow and mass transfer processes, predicting bubble generation and behavior [61,62]. Numerical simulation methods play a pivotal role in the research and design of microfluidic reactors, particularly in understanding the dynamics of gas-liquid phase flow and mass transfer processes, as well as predicting the generation and behavior of bubbles. These mathematical models typically involve solving a set of partial differential equations, such as the Navier–Stokes equations for fluid flow, the convection-diffusion equation for mass transfer, and the Young–Laplace equation for interfacial tension [63,64]. Given the presence of gas-liquid interfaces and bubble formation in microfluidic reactors, accurate modeling of multiphase flow is indispensable. These multiphase flow models elucidate phenomena such as bubble coalescence, breakup, and deformation under different flow conditions. Additionally, numerical simulation can predict the mass transfer rates between the gas and liquid phases, as well as the dynamic behavior of bubbles within microfluidic reactors [65,66]. This approach offers an in-depth understanding of the dynamic behavior of bubbles in microfluidic reactors, supporting experimental design and result interpretation. Bubble characterization strategies in microfluidic reactors comprehensively reveal the generation, evolution, and influencing factors of bubbles [67].



In order to study the two-phase countercurrent mechanism inside the anode PTL and its impact on the performance of PEM electrolytic cells. Xu et al. designed a microfluidic reactor with an oxygen evolution reaction boundary to simulate the through-plane PTL of PEM electrolytic cells (Figure 3a). As depicted in Figure 3b, the evolution of gas phase saturation in the PTL under various current densities is illustrated [68]. With increasing current density, gas saturation rises more rapidly and exhibits a greater frequency of fluctuations. At lower current densities, gas saturation approaches zero. The applied voltage curve and average voltage under different flow rates at a high current density of 1000 mA cm−2 are shown in Figure 3c. As the flow rate increases, bubbles can be removed quickly with the liquid, which greatly reduces the mass-transfer resistance. As a result, the average voltage between the working electrode and counter electrode decreases with the flow rate. It can be observed from Figure 3d that with an increase in flow rate, the amplitude of voltage fluctuations decreases. At lower flow rates, bubbles tend to move slowly within the flow channel after separating from the PTL, impeding liquid transfer, and resulting in high mass transfer resistance. As the flow rate rises, bubbles are swiftly carried away with the liquid, thereby, significantly reducing mass-transfer resistance. Consequently, owing to the diminished mass-transfer resistance, the average voltage between the working electrode and the counter electrode declines as the flow rate decreases. In conclusion, the microfluidic reactor in conjunction with a high-speed camera enables real-time visualization, quantitative analysis, and insight into bubble-fluid interactions.




2.4. Operando Monitoring by Electrochemical Surface Plasmon Resonance Imaging


Surface plasmon resonance imaging (SPRi) technology provides a powerful method for monitoring bubbles. This technique relies on the principle of surface plasmon resonance, where changes in the refractive index at the surface of a thin metal film result in alterations in the intensity of reflected light [69]. When applied to bubble detection, SPRi can detect changes in the refractive index caused by the presence of bubbles near the metal surface. SPRi offers several advantages for bubble monitoring. Firstly, it enables real-time and label-free detection of bubbles without the need for invasive probes or markers [70]. Additionally, SPRi provides high sensitivity and spatial resolution, allowing for the precise localization and tracking of bubbles [71]. Furthermore, SPRi can be used to study dynamic processes such as bubble formation, growth, and detachment in situ. By leveraging SPRi technology, researchers can gain valuable insights into the behavior of bubbles in various applications, including electrolysis processes [72]. This non-invasive and continuous monitoring approach contributes to a better understanding of bubble dynamics and facilitates the optimization of processes involving bubble formation and detachment.



As shown in Figure 4a, the formation of bubbles during electrolysis usually starts from nanobubbles, which generate high internal pressure and additional overpotentials due to their ultra-small size. Therefore, in this study, the formation and growth process of interfacial nanobubbles in the initial hydrogen production reaction was observed using in situ electrochemical surface plasmon resonance imaging combined with atomic force microscopy measurements [73]. As shown in Figure 4b, the electrochemical surface plasmon resonance (EC-SPR) experimental setup was built according to the Kretschmann configuration, where the SPR response (reflectance change) can be obtained from the fully internally reflected light for exploring the behavior of the nanobubbles. As shown in Figure 4c, the coverage of the equilibrium NBs is almost kept at 7 ± 1% at different overpotentials. In addition to more aggregation at higher overpotentials, the main reason for the brightening of the SPR image is the change in NB morphology/height. It was found that the growth of nanobubbles starts with pancake-shaped bubbles, followed by an increase in the coverage area, the formation of roughly fixed three-phase boundaries, and an increase in the contact angle and height. However, after equilibrium is reached, the coverage area remains almost constant. Further increase in overpotential leads to an increase in nanobubble curvature (potential shift) as well as an increase in gas outflow rate, i.e., an increase in background current. In summary, SPRi technology provides a powerful and versatile method for monitoring gas bubbles with real-time, label-free, and high-resolution detection capabilities. It enables researchers to gain insight into the dynamics and behavior of bubbles, facilitating process optimization and the development of new technologies.





3. Factors Influencing Bubble Detachment


There are many factors influencing bubble separation during water splitting. Examples include solution Marangoni convection, surface roughness, aerophobicity, hydrophilicity, and mechanical motion. The solution Marangoni effect arises from the ionic concentration gradient formed during the reaction process, which alters the surface tension of the electrolyte, thus affecting the stability and size of the bubbles in the electrolyte, and hence bubble separation [74]. High current density increases the generation of bubbles and their accumulation on the electrode surface, enhancing the interaction and adhesion forces between bubbles, thus affecting bubble separation. The size and morphology of bubbles affect their buoyancy and surface tension in the electrolyte, thereby influencing their stability and separation behavior [75]. The flow rate and direction of the electrolyte affect the movement and detachment of bubbles in the electrolyte. Higher flow rates promote bubble detachment, while lower flow rates may lead to bubble retention and aggregation [76,77]. In summary, bubble detachment is affected by a variety of factors, including electrode surface properties, electrolyte concentration, current density, bubble size and morphology, and flow conditions. A thorough study of the interactions between these factors is required to optimize the water-electrolysis process and improve the efficiency of hydrogen production.



3.1. Solutal Marangoni Effect Determines Bubble Dynamics during Electrocatalytic Hydrogen Evolution


The Marangoni effect refers to the mass or momentum transfer phenomenon caused by a surface-tension gradient. When a surface-tension gradient exists in a liquid, mass or momentum in the liquid will transfer along the surface-tension gradient, leading to flow. In the process of water electrolysis, the Marangoni effect can influence the movement and detachment of bubbles in the electrolyte [78]. Specifically, the Marangoni effect may affect the stability and trajectory of bubbles in the electrolyte, thereby influencing the bubble-detachment process [79]. When a surface-tension gradient exists, for example, due to temperature differences or the presence of surface-active substances, the trajectory of bubbles may deviate or distort. This alteration in flow patterns can lead to changes in the adhesion force between bubbles and the electrode surface, thereby affecting bubble detachment [80,81]. In summary, the impact of the Marangoni effect on bubble detachment is complex and variable, depending on the strength and direction of the surface-tension gradient and other factors such as temperature changes [82,83]. A deeper understanding of the influence of the Marangoni effect on bubble behavior can help better control bubble formation and detachment in the water-electrolysis process, thereby improving electrolysis efficiency and hydrogen production [84].



In the process of electrochemical water splitting, the coalescence efficiency of microbubbles is related to the Hofmeister series of anions in the electrolyte. As illustrated in Figure 5a, within the H2SO4 electrolyte, individual bubbles form and detach periodically, whereas in other electrolytes, bubble formation and detachment occur non-periodically. When a sufficiently large overpotential is applied, the periodic evolution of individual H2 bubbles can be observed. The overpotential and current for the formation of a single H2 gas bubble gradually increase in the order of H2SO4, HCI, HNO3, and HCIO4 [85]. As shown in Figure 5b, the temperature gradient induces a thermo-Marangoni flow away from the platinum surface area, while the concentration gradient-induced solute Marangoni flow moves away from the platinum surface area with positive surface-tension increments. The concentration gradient-induced solute Marangoni flow counteracts the negative surface-tension increment towards the platinum surface area. The temperature gradient generated by heating can induce a Marangoni flow, and the resulting bubble force moves toward the electrode. As shown in Figure 5c, H2SO4 and HCl were mixed in different proportions, and the higher the surface-tension increment of the electrolyte, the larger the detachment-period value. As shown in Figure 5d, the solute Marangoni effect dominates in the small overpotential region. In conclusion, due to the different surface-tension increments of different electrolytes, the solute Marangoni force acting on individual H2 gas bubbles also varies. Additionally, under most practical current density conditions, the operation of H2 gas bubbles must consider the solute Marangoni effect.




3.2. Effect of Mechanical Vibration and Water Velocity on Bubble Management in PEM Electrolysis Cell


Mechanical vibration can affect bubble detachment by altering the fluid dynamics within the electrolysis cell and the interaction between bubbles and the electrode surface. Water-flow velocity is also a significant factor influencing bubble detachment, as higher flow rates may facilitate easier detachment of bubbles from the electrode surface [86]. Mechanical vibration alters the fluid dynamics within the electrolysis cell, including the flow patterns and velocity distribution. This can impact the adhesion force between bubbles and the electrode surface, thereby affecting bubble detachment. Higher water flow velocities reduce the time bubbles remain attached to the electrode surface, consequently decreasing the adhesion force between bubbles and the electrode surface, making bubble detachment easier [87]. Both mechanical vibration and water-flow velocity can influence the bubble-detachment process, but their specific effects depend on the design parameters of the electrolysis cell, operating conditions, and electrolyte properties.



Di Zhu et al. reported variability in the bubble dynamics and two-phase flow performance of PEMEC at different amplitudes, frequencies, and water-flow rates, and analyzed the correlation between the findings and the electrochemical performance. Firstly, the effect of different amplitudes was observed under operation with a water-flow rate of 10 mL/min and a frequency of 40 Hz. At 0.5 A/cm², an increase in amplitude was associated with an increase in the area ratio of the annular flow, while the area ratio of the bubble flow decreased [88]. With the water-flow rate and frequency fixed, higher amplitude and current density resulted in a higher annular flow-area ratio and smaller bubble formation, which is less likely to produce bubbles (Figure 6a). Additionally, the bubble coverage in the flow channel is depicted in Figure 6b, and the results show that the bubble coverage increases with the increase in amplitude. The bubble coverage in the flow channel increased under vibration conditions compared to no-vibration conditions. This indicates that vertical-sinusoidal vibration can alleviate gas clogging, and the larger the vibration amplitude, the better the relief effect. However, the effect of vibration amplitude on optimizing the electrochemical performance of PEMEC is not infinite. From Figure 6c,d, under constant water-flow rate and amplitude, the area ratio of the annular flow tends to decrease with the increase in frequency, suggesting that the increase in vibration frequency promotes the transformation of annular flow to slug flow and bubble flow. The increase in frequency shortens the cycle time for bubble bursting and gas expulsion, significantly improving performance. However, when the current density is too high, the effect of frequency increase on performance optimization is significantly reduced. Based on constant amplitude and vibration frequency, an increase in current velocity leads to an increase in the proportion of bubble flow. As the bubble volume increases, the shear force generated by the water flow on the bubble increases. When the volume of the bubble reaches a critical value, the bubble is released from its growing position by the sheer force of the water flow. As the velocity of the water flow increases, the thrust force generated by the water flow increases, and the radius of bubble detachment decreases. The increase in water velocity has a significant effect on removing bubbles from the flow path (Figure 6e,f). The electrochemical performance of the electrolyzer was optimized with the increase in amplitude, frequency, and water velocity.




3.3. Effect of Orientation, Rotation, and Sonication on Bubble Management


Orientation force involves applying an external force field to guide the movement of bubbles along specific paths, thereby facilitating bubble detachment from the electrode surface. Rotation alters the fluid flow patterns and distribution of bubbles, making it easier for bubbles to detach from the electrode surface and aiding in their removal from the electrolysis cell [89,90]. Sonication treatment disrupts the adhesion force between bubbles and the electrode surface, promoting bubble detachment [91,92]. Additionally, sonication waves can generate microbubbles and eddies in the liquid, facilitating the expulsion of bubbles from the electrolysis cell. Overall, orientational, rotational, and sonicated treatments affect bubble detachment by altering the interaction between bubbles and the electrode surface. These methods enhance the efficiency of bubble detachment in water-electrolysis processes, leading to improved electrolysis efficiency and hydrogen production rates.



Workers have conducted new research on bubble-removal strategies from the perspectives of catalyst quality and activity, catalyst loss, charge transfer, and reaction overpotential. As the WE direction increases, the mass loss of Ir increases. Changing the WE orientation has a significant impact on OER activity [93]. In addition, the OER activity and Ir loss mechanism of the catalyst can be corrected through rotational speed. As shown in Figure 7a, the bubbles can easily slide on the catalyst surface and merge with other corresponding bubbles. The use of rotating disc electrodes (RDE) not only improved the OER performance of the catalyst but also reduced the overpotential compared to W0. Significant Ir loss may be related to Ir detachment from the surface due to severe rotation. The ultrasonic field significantly improves the OER activity of the electrode, the erosion caused by acoustic cavitation leads to physical detachment of the catalyst layer. As shown in Figure 7b, higher ultrasonic power can more effectively remove surface bubbles, thereby enhancing the quality activity of samples treated with high-power ultrasound. The highest OER activity and suitable charge transfer mechanism are shown. This improvement is maximized when both RDE and ultrasound are used simultaneously. The introduction of ultrasonic fields completely changed the charge transfer mechanism. The shielding effect originates from a thin unstirred layer near the surface of the catalyst, outside which convection cannot accelerate the transfer of mass and charge. This static behavior of the electrolyte leads to the accumulation of bubbles within the Nernst diffusion layer (NDL) layer, trapping them in the porous structure of the catalyst. The increase in the characteristic frequency and the decrease in impedance result in a high rate of charge transfer through the electrical bilayer. In summary, changing the orientation of WE promotes the aggregation and sliding of bubbles, while the rotational convection of WE significantly improves the mass-transfer mechanism. In addition, the application of ultrasonic fields can minimize the screening effect of double layers formed near the catalyst layer.





4. Design of Catalysts to Promote Bubble Detachment


There are several catalyst-design strategies aimed at promoting bubble separation. For instance, fine-tuning the catalyst composition can significantly improve its efficacy. This involves adjusting the ratio of active metals, carriers, and promoters to maximize catalytic activity, selectivity, and stability [94]. Furthermore, modifying the catalyst structure at the nano or micro scale can be instrumental in improving performance. This may entail controlling particle size, morphology, surface area, and pore-size distribution to optimize catalytic activity and enhance the accessibility of active sites [95]. Additionally, introducing functional groups or modifiers on the catalyst surface can augment the interaction between the catalyst and reactants, facilitating the adsorption/desorption process, and thereby improving catalytic selectivity and stability [96]. Moreover, the selection of a suitable support material holds great influence over catalyst performance. Adjusting the surface chemistry, porosity, and mechanical properties of the support can enhance the dispersion, stability, and mass transfer performance of the active components. Continuously exploring and discovering novel catalytic materials, including metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and hybrid materials, can open up new opportunities for improving catalytic performance [97]. Enhancing surface hydrophobicity, controlling microstructure, optimizing active sites, and modifying surface properties are commonly employed strategies. Designing electrode surfaces with high hydrophobicity can reduce bubble attachment and accelerate their rapid detachment. This can be achieved through surface coatings or manipulating the electrode surface structure, including the introduction of hydrophobic functional groups or the fabrication of micro/nanostructured surfaces. Microstructural designs, such as nanopores, micropores, or hierarchical pore structures, optimize bubble-surface interactions by modulating the morphology, structure, and energetic properties of the electrode surfaces, thereby increasing the efficiency of bubble detachment and, consequently, the efficiency and stability of the water-electrolysis process. Optimizing the active sites of a catalyst directly affects aspects of its surface composition, structure, density, and electronic structure, which in turn changes its surface energetic and chemical properties. These changes can significantly impact the catalytic performance and reactivity of the catalyst, enabling precise control and optimization of the catalytic reaction. Modulating the surface-energy distribution on the electrode surface can reduce the ability of bubbles to adhere to the surface. By reducing the surface energy of the area, the interaction force between bubbles and the surface can be minimized, thus decreasing the residence time of bubbles on the surface, and promoting their rapid detachment. In conclusion, by comprehensively considering surface properties, microstructure, active sites, and external field effects, efficient catalysts with good bubble detachment performance can be designed to improve the efficiency and stability of water electrolysis.



4.1. Design of Nanoarrays toward Efficient Electrochemical Water Splitting


The design of nano-arrays plays a crucial role in facilitating bubble separation through a variety of strategies, including increasing surface area, decreasing surface tension, improving hydrodynamics, and enhancing catalytic activity [98,99,100]. Together, these strategies help reduce the adhesion of gas bubbles to the electrode during electrolysis, thereby promoting rapid bubble separation and improving the efficiency and stability of the water-splitting reaction [101,102]. Firstly, the nanostructured surface with more microscopic voids and irregular morphology can reduce the contact area between water molecules and the electrode surface, thus reducing the adhesion of gas bubbles to the electrode surface and promoting bubble detachment [103]. Secondly, the microstructure of the nanoarrays can change the flow pattern of the electrolyte solution, such as increasing turbulence or changing the flow rate distribution, thus affecting the movement and detachment of bubbles [104,105,106]. Finally, the high specific surface area and abundant active sites of the nanoarrays are expected to improve the catalytic activity of the electrochemical reaction, thereby promoting bubble detachment, and facilitating the water-splitting reaction [107,108].



The three-phase contact line (TPCL) affects the attachment and detachment of bubbles to the electrode surface. Inside the TPCL, the bubbles are in direct contact with the electrode surface and the adhesion force is greater, so the bubbles are more likely to attach to the electrode surface. Outside the TPCL, the presence of the liquid medium reduced the contact between the bubbles and the electrode surface, making it easier for the bubbles to detach from the surface. Therefore, modulating the position and characteristics of the TPCL can influence the attachment and detachment process of the bubbles. Nanoarrays exhibit superhydrophobicity and superhydrophilicity properties, which can repel bubbles and further facilitate their effective detachment. Huang et al. utilized phase-field simulations to evaluate the influence of dynamic electrolyte flow on bubble detachment from surface array electrodes. Under static conditions, as shown in Figure 8a, bubbles detach when buoyancy exceeds adhesion forces, and shear forces generated by the electrolyte flow also contribute to bubble detachment [109]. As shown in Figure 8b, as the surface roughness increases, the contact angle between bubbles and solid surfaces significantly increases, exhibiting superhydrophobicity and significantly reducing contact area and adhesion, thereby promoting bubble separation, and reducing bubble size during separation. The interaction between buoyancy and adhesion between the bubble and the substrate affects the desorption of the bubble [110]. The depth of bubbles and conical decorative surfaces is shown in Figure 8c, the interlayers in LFA provide continuous and ordered microchannels for bubble transport, showing a dynamically adaptive characteristic upon bubbling. The mirror-symmetrical and parallelly layered fern-like structures in the LFA electrode facilitate bubbles releasing along the direction of buoyancy throughout the interlayers [111]. This process of facet engineering, transforming NF into nickel foam with mountain-shaped nanostripes (NFMN), is schematically represented by the pink arrow route in Figure 8d [112]. The best strategy for the enhanced HER activity of the super-hydrophobic Ni-80 catalyst is shown in Figure 8e [113]. In conclusion, employing micro- and nanostructures to adjust the morphology and roughness of the catalyst surface, as well as transforming it into a more hydrophobic feature, can increase the water contact angle of the surface. Consequently, this reduces the adhesion of gas bubbles on the surface, facilitating rapid bubble separation and enhancing the efficiency and stability of the water-decomposition reaction. In summary, nanoarray design is of great significance for achieving efficient water decomposition and can provide guidance for catalyst design. Nanoarrays can provide a large amount of active surface area, allowing the water-decomposition catalyst to adsorb water molecules more efficiently and perform the reaction [114]. In addition, the nanoarray design can precisely control the distribution and structure of the active site of the catalyst, so as to achieve the regulation of reaction activity and selectivity. The density and distribution of catalytic active sites can be optimized and the activity and stability of catalysts can be improved by rational design of nanostructures [115].




4.2. Enhancing Catalyst-Carrier Interface Binding


By designing electrocatalysts with hydrophobic surfaces or micro/nanostructures, the adhesion force of bubbles to the surface can be reduced, thereby facilitating the rapid detachment of bubbles [116]. This helps decrease the time bubbles remain on the electrode surface, thus improving the efficiency of the electrolysis process. Introducing strong binding forces at the catalyst-carrier interface enhances the stability and durability of the catalyst [117]. While this may increase the adhesion force of bubbles to the carrier surface, optimizing the interface structure can minimize hindrance to the catalyst’s active sites, ensuring long-term stable operation. Combining the strategies of weak bubble adhesion and strong catalyst-carrier interface binding allows for effective control of the bubble detachment process, enhancing bubble separation efficiency, reducing interference from bubbles in the electrolysis process, and thereby improving the efficiency and stability of the water splitting reaction.



At high current densities, the detachment of many bubbles creates a strong electrocatalyst-bubble adhesion force. When it is greater than the bonding force between the electrocatalyst and the support, it causes the electrocatalyst to detach. Therefore, it is important to improve the mechanical stability of the electrode by enhancing the adhesion force between the electrocatalyst and the support and weakening the interfacial force between the electrocatalyst and the bubbles [118]. Heming Liu et al. reported a mechanically stable, all-metal, highly active CuMo6S8/Cu electrode constructed through an in situ reaction between MoS2 and copper. As depicted in Figure 9a, during the annealing process, copper atoms react with MoS2, undergoing an in situ transformation to form the Chevrel phase CuMo6S8. This transformation effectively eliminates Schottky barriers formed prior to annealing and enhances electron transfer from the support to the electrocatalyst. Figure 9b illustrates the variation in the onset potential of the CuMo6S8/Cu electrode. This difference arises from the stripping process of the electrocatalyst, where a larger difference indicates more pronounced stripping. The region with small differences below 0.05 V predominantly encompasses the CuMo6S8 electrode. This finding suggests that CuMo6S8/Cu electrodes exhibit strong mechanical stability and form a robust interfacial bond through chemical covalent bonding compared to conventional adhesives. As shown in Figure 9c, CuMo6S8 detaches from the support at a load of 1.15 N, whereas Pt/C detaches at a load of 0.58 N. The CuMo6S8/Cu electrodes also exhibit greater stability than conventional electrodes. The enhanced interfacial bonding and reduced interfacial adhesion of the electrocatalyst bubbles contribute to the mechanical stability and performance of CuMo6S8/Cu electrodes at high current densities. Figure 9d shows that the initial potentials of Pt/C and CuMo6S8/Cu electrodes are −86 mV and −165 mV, respectively, relative to the reversible hydrogen electrode (RHE), confirming the reliability of the TIR imaging method. Figure 9e displays the active sites for HER on the three main crystallographic planes of CuMo6S8 and their corresponding free-energy diagrams. The adsorption of free energy of H* (ΔGH*) serves as a rational description of HER activity. An ideal HER electrocatalyst should have a moderate ΔGH* close to 0 eV. To sum up, CuMo6S8/Cu features a strong electrocatalyst-support binding force and a weak electrocatalyst-bubble adhesion force. The homologous metal double interface electrode can effectively utilize the high electrical conductivity and catalytic activity of the metal to improve the rate and efficiency of the water decomposition reaction [119]. In addition, the homologous metal double interface electrode design can not only optimize the electron transport path but also improve the electron transport rate on the electrode surface [120]. It can also enhance the catalytic activity at the interface and promote the adsorption and decomposition of water molecules on the electrode surface [121]. The catalytic activity and selectivity of the catalyst for the water-decomposition reaction can be enhanced by designing the interface structure and the distribution of surface-active sites reasonably.




4.3. Bioinspired Trimesic Acid Anchored Electrocatalysts


The superhydrophobic surface facilitates the timely release of generated oxygen bubbles and protects the structure of the catalyst. The covalent bond coupling between the metal and the coordinating carboxylate prevents the dissolution of the metal species, thus stabilizing the electronic structure through static coordination [122]. Additionally, the unliganded carboxylates formed through dynamic evolution can act as proton ferries to accelerate the kinetics of the oxygen-evolution reaction. Unliganded carboxylates can facilitate the desorption of gas bubbles by modulating surface energy and interfacial activity. When gas bubbles encounter surfaces modified with unliganded carboxylates, their surface tension decreases, making it easier for the bubbles to desorb from the surface. This phenomenon increases the solubility of the gas in the liquid, thereby facilitating the release of the bubbles. Moreover, non-coordinating carboxylates can form an adsorbent layer at the interface, which reduces the nucleation and growth of gas bubbles, thus facilitating the desorption process of gas bubbles [123]. Thus, non-coordinating carboxylates play a role in bubble desorption by modulating surface properties and reducing interfacial energy, thereby facilitating the release of bubbles.



NiFe-LDH exhibits excellent performance in the OER due to its unique two-dimensional lamellar structure and controllable electronic properties. Difficulty in breaking the kinetic bottleneck remains a key factor limiting the activity at high current densities. Therefore, an in-depth understanding of the active site and structural features of LDH is necessary to tailor improved kinetics and stability. Xiaojing Lin et al. reported a sub-sized NiFe-LDH nanosheet catalyst modified with tris hydroxymethyl carbamate acid (SU-NiFe-LDH(TA)). Figure 10a–c shows the contact angle test results for NiFe-LDH@cp, NiFe-LDH(TA)@cp, and SU-NiFe-LDH(TA)@cp. The contact angles of ultrapure water on NiFe-LDH@cp and nfe-ldh(TA)@cp were 18° and 15°, respectively, while the contact angle on su-nfe-ldh(TA)@cp was close to 0°. The smaller nanoplatelet surfaces of su-nfe-ldh(TA)@cp were much rougher and exhibited superhydrophilicity. These apparent changes suggest that the insertion layer formed by cyanuric acid increases the rate of electrolyte diffusion on the surface and between the layers [124]. In addition, the cavitation effect due to bubble rupture can severely damage the nanostructures, and the evolution of bubbles on the electrode surface affects the stability of the structure [125]. Figure 10d–f show the formation and release of oxygen bubbles in 40 s. The bubble adheres firmly to the NiFe-LDH@cp electrode surface and grows into a large 34.67 µm bubble. In contrast, the oxygen bubble is much smaller before escaping from LFE-LDH(TA)@cp and SU-NiFe-LDH(TA)@cp. In particular, the diameter of the oxygen bubble on SU-NiFe-LDH(TA)@cp is smaller. This means that the oxygen bubbles break away immediately after formation, allowing the catalytic site to be re-exposed to the surrounding electrolyte more quickly. The superhydrophobicity and superhydrophilicity of Su-NFel-LDH (TA) @cp accelerate the release and mass transfer of bubbles, thereby improving the activity and stability. The design of the bioinspired trimesic acid anchored catalyst takes into account the selection and fixation of the active group, which can improve catalytic activity and stability. Additionally, the design of the bioinspired trimesic acid anchored catalyst mimics the optimized electron transport pathway found in biocatalysts, thereby increasing the efficiency and rate of the water-decomposition reaction [126]. Bio-heuristically designed catalysts are generally renewable and environmentally friendly, helping to reduce energy consumption and environmental impact [127]. In summary, by simulating the catalytic mechanism in organisms, improving catalytic activity and stability, optimizing electron-transport pathways, and reducing energy consumption and environmental impact, the goal of efficient water decomposition can be achieved, and the development and application of related technologies can be promoted.




4.4. Design of 3D Nano Graded Catalyst Materials


A three-dimensional (3D) crisscross mesoporous design with layered isolation enables bubbles to move freely along interconnected channels, reducing obstruction and increasing the overall transport rate, thereby enhancing diffusion efficiency. Additionally, 3D nanostructures can alter the flow pattern of the electrolyte solution by increasing turbulence or modifying the flow-rate distribution, thereby influencing the movement and detachment of bubbles [128,129]. In conclusion, the utilization of 3D nanostructures can significantly improve bubble-separation efficiency and optimize the water-electrolysis reaction.



Zhenhui Liu et al. have proposed a nanoscale hierarchical strategy to address this issue, employing catalyst carbon supports with 3D interwoven mesopores to facilitate limited mass transport, thereby allowing hydrogen bubbles to diffuse effectively along interconnected pathways [130]. As illustrated in Figure 11a, electrode structures such as catalyst coating membranes, fiber catalyst layers, nanoarrays, and microporous frameworks with ultra-nonwetting surfaces and excellent electrolyte wettability are designed to minimize bubble growth and accelerate separation. However, mass transport cannot be adjusted at the nanoscale. Workers have utilized ordered 3D interconnected sub-5 nm pores to achieve sub-nanometer-constrained mass transport. As shown in Figure 11b, utilizing atomic electron tomography, researchers can observe the rich and ordered mesopore distribution on individual particles of Ru/3d-OMC. This confirms the presence of continuous interconnected mesoporous channels in Ru/3d-OMC. As shown in Figure 11c, the H2 concentration in Ru/2d-OMC is consistently higher than that in Ru/3d-OMC, suggesting that more H2 molecules are blocked in the non-interconnected parallel mesoporous channels of Ru/2d-OMC. The bubbles in the 3D mesoporous channels were able to detach quickly. As shown in Figure 11d, the outlet flux of Ru/3d-OMC is nearly ten times that of Ru/2d-OMC, demonstrating the capability of Ru/3d-OMC to simultaneously transport more H2. In summary, 3D interconnected mesopores offer significant advantages. Introducing appropriately sized and designed micropores to connect mesoporous channels would further enhance the efficiency of H2 transport. Through the nanoscale fractionation-separation strategy, the catalyst structure can be optimized, increasing its surface area and exposure of active sites. This not only enhances the catalyst’s interaction with water molecules but also promotes the water-decomposition reaction [131]. Moreover, it optimizes the path of electron transport within the catalyst and improves the electron transmission rate on its surface. Catalyst strategies such as changing the surface structure, designing catalysts with good structural characteristics, and heteroatom doping can effectively reduce bubble side effects and improve water splitting efficiency. Table 1 lists the performance data of different catalysts using surface structure modification in recent years.





5. Conclusions and Outlooks


In the field of water electrolysis, a thorough investigation into the bubble-detachment process is crucial for enhancing electrolytic efficiency and hydrogen gas yield. Utilizing advanced characterization techniques such as high-frequency impedance spectroscopy, atomic force microscopy, and chronoamperometry, we can monitor the dynamic evolution of bubbles in real-time and non-invasively, providing detailed insights into bubble-detachment behavior. The factors influencing bubble detachment are multifaceted, including fluid dynamics within the electrolyzer, electrolyte properties, and current density. Surface characteristics, electrolyte concentration, bubble size and morphology, and flow conditions all play significant roles in bubble detachment. The interaction between these factors requires further investigation to comprehensively understand the mechanism of bubble detachment. In terms of catalyst design, introducing weak adhesion at the bubble interface and strong bonding at the catalyst-carrier interface is an effective strategy. Designing electrocatalysts with hydrophobic surfaces or nanostructured features can reduce bubble adhesion, thereby facilitating rapid bubble detachment. Meanwhile, introducing strong bonding at the catalyst-carrier interface can enhance the stability and durability of the catalyst, ensuring long-term efficient operation.



Future work should focus on further innovation and improvement of characterization techniques to obtain more precise information about bubble detachment. Moreover, there is a need for in-depth studies on the mechanism of bubble detachment, especially under different process conditions. In catalyst design, a multidisciplinary approach integrating surface properties, microstructure, active sites, and external field effects should be pursued to achieve more effective control over the bubble-detachment process. Through continuous efforts and deep research, we can expect to better understand and control the mechanism of bubble detachment, driving the development of water-electrolysis technology and providing more efficient solutions for sustainable clean energy production.
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Figure 1. (a) Schematic representation of dynamic resistance variation via single frequency impedance. (b) HER polarization curves without ohmic resistance compensation. (c) Ni(OH)2@N-NiC/NF. (d) Ni(OH)2/NF. Contour plots at 0.455V vs. reversible hydrogen electrode (RHE) for. (e) Ni(OH)2@N-NiC/NF and (f) Ni(OH)2/NF. (g) Dynamic resistance variation. (h) Schematic representation and (i) photograph of an AEM water electrolyzer. Reproduced with permission from [51], © 2023 Royal Society of Chemistry. 
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Figure 2. Chronopotentiometric monitoring of generated O2 gas desorption for (a) Ru/RuO2, (b) RuxCr1−xOy_5, (c) RuxCr1−xOy_20, (d) RuxCr1−xOy_100 in 1 M KOH aqueous solution. Reproduced with permission from [55], © 2023 Royal Society of Chemistry. 
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Figure 3. (a) Schematic of through-plane view of the porous transport layer (PTL) in the proton exchange membrane (PEM) electrolyzers. (b) The evolution of gas phase saturation in PTL. (c) The applied voltage between the working electrode and the counter electrode under various flow rates at a current density of 1000 mA cm−2. (d) The average voltage between the working electrode and the counter electrode under various flow rates. Reproduced with permission from [68], © 2023 Elsevier. 
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Figure 4. (a) Schematic illustration of the relation between the free energy of electrode surface bubbles and the overpotentials during gas phase transformation. (b) Schematic diagram of experimental setup for the electrochemical surface plasmon resonance imaging (EC-SPR). (c) Time-dependent evolution of nanobubble (NB) at an overpotential of 50 mV. Reproduced with permission from [73], © 2023 Royal Society of Chemistry. 
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Figure 5. (a) Phase diagram of different gas-bubble-evolution patterns at each condition. The pink circles represent periodic disengagement of large hydrogen bubbles. The light green cross represents aperiodic detachment of small hydrogen bubbles. The light blue box represents the middle state between the first two. (b) The thermal and solutal Marangoni effects on H2 gas-bubble evolution. (c) Enlarged plot of the dashed grey box. (d) Surface-tension-change ratio due to the temperature and ion concentration. Reproduced with permission from [85], © 2023 Nature Publishing Group. 
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Figure 6. (a) Area ratio of flow patterns in different amplitudes. (b) Bubble coverage of proton exchange membrane hydrolysis cell (PEMEC) at different amplitudes. (c) Area ratio of flow patterns in different frequencies. (d) Bubble coverage of PEMEC at different frequencies. (e) Area ratio of flow patterns in different water velocities. (f) Bubble coverage of PEMEC at different water velocities. Reproduced with permission from [88], © 2023 Elsevier. 
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Figure 7. (a) Effects of coalescence and sliding of bubbles in bubble collapse and improving the OER performance for different orientations of the working electrode (WE). The green arrows represent coalescence. The red arrows represent bubbles sliding. The purple arrow represents the formation of the hole. The yellow arrow indicates the thinnest part of the interface film. (b) Schematic of bubble removal using an ultrasonication field by two major effects. The red text refers to the physical power generated by the ultrasonic field. The pink text refers to the coalescence of bubbles. The green text refers to the release of small bubbles. The purple text refers to the contact Angle of the catalyst surface. Reproduced with permission from [93], © 2023 American Chemical Society. 
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Figure 8. (a) Force analysis of a gas bubble on surface-arrayed electrode under static and dynamic conditions. Reproduced with permission from [109], © 2023 Wiley-VCH. (b) Schematic illustration of bubble-contact angle, area, and evolution on an NC-modified Ni surface. α* indicates the apparent bubble contact Angle between the rough surface and the liquid. Reproduced with permission from [110], © 2023 Wiley-VCH. (c) Schematic illustration of the bubble-transport behavior for O2 bubbles in the lamellar fern-like alloy aerogel (LFA). Reproduced with permission from [111], © 2023 Wiley-VCH. (d) Schematic illustration for SCN-guided acid etching of NF. Reproduced with permission from [112], © 2023 Wiley-VCH. (e) Schematic illustration of the H2 bubble-release behavior of the Ni film and the Ni-80 catalysts. Reproduced with permission from [113], © 2023 Wiley-VCH. 
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Figure 9. (a) A schematic showing the preparation process e of CuMo6S8/Cu electrode. (b) The relationships between incident angle, equivalent refractive index, and reflectivity. (c) The statistical data of critical adhesive forces of CuMo6S8 and Pt/C. (d) The relationships between the onset potential of the electrode and light intensity. (e) Gibbs free energy (ΔGH*) variations for HER on best active sites of three facets of CuMo6S8, sulfur site of MoS2 and Pt (111). * represents adsorption free energy. Reproduced with permission from [118], ©2022 Nature Publishing Group. 
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Figure 10. Production and detection of in situ adhesion behavior. (a–c) The contact angle of ultrapure water on NiFe-LDH@cp, NiFe-LDH(TA)@cp, and SU-NiFe-LDH(TA)@cp. (d–f) In situ detection of precipitation behavior of O2 on NiFe LDH@cp, NiFe-LDH(TA)@cp, and SU-NiFe-LDH(TA)@cp at 10 mAcm−2, respectively. Reproduced with permission from [124], © 2023 Nature Publishing Group. 
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Figure 11. (a) Schematic diagrams of H2 gas diffusion on catalyst-electrolyte interface for different types of electrode structures. (b) Schematic diagram of electron microscope tomography. (c) H2 concentration-time curves. (d) Total flux of H2 as a function of time. Reproduced with permission from [130], © 2023 Wiley-VCH. 
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Table 1. Comparison of HER performance on different catalysts.
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	Catalyst
	η@10 mA cm–2 (mV)
	η@100 mA cm–2

(mV)
	η@500 mA cm–2 (mV)
	η@1000 mA cm–2 (mV)
	Tafel Slope

(mV dec–1)
	Ref.





	sFNSNA
	191
	255
	-
	-
	-
	[109]



	LFA
	192
	-
	238
	242
	29.2
	[111]



	NFMN-FeOOH
	-
	-
	308
	-
	36
	[112]



	Ni-80
	135
	271
	-
	-
	-
	[113]



	CuMo6S8/Cu
	-
	-
	-
	-
	32.5
	[118]



	SU-NiFe-LDH(TA)
	219
	-
	-
	-
	31.1
	[124]



	Ru/3d-OMC
	20
	-
	-
	-
	46.68
	[130]
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