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ABSTRACT OF THE THESIS 

 

Study of Bubble Dynamics and Mass Transport in Alkaline Water Electrolysis:  

Insights From Event-Based Imaging 

by 

Jooho Park 

Master of Science in Mechanical and Aerospace Engineering 

University of California, Irvine, 2024 

Professor Yoonjin Won, Chair 

 

 

As green hydrogen becomes increasingly important for advancing carbon neutrality 

today, the need for improving the efficiency of water electrolysis is emphasized.  Water 

electrolysis technologies include anion exchange membrane, proton exchange membrane, 

solid oxide, and alkaline electrolyzers. This research focuses on alkaline electrolyzers. 

Alkaline water electrolysis is the most established technology but still has rooms for 

improvement. A major bottleneck in alkaline water electrolysis is the formation of gaseous 

products during the oxygen evolution reaction. The presence of bubbles on electrodes 

reduces number of active sites, requiring higher overpotential. It has been known that 

proper management of bubble dynamics plays a crucial role in enhancing electrolysis  

performance. Therefore, understanding the dynamics of gas generation from 

electrochemical processes is vital. However, there is still a lack of knowledge regarding 

bubble dynamics that hampers electrochemical reactions at high current densities. The 

knowledge gap derives from the complexity of mass transfer phenomena at high current 

densities and the challenges of examining intense bubble activity at the electrolyte-
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electrode interface. Investigating bubble evolution within porous media has been 

particularly challenging due to the limitations of conventional cameras.  

However, advancements in image sensor technology open up new possibilities for 

unveiling the physics behind these limitations. As one example, event-based cameras utilize 

an advanced imaging technique that mimics the way biological eyes process visual 

information. Leveraging the capabilities of event-based cameras, this study provides an in-

depth analysis of gas bubble generation during electrochemical processes and its impact on 

performance during alkaline water electrolysis. For this, we have explored two types of 

electrodes in this study: flat coppers and porous nickel foams. The findings suggest that 

poor mass transport in porous media may lead to an increase in local current density at 

electrolyte-electrode interfaces, which can interactively have a great influence on bubble 

dynamics and transport. Furthermore, distinct aspects of bubble behaviors at different 

overpotential regions are characterized using quantitative analysis. The observation 

indicates that a decrease in bubble release rate is closely related to the transition  to a mass 

transport-dominated regime, possibly caused by intense coalescence at high current 

densities. Overall, the study has great significance that controlling bubble dynamics during 

the electrolysis process is essential for improving performance by overcoming mass 

transport limitations. 
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Chapter 1: Introduction 

1.1 Introduction to Water Electrolysis 

Global decarbonization today necessitates a stable supply of renewable energy sources, 

such as wind and solar, to ensure a sustainable future. However, their supply can be easily 

influenced by variable environmental conditions. Therefore, it is necessary to have efficient 

energy storage systems to store surplus energy produced during periods of favorable 

conditions. This stored energy can then be used during times when weather conditions 

restrict the conversion of energy [1]. Given that hydrogen has the highest gravimetric 

energy density, approximately 120MJ/kg [2], and is the most abundant element in the 

universe, it is considered a valuable energy carrier. In other words, hydrogen can store and 

deliver significant amounts of energy, making it an efficient option for energy storage and 

transportation. However, pure hydrogen rarely exists in nature. Hence, it needs to be 

extracted and processed from compounds containing hydrogen. According to the Global 

Hydrogen Review 2023 published by the International Energy Agency (IEA), global 

hydrogen production reached approximately 95 million tons in 2022 [3].  

 

Figure 1. Sources of Global Hydrogen Production in 2022 [3]  
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The pie chart in Figure 1 reveals that a significant portion of hydrogen production still 

relies on fossil fuels, accounting for 99%, while only a small fraction around 0.1% comes 

from water electrolysis. Hydrogen has been used in industries, primarily for ammonia 

synthesis. As hydrogen applications gain momentum, the demand for hydrogen production 

is expected to increase by 2% yearly until 2030 [4]. To meet this rising demand, green 

hydrogen production through water electrolysis needs to expand. Water electrolysis is the 

process of generating hydrogen and oxygen by splitting water using electric energy. 

Especially, green hydrogen that can be produced through water electrolysis using 

renewable energy sources, as shown in Figure 2, is considered as a solution for addressing 

global decarbonization challenges and meeting future energy needs. This ha s led to a 

growing interest in improving the electrolysis performance today. 

 

 

Figure 2. Hydrogen Production via Electrolysis Powered by Renewable Energy  
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Water Splitting Reaction 

The water splitting reaction consists of two half-reactions: a reduction reaction at the 

cathode (Eq. (1)) and an oxidation reaction at the anode (Eq. (2)). The overall chemical 

reaction in alkaline water electrolysis is shown in Eq. (3). These reactions generate 

hydrogen and oxygen gas, respectively. 

 

Figure 3. Schematic Diagram of Alkaline Water Electrolysis 

 

- Cathode:  4𝐻2𝑂 + 4𝑒− →  2𝐻2  + 4𝑂𝐻−              Eq. (1) 

Standard state potential: 𝐸∘ = −0.83 𝑉 𝑣𝑠. 𝑅𝐻𝐸          

- Anode:    4𝑂𝐻− → 2𝐻2𝑂 +  𝑂2 + 4𝑒−                        Eq. (2) 

Standard state potential: 𝐸∘ = +0.40 𝑉 𝑣𝑠. 𝑅𝐻𝐸          

- Overall reaction:  2𝐻2𝑂 → 2𝐻2  +  𝑂2                         Eq. (3) 

Equilibrium potential: 𝐸𝑐𝑒𝑙𝑙
∘ = 1.23 𝑉            
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A typical alkaline water electrolysis cell is composed of two electrodes and a diaphragm. 

The electrochemical cell is placed in a concentrated alkaline solution, such as potassium 

hydroxide (KOH) or sodium hydroxide (NaOH). A direct current typically flows through the 

cell, where electrons move from the negative terminal to the cathode. Hydroxide ions 

undergo oxidation at the anode, releasing electrons and generating oxygen gas [5]. At the 

cathode, hydrogen gas is produced as water molecules react with electrons. 

Overall, the water electrolysis process involves the hydrogen evolution reaction (HER) and 

the oxygen evolution reaction (OER).  The standard potentials in alkaline electrolyzers for 

both the HER and OER are −0.83 𝑉 and +0.40 𝑉 at 25℃, respectively.  The equilibrium 

potential for the cell is 1.23 𝑉. Of the two half-reactions, the OER is known to be the 

primary obstacle to improving the efficiency of the water splitting process [6-11]. Hence, 

the study focuses on oxygen gas generation and its impact on electrolysis performance.  
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Types of Water Electrolyzers 

Figure 4 illustrates an overview of four main types of water electrolyzers: (i) alkaline water 

electrolyzer (AWE), (ii) anion exchange membrane water electrolyzer (AEMWE), (iii) 

proton exchange membrane water electrolyzer (PEMWE), and (iv) solid oxide electrolyzer 

cell (SOWE). They are sorted depending on their electrolyte, operating conditions, and their 

ionic agents [12].  

  

Figure 4. Schematic Diagram of Four Types of Water Electrolyzer [13] 

 

(i) The alkaline water electrolyzer (AWE) is the most well-established and successfully 

commercialized technology among the four electrolyzers. It is relatively inexpensive and 

convenient to operate. The electrochemical cell consists of two electrodes separated by a 

gas-tight diaphragm. The cell is immersed in a highly concentrated alkaline solution (e.g. , 
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5M KOH/NaOH). Hydrogen gas is produced at the cathode as water molecule is hydrolyzed. 

Hydroxide anion moves through the diaphragm and recombine on the surface of the anode, 

producing oxygen gas.  The AWEs mostly use PGM-free materials. However, they cannot 

operate under differential pressures and must either be pressurized on both sides or 

maintain hydrogen at ambient conditions. 

(ii) The anion exchange membrane water electrolyzer (AEMWE) is similar to conventional 

alkaline water electrolyzers in terms of its operating principle in an alkaline solution. 

However, unlike the conventional AWE, the cathode and anode in an AEMWE are separated 

by anion exchange membranes instead of diaphragms. In addition, the AEMWE can operate 

in alkaline solutions with concentrations ranging from 0.1 to 1M. However, the membrane 

is unstable, and currently, only few electrolyzer suppliers exist for AEM technology. 

(iii) The PEMWE operates under acidic conditions. Precious metals, such as platinum or 

iridium, are commonly employed as electrocatalysts. Water is oxidized at the anode, 

releasing oxygen, protons, and electrons. The protons move through the membrane to th e 

cathode, where they form hydrogen gas. This technique is commercially available. 

(iv) The solid oxide electrolyzer cell (SOEC) typically utilizes ceramic materials, such as 

yttrium-stabilized zirconia electrolyte (YSZ). The SOEC operates at high temperatures 

between 700 ℃ and 850 ℃. Under these conditions, water steam is fed to the cathode, 

where it reacts to form hydrogen gas. The oxide anions generated in the cathode move 

through the solid electrolyte to the anode. There, they form oxygen gas. The SOEC has 

advanced to the demonstration level for industrial applications [12]. 

 



 

7 
 

Table 1: Comparison of Four Types of Water Electrolyzer [12, 14] 

 Alkaline AEM PEM Solid Oxide 

Electrolyte KOH/NaOH(5M) KOH/NaOH(1M) 
Solid polymer 

electrolyte 
Yttria stabilized 
Zirconia (YSZ) 

Electrode 
Nickel coated 
stainless steel 

Nickel 
Iridium oxide, 

Platinum carbon 
Ni/YSZ Perovskites 

(LSCF,LSM) 

Gas diffusion layer Nickel mesh 
Nickel foam 
Carbon cloth 

Titanium mesh 
Carbon cloth 

Nickel mesh/foam 

Nominal current 
density 

0.2 - 0.8 A/cm2 0.2 – 5 A/cm2 3 – 5 A/cm2 0.3 – 1 A/cm2 

Voltage range 1.4 – 3 V 1.4 – 2.0 V 1.4 – 2.5 V 1.0 – 1.5 V 

Operating 
temperature 70 - 90 °C 40 - 60 °C 50 - 80 °C 700 - 850 °C 

Development status Mature Commercialized Commercialized R & D 

 

Table 1 compares the four types of water electrolysis technologies. They commonly have 

considerable rooms for improvement, although many efforts have been made to elevate the 

energy conversion efficiency. Ideally, if these electrolyzers can operate at high er current 

densities with less potentials, hydrogen production can increase dramatically. The target 

current density for alkaline water electrolyzers by 2050 is approximately 4 A/cm2 [15]. 

Currently, their operating current densities are below 0.8 A/cm2. It seems a long way to go, 

considering the gap between the goal and current conditions. Nevertheless, operating 

current density has increased over the past few years, due to the findings of efficient 

electrocatalysts and advancements in electrode surface engineering. To make hydrogen 

energy more practical and effective, further improvements are necessary. A potential 

avenue to explore for achieving high current densities is controlling bubble dynamics 

during the electrolysis process.  
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1.2 Electrochemical Process Background 

1.2.1 Overpotential 

The water splitting reaction theoretically requires an equilibrium cell voltage, 

approximately 1.23V at 25℃, to break water molecules into hydrogen and oxygen. In 

practice, the required voltage is higher than the theoretical value due to inherent 

resistances in an electrochemical cell. Additional voltage needed on top of the equilibrium 

voltage is defined as overpotential. There are three main components that make up the 

overpotential: activation, ohmic, and mass transport overpotential [10, 16, 17].  

𝜂
𝑜𝑣𝑒𝑟𝑎𝑙𝑙

=  𝜂𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 + 𝜂𝑜ℎ𝑚𝑖𝑐 + 𝜂𝑚𝑎𝑠𝑠  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡                          Eq. (4) 

(i) Activation Overpotential 

The activation overpotential, also known as the kinetics overpotential, arises from 

the energy barrier required to overcome prior to electrochemical reaction. It is 

related to the kinetics of the electron and charge transfer at the electrode surface. 

The activation overpotential can be represented by the Butler-Volmer equation (Eq. 

(6)), which is a simplified form of the Current-Overpotential equation (Eq. (5)) [18-

21].  The Butler-Volmer equation can be divided into two parts: anodic and cathodic 

equations (Eq. (7)) 

𝑗 = 𝑗0 ( 
𝑐𝑜

𝑐𝑜
∗
𝑒

(1−𝛼)𝑛𝐹𝜂
𝑅𝑇 −

𝑐𝑟

𝑐𝑟
∗
𝑒

−𝛼𝑛𝐹𝜂
𝑅𝑇 )                                   Eq.(5) 

𝑗 = 𝑗0 (𝑒
(1−𝛼)𝑛𝐹𝜂

𝑅𝑇 − 𝑒
−𝛼𝑛𝐹𝜂

𝑅𝑇 )                                         Eq.(6) 

                                              



 

9 
 

𝑗𝑎 = 𝑗0𝑒
(1−𝛼)𝑛𝐹𝜂

𝑅𝑇             𝑗𝑐 = −𝑗0𝑒
 
−𝛼𝑛𝐹𝜂

𝑅𝑇                                  Eq.(7) 

where ja and jc are anodic and cathodic current density at each electrode; j0 is the 

exchange current density; 𝑐𝑜  and 𝑐𝑟  are the concentration of oxidant and reductant 

at the electrode surface; 𝑐𝑜
∗and 𝑐𝑟

∗ are the concentration of oxidant and reductant in 

the bulk; 𝛼 is the charge transfer coefficient; n is the number of electrons; F is the 

Faraday’s constant; R is the gas constant; T is the temperature.  

In the Butler-Volmer equation, it is assumed that the concentration near the 

electrode surface is equal to the concentration in the bulk, i.e.  
𝑐

𝑐∗ = 1. This means 

that the rate at which mass is transferred is much faster than the rate of the 

electrochemical reaction. Consequently, the reaction rate is not restricted by the 

mass transfer [5, 18, 22]. The Butler-Volmer equation can be described to the Tafel 

equation (Eq. (8)) in cases where the overpotential is large enough, either in 

cathodic or anodic reactions, to ignore one of the reactions [23].   

𝜂 =
𝑅𝑇

(1−𝛼)𝑛𝐹
log

𝑗

𝑗0
(𝑎𝑛𝑜𝑑𝑖𝑐, 𝑤ℎ𝑒𝑛  𝜂 ≫ 0),  𝜂 =

𝑅𝑇

𝛼𝑛𝐹
log

𝑗0

𝑗
 (𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐, 𝑤ℎ𝑒𝑛 𝜂 ≪ 0)      Eq. (8) 

In the Tafel equation in Eq. (9), the activation overpotential is a function of current 

density and the Tafel slope (b) indicates the electrochemical reaction rate. The 

equation can be estimated by performing Tafel fitting on experimentally measured 

polarization curves [20, 24].  

𝜂
𝑎𝑐𝑡

= 𝑎 + 𝑏 log 𝑗                                                       Eq. (9) 
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(ii) Ohmic Overpotential 

The ohmic overpotential is caused by resistances in electrolyte, electrodes, and 

electric components, including wires and connectors. A significant portion of the 

resistance is attributed to the presence of ionic transfer resistance within the 

electrolyte [5, 11, 19, 20]. The ohmic overpotential follows the Ohm’s law and 

increases linearly with current as described in Eq. (10). 

𝜂
𝑜ℎ𝑚𝑖𝑐

=  𝑖 ∙ 𝑅𝑢                                                       Eq. (10) 

𝑅𝑢 represents the uncompensated solution resistance. This ohmic resistance is 

generally determined by electrochemical impedance spectroscopy (EIS) technique. 

In practice, the ohmic resistance measured by the EIS technique includes all 

resistances by the electrode and the electric components, as well as the electrolyte 

solution [9, 10, 25]. In an electrochemical cell, resistances in the electrode -

electrolyte interface can be described by the Randles circuit in Figure 5. 

 

         Figure 5. Schematic Diagram of Electrochemical Double Layer [5, 7] 

A diagram on the right represents the Randles circuit including an uncompensated solution 

resistance (Ru), a double-layer capacitance (Cdl), and a charge transfer resistance (Rct).  
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Equation (11) below shows the expression for the impedance in the Randles circuit.  

𝛧𝜔 = 𝑅𝑢 + 
𝑅𝑐𝑡

1 +  𝑅𝑐𝑡 𝐶𝑑𝑙(𝑗𝜔)
                                          Eq.(11) 

                                               

where 𝑅𝑢 is the uncompensated resistance; 𝑅𝑐𝑡  is the charge transfer resistance; 𝐶𝑑𝑙  

is the capacitance of the electrochemical double layer; 𝑗 and 𝜔 represent the 

imaginary unit and the frequency of applied potential, respectively. 

The EIS technique inputs alternating potentials with a set amplitude, scanning from 

high to low frequencies. When the frequency (𝜔) is high enough, the denominator in 

Eq (11) becomes negligible and the solution resistance (𝑅𝑢) remains. This method is 

generally used for measuring the solution resistance between the working electrode 

and the reference electrode. 

(iii) Mass Transport Overpotential 

As the electrolysis process proceeds to higher current densities, the electrochemical 

reaction advances to a region where the electrochemical reaction is limited by mass 

transport. In the region, the rate of electrochemical reactions can diminish by the 

reduced rate at which reactants move to the electrode surface and gaseous products 

are removed. This phenomenon causes mass transport overpotential. The mass 

transport overpotential is significantly affected by the concentration gradient of 

reactants. The relationship can be expressed by the Nernst equation as shown in Eq. 

(12) [11, 19, 24].  

𝜂
𝑚𝑎𝑠𝑠  𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡

= 
𝑅𝑇

𝑛𝐹
 ln

𝐶𝑠

𝐶𝑏𝑢𝑙𝑘

                                              Eq.(12) 
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where 𝐶𝑠 and 𝐶𝑏𝑢𝑙𝑘  are the concentration of reactants on the surface and in the bulk, 

respectively.  

It has been known that mass transport to the electrode is influenced by variations in 

reactant concentration and micro-convection caused by bubbles [20, 23]. 

Particularly, previous studies have found that vigorous gas bubble formation has 

adverse effects on the electrolysis performance. Some studies elucidated how gas 

bubbles impact the process and explored new approaches to facilitate bubble 

removal. Iwata et al. (2021) examined the transport overpotential and isolated 

bubble-induced overpotentials using bubble layer thickness and bubble coverage on 

the electrode surface [16]. In many studies, the mass transport overpotential is 

determined by subtracting the activation overpotential and the ohmic overpotential 

from the total overpotential [10, 16]. 

Figure 6 presents a typical polarization curve for alkaline water electrolysis, which exhibits 

three distinct regions: activation overpotential region at lower current density; ohmic 

overpotential region at moderate current density; mass transport overpotential region at 

higher current density. The initial increase in potential results from ion-electron transfer 

kinetics. In the moderate current density region, ohmic overpotential becomes dominant, 

which linearly increases with current according to the Ohm’s law. Finally, when the current 

density reaches a certain point, there is a steep increase in potential due to mass transport 

limitations [20].  
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         Figure 6. Typical Polarization Curve for Water Electrolysis [20]                                        

The curve is divided into three regions by dominant factors in overpotential. 

Understanding each contribution to the overall overpotential is crucial for improving 

electrolysis efficiency. 

 

As mass transport dominates the electrochemical reaction at high current densities, 

electrolysis performance drastically drops. This regime is called the mass transport-

dominated regime and is seen as a main barrier to achieving high efficiency. A key factor to 

consider in terms of electrolysis efficiency is the voltage efficiency, defined as the ratio of 

the thermodynamic voltage (𝑉𝑡ℎ) to the actual cell voltage (𝑉𝑐𝑒𝑙𝑙) [21]. In the mass 

transport-dominated regime, increased overpotentials reduce voltage efficiency. Hence, it 

is crucial to comprehend the physics behind the transition to the mass transport-

dominated regime. However, the exact mechanisms governing this phenomenon remain 

uncovered [26].  
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Other factors influencing electrolysis process includes electrolyte concentration, 

temperature, pressure, electrode’s material, spacing between electrodes, electrical material 

and others [27]. Previous studies have shown that higher cell temperatures  improve ionic 

conductivity and reaction kinetics, resulting in lower overpotential. Furthermore, higher 

pressure of electrolyte can lead to more efficient electrolysis. Closer distances between 

electrodes reduce ionic resistance. In addition, promoting bubble release can lower 

overpotential. Numerous methods have been explored to facilitate the elimination of 

bubbles, such as the utilization of surfactants, superaerophobic surfaces, flow fields, 

magnetic fields, and other techniques [28].  

 

1.2.2 Critical Current Density 

The critical current density is defined as a turning point on a polarization curve where 

mass transport overpotential abruptly becomes significant due to poor reactant transport 

and a sluggish bubble evolution rate. In other words, when current density exceeds the 

critical point in an electrolytic cell, the efficiency of the cell significantly deteriorates 

because vigorous bubble generation acts as an insulating layer over the electrode surface, 

hindering the electrochemical reaction [29]. Thus, the critical current density is considered 

as the upper limit of operation and a key factor in designing electrochemical systems [30, 

31]. Lee et al. (2020) first proposed the concept of critical current density as a performance 

indicator for gas-evolving electrochemical cell, and they experimentally observed the 

presence of a critical current density in porous transport layers [26]. As shown in Figure 7, 

a critical current density is observed prior to reaching a limiting current density. At a 

certain point during the reaction, bubbles begin to get trapped in the porous transport 
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layer, and the bubbles does not sufficiently release. Consequently, as the bubbles cover the 

electrode surface, it becomes difficult for reactants to reach the active surface area for the 

reaction. 

 

Figure 7. Comparison of Limiting and Critical Current Density [26]                                 

The left side of the figure display a polarization curve, highlighting critical current density 

(red) and limiting current density (green). As shown in the right diagram, limiting current 

density is caused by accumulated bubbles within a porous transport layer, hindering the 

accessibility of reactants to the electrode surface. Critical current density arises prior to 

limiting current density, featuring a significant increase in potential. 

 

1.2.3 Limiting Current Density 

While Lee et al. define the limiting current density as the point where reactions completely 

stop due to electrode passivation by accumulated bubbles, the more general term refers to 

the maximum rate of the electrochemical reaction, which is limited by the rate of mass 

transport of reactants to the electrode surface [23, 26]. The rate of the electrochemical 

reaction is affected by the concentration gradient of reactants between the bulk solution 

and the electrode surface. This relationship is described by Equation (13).  
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𝑗 = n𝐹𝑘(𝐶∗ − 𝐶)                                                      Eq. (13) 

where 𝑗 is the current density; n is the number of electrons; 𝑘 is the mass transfer 

coefficient; F is the Faraday’s constant; 𝐶∗ is the concentration of reactants in the bulk; 𝐶 is 

the concentration of reactants at the electrode surface. 

The maximum rate of electrochemical reactions occurs when the 𝐶 approaches zero. At this 

point, the rate at which the reactants are consumed is much faster than the rate at which 

they are replenished at the surface. Thus, the limiting current density (𝑗𝑙) can be expressed 

using Equation (14). Combining the Equation (13) and (14), overall relationship can be 

represented by Equation (15) [23]. 

𝑗𝑙 = n𝐹𝑘𝐶∗                                                           Eq.(14) 

𝐶

𝐶∗
= 1 −

𝑗

𝑗𝑙
                                                           Eq.(15) 

 

1.3 Influence of Bubbles on Water Electrolysis Performance  

In alkaline water electrolysis, oxygen is evolved at the anode. During the process, gas 

bubbles are inevitable products of the reaction. Bubble formation is known to influence the 

electrochemical reaction by covering the effective surface areas, limiting mass transport, 

and increasing resistances. There have been a number of studies investigating the bubble 

impacts and addressing their adverse effects [32]. This section presents widely accepted 

knowledge regarding the influence of bubble generation on electrochemical reactions . 

 



 

17 
 

Gas Bubble Evolution 

The evolution of gas bubble follows three steps as illustrated in Figure 8: nucleation, 

growth, and detachment. Fundamentally, a bubble nucleates when a solution near the 

electrode surface becomes supersaturated with dissolved gas. The supersaturation leve l is 

subject to a variety of factors, such as electrode’s geometry and wettability, current density, 

electrolyte, bubble formation, flow field, and others [19, 32]. While bubbles typically 

nucleate at heterogeneous surfaces, crevices or cavities on the sur face tend to make the 

bubble nucleation easier. After nucleation, the bubble grows by absorbing more dissolved 

gas molecules nearby. As the bubble grows, the buoyant force on the bubble increases. 

When the buoyant force overcomes the adhesion force, the bubble detaches from the 

electrode. Furthermore, several studies have found that the electrostatic force between the 

charged bubble and the electrode can also influence the bubble diameter at detachment, 

forcing the bubble to overcome in addition to the buoyant and adhesion forces [24, 33]. 

Immediately after detachment, the masked surface areas by bubbles are replenished with 

the solution and reactants, along with micro-convection [34, 35]. 

 

Figure 8. Three Stages of Gas Bubble Evolution. This diagram depicts bubble evolution 

process during oxygen evolution reaction: (i) Nucleation, (ii) Growth, (iii) Detachment  
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Bubble Impact on Overpotential 

The impact of gas bubbles during water electrolysis is significant for energy efficiency. 

Much of research has explored the impact of bubbles on overpotential and isolated 

corresponding individual overpotentials, including activation, ohmic, and mass trans port 

overpotentials. For example, Iwata et al. (2021) measured the thickness of bubble layers on 

the electrode and the bubble coverage to estimate bubble-induced overpotentials [16]. 

Dastafkan et al. (2023) demonstrated that a higher surface coverage by bu bbles causes an 

increase in ohmic overpotential [36]. Although there are still ongoing studies to 

comprehend the exact mechanisms, the commonly accepted knowledge behind this 

phenomenon is presented here. First, bubbles attached to the electrode surface reduce the 

active surface area for reactions. Additionally, the attached bubbles cause a localized 

current density distribution [37]. Second, departing bubbles interrupt the delivery of 

hydroxide ions from the cathode to the anode, and creates voids within the solution. As a 

result, departing bubbles worsen the electrolyte’s conductivity and increase the ohmic 

overpotential, particularly in systems using a porous mesh as catalyst layer. Finally, it is 

known that the bubble emergence reduces the gas supersaturation level near the electrode 

surface, promoting mass transport. In addition, departing bubbles induce convection and 

turbulence, enhancing mass transport [24]. Numerous studies have sought to manage these 

bubble behaviors in favorable ways for electrolysis, such as increasing the number of 

nucleation sites, reducing the bubble departure size, and accelerating the bubble release 

rate [11]. However, further investigation is needed to optimize the bubble dynamics during 

water electrolysis.  
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Chapter 2: Methodology 

2.1  Experimental Setup and Procedures 

Figure 9 shows a picture of the complete experimental configuration for a membrane -less 

electrochemical cell, designed for studying gas-evolving reactions in alkaline water 

electrolysis. This setup was used for all electrochemical measurements and bubble 

dynamics studies. The oxygen evolution reaction was investigated using a potentiostat (SP -

300, BioLogic). The electrochemical reaction rig comprised a three-electrode cell, which 

included an acrylic chamber with a lid and a Teflon base. The working electrod es (WE) 

were positioned in the middle of the cell and connected to a wire that passed through a 

hole at the bottom of the Teflon base. They were placed approximately 3  cm away from 

both the reference electrode (RE) and the counter electrode (CE). 

  

Figure 9. Experimental Setup for Three-Electrode Cell. The main components include a 

LED light source, a Biologic SP-300 potentiostat, an electrochemical rig, and an event-based 

camera. 
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All experiments were performed in a quiescent electrolyte (potassium hydroxide) at room 

temperature and atmospheric pressure. The electrolyte concentration was 0.2M KOH and 

1M KOH, prepared by dissolving KOH pellets (Fisher Chemical) in 300 ml of deionized  

water. Prior to the experiments, the solution was purged with nitrogen gas for 10 -15 

minutes to ensure its purity. The reference electrode was a mercury/mercury oxide 

electrode (EF-1369, BASi Research Products), and the counter electrode was a nickel shee t 

with a thickness of 1 mm and a purity of 99.96% (MXBAOHENG). The nickel sheet was 

customized to a dimension of 1cm×8 cm, thereby ensuring sufficient capacity to support 

high currents, in consideration of the surface area of the working electrode.  

2.2  Preparation of Samples 

In this study, nickel and copper served as the working electrode. The samples were 

prepared in the following types: (i) porous nickel foam, (ii) copper plate, and (iii) copper 

wire. Prior to conducting experiments, all samples underwent a process of sonication in 

ethanol to remove contaminants and oxide layers on the surface. Subsequently, they were 

washed in deionized water and dried using an airflow.  

(i) Porous Nickel Foam 

Porous nickel foam was employed to observe and analyze the behavior of bubbles as 

they form and move through its porous structure. Commercial porous nickel foam 

(thickness 1.6mm, porosity 97%, pore size ~0.25mm, 110 PPI, MSE Supplies) was 

used as the working electrode (WE). The samples were sandwiched between two 

glass slides to enhance the visualization of bubbles inside the electrodes. They were 

then securely fastened within a laser-printed acrylic holder using PTFE screws and 
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nuts. The entire assembly was oriented vertically and stabilized with silicone sealant. 

Additionally, the nickel foam sample was connected to a wire by compressing the 

holder, and the wire exposed to the electrolyte were shielded by a layer of liquid 

insulating tape to mitigate current leakage. As shown in Figure 10, the sample's front 

and back sides were covered with glass slides in order to prevent the formation of 

bubbles in the gap between the nickel foam sample and the glass slides. This ensured 

that the observation was solely focused on the bubbles within the porous structure.  

 

Figure 10. Porous Nickel Foam Sample Mounted in an Acrylic Holder 

(ii) Copper Plate 

Copper plate was employed as the working electrode to investigate electrochemical 

gas bubble generation on a flat surface. The copper sample was prepared by cutting 

copper tape into dimensions of 10 mm x 5 mm x 0.5 mm (width × height × 

thickness) and polishing it with sandpaper to smooth the rough surface. The sample 

was vertically placed with an electrode holder (PTFE platinum electrode holder, 
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StonyLab). Epoxy paste was applied around the copper sample to prevent the 

solution from penetrating into the interspace. Consequently, only the top face of the 

sample was exposed to the electrolyte, as illustrated in Figure 11, with a surface 

area of 0.025 cm².  

 

Figure 11. Copper Plate Sample Mounted in an Electrode Holder 

 

(iii) Copper Wire 

Copper wire was employed as the working electrode to examine bubble behaviors 

in the mass transport-dominated regime of high current density. The working 

sample was prepared utilizing a jump wire. To expose only the top face of the wire 

as the active surface area, the rest of the wire was covered with epoxy paste.  

Figure 12A shows a schematic of the sample preparation process. The wire’s tip was 

placed upside-down on a flat surface, and the surrounding area was filled with 

epoxy. After the epoxy solidified, the exposed surface was polished and cleaned 

according to the previously mentioned process. 
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Figure 12. Copper Wire Sample.  

A) The copper wire, used as the working electrode, is shown mounted upside -down 

with its tip in contact with the flat bottom substrate. The surrounding area is filled 

with epoxy to ensure only the top face of the wire is exposed as the active surface 

area. B) Photograph of the jump wire. C) Close-up image of the working electrode’s 

surface. The circular area with a diameter of 0.635 mm is the polished and cleaned. 

D) Image of the electrode’s surface  

 

2.3  Electrochemical Experimental Methods 

The study of gas bubble generation and its performance impact was mainly conducted by 

three electrochemical techniques: Cyclic Voltammetry (CV), Linear Sweep Voltammetry 

(LSV), and Chronoamperometry (CA). The measured potential (vs. Hg/HgO) was converted 

to the potential versus the reversible hydrogen electrode (RHE) for standardizing 

electrochemical data. The conversion is achieved by the Nernst equation as follows:  

𝐸𝑅𝐻𝐸 = 𝐸𝐻𝑔/𝐻𝑔𝑂 + 0.059 × 𝑝𝐻 + 𝐸𝐻𝑔/𝐻𝑔𝑂
𝑜                                Eq. (16) 
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where  𝐸𝑅𝐻𝐸 is the potential versus the reversible hydrogen electrode. 𝐸𝐻𝑔/𝐻𝑔𝑂  is the 

measured potential versus the Hg/HgO reference electrode. 𝐸𝐻𝑔/𝐻𝑔𝑂
𝑜  is the standard 

potential of the Hg/HgO reference electrode, which is 0.098V at 25℃. 

The uncompensated solution resistance (Ru) between the WE and the RE was determined 

using electrochemical impedance spectroscopy (EIS) in a steady state without bubble 

generation. The range of frequency for the EIS measurement was from 100kHz to 1Hz, with 

a potential amplitude of 10mV.  

 

2.3.1 Electrochemical Measurement Techniques 

Cyclic Voltammetry and Linear Sweep Voltammetry 

 

Figure 13. Cyclic Voltammetry and Linear Sweep Voltammetry. Cyclic voltammetry 

sweeps potential back and forth between two set values, while linear sweep voltammetry 

sweeps potential in one direction.  

 

Cyclic voltammetry (CV) is an electrochemical technique used to study reduction and 

oxidation reactions. In CV, the potential of a working electrode is linearly swept back and 
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forth between two set values while measuring the current response, and the resulting 

current-potential plot is called a voltammogram. Similarly, linear sweep voltammetry (LSV) 

is a technique to analyze redox behavior, but it involves sweeping the potential linearly in 

one direction from an initial value to a final value at a constant rate.  

In this study, CV was performed as an electrochemical pretreatment by repeatedly 

scanning the potential until stabilization was achieved. This process activated the electrode 

surface, ensuring consistent and reliable measurements. Moreover, the CV was used to 

measure electrochemically active surface area (ECSA) of the working electrode. Linear 

sweep voltammetry was performed at a scan rate of 50 mV/s in the potential range up to 

10V. The LSV measurement was utilized for determining the OER polarization curves. This 

allowed for the precise measurement of the overpotential and current density associated 

with the oxygen evolution reaction (OER). 

 

Chronoamperometry 

Chronoamperometry (CA) is a technique utilized for examining the kinetics of 

electrochemical reactions and the diffusion of reactants to the electrode surface. In CA, a 

constant potential is applied to the working electrode, and the resulting current is 

measured over time. While LSV focuses on how current changes with varying potential, CA 

examines current behavior over time at a constant potential, providing insights into 

reaction stability and mass transport properties.  
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         Figure 14. Chronoamperometry. This technique inputs constant potential and 

examines the current response. A period of stabilization is necessary before data collection  

 

In this study, chronoamperometry (CA) was conducted to observe the impact of bubbles on 

the current. The resulting current was then correlated with bubble statistics. As depicted in 

Figure 14, a pretreatment period for stabilization was applied for 120 seconds before 

recording the current.  This process ensured a steady-state condition for accurate and 

reliable current measurements. According to Faraday's law, bubble generation is 

proportional to the current. As the current increases, the flux of oxygen bubbles also 

increases, demonstrating the direct relationship between the electrochemical current and 

bubble formation. 

 

2.3.2. Current Density and Surface Area 

Determining the surface area of an electrode is crucial in electrochemical analysis because 

it directly impacts the interpretation of overall electrochemical performance. The 
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measured current (𝑖) is normalized by the surface area (A) to calculate the current density 

(𝑗) (Eq. (17)).  

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑗) =
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 (𝑖)

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 (𝐴)
 [𝐴 𝑐𝑚2]                          Eq.(17)⁄  

  

For current density normalization, projected area (PA), geometric area (GA), and 

electrochemically active surface area (ECSA) have all been widely utilized in the literature 

[38-40]. The projected area refers to the two-dimensional surface area of the electrode. It is 

calculated by multiplying the width by the length. The geometric area is the three-

dimensional surface area of the electrode, calculated by adding up all the areas that come 

into contact with the electrolyte. However, the geometric area is insufficient because it 

often overlooks factors such as morphology, particle size and porosity, leading to 

significant errors [38]. Instead, ECSA can be employed for more accurate normalization. 

ECSA refers to the surface area of an electrode that actively participates in electrochemical 

reactions. It is typically determined using the double-layer capacitance (Cdl) and the 

specific capacitance of the electrode material (CS) with the following equation. 

𝐸𝐶𝑆𝐴 =
𝐶𝑑𝑙

𝐶𝑠

                                                             Eq.(18) 

𝐶𝑑𝑙 =
𝑖𝑎 + |𝑖𝑐|

2 ∙ 𝜐
                                                         Eq.(19) 

The double-layer capacitance (Cdl) can be measured experimentally through cyclic 

voltammetry. Specifically, from a cyclic voltammogram, the double-layer capacitance is 

obtained using the equation (19), where 𝑖𝑎 is the anodic current,  𝑖𝑐 is the cathodic current, 

and 𝜐 is the scan rate. However, determining the specific capacitance (CS) is challenging, 

which impacts the precise assessment of the ECSA. As a result, it is common practice to use 
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a universal specific capacitance, which is 0.04 mF/cm2 [39]. Consequently, this method 

provides a rough estimation of ECSA since the specific capacitance varies between different 

materials. 

In this study, copper plate and wire samples were evaluated based on their projected areas. 

In contrast, the porous nickel foam was analyzed using both the GA and the ECSA. The 

complex structure of the porous nickel foam necessitated the use of ECSA to cap ture a more 

accurate representation of its active surface, and GA to compare it with the ECSA.  

 

2.4  Visualization and Analysis 

Oxygen bubble dynamics was observed using an event-based camera (EVK-3, Prophesee) 

equipped with a microscope lens (Magnification 0-4x, InfiniProbe-MS, INFINITY). The 

camera had a resolution of 1280 x 720 pixels (pixel size 4.86 x 4.86 um) and was positioned 

3cm from the sample. To provide backlighting for the sample, a LED light source 

(SugarCUBE LED Illuminator, Edmund) was used. The synchronization between the 

visualization and electrochemical data was achieved using a BNC to SMA trigger cable, 

allowing for the examination of bubble impact on the electrolysis process [Appendix A].  

(i) Event-based Camera 

An event-based camera, also known as a neuromorphic camera, is a specialized type 

of camera that mimics the way biological retina processes visual information. The 

event-based camera captures changes in brightness at the pixel level within a scene, 

as opposed to conventional cameras recording multiple frames at a predetermined 

frame rate. Each pixel in the event-based imaging sensor operates independently 
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and has thresholds for triggering events [41]. An increase in intensity of light 

beyond the threshold generates an ON event, while a decrease in intensity triggers 

an OFF event. Each event contains data including a coordinate, polarity (ON or OFF), 

and a timestamp. Generated events can be visualized during post processing, by 

accumulating the events and reconstructing frames.  

 

 

Figure 15. Comparison of Conventional and Event-Based Imaging Techniques. 

The left image depicts how conventional frame-based cameras work, processing 

multiple frames taken over pre-set time period. In contrast, the right image depicts 

the operation of event-based cameras, which capture individual events 

asynchronously. Blue dots indicate ON events, and black dots represent OFF events. 
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Figure 15 illustrates the comparison between conventional frame-based imaging 

and event-based imaging. In the conventional method, entire scenes in the frames 

are captured at regular intervals, resulting in large data volumes and potential 

redundancy. In contrast, event-based imaging only records changes asynchronously 

at the pixel level, and then accumulates events over a specified time window (ΔT), 

and uses these events to reconstruct visual representations. This method 

significantly reduces redundant data and enhances temporal resolution, allowing for 

event-based cameras to operate with very low latency, high dynamic range, and 

efficient data processing [42]. 

Figure 16 highlights how different threshold (contrast detection) settings in event-

based imaging impact event generation and visualization. Lower thresholds result in 

more dense event data, sensitively capturing finer changes in the scene, while 

higher thresholds result in sparser data, focusing on more significant changes. It is 

essential to adjust the threshold according to the lighting conditions and the 

application requirements. Additionally, setting appropriate accumulation time and 

time window for frame generation is crucial to ensures optimal event visualization. 

This study utilized event-based imaging to analyze bubble dynamics in the water 

electrolysis process, examining the phenomenon visually and statistically. For all the 

samples, a quantitative investigation was performed using analytic algorithms. 

Particularly, using porous nickel foam, active sites of bubble formation and 

pathways within the porous structure were identified by leveraging the ability to 

capture solely moving objects within the scene. 
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Figure 16. Impact of Threshold Setting on Event Detection and Visualization 

[43]. (A) and (B) compare how different threshold settings work in capturing 

events. (A) has a higher threshold than (B).  The red areas represent the thresholds 

set for detecting ON events, which occur when the light intensity increases above a 

certain level. The blue areas indicate the thresholds for detecting OFF events, 

triggered when the light intensity decreases below a set point. (C) and (D) represent 

generated events by different threshold setting from (A) and (B), respectively. (E) 

and (F) display example images (porous foam) that can be produced from different 

threshold settings.  Adjustable thresholds generally include contrast sensitivity, 

bandwidth biases, and refractory periods. Contrast sensitivity controls the contrast 

threshold for generating ON and OFF events. Bandwidth biases determine the rate 

of illumination changes that can be filtered out. Refractory periods influence the 

blind time after event generation. 
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(ii) Feature Extraction 

Prophesee’s Metavision SDK includes advanced analytic algorithms that enable the 

extraction and analysis of various features from event data. The features extracted 

include the number of bubbles and bubble departure size [Appendix B]. In this 

study, the number of events, determined by counting the total events generated by 

bubbles, offered a measure of the overall activity level in the scene, particularly in 

relation to bubble formation and movement. Bubble counts were essential for 

examining the frequency of bubble release from the electrode surface and 

monitoring changes in the bubble population over time, while analyzing bubble size 

helped in understanding bubble growth rates and the distribution of bubble sizes 

across different current density levels. Each of these features contributed to a 

comprehensive understanding of bubble dynamics in the electrolysis process.   
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Chapter 3: Results and Discussion 

This chapter details the experimental findings for three electrode types: porous nickel 

foam, copper plate, and copper wire. The investigation focused on the bubble dynamics of 

these electrodes during the oxygen evolution reaction (OER), utilizing electrochemical 

measurements and quantitative analysis. All experiments were conducted in a 0.2 M KOH 

solution. Polarization curves were acquired via linear sweep voltammetry, conducted at a 

scan rate of 50 mV/s within a potential range of 0 to 10 V. The duration of each linear 

sweep voltammetry was approximately 180 seconds. Potentials were referenced against 

the reversible hydrogen electrode (RHE). The solution resistance between the reference 

and working electrodes was determined using electrochemical impedance spectroscopy 

(EIS). The EIS measurements spanned a frequency range from 200 kHz to 1 Hz, with a 

potential amplitude of 10 mV. 

 

3.1 Porous Nickel Foam 

Porous nickel foam was fabricated in four different dimensions, each with a consistent 

width of 10 mm and varying heights: 10 mm × 3 mm, 10 mm × 10 mm, 10 mm × 20 mm, 

and 10 mm × 25 mm. These are labeled as h3, h10, h20, and h25, respectively. 

 

Determination of Electrochemically Active Surface Area 

The electrochemically active surface area (ECSA) of these samples was determined by 

dividing the double-layer capacitance (Cdl) by the specific capacitance (Cs, 40 𝜇Fcm-2). To 

assess the double layer capacitance, cyclic voltammetry (CV) was performed at various 
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scan rates, ranging from 2 to 12 mV/s. The measurement window was set to 100mV, 

centered around the open circuit voltage.   

 

Figure 17. Experimental Results for Determination of ECSA  

(A~D) Cyclic voltammograms of h3, h10, h20, and h25, respectively (E) Average capacitive 

current against the scan rate showing the double layer capacitance. 
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Table 2: Surface Area and Double-layer Capacitance 

 10 mm x 3 mm 10 mm x 10 mm 10 mm x 20 mm 10 mm x 25 mm 
ECSA (cm2) 8.02 15.73 27.9 41.3 

Cdl (mF) 0.1 0.629 1.12 1.65 
Geometric Area (cm2) 1.02 2.64 4.96 6.12 

Ratio (ECSA/GA) 7.86 5.96 5.63 6.75 

 

Figure 17 presents the cyclic voltammetry results used to evaluate the double -layer 

capacitance, and Table 2 provides a comprehensive summary of the measured ECSA along 

with the geometric area (GA), the ratio of ECSA to GA, and the double-layer capacitance 

(Cdl). Notably, while ECSA increases with the geometric area, the ratio of ECSA to GA varies 

across different dimensions. This variation can be attributed to mass transport limitations 

and infiltration issues. As the size of the samples increases, the infiltration of the electrolyte 

into the porous structure becomes less efficient, leading to incomplete wetting and limited 

access to internal surface areas. This incomplete infiltration restricts the available surface 

for ions charging and discharging, particularly in larger samples where longer diffusion 

paths and uneven electrolyte distribution aggravates these limitations. Furthermore, the 

cell configuration, which includes glass slides on both sides, further intensifies these 

challenges.  

 

 

 

 

 

 



 

36 
 

Electrochemical Investigation  

Figure 18A shows the anodic polarization curves for the h3 to h25 electrodes, while Figure 

18B depicts the overpotential as a function of the current density. The overpotential curve 

was corrected for iR drop to account for the solution resistance between the WE and the 

RE.  

 

Figure 18. Electrochemical Performance of h3 h10, h20, and h25 Electrodes 

 (A) Current density (normalized by ECSA) versus potential. (B) Current density 

(normalized by projected area) versus potential. (C) Overpotential against the ECSA-

normalized current density after iR compensation. (D) Mass transport overpotential 

against the ECSA-normalized current density 
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The resistances measured via electrochemical impedance spectroscopy (EIS) were 32.5 Ω 

for h3, 20.1 Ω for h10, 16.1 Ω for h20, and 15.7 Ω for h25. The high resistance values are 

likely influenced by artifacts inherent to the cell design, in addition to the solution 

resistance. In the polarization curve, the h3 electrode demonstrated the highest current 

density with the lowest overpotential. The trend shows that overpotential increases with 

an increase in sample size. To examine mass transport limitations acr oss different samples, 

the mass transport overpotential was determined by subtracting the activation 

overpotential from the iR-compensated overpotential. The activation overpotential was 

estimated using Tafel fitting, where a linear plot was fitted to the overpotential versus 

logarithmic current density [Appendix C]. The results are summarized in Table 3 below. 

Table 3: Results of Tafel Fitting 

 10 mm x 3 mm 10 mm x 10 mm 10 mm x 20 mm 10 mm x 25 mm 

Slope (mV dec-1) 76.4 162.6 182.4 220.6 
𝜂

10𝑚𝐴/𝑐𝑚2  (mV) 477.3 654.3 709.6 752.6 

𝜂
100𝑚𝐴 /𝑐𝑚2  (mV) 553.7 816.9 892 973.2 

 

Figure 18C illustrates that mass transport limitations are most pronounced in the h25 

electrode, which exhibits the highest mass transport overpotential. At the initial stages of 

the reaction, the mass transport overpotential for all samples is negligible due to minor 

bubble impacts. However, as the reaction progresses into the regime characterized by the 

vigorous generation of bubbles, the mass transport overpotential increases significantly.  
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Oxygen Bubble Behavior 

The study of bubble dynamics during the oxygen evolution reaction (OER) was conducted 

using an event-based camera and analytic algorithms of Metavision SDK (Prophesee). The 

event-based imaging technology enabled quick and efficient analysis of bubble behavior 

over long measurement periods, reducing the need for extensive data processing 

commonly associated with high-speed cameras. The analysis focused on bubble departure 

diameter, release frequency, and nucleation sites in porous nickel foams.  

 

Figure 19. Analysis of Bubble Dynamics during Oxygen Evolution Reactions. (A) 

Bubble diameter as a function of current density. (B) Kernel density estimation of bubble 

diameter distributions. (C) Variation of bubble release frequency with current density . 
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The number of bubbles examined during the LSV measurements were 34,057 for h3, 

31,722 for h10, 30,924 for h20, and 34,773 for h25.  Figure 19A shows the relationship 

between the current density and the average bubble diameter for the four electrodes. The 

data suggests a linear relationship between the current density and bubble departure 

diameter across all samples. Notably, larger electrodes, such as h25, exhibit a more rapid 

increase in bubble size as the current density rises. Figure 19B displays the pro bability 

density distribution of bubble diameters throughout the entire LSV measurement period. 

The distribution curves reveal that the most frequent bubble diameter shifts depending on 

the electrodes. The peaks, indicated by dashed lines, occur at 175.7 𝜇m for h3, 95.4 𝜇m for 

h10, 83.2 𝜇m for h20, and 71.9 𝜇m for h25. The average bubble diameters for each 

electrode are 231.3 𝜇m, 206.4 𝜇m, 232.4 𝜇m, and, 186.8 𝜇m, respectively. This trend in 

bubble size can be attributed to the higher current densities typically observed with 

smaller electrodes. However, when the current density range is narrowed to 0 –8 mA/cm² 

for comparison within the same current density range, the average diameters for h3 to h25 

are 150.5 𝜇m, 164.6 𝜇m, 196.4 𝜇m, and 186.8 𝜇m, respectively. This suggest that, under the 

same current density, larger bubbles tend to form as the electrode size increases. This 

phenomenon may be influenced by an increase in local current density caused by mass 

transport limitations. Stronger electric field and localized current density can enhance 

electrostatic forces, leading to the production of larger bubbles. Figure 19C illustrates the 

bubble release frequency as a function of current density. Initially, all electrodes exhibit 

high release frequencies at lower current densities, which rapidly decline as current 

density increases, indicating a transition to less frequent bubble release. Especially, the h3 

electrode shows a delayed drop in frequency, indicating more effective and continuous gas 
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removal. These observations imply that the h3 electrode's stable bubble dynamics may 

contributed to more efficient oxygen evolution by mitigating bubble-induced mass 

transport limitations. 

Event-based Imaging for Identifying and Visualizing Active Reaction Sites 

 

     Figure 20. Event-based Images of Nickel Foams during LSV Measurement.     

Viewing window is 10 mm x 3 mm for all samples. Each column represents event 

visualizations from four electrodes (h3, h10, h20, and h25), while the rows display the 

progression of the reaction. The images are color-coded to highlight areas of activity, with 

colors ranging from dark purple (low activity) to bright orange (high activity). 

 

Event-based imaging provides a powerful tool for visualizing and understanding 

electrochemical reactions in porous nickel foams. This technique, which captures pixels 

exclusively of moving elements within the scenes, is particularly adept at focusing on th e 

nucleation and movement of bubbles. By aggregating the events generated over the 

recording period, it effectively highlights the active reaction sites during the process. 
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Consequently, this approach facilitates a profound understanding of bubble dynamics and 

identifies potential areas for optimization within the porous structure.  

The images in Figure 20 highlight active areas of event generation caused by bubbles, 

which can be interpreted as reaction hotspots. The h3 electrode demonstrates a well-

distributed pattern of event generation throughout its structure, whereas larger electrodes 

exhibit more inactive sites in the central area, indicated by a dark purple color. This implies 

that the electrolyte was unable to effectively penetrate into the deeper surfaces of these 

larger electrodes, leading to a decrease in gas bubble production within the structure. The 

limited activity in the central areas indicates potential issues with mass transport, where 

the lack of electrolyte infiltration results in reduced surface area utilization. This can 

hinder the reaction efficiency and overall electrode performance, as less active material is 

participating in the reaction. This observation also explains the phenomenon of larger 

departing bubbles in the larger electrodes, as depicted in Figure 19A. Due to the restricted 

mass transport, an uneven distribution of current density arises, resulting in particularly 

high local current densities at the interface between the electrolyte and the electrode.  

Furthermore, the analysis proves that event-based imaging can be an effective diagnostic 

tool to identify areas where the surface is deactivated or where reaction conditions are not 

ideal. This capability helps diagnose and address issues that reduce efficiency, thus 

improving overall electrode performance by highlighting regions that need optimization.  
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3.2 Flat Copper Electrode 

Two types of copper electrodes were investigated: a copper plate and a copper wire. This 

section presents the results for the copper plate. The result for the copper wire can be 

found in Appendix D 

 

Electrochemical Investigation 

For the linear sweep voltammetry (LSV) measurement, a copper plate sample was 

mounted in an electrode holder, exposing a surface area of 0.025 cm² in 0.2 M KOH. Figure 

21A presents the polarization curve before iR compensation. The curve exhibits a slight 

variation in slope around 5 V, followed by a continuous increase up to 10 V. Figure 21B 

shows the overpotential as a function of current density after iR compensation. The 

solution resistance measured through EIS was 34.1 Ω. The overpotential curve reveals  a 

more distinct variation. Figure 21C displays the Tafel plot of overpotential versus the 

logarithm of current density. The Tafel fitting was applied only in the linear region between 

approximately 1.5 mA/cm² and 2.5 mA/cm² of logarithmic current density. In the Figure 

21B and 21C, three distinct stages are identified based on variations in overpotential. In 

Region ①, the reaction kinetics align with the Tafel plot. Region ② begins when the 

overpotential deviates from the Tafel plot, suggesting the onset o f mass transport 

limitations. In Region ③, the overpotential exhibits a sharp increase.  
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Figure 21. Electrochemical Characterization of a Flat Copper Electrode  

(A) Polarization curve. The potential measured was converted to the potential relative to 

the reversible hydrogen electrode, without iR compensation. (B) Overpotential as a 

function of current density (A/cm2) with iR compensation. (C)  Tafel plot to the 

overpotential versus logarithmic current density (mA/cm2). The Tafel fitting was 

conducted beyond logarithmic current density of 1.5, where the data exhibited a linear 

region. (D) Event-based Images taken during the regions of ①, ②, and ③ 
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Images in Figure 21D correspond to the three distinct regions identified in Figures 21B and 

21C. Image ① illustrates the initial stage with sparsely distributed, small bubbles. Image 

② shows an intermediate stage with increased bubble formation, suggesting  higher 

reaction activity. Image ③ reveals denser and larger bubble formation, indicating 

significant reaction activity and potential mass transport limitations. Hence, the slope 

change around 5 V suggests a shift in the reaction mechanism caused by bubble  formation. 

In addition, the transition from sparse to dense bubble formation highlights an increasing 

electrochemical reaction rate and indicates the possible onset of mass transport 

limitations.  
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Overpotential Analysis 

Figure 22 shows the remainder overpotentials: activation, ohmic, and mass transport 

overpotential. The activation overpotential was calculated using the Tafel equation, 𝜂
𝑎𝑐𝑡

=

187.4 + 170.8 log 𝑗, which was derived through the Tafel fitting in Figure 21C.  The ohmic 

overpotential was obtained by multiplying the current by the solution resistance. The mass 

transport overpotential was then calculated by subtracting both the activation 

overpotential and the ohmic overpotential from the total overpotential.  

 

Figure 22. Overpotential Analysis of a Flat Copper Electrode .  

(A) Remainder overpotentials as a function of current density: activation overpotential, 

ohmic overpotential, and mass transport overpotential. (B) Transition toward mass 

transport-dominated regime. 

 

Figure 22B presents a detailed analysis in the range up to 3 A/cm2. The label a denotes the 

onset of mass transport limitation around 0.3 A/cm2, which begins to impact the 

electrolysis performance. The label b indicates the point where the mass transport 

overpotential exceeds the activation overpotential at 2.4 A/cm2. Prior to 0.3 A/cm2, the 

activation overpotential is the predominant factor. However, as the reaction continues, the 
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ohmic overpotential becomes outstanding. Notably, a significant increase in mass transport 

overpotential is observed around 2.4 A/cm2 with substantial fluctuations. This 

phenomenon demonstrates a transition to a mass transport-dominated regime. 

 

Oxygen Bubble Behavior 

A comprehensive analysis of bubble dynamics at a flat copper electrode is presented in 

Figure 23. Figure 23A shows the release frequency of bubbles in Hertz, separated by 

regions ①, ②, and ③. The release frequency gradually rises up to the region ②, and it 

exhibits a sharp drop around 2.4 A/cm2 and a stabilized frequency, approximately 100 Hz, 

in the mass transport-dominated regime (③).  Figure 23B depicts the average bubble 

diameter against the current density. The variation in slope is observed in the transition 

from the Region ① to ②. Afterward, it shows the consistent growth rate. Considering the 

findings shown in Figure 23A and 23B, it can be inferred that the reduction in release 

frequency could contribute to limited mass transport. This limitation arises as the bubble 

size enlarges and the release frequency declines, which hampers the efficient transport of 

reactants and products. Figure 23C presents a comparison between experimentally 

measured diameters and those predicted using the ideal gas law [44]  [Appendix E]. The 

close agreement of these values validates the reliability of the event-based imaging method. 

Figure 23D shows a kernel density estimation for bubble diameter distribution depending 

on the three regions. The result reveals that as the reaction moves to the mass transport-

dominated regime, the bubble size grows and its distribution becomes bimodal. The 

bimodal distribution can be attributable to the active coalescence of bubbles at higher 

current densities. Consequently, this comprehensive analysis of bubble behaviors 
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underscores the importance of controlling bubble dynamics to improve the efficiency of 

electrochemical reactions. 

 

Figure 23. Analysis of Bubble Dynamics at a Flat Copper Electrode.  

(A) Variation of bubble release frequency with current density. (B) Bubble diameter as a 

function of current density. (C) Comparison of measured and predicted bubble diameter  

[Appendix E]. (D) Kernel density estimation of bubble diameter distributions  

 

Fluctuation Analysis 

Current density is subject to fluctuation as the electrochemical reaction advances towards a 

mass transport-dominated regime. The main cause of the fluctuation has been identified as 
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the production of bubbles. Fluctuations during electrolysis process can have an adverse 

impact on catalyst stability and electrolysis efficiency. To better understand the bubble 

impact on the fluctuation, Fast Fourier Transform (FFT) was utilized. Figure 24A displays a 

scatter plot of all recorded bubble diameters throughout the entire LSV measurement 

period. These data are then plotted for visualizing the fluctuation as shown in Figure 24B. 

The plots are segmented into three regions, corresponding to the previous categories. 

Figure 24C represents the fluctuation of mass transport overpotential over the same 

period. Both the bubble diameter and the mass transport overpotential were examined 

using Fast Fourier Transform (FFT) as shown in Figure 24D.  The dominant frequencies, 

marked in the plots, indicate the key frequencies at which the most significant dynamic 

behaviors occur. The comparison between bubble dynamics (green) and mass transport 

overpotential (blue) shows how these two factors interact and influence each other at 

different stages of the electrochemical process. The shift in dominant frequencies from 

region ② to ③ reflects the changing dynamics as the system transitions to being more 

influenced by mass transport limitations. Consequently, this analysis implies a notable 

correlation between bubble dynamics and mass transport.  
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Figure 24. Frequency Analysis of Bubble Dynamics and Overpotential.  

(A) Temporal evolution of bubble diameter. (B) Fluctuations in bubble diameter over time. 

(C) Fluctuations in mass transport overpotential over time. (D) Frequency domain analysis: 

bubble dynamics vs. mass transport overpotential. 
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Chapter 4: Conclusion 

This research provides an in-depth analysis of bubble generation and its impact on 

performance during water electrolysis process. For this study, we have explored two types 

of electrodes: porous nickel foams and flat copper, and have utilized an event-based 

imaging technique to gain insights into the underlying processes. 

Summary of Findings 

First, event-based imaging technique has proven to be a highly effective tool for studying 

the dynamics of bubble generation. Its ability to operate with high temporal resolution and 

efficient data processing enabled precise detection and detailed visualization of vigorous 

bubble activities. Furthermore, the ability to capture solely moving objects not only made it 

possible to identify reaction hotspots in porous media, but also suggested the potential for 

diagnosing issues associated with surface defects and catalyst activities in porous media. 

Next, the study identified distinct bubble behaviors according to different overpotential 

regions, and their relationship with limited mass transport phenomena. A rapid drop in 

bubble release frequency is closely related to the transition to a mass transport-dominated 

regime, possibly caused by intense coalescence at high current densities .  

Finally, the investigation of bubble formation in porous nickel foams revealed that 

limited mass transport may lead to an increase in local current density, which is related to 

an increase in bubble size and early drop in release frequency.  

An implication of these findings is the possibility that proper management of bubble size 

and release frequency enhances mass transfer and contributes to evenly distributed 

current density, resulting in lower overpotentials and improved electrolysis efficiency.  In 
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conclusion, this thesis highlights the importance of controlling bubble dynamics to 

overcome mass transport limitations and advance towards high current densities in 

alkaline water electrolysis.  

Future Work 

While the research characterized distinct aspects of bubbles behaviors in the transition 

to mass transport-dominated regime, none of the results showed a region associated with 

the limiting current density. To better comprehend the physics behind mass transport 

limitations, achieving higher current densities is required. However, due to the limited 

capacities of the lab-scale potentiostat used for this study, reaching the maximum reaction 

rate was restricted despite repeated attempts to reduce surface areas and increase current 

densities. Thus, future studies should explore the behavior of bubbles at higher current 

densities with an improved experimental configuration that allow for the input of higher 

potential and current.  

 Next, to improve the quality of event visualization, incorporating event-based cameras 

with pulsed illumination of high frequency could be beneficial. By projecting flashing light 

at high frequency, enhanced contrast and detection could be achieved, especially for the 

detection of objects in porous media. In addition, synchronizing flashing lights with event-

based imaging data might enable more precise capture of bubble evolution processes. This 

method could potentially reduce motion blur and improve temporal resolution. Therefore, 

future research should focus on improving and validating these advanced imaging 

techniques to capture the complex interactions within electrochemical cells more 

effectively.   
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Appendix A: Synchronization of Data and Image 

 

 

Figure A. Synchronization of Data and Image                                                                                       

(A) Physical connection via a BNC to SMA cable between a potentiostat and an event-based 

camera. (B) Software setting for trigger-out and trigger-in: EC-lab software for trigger-out 

(left), Metavision Studio software for trigger-in(right). (C) Post-processing for cutting the 

recording with a trigger event 
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Appendix B: Bubble Count and Size Measurement 

All measurements for bubble count and diameter were performed using the “Particle Size 

Monitoring” analytic tool in Metavision SDK, provided by Prophesee. The parameters used 

for the measurement in this study are as follows: accumulation time (2000 𝜇s), precision 

time (220 𝜇s), cluster threshold (5), number of cluster threshold (5), polarity (OFF), and 

learning rate (1).  This set of parameters was determined by repeatedly adjusting them to 

approximate to ground truths. The average percentage difference between the ground 

truth and the measure data is 4.3% for size measurement and 13.5% for bubble count. 

 

Figure B. Bubble Count and Size Measurement.                                                                            

The image (A) shows a demonstration of the analytic tool. When a bubble passes over the 

red lines, the algorithm detects its contour and calculate its size. The detailed description of 

how the algorithm works can be found on Prophesee’s official website  [45]. The bar graphs 

in (B) and (C) compares the ground truth data with the results acquired via the analytic 

tool. The validation was performed with a video of nickel foam over 11 seconds. 
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Appendix C: Tafel Plots for Porous Nickel Foam 

 

 

Figure C. Tafel plot to the overpotential versus logarithmic current density                

The Tafel fitting was performed over the logarithmic current density range of -1.2 to -0.9, 

where the data exhibited a linear region. (A) 10 mm x 3 mm. (B) 10 mm x 10 mm. (C) 10 

mm x 20 mm. (D) 10 mm x 25 mm.   

    = 532 + 95.8 ln      = 527 + 79.2 ln  

    = 492+ 70.6 ln  

 

  

    = 401+ 33.2 ln  
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Appendix D: Experimental Results for Copper Wire 

Electrochemical Investigation 

 

Figure D1. Electrochemical Characterization of a Copper Wire  

(A) Polarization curve. (B) Overpotential as a function of current density (A/cm2) with iR 

compensation. (C)  Tafel plot to the overpotential versus logarithmic current density 

(mA/cm2). The Tafel fitting was conducted beyond logarithmic current density of 0.5, 

where the data exhibited a linear region. (D) Event-based Images taken during the reaction. 
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Overpotential Analysis 

 

Figure D2. Overpotential Analysis of a Copper Wire .                                                                

(A) Decomposition of total overpotential into its individual components: Activation 

overpotential, Ohmic overpotential, and Mass transport overpotential. (B) Transition 

toward a mass transport-dominated regime. 

 

Oxygen Bubble Behavior 
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Figure D3. Analysis of Bubble Dynamics at a Copper Wire.                                                    

(A) Variation of bubble release frequency with current density. (B) Bubble diameter as a 

function of current density. (C) Comparison of measured and predicted bubble diameter  

[Appendix E]. (D) Kernel density estimation of bubble diameter distributions  

 
Fluctuation Analysis 

 

Figure D4. Frequency Analysis of Bubble Dynamics and Overpotential.                                 

(A) Temporal evolution of bubble diameter. (B) Fluctuations in bubble diameter over time. 

(C) Fluctuations in mass transport overpotential over time. (D) Frequency domain analysis: 

bubble dynamics vs. mass transport overpotential. The fluctuations were analyzed by 

removing long-term trends from the data, leaving the remaining variations. For the 

detrending, STL decomposition (Seasonal-Trend decomposition using Loess) method was 

used.   



 

64 
 

Appendix E: Prediction of Bubble Departure Diameter [44] 

Bubble departure diameter can be predicted using the release frequency (𝑓) and the 

measured current (𝑖) in the equation of the gas law: 

𝑃𝑉 = 𝑛𝑅𝑇  

It is assumed that all oxygen gas forms bubble in a completely spheric shape and only 

atmospheric pressure is considered for the pressure inside the bubble.  The ideal gas 

equation can be modified to the following equation:  

𝑃0 ∙ (
𝜋𝑑3

6
) = (

𝑖

𝑓𝑧𝐹
) ∙ 𝑅𝑇 

where 𝑑 is the bubble diameter 𝑖 is the current, 𝑓 is the release frequency, 𝑧 is the number 

of electrons involved in the reaction (𝑧 = 4 , oxygen evolution reaction), 𝐹 is the Faraday’s 

constant (96,485 𝐶/𝑚𝑜𝑙), 𝑅 is the gas constant (8.314 𝐽/(𝑚𝑜𝑙 ∙ 𝑘)), 𝑃0 is the atmospheric 

pressure (105 𝑁 𝑚2⁄ ), 𝑇 is the temperature in Kelvin.  

Finally, bubble departure diameter can be predicted using the equation below: 

𝑑 = (
1.5𝑖𝑅𝑇

𝑓𝐹𝑃𝜋
)
1
3 

In this study, the bubble diameter measured via an event-based camera is compared with 

the predicted diameter to validate the data. 

  



 

65 
 

Appendix F: Analysis of Current and Bubble Dynamics 

 

Figure F1. Comparison of Current and Release Frequency.                                                      

Both the current and the release frequency data was collected synchronously during 

chronoamperometry measurements. The recorded period is 30 seconds. The potential 

range is from 1 V to 6 V, with an interval of 1 V (A~F). The variations in both data are very 

similar. 
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Figure F2. Comparison of Current and Bubble Diameter.                                                      

Both the current and the bubble diameter data were synchronously collected during 

chronoamperometry measurements for 30 seconds. The potential range is from 1V to 6V, 

with an interval of 1 V (A~F). The variations in both data are not that similar, compared to 

the release frequency. Plot F displays slightly the similar trend. 




