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Water electrolysis using a proton exchange membrane (PEM) holds substantial promise to produce green

hydrogen with zero carbon discharge. Although various techniques are available to produce hydrogen gas, the

water electrolysis process tends to be more cost-effective with greater advantages for energy storage devices.

However, one of the challenges associated with PEM water electrolysis is the accumulation of gas bubbles, which

can impair cell performance and result in lower hydrogen output. Achieving an in-depth knowledge of bubble

dynamics during electrolysis is essential for optimal cell performance.

bubble dynamics  hydrogen evolution reaction  oxygen evolution reaction  two-phase flow

flow channel  catalyst layer  porous transport layer  PEM  water electrolysis

1. Introduction

Over the years, global energy consumption has risen sharply, primarily because of population growth and

increased living standards. The need for substituting fossil fuels with clean energy is urgent due to global warming

and growing environmental issues. It has been predicted that the amount of energy generated from renewable

sources will rise by 2.3% by 2040, accounting for 31% of all electricity produced globally . The Paris Agreement

Act mandates that the increase in world temperature needs to drop below 2 degrees by 2050 by adopting the

green hydrogen revolution for sustainable energy for the decarbonization process to combat global warming .

Although different methods are available to produce hydrogen, the one that is derived from renewable resources is

gaining momentum as a cleaner energy source that could substitute for conventional fossil fuels . Compared to

other clean energy sources, hydrogen tends to be greener, and it creates negative carbon as a byproduct . Water

electrolysis has been proven to be more dependable than traditional methods of hydrogen production, offering a

high level of safety, more sustainability, and a purity of up to 99.99% . Hydrogen is widely used in conventional

industries such as petroleum, petroleum derivatives, and chemical fertilizers . As a result of recent progress in

research and development on electric vehicles powered by fuel cells that discharge zero carbon emissions, the

demand for hydrogen has substantially increased . With continued scale production, the price of green hydrogen

produced using water electrolysis has been forecasted by CSIRO to become competitive with thermochemical

processes by 2025 . The supply of sustainable hydrogen has been limited by the high cost of infrastructure

setting . However, with the aid of cutting-edge technology, it can be much enhanced in design, which will

undoubtedly make a beneficial impact on the water electrolysis process to harvest more renewable energy .
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Water can be electrolyzed using different approaches, including alkaline water electrolysis (AWE) , anion

exchange membrane water electrolysis (AEM) , proton exchange membrane water electrolysis (PEM) ,

and solid oxide electrolysis (SOE) . PEM water electrolysis has been shown to be more cost-effective than the

other techniques. It can also work at higher current densities, whereas others are more prone to rapid changes in

the current load. Furthermore, PEM can operate substantially faster than AWE and SOE, which take longer time for

operations . In the PEM water electrolysis, water is separated as oxygen and hydrogen through electrochemical

processes. Water is supplied from the anode side and then it moves between the catalyst layer and the liquid/gas

diffusion layer, thus reacting with the catalyst, resulting in the breaking of water into oxygen, proton, and electron

. Protons then leave the membrane and fuse with the electrons from the applied current density to create

hydrogen on the cathode side, while gas bubbles simultaneously enter the flow field on the anode side . On the

anode side, the solvated proton migrates to the cathode side, and it is accompanied by a water molecule that flows

from the anode to the cathode side region. As a result, even in the absence of water from the anode during the

PEM electrolyzer operation, the PEM remains hydrated .

For flexible use, it is critical to address these challenges by increasing current densities and system efficiency to

reduce investment costs and broaden the range of uses for this innovation . The formation of gas bubbles at the

catalyst layer in the anode region is one of the key issues. It can interrupt effective contact between the catalyst

and water, decreasing the electrochemical reaction on the anode side . Thus, it is extremely important to select

a highly efficient catalyst for faster removal of gas bubbles from the system . When gas produced by the catalyst

exceeds the capacity of flow channels, a bubble blockage may occur. This can be estimated based on the cross-

sectional area and water flow rate of channels . Studying bubbles is crucial in proton exchange membrane water

electrolysis (PEMWE) because when bubbles develop at the catalyst layer, they can obstruct tiny pores and restrict

water flow, which can increase equipment costs and affect performance efficiency . Furthermore, when the

bubble separates from the electrode surface, the empty area formed by the prior bubbles gets filled, resulting in a

swirling motion . The growth of bubbles inside tiny pores can induce a pressure drop, which can cause

considerable mechanical stress on the catalyst surface (CS), resulting in the gradual deterioration of a catalyst

structure . Gas bubbles generated from the CS will pass through the liquid/gas diffusion layer (LGDL) and

eventually enter the flow channel, thus creating two-phase flows such as bubbly, slug, and annular flows . When

the applied current density is lower, bubble coalescence occurs at a low frequency, resulting in smaller bubbles

within the channel, and this flow is considered as bubbly flow . As the current density increases, bubbles

combine more frequently, forming a slug. As gas density increases, the slug develops into an annular flow regime.

The gas phase then occupies almost the entire channel length, forcing water toward the channel wall . These

flow regimes depend on different factors such as mass flux and superficial velocity of liquid and gas phases .

The flow pattern has a significant impact on water management and distribution because it controls how the

reactant and product travel throughout the electrolysis operation. In PEM water electrolysis, the channel wall must

be kept wet to prevent the degradation of the membrane in the cell. The transaction from annular to mist flow can

result in insufficient liquid wet on the channel walls and it can cause a high risk of damage to the membrane .

Chien and Ibele  calculated this value as 1.199 × 10  to predict the transaction from annular to annular–mist flow

in two-phase flow systems. This criterion value was developed for the vertical flow in larger pipe diameters, but this
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can also be used for predicting when the flow regime shifts from annular to mist flow in PEM water electrolysis .

The efficiency of the electrolysis system depends on how fast the gas bubbles are controlled and removed from the

membrane surface and the flow channels. Figure 1 shows how bubbles are formed in the catalyst layer based on

hydrophilic and hydrophobic surfaces. The formation of bubbles on the hydrophilic surface remains spherical .

Jiang et al.  have studied how different combinations of contact angles at the PTL and catalyst layer can impact

cell performance at a constant voltage of 2 V. For the dividing line between hydrophilic and hydrophobic surfaces,

they used a contact angle of 90°. They found that the catalyst layer with a hydrophilic surface was 12.6 times

higher than that with a hydrophobic surface. The main reason for this finding is that in a hydrophilic condition, the

volume of gas concentration within the catalyst layer is low, which can reduce the bubble effect and hence mass

transfer losses. This has assisted in understanding that the electrochemical reaction occurs not only on the catalyst

layer (CL) but also at the CL–LGDL contact . Understanding the behavior of bubbles at CL–LGDL will provide

further details about how bubbles develop, grow, and detach from a cell. With the aid of this knowledge, the

distribution of a catalyst and the design of a cell may be enhanced, which can increase the efficiency of the

electrochemical process inside the cell.

Figure 1. Formation of bubbles at hydrophobic and hydrophilic surfaces.

During the process of electrolysis, bubbles can generate motion in the surrounding liquid, which can improve

mixing and mass transfer rates . Identifying how bubbles behave will help a cell function better, allowing for

the detection of any detrimental effects on the system and the development of new, innovative electrochemical

technologies that will lead to more sustainable and effective energy . The different operating conditions such as

current density, temperature, and water flow rate can also impact the stability of the PEMWE system. Based on

PEMWE modeling, it has been established that the performance of a cell is dependent on the amount of water

input and that both temperature and liquid flow rate can affect current density . As the liquid flow rate

increases, larger bubbles will disperse into smaller sizes, resulting in a reduction in slug flow. However, as current

density and temperature increase, larger bubbles and longer slugs will form inside the cell. With an increase in

current density, a substantial number of bubbles will amalgamate, resulting in the production and wide distribution

of gas bubbles. This causes bubbles to migrate toward their larger neighbors, resulting in rapid growth . When

flow velocity increases, bubbles begin to move faster, causing large slug gas to split up and move along the flow

velocity. Li et al.  and Ojong et al.  have shown that a higher liquid velocity on the anode side can facilitate

bubble separation, thus reducing mass transport loss. Therefore, understanding bubble behavior is critical for

improving the mobility of this process. This understanding will aid in the development of more effective and efficient

electrochemical systems for the PEM electrolysis process.
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When a voltage is supplied during the water electrolysis process, then O  and H  bubbles are produced on the

anode and cathode sides, respectively. The movement of bubbles is influenced by factors including buoyancy,

surface tension, and drag force. The O  bubbles are formed on the catalyst surface and start to grow until they

reach the critical size and get detached away in the flow channel through the PTL. In most studies, water is

supplied toward the anode. However, in some cases, water is also passed via the cathode-side channel to prevent

the degradation of the membrane . The following section discusses bubble dynamics in PEMWE with

different components.

2. Bubble Dynamics in Flow Channels

The flow channel is an important structure used for designing the PEM water electrolysis. In PEM water

electrolysis, various flow channels have been used for study, including serpentine, parallel, pin-type, interdigitated,

mesh-type, and cascade channels . In comparison with serpentine flow, the parallel field performs better

at low pressure drop with constant flow velocity and lesser turbulence, which can increase corrosion resistance .

Polarization curves for various channels, including single and dual serpentine flow (SF) and parallel flow (PF)

fields, have shown that more parallel channels can lead to more effective system performance . A dual

serpentine flow field is advantageous with respect to pressure drop, temperature, and current density distribution

because it allows more reactants to penetrate porous layers and increase system reaction . It has been found

that a serpentine channel with a longer flow field produces elongated gas bubbles that can block the flow channel

. That research showed that, when SF and PF were compared at the same water flow, PF performed better than

SF, especially at higher current densities. In the case of the SF, an annular regime was observed at high current

densities. This caused the gas bubble to occupy the entire channel length, resulting in water obstruction across the

LGDL and minimizing cell performance. O  deposition in the channel may increase pressure drop and impede the

system’s nonuniform temperature and current flow . They also mentioned that while designing the flow field,

significant attention must be considered for pressure drop management. The circuit board was printed, and the

bubble flow was observed to investigate the current density along the system . Those studies showed that the

removal of gas bubbles from the electrode surface and the movement of water flow were significantly influenced by

the presence of larger bubbles. This operation from smaller bubbles to larger bubbles enhanced mass transport

results due to an increase in uniform current distribution across the channel. To maintain the two-phase flow as a

bubbly flow, an ideal flow rate is required to enhance mass transfer and minimize overvoltage concentration .

Ojong et al.  stated that when only a BPP is used without a flow channel, pressure drop increases and the

bubble formed tends to deposit throughout the PTL surface. This bubble accumulation had an adverse effect on

mass transfer within the cell. Bubble motion inside the parallel channel gets restricted at a high current density.

Stagnant bubbles covered almost the whole channel length and made it more difficult to remove the gas .

Deposition of O  gas bubble in a serpentine channel is more severe than in a parallel channel due to the formation

of a long slug . The long slug flow caused a significant amount of gas bubbles to build along the channel, which

considerably slowed down the movement of water and degraded system performance . 
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One study indicated that cascaded flow channels used on the anode side performed better than serpentine and

parallel channels due to the low deposition of bubbles across the field . Lafmejani et al.  studied both single-

phase and two-phase flow by injecting blue ink along the water flow and observing how it behaves in the mesh

channel. The presence of the bubble along a vertical path was shown to be favorable for liquid flow. An interdigital

field channel analysis of single- and two-phase flow models was performed to understand the influence of gas

bubbles on the geometry structure of the anode . It showed that unequal flow and temperature distribution in

the cell was due to the equal land width of the flow field and the presence of a gas bubble at the exit phase. Maier

et al.  used a non-invasive technique termed acoustic emission for tracking the movement of bubbles in the flow

channel and this allowed them to record system changes such as the shifting of tiny bubbles to larger bubbles and

changes in bubble shape in the cell. A square-shaped pin-type channel showed a consistent distribution of

temperature and current, resulting in effective elimination of gas bubbles .

Zhang et al.  found that the impact of H  bubbles on stainless steel (SS) mesh is influenced by the current

density, mesh diameter, and pore size. They also found that the SS mesh performed better than the expanded

mesh as a catalyst for hydrogen evolution.

3. Bubble Dynamics in a Catalyst Layer

Metals such as Pt are commonly coated on the cathode side of the catalyst for examining the hydrogen evolution

reaction (HER), whereas IrO  is loaded on the anode-side region of the catalyst for studying the oxygen evolution

reaction (OER) for coating on the membrane (CCM) . However, these metals are not cost-friendly when they are

used for upscaling. In addition, the use of Pt metal can be poisonous when chemicals such as sulfide (commonly

found in wastewater) are used . Nonmetal catalysts such as metal sulfide, metal carbides, and metal

phosphides have been used as HER catalysts in acidic conditions . However, these nonmetals have

numerous downsides, such as consuming higher voltage energy and exhibiting weaker stability when they are

subjected to higher current densities . Contrary to conventional Pt and other nonmetal catalysts, a

Fe-N-C catalyst has been designed for HER, showing high onset . Hybrid catalysts such as CoMnP/Ni P/NF

showed significant activity for HER with low overpotentials in both acidic and alkaline environments . This

CoMnP/Ni P/NF exhibits superaerophobic behavior when it is studied underwater with a high contact angle of 158°

and a negligible adhesive force between the bubble and the electrode surface. During the operation of electrolysis,

some cathode and anode surfaces are covered by hydrogen and oxygen gas bubbles. The diameter of these

bubbles can be measured by taking two elements into account: liquid surface tension and pressure difference at

the meniscus. Relationships between liquid properties, pressure difference, and bubble size can be presented as

follows :
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where P  is the pressure inside the gas bubble, and P  is the external pressure which is influenced by the height

and the density of a liquid.

The performance and durability of the anode-side catalyst and anode plate are important to consider especially

when it operates at a higher voltage to produce O  on the anode . Simply focusing on the OER may not be

sufficient to prevent the catalyst from corrosion resistance . They also suggested having a thorough knowledge

based on different surfaces against catalyst erosion. This further understanding is essential for developing the

catalyst, which not only can exhibit its life expectancy but also may resist corrosion, preventing the catalyst from

leaching over time. The bubble interaction at high voltage can result in the leaching of coated catalyst material.

Catalyst leaching studies were carried out for different catalyst loading, and particularly on the anode side with

lower catalyst loading lower catalyst loading (0.34 mg cm ) led to higher degradation rates compared to higher

loading (1.27 mg cm ) . They stated that catalyst loading has a substantial influence on the degradation rate. If

the catalyst loading is insufficient, it may fail to resist the elevated heat and ultimately it could break the catalyst

material causing catalyst leaching. Compared to an MEA with low catalyst loading, an optimal loading lifespan is

three times higher, which can decrease catalyst leaching and increase catalyst efficiency . This nonlinear

mechanical stress results specifically due to fluctuating energy supply, which in turn can cause nonuniform bubbles

in electrodes that may affect the electrochemical reaction in the system .

Bubbles formed in the CL must exit the system via the porous transport layer (PTL) and the flow field channel .

Controlling the ideal catalyst loading thickness is essential for ensuring free water flow within the layer . The

cracks in the CL during the reaction process may lead to a negative impact on bubble management. These cracks

may cause irregular and uncontrolled bubble nucleation, disrupting efficient gas transfer and system performance

. In CL, another type of surface structure known as superaerophobic surface structure serves to control gas

bubbles on the OER and HER sides. This superaerophobic structure resembles an array and inhibits the bubble

from adhering to the CL for an extended period . For quick removal of H  gas bubbles from the electrode

surface, hybrid catalysts called FG-WS  and VGNHs-WS  have been employed and researchers measured their

bubble size distributions (BDS)  . The VGNHs-WS  hybrid catalyst produced smaller and more uniform bubbles

than the FG-WS  hybrid catalyst, which was attributed to the nanorough surface of the VGNHs. As a result, the H

gas bubble in the electrode can escape from the HER area faster. The Pt nanoarray shape that resembled pine

showed a higher contact angle. As a result, the H  bubble detached quickly from the electrode surface . When

two hybrid coated catalysts were used, namely, MoS  flat film and MoS  nanoplatelets array, the flat film showed

higher adhesive force, resulting in higher bubble attachment . The MoS  nanoplatelets array exhibited significant

bubble management with a higher bubble contact angle and thus detached bubbles faster on the surface. Han et

al.  employed a hybrid catalyst to analyze the HER reaction side by using an N-WC nanoarray and flat N-WC.

When the bubble contact angle increased from 148° (flat) to 163° (N-WC nanoarray), the N-WC nanoarray

demonstrated improved bubble management with respect to the flat N-WC and detached bubble size decreased

from 15 µm to 5 µm. The nanoarray structure produced a smaller bubble, a larger contact angle, and a lower

adhesive force. The researchers examined two distinct catalysts, and in the first set, they coated Ir-C on the anode

and nitrogen-tungsten carbide (N-WC) at 1.5 V. In the other set, they coated single non-noble metal catalyst N-WC

on both the anode side and the cathode side at 1.4 V. They found that using N-WC non-noble metal as a
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bifunctional catalyst on both the anode and cathode sides could increase the yield of the water-splitting process at

a low voltage. Thus, maintaining efficient electrolysis relies significantly on managing bubbles on the HER and

OER reaction sides of the CL.

On the anode, two different cost-effective catalyst coatings were performed using honeycomb Ir and dense Ir. Their

comparison showed that honeycomb Ir has better bubble management due to the interconnected structures which

enabled fast bubble discharge and effective water diffusion . At a current density of 200 mA/cm , the honeycomb

catalyst layer outperformed the dense layer in terms of bubble nucleation and detachment times. The formation of

gas bubbles in the CL alone was insufficient to optimize cell performance. However, how these bubbles are

circulated within the cell plays a significant role in determining the overall voltage loss in the cell. This voltage is

lost due to an accumulation of O  bubbles on the anode side . The O  bubble generated on the CL takes more

time to travel through the PTL when the applied current density is high, and the bubble transport is low. As a result,

gas removal becomes very slow, and more bubbles build on the anode region . Furthermore, the presence of

the ionomer in the CL determined cell performance. The higher the ionomer in the CL, the more mass transfer

losses, resulting in inefficient O  bubble transfer . This obstruction impedes efficient bubble reduction and

degrades cell efficiency .

4. Bubble Dynamics in Porous Transport Layers

A porous transport layer (PTL), also known as a liquid gas diffusion layer (LGDL), can be utilized on the anode side

with a gas diffusion layer (GDL) on the cathode side. It aids in the stability of several components such as

membrane, collecting current, and counter flow of gas and water . The PTL with a porosity between 30% and

50% performs well for gas bubbles to navigate faster and regular flow of intake water . If larger pores are

present in the PTL interface, they can cause insufficient contact between catalyst nanoparticles and the PTL

material . Recently, a novel sponge-like material with small holes known as through-pores has been developed

to easily move water and gas bubbles by avoiding the longer route in the PTL  . After examining the behavior of

gas bubbles in the PTL flow field using an X-ray imaging approach, it was found that bubble growth and

detachment using the through-pores occurred more quickly than those through conventional pores. Although gas

bubbles developed along the boundary between the CL and the PTL, they ended up migrating through pores

toward the PTL surface . 

When these bubbles merges with neighboring bubbles, its volume and surface energy are increased, and when it

reaches the critical size, it breaks from the nucleation zone . For an efficient gas bubble transfer, it is critical to

minimize gas accumulation on the CL. This can be accomplished by employing a suitable PTL, which provides a

conduit for gas bubbles to migrate away from the anode CL . At a higher current supply, O  gas bubbles

generated in the PTL can block the flow of water toward the anode CL, resulting in water supply deficiency .

To effectively deliver water to the anode side, the PTL’s pores need to be larger, followed by a thicker catalyst

coating . The pore size and the thickness of the CL can significantly influence the PTL in a cell. Resistance

increases with a decrease in the thickness of the CL because a thinner CL causes more restriction of electrons .

Additionally, Miličić et al.  reported that by increasing the liquid flow rate, the PTL liquid saturation is enhanced
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because of the efficient removal of gas bubbles from the PTL, which can reduce gas deposition in both the PTL

and the anode CL. The most common materials used for fabrication of the PTL on the anode side include Ti mesh,

sintered powder, felt, multilayered, perforated plates, and others . These materials have excellent

chemical and mechanical stability . Understanding the behavior of the bubble in the porous transport layer

(PTL) becomes crucial to minimize voltage loss, increase efficiency, and improve the performance of the cell’s

durability. A real-time study for gas bubbles showed that at time t = 0 ms, the bubble size diameter was 70 µm. By

increasing the time t to 900 ms, the bubble size increased to 130 µm . Understanding how gas bubbles travel in

the PTL in real time can assist in determining factors that impact mass transport and optimize the PTL structure to

improve system efficiency. Furthermore, analysis of how voltage fluctuates over time at a high current density has

revealed that the commercial PTL experiences a quick increase in voltage due to inadequate removal of gas

bubbles at reaction sites .
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