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Abstract 

While hydrogen generation by alkaline water electrolysis is a well-established, mature technology and 

currently the lowest capital cost electrolyser option; polymer electrolyte membrane water 

electrolysers (PEMWEs) have made major advances in terms of cost, efficiency, and durability, and the 

installed capacity is growing rapidly. This makes the technology a promising candidate for large-scale 

hydrogen production, and especially for energy storage in conjunction with renewable energy sources 

– an application for which PEMWEs offer inherent advantages over alkaline electrolysis. 

Improvements in PEMWE technology have led to increasingly high operational current densities, 

which requires adequate mass transport strategies to ensure sufficient supply of reactant and removal 

of products. This review discusses the current knowledge related to mass transport and its 

characterisation/diagnosis for PEMWEs, considering the flow channels, liquid-gas diffusion layer, and 

polymer electrolyte membrane in particular.   
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1 Introduction 

The ‘Hydrogen Economy’ concept was developed in response to the world's rising energy consumption 

and concerns about pollution in the early 1970s [1]; with heightened awareness around climate 

change, the idea has gained increasing traction and has been discussed extensively [1–4]. The 

Hydrogen Economy is based on the use of hydrogen as a universal energy carrier (vector) and fuel. 

Transporting energy in the form of hydrogen through pipelines is more cost-efficient than the 

transport of electricity through wires [1]. Hydrogen is highly flexible and can be used in fuel cells to 

produce electricity or directly as a fuel in combustion engines [4]. 

The main drawback of this vision is the fact that hydrogen is rarely found naturally in its molecular H2 

form, but in other molecules such as water, crude oil or natural gas. This makes hydrogen production 

technologies the backbone of the Hydrogen Economy and a crucial bottle-neck for its realisation. The 

most commonly used methods of hydrogen production are reforming of hydrocarbons, the use of 

biomass in some form and water splitting [5,6]. Reforming and biomass gasification emit carbon 

dioxide as a by-product, which necessitates carbon capture and storage technology [5]. Hence, water 

electrolysis using electricity from renewable energy sources is an attractive alternative as its only local 

by-product is oxygen, when renewable electricity is used. Life cycle assessment analysing the whole 

supply chain yields a global warming potential for PEMWE hydrogen production of more than 30 
kg CO2

kg H2
 

for the use of grid energy, and between 1 
kg CO2

kg H2
 and 3 

kg CO2

kg H2
 for a range of renewable energy sources 

[7], which compares to 4 
kg CO2

kg H2
 for biomass conversion and around 9 

kg CO2

kg H2
 for fossil fuel 

reforming [8]. 

The most widely applied and commercially viable water-splitting technology is alkaline electrolysis, 

which is mature and enables multimegawatt hydrogen production. Its advantages include simple 

design and a cheap electrolyte (KOH) [9]. However, alkaline electrolysis suffers from drawbacks such 

as relatively low current densities typically below 0.6 A cm-2 [10], resulting in a non-compact build, 

and a high gas crossover between anode and cathode [11].  
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In response to these disadvantages, polymer electrolyte membrane (PEM) water electrolysers have 

been developed, which use a polymer (ionomer) membrane instead of a liquid electrolyte to allow for 

transport of hydrogen ions. PEM water electrolysers (PEMWEs) can achieve high current densities of 

up to 10.0 A cm-2 [12], but are mostly used up to around 2.0 A cm-2 [10]. This, and the use of a thin 

membrane, allows for a very compact design and a significantly reduced gas crossover compared to 

alkaline electrolysis. In spite of these conceptual advantages, PEMWEs have only recently been 

commercialised; however, significant advances in deployment have been made in recent years, with 

plants being rated up to 6 MW [13], a 10 MW plant in installation [14], and a planned 100 MW plant 

[14]. Nevertheless, PEMWE has yet to be developed to the same scale of hydrogen production as 

alkaline electrolysis [10] and capital expenditure for PEMWE is still high, but is expected to reach cost 

parity with alkaline electrolysis by 2030 [15]. 

As most renewable energy technologies are intrinsically intermittent, stabilisation will be necessary 

to build a grid dominated by renewables. Among several potential solutions, such as Li-ion batteries 

and redox flow batteries, PEMWEs are a well-suited technology to provide this stabilisation in 

combination with PEM fuel cells. In the case of electricity overproduction, hydrogen can be produced 

and stored. When, at a later point, electricity production is not sufficient, the previously produced 

hydrogen can be converted into power using fuel cell technology. As a result, peaks and troughs in 

renewable electricity production are mitigated and the grid stabilized [10,16]. As electricity production 

from renewable sources is enforced by policy and growing exponentially worldwide, the need for an 

efficient and robust grid-scale storage system is increasing in tandem. PEMWEs are a prime candidate, 

especially with investment costs dropping [17], which makes the large-scale storage and intermittence 

control of renewable energy through hydrogen production and storage a more viable option. 

As PEMWE technology matures, ever higher operational current densities are achieved. Increasing 

current density requires greater oxygen and hydrogen removal and access of water to the reaction 

sites, which need to be efficiently transported through the PEMWE. Mass transport is especially 

important at the anode, where water must be transported to the catalyst layer and simultaneously 
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oxygen needs to be transferred in concurrent flow from the reaction sites towards the flow channels. 

Given the increasing need and ability to operate at high current density the scientific literature 

dedicated to improving mass transfer in PEMWEs is expanding rapidly. This review examines this body 

of literature, providing an overview of the state of research and technology in relation to mass 

transport in PEMWEs and available diagnostic techniques used to analyse it, improve device design 

and operational conditions. This work focuses on the processes on the anode side and membrane; 

however, the mass transport on the cathode of a PEMWE can be mostly described analogously.  

2 PEMWE Assembly 

Figure 1 shows the assembly of a typical PEMWE with the catalyst coated membrane (CCM), the liquid-

gas diffusion layer (LGDL) at the anode, the gas diffusion layer at the cathode (GDL), flow-fields, and 

end-plates. Gaskets (not displayed) are usually employed to keep LGDL, GDL, and CCM in place and to 

prevent leakage. The use of a CCM is the most commonly used approach, but it is possible to apply 

the catalysts to the surface of the LGDL/GDL and combine these with an uncoated ionomer 

membrane. This yields an equivalent sequence of functional layers and has been shown to produce 

comparable performance [18,19]. 

The single-cell PEMWE (Figure 1 (a)) shown here is typically used for research work and is well-suited 

to demonstrate the basic processes and function of a PEMWE. However, for commercial application 

PEMWE stacks are used, which combine multiple single cells into one unit [20], but are subject to the 

same processes discussed in this work. 

Water enters the PEMWE through the end-plate on the anode side and is transported across the active 

area along the channels of the flow-field. Within the temperature range PEMWEs are typically 

operated the water is liquid. The water then crosses through the porous LGDL towards the anode 

catalyst layer (CL), where it is oxidised to form protons, electrons and oxygen. The protons are 

transported through the membrane to the cathode CL, where hydrogen is formed. However, the 

oxygen has to be transported from the anode CL, through the LGDL, back to the flow channels where 
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it is carried out of the PEMWE cell with the unreacted water. While crossing the LGDL, the oxygen gas 

is in counter-current flow to the water traveling from the flow-field to the catalyst layer. Even though 

it is not strictly necessary for the operation of a PEMWE, water can be circulated through the cathode 

side as well to facilitate hydrogen removal and ensure sufficient hydration of the membrane (shown 

in Figure 1 (b)); however, many PEMWE systems, in particular commercial plants, operate without 

water circulation at the cathode.  

 

Fig. 1: (a) The assembly of a single-cell PEMWE with end-plates, flow-field, liquid-gas diffusion layer (LGDL), gas diffusion 

layer (GDL), and catalyst coated membrane (CCM). (b) Schematic of components and mass flows in a PEMWE. 
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The use of a solid membrane allows for a compact build with a minimum amount of liquid in the 

PEMWE cell. Nevertheless, the costs of a PEMWE stack still amount to a significant proportion of the 

overall system, with indicative reports quoting 37 % of the total costs of a PEMWE system [21]. 

Innovation in stack design and manufacture is pushing cost down and improving durability and 

efficiency. For example, Chisholm et al. [22] 3D printed and silver-coated PEMWE flow plates from 

polypropylene. These flow plates were about 4 times lighter and 5 times cheaper than conventional 

plates from titanium and showed good stability over 100 hours at 0.25 A cm-2. Another approach to 

use additive manufacturing for PEMWE parts was taken by Yang et al. [23], who used selective laser 

melting to create a multifunctional plate incorporating LGDL, gasket, flow-plate and end-plate. By 

removing the contact resistance between these parts, an increase in hydrogen generation of more 

than 60 % was achieved.  

3 Sources of Loss in a PEMWE 

The decomposition of water is driven by heat and electrical energy. The minimum electrical energy 

required for the decomposition of water is the reversible voltage V𝑟𝑒𝑣 = 1.23 𝑉, while the 

thermoneutral voltage V𝑡𝑛 = 1.48 𝑉 is required if no external heat is supplied [24]. 

V𝑟𝑒𝑣 is the minimum, thermodynamic potential necessary to drive the water-splitting reaction at 

standard conditions. However, several other voltage contributions have to be accounted for, which 

constitute the operational voltage 𝑉 [25–27]. 

V =  V𝑜𝑐 + V𝑎𝑐𝑡 + V𝑜ℎ𝑚 +  V𝑐𝑜𝑛 (1) 

Here, V𝑜𝑐 is the open circuit voltage, which depends on the reversible voltage V𝑟𝑒𝑣 [25]:   

V𝑜𝑐 =  Vrev  + 
𝑅𝑇

2𝐹
 ln (

𝑝𝐻2√𝑝𝑂2

𝑎𝐻2𝑂
)  . (2) 

𝑇 denotes the temperature, 𝑅 is the universal gas constant, 𝐹 is the Faraday constant, and 𝑝 is the 

partial pressure of a gas. The activity 𝑎 of liquid water is 1. The open circuit voltage is the energy 

thermodynamically required to drive the water-splitting reaction and can be derived from the Nernst 
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equation [25]. It can be understood as the representation of the thermodynamic processes at the 

electrode. 

V𝑎𝑐𝑡 is the activation overpotential, which is associated with the activation energy of the water 

electrolysis reactions and can be described by the Butler-Volmer equation. The equation given here is 

most commonly used in the literature [11,25,27–31] and does not account for the liquid water 

saturation at the electrode surface. However, there are several examples given of the Butler-Volmer 

equation, incorporating the electrode surface or similar parameters [26,32,33]. 

V𝑎𝑐𝑡 = V𝑎𝑐𝑡,𝑎𝑛 + 𝑉𝑎𝑐𝑡,𝑐𝑎𝑡 =
𝑅𝑇

𝛼𝑎𝑛𝐹
sinh−1 (

𝑖

2𝑖0,𝑎𝑛
) +

𝑅𝑇

𝛼𝑐𝑎𝑡𝐹
sinh−1 (

𝑖

2𝑖0,𝑐𝑎𝑡
) (3) 

Anode and cathode contributions are denoted by 𝑎𝑛 and 𝑐𝑎𝑡, respectively. Typical values for the 

charge transfer coefficients are 𝛼𝑎𝑛 = 2 and 𝛼𝑐𝑎𝑡 = 0.5 [11]. The exchange current density is denoted 

by 𝑖0. The current density 𝑖 is the current 𝐼 normalized by the geometric active area 𝐴 of the PEMWE. 

The exchange current density is calculated from the activation energy 𝐸𝐴 at the respective electrode 

and a reference value 𝑖0,𝑟𝑒𝑓 which is obtained from literature or fitting experimental polarisation data 

[32]: 

𝑖0 = 𝑖0,𝑟𝑒𝑓𝑒𝑥𝑝 (−
𝐸𝐴

𝑅
(

1

𝑇
−

1

𝑇𝑟𝑒𝑓
)) 

The activation overpotential represents the kinetic characteristics of the electrode processes, and as 

such can be significantly influenced by electrode and catalyst microstructure and morphology. A more 

detailed discussion of electrode kinetics and the use of the Butler-Volmer equation for water 

electrolysis can be found elsewhere [34]. 

The ohmic overpotential 𝑉𝑜ℎ𝑚 is caused by the ohmic resistance 𝑅 of the different parts of the 

PEMWE, which consists of end-plates, 𝑒𝑝, flow-plates, 𝑓𝑝, liquid-gas diffusion layers, 𝑙𝑔𝑑𝑙 and the 

catalyst coated membrane, 𝑐𝑐𝑚 [25,26,35]: 

𝑉𝑜ℎ𝑚 = 𝑅𝐼 = (𝑅𝑒𝑝 + 𝑅𝑓𝑝 + 𝑅𝑙𝑔𝑑𝑙 + 𝑅𝑐𝑐𝑚)𝐼  . (4) 
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The ohmic overpotential reflects the flow of current through a number of components from the 

external current connectors to the electrode surface. The conduction of current through these 

components requires a certain level of energy, which is expressed as an ohmic loss. The ohmic 

resistances above contain a portion which is attributed to the contact resistance between the 

respective part and the adjacent PEMWE component. This contact resistance can contribute 

significantly to the overall PEMWE voltage [23]. 

The concentration overpotential 𝑉𝑐𝑜𝑛 is caused by limitations in the supply of reactant or the blockage 

of active catalyst sites by an excess of product. This occurs in particular at high current densities when 

high flow rates of water are required, and large amounts of oxygen and hydrogen are produced. From 

the inlet, water is transported through the flow channels and has to cross the porous LGDL to reach 

the active catalyst sites on the surface of the membrane. Simultaneously, the product gas is produced 

at the CCM and needs to move through the LGDL in counter-current flow to the water. As the mass 

flow through the LGDL is increasingly inhibited by the increasing amount of water and gas, additional 

energy is required to overcome this resistance. To provide this excess energy, an increased voltage 

has to be supplied to the PEMWE, which is the concentration overpotential. 

The concentration overpotential is modelled as a logarithmic increase for product (𝑂2, 𝐻2) 

concentrations at the membrane 𝑚𝑒 exceeding the concentrations at a reference state 0. This 

definition was introduced for PEMWEs by Marangio et al. [27] and has been followed by the vast 

majority of publications [25,26,28,30,35–37]. 

𝑉𝑐𝑜𝑛 = 𝑉𝑐𝑜𝑛,𝑎𝑛 + 𝑉𝑐𝑜𝑛,𝑐𝑎𝑡 =
𝑅𝑇

4𝐹
ln (

𝑐𝑂2,𝑚𝑒

𝑐𝑂2,𝑚𝑒,0
) +

𝑅𝑇

2𝐹
ln (

𝑐𝐻2,𝑚𝑒

𝑐𝐻2,𝑚𝑒,0
) (5) 

The concentration 𝑐 of the species at the membrane 𝑚𝑒 depends on the gas generation rate, but also 

at the rate of mass transport through the LGDL and flow channels. 
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The polarisation curve of a PEMWE, which is the sum of the contributions described above, is shown 

in Figure 2 (a) for different temperatures, while a theoretical i-V curve with a rapid voltage runaway 

due to the concentration overpotential is displayed in Figure 2 (b). 

 

Fig. 2: (a) Polarisation curve of a PEMWE at different temperatures [38] (Reprinted from ‘J Power Sources, 396, Yang et al., 

Bipolar plate development with additive manufacturing and protective coating for durable and high-efficiency hydrogen 

production, 590–8, 2018’, with permission from Elsevier). (b) Theoretical polarisation curve, predicting rapid voltage increase 

due to the concentration overvoltage [26] (Reprinted from ‘Int J Hydrogen Energy, 42, Han et al., Modeling of two-phase 

transport in proton exchange membrane electrolyzer cells for hydrogen energy, 4478–89, 2017’, with permission from 

Elsevier). 

4 Mass Transport in the Flow Channels 

4.1 Flow Regime 

Flow-fields ensure the supply of the electrolyser with water and the removal of product gas. While 

water supply is only necessary on the anode side, flow-fields are also often used on the cathode side 

to facilitate removal of hydrogen and excess water. The following discussion focuses on the processes 

on the anode side; however, many aspects apply to the cathode as well.  

Depending on the amount of oxygen produced, the flow regime can vary from single-phase flow (no 

oxygen production) to several different forms of two-phase flow. As current density is increased a 

range of flow regimes can be observed, with varying descriptions used in the literature. It is not 

uncommon to find identical flow regimes being described by different terms or identical terms 
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describing slightly different flow regimes. In this review, the classification of flow regimes according 

to Mishima et al. [39] is used throughout. 

 

Fig.3: With increasing current density, more gas is produced and has to be removed through the flow channels. The flow 

regime progresses from bubble to plug, slug, churn and annular regime.  

Figure 3 describes the development of flow regimes with increasing gas-to-water ratio. With the onset 

of electrochemical activity and related gas production the flow regime changes from single-phase 

water flow to bubbly flow. As more gas is produced, bubbles coalesce to form plugs then slugs, filling 

the entire diameter of the tube or channel. In churn flow, slug bubbles are deformed and no longer 



12 
 

display a spherical shape. The liquid between gas slugs is increasingly filled with small gas bubbles. As 

flow transitions into annular, the remaining water forms a film along the channel wall, while the rest 

of the channel is almost exclusively filled with gas. A further increased gas flow disperses the liquid 

film along the wall. Hence, the whole channel is filled with a gas-liquid dispersion; this is classified as 

annular-mist flow [39].   

4.2 Mass Flux 

To link the electrochemical activity of a PEMWE to the flow regime in its flow channels, a flow map 

can be developed. This requires knowledge of the rate of water consumption and oxygen gas 

generation; the necessary equations are presented in the following normalised to the cross-sectional 

area of individual flow channels. Water is consumed by the oxygen evolution reaction (OER) on the 

anode side at a given rate by [40]: 

𝐺𝑐𝑜𝑛𝑠 =
𝑖𝐴𝑀𝐻2𝑂

2𝐹𝑛𝑐ℎ𝑎𝑛𝑎
 . (6) 

Here, 𝑖 is the current density, 𝐴 is the active area of the electrolyser, 𝑀𝐻2𝑂 is the molecular mass of 

water, 𝐹 is the Faraday constant, 𝑛𝑐ℎ𝑎𝑛 is the number of flow channels and 𝑎 is the cross-sectional 

area of a flow channel. 

At the same time, water is removed from the anode side of the PEMWE due to electro-osmotic drag. 

This is caused by protons moving from anode to cathode through the polymer membrane. The rate of 

water removal by this process is defined by [40]: 

𝐺𝑑𝑟𝑎𝑔 = 𝑛𝑑𝑟𝑎𝑔

𝑖𝐴𝑀𝐻2𝑂

𝐹𝑛𝑐ℎ𝑎𝑛𝑎
 . (7) 

The number of water molecules transported through the membrane per proton is defined by the 

temperature-dependent electro-osmotic drag coefficient 𝑛𝑑𝑟𝑎𝑔. Commonly, an empirical 

approximation by Onda et al. is used in PEMWE literature [41]: 

𝑛𝑑𝑟𝑎𝑔 = 0.0134 𝑇 + 0.03 . (8) 

The rate of oxygen production is calculated as [40]: 
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𝐺𝑂2 =
𝑖𝐴𝑀𝑂2

4𝐹𝑛𝑐ℎ𝑎𝑛𝑎
 , (9) 

where 𝑀𝑂2 is the molecular mass of oxygen. 

As water molecules are dragged from the anode to the cathode, oxygen and hydrogen dissolved in 

the water are also transported across the membrane to the cathode. While the dragged hydrogen 

reduces the net gas crossover as it is the opposite direction of hydrogen permeation, the drag of 

dissolved oxygen adds to the oxygen permeation and causes further side reactions at the cathode and 

a reduction in PEMWE efficiency [24,42]. 

The gravimetric gas fraction 𝑥 can be calculated from the above mass fluxes and the total rate of water 

circulation into the anode side of the PEMWE. It is the ratio of gas generation rate (𝐺𝑂2) to the total 

mass flux in the channel, which is the sum of the water mass flux (𝐺𝑐𝑖𝑟𝑐 − 𝐺𝑐𝑜𝑛𝑠 − 𝐺𝑑𝑟𝑎𝑔) and gas 

generation rate [40]. 

𝑥 =
𝐺𝑂2

𝐺𝑐𝑖𝑟𝑐 − 𝐺𝑐𝑜𝑛𝑠 − 𝐺𝑑𝑟𝑎𝑔 + 𝐺𝑂2

(10) 

It should be noted that 𝑥 is dependent on the location along the flow channel. To calculate 𝑥 for a 

position before the outlet, the active area 𝐴 has to be reduced accordingly.  

Another metric to characterise the flow in the PEMWE is the water ratio ζ, which is defined as the ratio 

of the rate of water circulation to the rate of water removal by the combination of the OER and electro-

osmotic drag [40,43]. 

𝜁 =
𝐺𝑐𝑖𝑟𝑐

𝐺𝑐𝑜𝑛𝑠 + 𝐺𝑑𝑟𝑎𝑔

(11) 

Theoretically, a value of ζ=1 is sufficient for electrolysis. However, in practice, a higher value is required 

to ensure sufficient water supply and cooling. Minimum, safe values for the water ratio found in the 

literature range from ζ=3 [43] to ζ=5 [40].  A comparison of water flux and gas generation, and the gas 

fraction at the outlet, as a function of current density is shown in Figure 4 (a) and for the water ratio 

in Figure 4 (b). 
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The flow velocity of liquid 𝑗𝑙 and gas 𝑗𝑔 can be calculated as a function of the gas fraction [40].   

𝑗𝑙 =
𝐺(1 − 𝑥)

𝜌𝐻2𝑂
=

(𝐺𝑙 + 𝐺𝑔)(1 − 𝑥)

𝜌𝐻2𝑂
=

(𝐺𝑐𝑖𝑟𝑐 − 𝐺𝑐𝑜𝑛𝑠 − 𝐺𝑑𝑟𝑎𝑔 + 𝐺𝑂2)(1 − 𝑥)

𝜌𝐻2𝑂

(12) 

𝑗𝑔 =
𝐺𝑥

𝜌𝑂2

(13) 

 

Fig.4: (a) Comparison of the mass fluxes of water with the oxygen generation in the range from 0.0 A cm-2 to 3.0 A cm-2 at a 

water circulation rate of 50 ml min-1, a temperature of 90 °C, in a parallel flow-field with 9 channels (Width: 1.76 mm, Depth: 

2 mm). The gravimetric gas fraction at the outlet increases linearly with current density. (b) Water ratio as a function of 

current density at the same conditions, for water circulation rates of 5 ml min-1, 50 ml min-1, and 100 ml min-1. 

Here, the total flow through the flow channels 𝐺 consists of the total liquid flow 𝐺𝑙  and gas flow 𝐺𝑔. 

The flow velocities of gas and liquid can be used to compare the state of operation of a PEMWE with 

known flow maps to define the flow regime in the flow channels. For comparison, attention has to be 

paid to choose a flow map which was observed in a system as similar as possible (materials and 

geometry) to the flow channels of the PEMWE. Two flow maps commonly used for research relating 

to PEMWEs are shown in Figure 5.  
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Fig.5: The flow maps of (a) Cubaud et al. [44] (Reprinted from ‘Cubaud et al., Transport of bubbles in square microchannels. 

Phys Fluids 2004;16:4575–85.’, with the permission of AIP Publishing.) and (b) Mishima et al. [39] (Reprinted from ‘Int J 

Multiph Flow, 22, Mishima et al., Some characteristics of air-water two-phase flow in small diameter vertical tubes, 703–12’, 

with permission from Elsevier), defining the occurrence of various flow regimes as a function of the velocity of the liquid and 

gas phase in the flow channels. The shape and location of the regime borders vary depending on the exact shape and size of 

the channels of the experimental systems used to create the flow map. 

4.3 Flow-Field Design and Diagnostics 

 

The design of the flow-field affects pressure drop, gas and water flow velocities, gas removal, and the 

flow regime. Most commonly described in the literature are parallel, single-serpentine, and multiple-

serpentine flow-fields. Each design varies in the amount of water and gas that is transported through 

an individual channel (Figure 6). Other flow-field geometries, such as interdigitated [45–47] or pin-

type [23,48] flow-fields, exist but are not very commonly used. 

The flow-fields introduced here are typically used for PEMWE research and the most commonly 

discussed geometries in scientific literature. However, other alternatives are possible, such as the use 

of metal meshes as flow-fields, which are used in proprietary commercial PEMWE systems.  
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Fig. 6: Perspective (a-c) and top-down (d-f) view of a parallel (a,d,g), single-serpentine (b,e,h), and triple-serpentine (c,f,i) 

flow-field. The gas and liquid amount in each channel along its length (g-i) varies depending on the flow-field geometry. The 

channel number is indicated in (d-f) and used accordingly in (g-i). The axis titles on the left and right of (g-i) apply to all three 

figures. 

In parallel flow-fields (Figure 6 (a),(d),(g)), the flow is separated into a number of separate channels, 

which are connected by a dividing and a combining manifold. Usually, parallel flow-plates are designed 

in a Z-pattern, with inlet and outlet located at diagonally opposing corners of the flow-field. Ideally, 

the amount of water and gas passing through an individual channel is the corresponding fraction of 
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the total amount of water and gas with respect to the total number of channels. However, if a flow-

field with a Z-pattern is used, a non-uniform distribution of flow occurs [49]. For a single-serpentine 

flow-field (Figure 6 (b),(e),(h)), all of the water and gas has to pass through one channel, thus causing 

much higher flow velocities than in a parallel flow-field. Hence, the pressure drop in a single-

serpentine flow-field is significantly higher than for a parallel flow-field [40]. 

There is conflicting information on the performance of these flow-fields. Ito et al. [40] showed 

improved performance of a PEMWE (active area: 5.2 x 5.2 cm) with a parallel flow-field up to 1.0 

A cm-2. They assigned this difference in performance to an increased concentration overpotential in 

the single-serpentine flow-field. However, it is unlikely that this effect is notable at current densities 

as low as 1.0 A cm-2. Majasan et al. [50] also found improved performance for the parallel flow-field 

for current densities of up to 3.0 A cm-2, whereas, Li et al. [51] showed superior performance of a 

single-serpentine flow-field. In this study, the parallel flow-field was also shown to have the highest 

ohmic resistance, which partly explains the decreased performance. This raises the question if the 

dominant factors influencing electrochemical performance of different flow-fields are flow effects or 

simply the ohmic resistance of the flow-plate. In the latter case, further work is necessary to optimise 

flow-field geometry by minimising ohmic resistance (channel-to-land ratio) while ensuring a 

sufficiently low pressure drop. Also, further work on the exact role of flow effects on electrochemical 

performance is required. 

Multiple-serpentine flow-fields (Figure 6 (c),(f),(i)) share characteristics of the parallel as well as the 

single-serpentine flow-field. Their electrochemical performance and pressure drop were found to be 

intermediate to those of parallel and single-serpentine flow-fields [40]. 

All flow-fields shown in Figure 6 are of the Z-type, with inlet and outlet being located at diagonally 

opposed sides of the active area (bottom left and top right). Alternatively, flow-fields can be designed 

in a U-shape, which would require inlet and outlet being located at the same side of the active area 
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(e.g. bottom left and top left). The location of inlet and outlet has been shown to have significant 

impact on the distribution of water flow between individual channels of a flow-field [49,52,53]. 

There is very little published research examining possibilities to optimise flow-fields beyond the 

differentiation of parallel, single and multiple-serpentine designs. Majasan et al. showed that the 

performance of a PEMWE is affected by the depth of the flow channels and demonstrated a varying 

degree of mass transport limitation with flow channel depth at different current densities. A non-

monotonic trend was found, implying the possibility of optimising the flow-field design [54]. 

A multitude of approaches have been deployed to image and diagnose the processes in the flow 

channels of PEMWEs. Most publications use either optical, X-ray or neutron imaging to visualize 

bubble and water flow. Optical imaging is comparatively low-cost and easy to implement, which makes 

it a preferred tool for flow-field diagnosis [55–62]. X-ray and neutron imaging, on the other hand, are 

expensive, require large-scale facilities, and often the PEMWE cell needs to be adapted or miniaturized 

to facilitate measurement. However, these techniques offer quantitative capabilities and the 

possibility of analysing the processes in the flow-field, LGDL and catalyst layer simultaneously, which 

explains the attraction of X-ray [63,64] and neutron imaging [65–69] techniques for the study of 

PEMWEs. X-ray imaging usually offers a higher flux and therefore shorter acquisition times, while the 

preferential attenuation of neutrons in hydrogen and water makes neutron imaging an especially 

valuable diagnostic tool [70]. 

While imaging techniques offer valuable insight into flow processes, they suffer obvious drawbacks in 

terms of cost and ease of implementation and are often not suited as diagnostic tools for industrial 

PEMWE plants. To mitigate these disadvantages Maier et al. [71] used acoustic emission (AE) as a non-

destructive, operando diagnostic tool to diagnose the relative change of bubble size and number of 

bubbles in the flow channels of a PEMWE. This allowed for the identification of the transition from 

bubbly to slug flow.  
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4.4 Influence of the Flow Regime on Performance 

  

There are essentially two model concepts on how the flow regime can affect the overall performance 

of a PEMWE. The first idea assumes that the formation of gas slugs in the flow channel hinders the 

supply of water to the LGDL, and consequentially to the catalyst sites. This would then decrease overall 

performance by amplifying the concentration overpotential [72]. The second concept assumes that 

the bubbles in the flow channel cause turbulence which leads other bubbles in the vicinity to detach 

from the LGDL surface. This effect gets stronger when the size of bubbles in the flow channel increases. 

Hence, bubbles are effectively removed from the LGDL surface, which accelerates gas removal from 

the catalyst sites and through the LGDL. This would cause a decrease in concentration 

overpotential [56]. 

Ito et al. [40] measured the performance of a PEMWE, comparing three different flow-field designs: 

parallel, single-serpentine, and dual-serpentine. As shown in Section 0, the water flow speed, water-

to-gas ratio, and flow regime vary widely between these designs even at identical operating 

conditions. In particular, flow-fields with fewer flow channels (serpentine) favour the development of 

flow regimes with a low water-to-gas ratio (slug, annular), while flow-fields with multiple channels 

(parallel) favour flow regimes with a higher water-to-gas ratio, such as bubbly flow. As the authors 

observed a decrease in performance from the parallel to single-serpentine and then dual-serpentine 

flow-field, they concluded that performance deteriorates for flow regimes with a lower water-to-gas 

ratio than bubbly flow [40]. 

In later work, Ito et al. [72] examined the occurrence and pressure drop of different flow regimes and 

the link between the mean pore diameter of the LGDL and the development of the flow regime. Their 

theoretical considerations and experimental data imply that a LGDL with bigger pores results in a 

larger bubble detachment diameter and hence plug and slug flow are reached at lower current 

densities compared to a LGDL with smaller pores. This leads to vast areas of the liquid-gas diffusion 

layer being covered by gas bubbles, which they postulated had a negative effect on performance. In 
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subsequent work, the authors [73] measured the cell resistance and overall performance using 

titanium felts of different pore size as LGDLs. An increase in cell resistance with increasing pore size 

was found, which is attributed to an increase in bubble detachment radius.  

Sun et al. [43] performed current mapping and localised electrochemical impedance 

spectroscopy (EIS) on a PEMWE under water starvation; they showed that in the case of water 

starvation, performance decreases under slug and churn flow compared to the bubble regime. Similar 

observations of the decrease of local current density towards the end of the channel under water 

starvation have been made by Immerz et al. [74,75]. However, both authors compared subsequent 

locations along the flow in a PEM water electrolyser and not a whole cell under different regimes. 

Therefore, it is uncertain if these results can show the influence of the flow regime properly, as flow 

regime and water starvation effects occur at the same time. 

Using EIS and high-speed imaging, Dedigama et al. [55] came to a contrary conclusion; their results 

showed an improvement in mass transport, which is associated with the transition from bubble to 

slug flow. Further, Dedigama et al. [56] mapped the current density at different locations along a 

single-channel PEMWE and found an increase in performance towards the top end of the channel and 

showed that slug flow is the dominant flow regime at this location. This supported the earlier finding 

that performance is enhanced in slug flow. However, it has been proposed that this might be caused 

by an increase in temperature along the flow channel [76]. Further, the increase in mass transfer 

inhibition at higher flow rates can be seen as a consequence of the increased kinetic energy of water 

flow in the flow channel, which hinders the detachment of gas bubbles from the LGDL surface into the 

flow channel [77]. 

There is a lack of consensus and understanding of the exact relationship between PEMWE 

performance and the flow regime. Further, to date, no coherent model of the processes underlying 

potential performance changes due to a specific flow regime has been developed and backed by 

conclusive experimental data.  
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4.5 Two-Phase Modelling 

 

Modelling of the two-phase flow offers the opportunity to predict the effects of changes to geometry 

or physical parameters in a low-cost and rapid way. For every modelling work the underlying 

assumptions have to be studied carefully to understand the possibilities and limitations of a given 

model. Details on the used assumptions can be found in individual publications, but common 

examples include an even distribution of current and temperature across the active area [46], 

limitation to single-phase flow [78], or restricted validity to one specific domain, e.g. the anode flow 

channels [49]. 

Only a few publications have provided comprehensive 3D models incorporating two-phase flow, 

specifically aiming at PEMWEs [45–47]. Lafmejani et al. [47] published a 3D volume-of-fluid model and 

qualitatively confirmed their results with optical imaging of the flow in an interdigitated flow-field. 

Olesen et al. [45,46] presented a full-scale, mathematical, 3D model of a PEMWE, incorporating 

compressible two-phase flow as well as heat and charge transfer in the catalyst layer, micro-porous 

layer, LGDL and the flow channels. The authors used this model to predict the state of operation of a 

PEMWE for current densities up to 5.0 A cm-2. For these elevated currents they found a heterogeneity 

in the current density distribution of up to 1.5 A cm-2 and in the temperature distribution of up to 20 

K. Further, they showed that changing the design of an interdigitated flow-field design can lead to 

significant variations in local temperature, which can accelerate catalyst degradation, while the overall 

cell performance with these flow-fields did not differ. This work also highlights the particular value of 

two-phase modelling for high current density operation, as the link between uneven water-gas 

distribution and hotspot formation is demonstrated [45]. This shows the significant effect mass 

transport aspects can have at elevated current density and how two-phase modelling can be used to 

investigate these effects. 

The work described above mathematically incorporated the two-phase flow in the LGDL without 

explicitly describing the movement of gas and water. Resolving the exact transport pathways of gas 
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bubbles through the LGDL enables to study the effect of LGDL microstructure on mass transport, but 

it is challenging to link this to the overall PEMWE performance [79].  

Other approaches to PEMWE flow modelling are limited to one-phase flow [31,49,80]. Nie et al. [49] 

simulated one-phase flow through a parallel flow-field with a Z-pattern. In this type of flow-field, the 

water inlet is positioned diagonally opposite the water outlet and it is commonly used in PEMWEs. 

The authors showed that for this type of flow-field the water flow velocity is very unevenly distributed 

between the single flow channels. The Z shape favours flow through the flow channels closest to the 

outlet which causes the water flow velocity to be up to five times higher than in the middle channels. 

Further, the authors found a corresponding pressure maldistribution over the flow-field, with the 

pressure roughly decreasing diagonally from inlet to outlet.  

Toghyani et al. used single-phase flow modelling to address the optimization of standard flow-fields 

and development of novel flow-field designs. The authors showed that serpentine flow-fields with a 

varying number of flow channels caused an improved electrochemical performance and lower 

temperatures compared with a parallel flow-field [31]. They also explored the use of metal foam as a 

flow-field material and concluded that the electrochemical performance of a PEMWE could be 

improved by this [81], and modelled the flow through a novel, spiral flow-field geometry [82]. 

5 Mass Transport in the Liquid-Gas Diffusion Layer 

Fluid flow through a porous medium, such as the LGDL, is a highly complex process which is affected 

by the microstructure of the porous medium, interfacial interactions between fluid and walls, 

interactions between different fluids, and bulk properties of the fluids. This makes it challenging to 

analytically describe multi-fluid flow in porous media and numerous equations have been developed, 

each describing specific situations and introducing additional parameters to achieve improved 

precision. However, the most fundamental (and most modified) equation for fluid flow in porous 

media is Darcy’s law, which links the fluid velocity 𝑢 to its pressure gradient across a control volume 
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𝜕𝑝

𝜕𝑥
 [83]. It is commonly used in computational work on PEMWEs [26,47,84,85]; however, variations of 

Darcy’s law are sometimes employed to achieve higher accuracy [46,78]. 

𝑢 = −
𝐾

𝜂

𝜕𝑝

𝜕𝑥
(14) 

Darcy’s law takes into account the permeability of the fluid 𝐾 and its viscosity 𝜂. The permeability can 

be calculated from various equations, as well as empirical correlations [46,47], but the Kozeny-Carman 

equation is the best-known approach. It links the macroscopic permeability with the microscopic 

parameters of the porous medium porosity 𝜀, tortuosity 𝜏, and the surface area per unit volume 𝑎𝑉, 

but various modifications and extensions have been discussed [83]. 

√
𝐾

𝜀
= (𝑎𝑉√2𝜏)

−1
(

𝜀

1 − 𝜀
) (15) 

5.1 LGDL Materials 

 

The liquid-gas diffusion layer serves a multitude of purposes; it is expected to provide good thermal 

and electrical conductivity, low interfacial losses and mechanical strength and support for the flexible 

CCM, especially under differential pressure operation. Furthermore, the LGDL needs to withstand the 

corrosive environment on the anode side during long-term operation without degradation or forming 

a passivating layer. This requirement makes titanium the most commonly used material for the LGDL 

on the anode side. However, recent work by Becker at al. [86] has shown that, away from the catalyst 

layer/LGDL interface, the corrosion potential at the surface of the anode LGDL is decoupled from that 

of the catalyst layer due to the low conductivity of the water phase. This opens up the possibility of 

use of cheaper LGDL materials such as carbon and carbon-coated stainless steel, which are also easier 

to manufacture into porous structures than titanium.  

Another crucial purpose of the liquid-gas diffusion layer is to facilitate the two-phase counter-current 

flux of gas towards the flow channels and water towards the CCM. Hence, the microstructure of the 

LGDL needs to be optimized with respect to the trade-off between mass and electron transport, with 
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mechanical stability, thermal conductivity and good interfacial contact as further constraints 

[11,57,87]. Especially the interface between LGDL and catalyst layer appears to have a strong influence 

on contact resistance, charge and mass transfer resistance [88–90]. Due to the multiple functions of 

the LGDL the choice of material has a significant impact on the operation, performance, and mass 

transport characteristics of a PEMWE. Choosing an adequate LGDL material for a PEMWE application 

is essential to guarantee stable and good performance. 

Porous titanium sintered or fibrous materials have been most commonly used as LGDLs. In some cases, 

titanium meshes have been used as the LGDL, while recently the use of thin, perforated plates has 

been proposed as a beneficial alternative to more established materials. Another potential material 

that has been adopted as LGDL in PEM fuel cells (PEMFCs) are metal foams. SEM images and X-ray 

tomograms of these materials are shown in Figure 7, visualizing the surface and microstructure of the 

LGDL materials. 
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Fig.7: SEM images and X-ray Tomograms of various materials that can be used as a LGDL in PEMWEs. (a) Sintered powder 

and (b) fibrous materials are commonly employed, while (c) perforated plates are very useful for optical access to the catalyst 

surface, and (d) metal foams have shown promise in unitized reversible fuel cells.  
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Porous titanium sinters (Figure 7 (a)) have been widely used as a LGDL, e.g. in the PEMWE stacks 

developed for the GenHyPEM project [91–94]. Grigoriev et al. [95] have published a study that 

theoretically and experimentally examines the influence of different sinter properties on PEMWE 

performance. They concluded that 50 µm to 75 µm is the optimal titanium powder particle size, 

resulting in a LGDL pore mean diameter of 12 µm to 13 µm after sintering, which has recently been 

confirmed [96]. Other conclusions are that pore size and electrical resistance have a big influence on 

the performance of the LGDL, while porosity and gas permeability appear to be insignificant. However, 

this applies only when the porosity lies between 30 % and 50 %, which has been identified as the 

optimal range based on theoretical considerations.    

In recent years, titanium fibrous materials (Figure 7 (b)) have emerged as a potential alternative to 

sintered LGDL materials. These felts have very high porosities of more than 70 %, which is significantly 

higher than for a typical sinter. Ito et al. have tested the performance of a PEMWE using various felts, 

varying pore sizes and porosities. They showed that performance increases with decreasing pore sizes 

above 10 µm, which is assigned to the mass transfer inhibitions related to larger gas bubbles. 

Furthermore, the results indicate that within the range of examined materials the porosity does not 

seem to affect the performance [72,73]. 

Another recent development is the use of perforated plates or foils (Figure 7 (c)) as LGDLs. The 

manufacturing of perforated titanium foils by mask-patterned wet etching methods and their 

potential application as LGDL was first described by Mo et al. [97]. A titanium foil is covered with 

photoresist and the pattern of pores is then developed using a photomask manufactured by soft 

lithography. Subsequently, the pores are etched into the foil with hydrofluoric acid. After removing 

the remaining photoresist, a pristine LGDL with regular, straight pores and easily tuneable features is 

obtained [87]. These thin, novel LGDLs have been shown to exhibit significantly superior performance 

compared to titanium felt, which is caused by the increased interfacial contact between LGDL, flow-

field, and CCM [98]. In a later study, Kang et al. [99] manufactured gold coated, perforated titanium 
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foils and demonstrated a reduced operating voltage at high current densities and stability of the gold 

coating for 100 hours was shown.   

A rarely applied alternative for LGDLs are titanium meshes. Li et al. [100] showed that the pore size of 

the mesh is crucial for performance at high temperatures, but less so at low temperatures. Steen et 

al. [101] tested various meshes, but even the mesh with optimum parameters performed significantly 

worse than titanium felt. Titanium meshes can also be used as low-cost flow-field, an alternative 

especially used for proprietary commercial systems. 

For the future development of LGDLs in PEMWEs, metal foams (Figure 7 (d)) appear to be very 

promising. Baumann et al. [102] sprayed catalyst ink directly onto titanium foam and used this as 

combined LGDL and electrode in a PEMWE. This demonstrated the feasibility of deploying metal foams 

in PEMWEs; however, a systematic study evaluating the role of metal foam as LGDL was not carried 

out. Titanium foam has also been used as the LGDL in a unitized reversible fuel cell (URFC), which can 

operate in either fuel cell or electrolysis mode, and good performance in electrolysis mode was 

demonstrated [103]. Arisetty et al. [104] used nickel foam as combined LGDL and flow-field in a direct 

methanol fuel cell and showed that this configuration can outperform a classical flow-field/LGDL 

combination. The idea of combining LGDL and flow-field by using nickel foam was later also applied in 

PEMFCs and was shown to yield superior performance compared to the use of separate LGDL and 

flow-field [105]. To this point, only a computational study on the use of metal foam as flow-field in a 

PEMWE exists (see Section 4.5) [81]. Further research on the use as a LGDL is necessary.  

5.2 Micro-Porous Layers and Surface Modifications 

 

Based on proven procedures for PEM fuel cells, modifying the surface of particles or fibres in the LGDL 

or introducing an additional layer to the LGDL has been widely proposed to reduce the mass transport 

overpotential and improve overall PEMWE performance. For PEM fuel cells, it has been shown that 

the introduction of a micro-porous or micro-protective layer (MPL) on the side of the gas diffusion 

layer neighbouring the catalyst layer benefits performance by regulating water management and gas 
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transport at the interface. This layer consists of carbon black or PTFE and forms a layer with smaller 

pores than the rest of the LGDL [106–110]. 

5.2.1 Micro-Porous Layer 

 

Unfortunately, carbon or PTFE MPLs are not stable in the corrosive environment at the LGDL/catalyst 

layer interface at the anode of a PEMWE, therefore, other materials have been applied, trying to mimic 

the effect of the MPL in PEMFCs. Lettenmeier et al. [111] created a MPL by coating a titanium sinter 

with porous titanium via thermal spraying and demonstrated its superior performance, particularly at 

current densities exceeding 2.0 A cm-2. Sung et al. [112] used a coating of IrO2/Ta2O5 to produce a 

reactive MPL to convert active oxygen species to oxygen, but did not compare the performance of 

their system with a reference. Coating carbon paper with carbon black and subsequently with IrO2 has 

been shown to yield a LGDL and MPL stable for 2000 hours, but no performance comparison to a 

conventional PEMWE system was made [113]. 

Kang et al. [59] used micro (~5 µm) and spherical nano (30 -50 nm) titanium particles to create a MPL 

on a LGDL with small, straight, regular pores via low-temperature air spraying. It was found that micro-

particles yielded stronger performance improvement than nano-particles. A significant performance 

improvement (1.707 V to 1.687 V at 2.0 A cm-2) was found for the micro MPL. High-speed imaging 

showed that the MPL increased the amount of pores providing active catalyst sites. 

The effect of coatings to provide a MPL has also been investigated in unitized reversible fuel cells 

(URFCs). Ito et al. [114] used a layer of PTFE coating on titanium felt as the LGDL in a URFC. They found 

that the influence of the modified LGDL depends on fibre size, but a positive effect was only shown 

for fuel cell mode, not for electrolysis operation. Hwang et al. confirmed many of these findings [115] 

and later created a MPL on titanium felt by applying titanium powder and showed improved 

performance in a URFC for fuel cell operation. No performance improvement was found in electrolysis 

mode; however, the system was only tested up to 1.0 A cm-2 [116]. 
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Building on the idea of a MPL, the use of LGDLs with graded porosity, increasing towards the flow 

channels, has been shown to be beneficial in PEMFCs [117–119]. Lettenmeier et al. [120] produced a 

sinter-like structure with a graded pore size via vacuum plasma spraying. However, the authors could 

not show a significant performance improvement using this novel material as the LGDL in a PEMWE. 

In a similar approach, Kang et al. [121] provided a gradual decrease in LGDL pore size. The authors 

introduced the concept of an in-plane transport enhancement layer, combining two LGDLs with 

straight, circular pores; one with large pores (~830 𝜇m) neighbouring the flow channels, and a second 

one below it with significantly smaller pores (~100 𝜇m). Results show a slight improvement in 

performance with the use of the enhancement layer. The authors attribute this to an improvement in 

access to pores, which before were covered by the land areas of the flow plates. 

5.2.2 Surface Modification 

 

For PEMFCs, chemical modification of the gas diffusion layer, e.g. by adding a hydrophobic agent such 

as PTFE, has been demonstrated to be feasible, stable, and beneficial to performance [122–125]. The 

chemical modification of the surface changes the contact angle of gas and water, favouring the 

transport of one or the other in specific areas or across the entire active area. The link between LGDL 

wettability (contact angle) and PEMWE performance is well established [26,100,126]. 

However, little work has focused on varying the wettability of LGDLs for PEMWEs. Li et al. [127] applied 

a hydrophobic monolayer of n-octadecyl tri-chlorosilane onto the surface of a titanium LGDL. They 

could not demonstrate any performance improvement compared to an untreated LGDL, but observed 

more frequent bubble detachment from the LGDL surface. Bystron et al. [128] etched titanium felts in 

hydrochloric acid, creating a titanium hydride sublayer. The authors showed significantly improved 

performance (voltage reduction of around 0.15 V at 0.5 A cm-2) for more than 100 hours for felts 

treated in that manner. Kang et al. [129] measured the PEMWE performance of PTFE-treated Toray 

carbon paper and demonstrated a performance decrease with increasing hydrophobicity (PTFE 

content). 
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Recent work by Suermann et al. [130] demonstrated the treatment of a fibrous titanium LGDL with a 

femtosecond laser, inducing a high-surface structure, and showed a performance improvement linked 

to the reduced contact resistance.  

5.3 Bubble Nucleation and Growth 

Gas that is produced on the surface of the catalyst layer through electrochemical reaction forms 

bubbles which are then transported through the LGDL and into the flow channels. The nucleation of 

these bubbles is driven by the difference in chemical potential 𝜇 between gas (𝑔) and liquid (𝑙) phase 

[131]. 

Δ𝜇 = 𝜇𝑙(𝑝𝑔, 𝑇) − 𝜇𝑔(𝑝𝑔, 𝑇) > 0 (16) 

This driving force can be expressed in terms of temperature, pressure, the Boltzmann constant 𝑘𝐵 and 

the saturation pressure 𝑝𝑠𝑎𝑡 [131]: 

Δ𝜇 = 𝑘𝐵𝑇 ln
𝑝𝑔

𝑝𝑠𝑎𝑡
= 𝑘𝐵𝑇 ln 𝑆   , (17) 

with the supersaturation S. The pressure of the gas phase 𝑝𝑔 is linked to the overall rate of 

electrochemical gas production, which can be calculated using Faraday’s law (see Section 4.2). 

The Gibbs free energy ∆𝐺 of a cluster of 𝑛 molecules is linked to the chemical potential difference, the 

surface tension of a planar cluster 𝛾∞ and the surface area of the cluster 𝐴(𝑛) [131]. 

∆𝐺 = −𝑛∆𝜇 + 𝛾∞𝐴(𝑛) (18) 

∆𝐺 has a maximum for the critical cluster size 𝑛𝑐. Clusters with less than 𝑛𝑐 molecules on average 

dissociate, while clusters with more than 𝑛𝑐 molecules on average nucleate into bubbles [131]. 

𝑛𝑐 = [
2

3

𝛾∞𝑠𝑙

𝑘𝐵𝑇 ln 𝑆
]

3

(19) 

The liquid phase factor is expressed as 𝑠𝑙 = (36𝜋)1 3⁄ 𝑣𝑙
2 3⁄

, with the molecular volume of the liquid 

phase 𝑣𝑙. 
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Increasing current density leads to a rise in gas production, which increases the supersaturation; this 

reduces the critical cluster size and favours the formation of new gas bubbles. However, the classical 

nucleation theory only describes bubble nucleation on a regular surface under specific 

assumptions [131]. To our knowledge, there is no published work on the nucleation of bubbles on the 

irregular surface of the catalyst layer under real-world conditions.  

Nouri-Khorasani et al. [126] developed a model of bubble nucleation and growth and its effect on 

electrolysis overpotential. They identified four phases from nucleation of a bubble to its detachment 

from the LGDL surface. After sufficient supersaturation causes nucleation, the bubble undergoes 

spherical growth within the walls of the surrounding pore which is assumed to be a straight, vertical, 

cylindrical channel. Once the bubble diameter is equal to the pore diameter, the bubble continues to 

grow cylindrically. Bubble detachment occurs either due to nucleation of a new bubble or as a result 

of changes in the balance of drag, buoyancy, pressure, inertia and surface tension gradient forces. 

After detachment, the bubble travels through the pore to the interface of LGDL and flow channel. It 

then undergoes further spherical growth until it either coalesces with an adjacent bubble or detaches 

from the LGDL surface due to the drag forces exerted by the convective flow of water through the 

flow channel.   

Li et al. [132] used optical high-speed imaging to observe the processes described theoretically by 

Nouri-Khorasani. They used a novel, thin LGDL with straight, cylindrical pores and observed spherical 

bubble growth along the wall of pores. This confirmed earlier findings that bubble nucleation occurs 

only along the triple-phase boundary (see Section 7) [57,62]. Due to this limitation, and the relatively 

large pore diameter in this work (100 𝜇m), cylindrical growth and detachment from the LGDL surface 

were not observed. The authors also found increasing bubble detachment diameters from the catalyst 

surface for higher current density and temperature.   

The detachment of bubbles from the LGDL surface has been visualized by neutron and X-ray imaging. 

Hoeh et al. [63] found rapid, sudden detachment of bubbles followed by a slow growth up to the 
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critical size. The location of detachment and bubble growth was observed to be constant, which 

implies the existence of preferential pathways through the LGDL. Leonard et al. [64] demonstrated 

the same periodicity of growth and detachment and further showed that detachment frequency and 

diameter increased with current density. 

6 Mass Transport in the Membrane 

The vast majority of commercial and experimental PEMWEs rely on Nafion as a proton-conducting 

membrane material, due to its high proton conductivity, chemical, and mechanical stability [133]. 

Therefore, the discussion in this section is limited to Nafion, even though many aspects of it can be 

transferred to other membrane materials.  

Nafion is a perfluorinated sulfonic acid (PFSA) polymer membrane, comprised of a Teflon backbone 

that provides mechanical stability and hydrophilic sulfonate (SO3
-) bearing perfluorovinyl ether side 

chains that form proton conducting domains. PFSA chemical structure is commonly expressed by 

equivalent weight (EW), the mass of dry membrane per mole of acid groups. Whilst poorly 

documented, Nafion polymer backbone lengths are on the order of 100 nm, with side chains roughly 

0.8 nm long and regularly, but randomly distributed, approximately every 0.6−1.2 nm for Nafion with 

EW of 1100 g mol-1 [134]. Nafion morphology has been under investigation since its production and 

still remains elusive as a result of the random chemical structure being capable of organizing in a 

complex arrangement of ionic and crystalline domains with significant distribution in dimensions over 

a wide range of length scales. The current consensus describes ionic groups aggregated in the 

perfluorinated polymer matrix forming a network of clusters that allow for significant swelling by polar 

solvents, such as water, and facilitate ionic transport through these nanometre-scale domains. Many 

morphological models have been suggested based on various characterisation techniques (Figure 8), 

which are separated into cylindrical (Figure 8 (a)) and lamellar (Figure 8 (b)) structure models. While 

cylindrical models exhibit an unfavourable distribution of charge, with identical charges accumulating 
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in the centre of the pore, lamellar models cause a wider distribution of identical charge and an 

increased interaction of opposite charges.  

The first model to be proposed was by Gierke et al. [135], with the ‘cluster network model’ 

(Figure 8 (g)), which is still popular today and is based on characterisation of the material via small- 

and wide-angle X-ray scattering (SAXS and WAXS). This model assumes Nafion to be composed of 

nano-phase separated ~4 nm diameter clusters of sulfonate-terminated side groups organised into 

inverted micelles. A contiguous network is formed via connecting 1 nm pores (or channels) lined by 

SO3
- groups, within a semi-crystalline matrix, enabling inter-cluster transport of H+ ions, but rejection 

of OH- ions. Upon hydration, the spherical ionic clusters swell to accommodate the water by a 

combination of expansion in cluster size and redistribution of sulfonate sites, resulting in a reduced 

number of larger clusters [136].  

The ‘core-shell model’ (Figure 8 (h)) was suggested after further SAXS and WAXD analysis by Fujimura 

et al. [137]. The observed structure was composed of an ion-rich core of sulfonated side groups, 

surrounded by an ion-poor shell, constructed mainly by perfluorocarbon chains [138]. These core-shell 

particles exist uniformly distributed in a matrix of fluorocarbon chains containing both, non-clustered 

ions and multiplets (intermediate ionic phase). This model has been developed into the parallel 

cylinder water channel model (Figure 8 (i)) by Schmidt-Rohr et al. [139], where the ‘ionomer peak’ is 

attributed to long parallel randomly packed water channels of 1.8 – 3.5 nm, surrounded by side 

branches forming inverted-micelle cylinders (Figure 8 (c)). 
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Fig.8: Nafion morphology at different length scales. The first row shows simplistic models of electrostatic interactions with 

(a) cylindrical pores and (b) a lamellar organisation. The second row shows the proposed models of nanoscale structure of 

aggregated polymer chains as (c) inverted micelles with side groups orientated inwards (seen side and face on) [139], (d) 

micelles with side groups orientated outwards and hydrophobic core forming fibres (or flat ribbons at low humidity) [140], 

(e) bilayer representation of crystallites with side groups extending on either side of polymer chains (aligned in plane with 

the page, shown as circles) [141], and (f) sandwich model [142]. The third row shows proposed macromolecular structures 

formed from the respective aggregate components as (g) a network of clusters [135], (h) core-shell model with dots 

indicating ionic sites [138], (i) inverted-micelle cylinders aligned into long parallel randomly packed water channels with 

crystallites (black oblongs) crosslinking for structural support [139], (j) bundles of orientated rod or ribbon like micellar 

aggregates connected by amorphous polymeric regions and contained in the water phase [140], (k) Randomly distributed 

sandwich structure elements forming cross-linked channels inside the membrane [142]. (c) and (i): Reprinted by permission 

from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Materials, Parallel cylindrical water 

nanochannels in Nafion fuel-cell membranes, Schmidt-Rohr et al., 2008, doi:10.1038/nmat2074. (d) and (j): Reprinted with 

permission from ‘Rubatat et al., Macromolecules, 2004;37:7772–83’. Copyright (2004) American Chemical Society. (e): 

Reprinted with permission from ‘Starkweather HW, Macromolecules, 1982;15:320–3.’. Copyright (1982) American Chemical 

Society. (f) and (k): Reprinted from ‘Electrochimica Acta, 46, Haubold et al., Nano structure of NAFION: A SAXS study, 1559–

63, 2001’ with permission from Elsevier. (g): Reprinted with permission from ‘Gierke et al., J Polym Sci Part A-2, Polym Phys 

1981;19:1687–704’. Copyright (1981) John Wiley and Sons. (h): Reprinted with permission from ‘Fujimura et al., 

Macromolecules 1982;15:136–44.’. Copyright (1982) American Chemical Society.  
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Recent experimental work has correlated the water content, polymer volume fractions and the 

ionomer peak present in Nafion [143], as well as observed fast structural reorganisation [144], to 

suggest the presence of a locally two-dimensional structure. This arrangement has been construed as 

‘lamellar’ structures by Litt et al. [141,145] (Figure 8 (e)), ‘sandwich-like’ structures by Haubold et al. 

[142] (Figure 8 (f) and (k)), with shell region of polymer backbones and side-chains which orientate 

into the core region, and flat ‘ribbons’ (Figure 8 (d)) by Rubatat et al. [140,146] that coalesce to form 

50–100 nm bundles heterogeneously distributed throughout the framework (Figure 8 (j)) [147]. 

The presence of lamellar like structures present within Nafion have been rationalised by preventing 

disadvantageous accumulation of positive and negative charges occurring in cylindrical water 

structures, but to date, no widely acknowledged unified theory of Nafion morphology exists. In depth 

understanding of the Nafion structure at all length scales is required to completely rationalise the 

dynamic process occurring within, such as water and proton transport. 

6.1 Water Transport 

 

Water is transported through the Nafion membrane via diffusion and electro-osmotic drag, while 

upon initial contact with water the membrane hydrates and swells, accompanied by internal structural 

reorganisation [148]. Therefore, hydration and swelling strongly affect water and proton transport as 

well as durability and physical properties of the membrane. Initial hydration of Nafion occurs by water 

binding to sulfonic acid groups, residing at the hydrophobic-hydrophilic interface, which gives an initial 

steeper increase of water uptake at low relative humidity (RH). This is followed by swelling due to the 

formation of bulk water within clusters at higher RH. The resulting fully hydrated Nafion has an 

average of 21 H2O molecules per –SO3
--group [149,150]. However, it has been proposed that the 

hydrogen bonding between water molecules in fully hydrated Nafion is considerably less extensive 

than that in liquid water. This is likely due to the high surface-to-volume ratio in the narrow ionic 

domains causing a large population of H2O molecules to reside at the hydrophobic-hydrophilic 

interfaces, especially if the polymer is irregularly structured [151].  
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At a low degree of hydration (7 wt%) the backbone motion is restricted by ion clustering. At higher 

water uptake (25 wt%) there is greater motion, suggesting a plasticizing effect of the water, likely 

caused by a weakening of the electrostatic interactions within clusters [152]. With no water molecules 

present, the side chains were predicted to be in a stiff folded conformation, whereas upon hydration 

the hydrophilic and flexible –SO3
--group, and possibly the ether group nearest the acid, had hydrogen 

bonding interactions with the water molecules [153].  

It has also been shown that the hydration of the membrane affects the rate of water transport through 

the membrane. At high water activity within the membrane, fast water permeation occurs, making 

interfacial water transport the rate-limiting step. In a less hydrated Nafion membrane (low water 

activity), permeation is considerably slower and hence rate-limiting compared to interfacial transport 

[154,155]. It is not surprising that the values reported for the diffusion coefficient of water through 

Nafion vary widely [155]. 

The calculation of the water diffusion rate through the membrane in an operational PEMWE is based 

on Fick’s law, which requires knowledge of the diffusion coefficient of water in Nafion. However, due 

to the very specific conditions in an operational PEMWE, the values obtained from permeation studies 

with Nafion cannot straightforwardly be applied. Therefore, modelling studies have used various 

approaches to obtain a value for the diffusion coefficient, such as adopting values [27] or 

correlations [156] from PEM fuel cell literature, or deploying correlations based on kinetic theory 

accounting for binary as well as Knudsen diffusion [25].  

Besides diffusion, water molecules are also transported through the membrane along with protons 

migrating from anode to cathode, which is known as electro-osmotic drag. Details on calculating 

electro-osmotic drag can be found in Section 4.2. Furthermore, if a PEMWE is operated under 

differential pressure, water transport from cathode to anode occurs due to the pressure gradient and 

can be calculated according to Darcy’s law [25,27,156]. 
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6.2 Proton Transport 

 

Proton mobility in water is abnormally high, with ion conductance around seven times that of Na+ and 

five times that of K+ at room temperature [157]. This is due to the sequence of proton-transfer 

reactions (hops) between water molecules in the Grotthuss mechanism [158]. Proton exchange 

membranes, such as Nafion, rely upon fundamental molecular events leading to proton transfer via 

structural reorganisation and diffusion within extended hydration structures. 

The total proton conductivity in hydrated Nafion is understood to be the result of three contributions: 

• Bulk water conductivity via Grotthuss diffusion (Figure 9 (a)) 

• Bulk water conductivity via vehicular diffusion (Figure 9 (b)) 

• Domain surface conductivity via proton hopping (e.g. from one sulfonate group to the next) 

(Figure 9 (c)) 

 

Fig. 9: The mechanisms of proton transport through Nafion. (a) The Grotthuss mechanism relies on the formation of 

hydrogen bonds between the proton and subsequent water molecules, while (b) the vehicular mechanism is equivalent to 

the transport of a hydronium ion. (c) Surface hopping is analogous to the Grotthuss mechanism, but occurs along the pore 

surface with the sulfonate group being the electron donor for the hydrogen bond.   
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Bulk Grotthuss diffusion is the dominant contributor to the total conductivity [159], occurring 

predominantly in the central region of the ionic domain (away from the walls). In the vehicular 

mechanism, the proton diffuses with a vehicle (H3O+), with the non-protonated vehicle (H2O) diffusing 

in the opposite direction, resulting in a net transport of protons [160]. The contributions from 

Grotthuss and vehicular diffusion depend on temperature, pressure, frequency of proton hopping via 

hydrogen bonds, the rotational speed of carriers and diffusion coefficient [160].  

Contribution of different mechanisms is also dependent on hydration state. At low hydration, Nafion 

SO3
-…H+OH2 groupings occur with H+ biased towards the water molecule [161], and when 

H2O/SO3H > 2, the excess protons exist in water hydrogen bonds instead of acid-water hydrogen 

bonds. The mechanism for proton hopping along the negatively charged surface has a significantly 

higher activation energy due to electrostatic attraction between the two entities. Thus, this 

mechanism does not contribute significantly to the overall conductivity of protons, except at low 

water levels where it is the dominant mechanism, due to the water hydrogen bonding to the sulfonate 

groups. This proton transfer being two orders of magnitude slower is one of the reasons for low 

proton conductivity at low water content [162]. In addition, nearer the domain walls, water is 

increasingly more bound, therefore conductivity via the Grotthus and vehicular mechanisms 

decreases with hydration as the water phase decreases in size [163]. The balance between diffusion 

along the surface and through the bulk of the pore depends on the surface density of sulfonate groups 

and pore size, which can vary between specific PFSA and EW. 

There are several other ionic species besides H3O+, which can also facilitate proton transport via 

vehicular or Grotthuss transport, namely hydrogen-bonding between two water molecules of an 

H5O2
+ grouping, and the Eigen H9O4

+ cluster with a H3O+ ion bonded to three H2O molecules via the 

three protons of the H3O+. The presence of ions means the hydrogen bonds in these groupings are 1-

2 orders more polarizable than in regular H2O molecules, leading to the high proton conductivity. 

These clusters are linked to other H2O molecules or SO3
- acceptor groups. This facilitates proton 

migration over larger distances when these groupings shift within the extended hydration network 
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by thermal rearrangement [164]. The proton can rapidly transfer within one of the above structures 

to one of the outer H atoms of another molecule or cluster, and another H+ transfer can take place 

with a third adjacent H2O molecule. Thermal rearrangement causes H5O2
+ groupings to become 

redefined, ‘structural diffusion’, the rate-determining step. This proton conductivity is a cooperative 

process between the coupled H+ motion within the extended hydration environment, which is what 

leads to the transport of protons from anode to cathode [165].  

In conclusion, the proton conductivity depends on the porosity, volume fraction of absorbed water, 

tortuosity, proton concentration in the surface and bulk, and finally diffusion coefficients for the 

surface, Grotthuss, and vehicular mechanisms. 

7 Mass Transport Diagnostic Techniques 

There is a wide range of diagnostic techniques applied in the field of PEMWEs (Figure 10), these 

include the following: 

• Electrochemical impedance spectroscopy (EIS) [166,167] 

• Neutron imaging [65–69,168–170] 

• X-ray imaging [63,171–174] 

• Optical imaging [50,56,59–61] 

• Porous transport layer (PTL)-on-a-chip [175,176] 

• Acoustic techniques [71,177,178] 
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Fig. 10: Examples of commonly used diagnostic techniques: (a) Nyquist diagram produced from electrochemical impedance 

spectroscopy and an equivalent circuit, (b) through-plane water thickness measurement via neutron radiography, (c) X-ray 

computed tomography of a sintered and a fibrous LGDL material, (d) X-ray synchrotron radiography of channel and land 

areas in a PEMWE [64] (Reprinted from ‘Electrochimica Acta, 276,  Leonard et al., Operando X-ray tomography and sub-

second radiography for characterizing transport in polymer electrolyte membrane electrolyzer, 424–33, 2018’ with 

permission from Elsevier), (e) image obtained during a PTL-on-a-chip experiment [175] (Reprinted from ‘J Power Sources, 

258, Arbabi et al., Feasibility study of using microfluidic platforms for visualizing bubble flows in electrolyzer gas diffusion 

layers, 142–9, 2014’ with permission from Elsevier), and (f) high-speed optical imaging of bubble nucleation along the triple-

phase boundary of catalyst, LGDL, and water [60] (Reprinted with permission under a CC BY-NC licence 

(https://creativecommons.org/licenses/by-nc/4.0/legalcode) from ‘Mo et al., Sci Adv 2016;2:e1600690–e1600690, 

https://advances.sciencemag.org/content/2/11/e1600690’. Copyright (2016) American Association for the Advancement of 

Science). 
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7.1 EIS 

 

Electrochemical impedance spectroscopy (Figure 10 (a)) is commonly used to identify different voltage 

contributions (ohmic, activation, mass transport) to the overall performance of PEMWEs. Data 

analysis can be either qualitative by comparing EIS spectra at various conditions or quantitative by 

fitting the spectra to an equivalent electrical circuit and extracting values for the resistance and 

impedance elements. The exact form of the equivalent circuit and the number of elements in it varies 

widely [55,57,120,167,179–182] or is not reported at all. A more systematic approach to the analysis 

of EIS spectra, comparable to established work for fuel cells [183–186], has not yet been reported for 

PEMWEs. 

Due to its versatility and comparable ease of application, the use of EIS is widespread. Examples 

include measuring the performance contribution of LGDLs [57], the effect of low platinum loadings on 

the cathode [187], localized performance [75], the effect of flow plate geometry [54], the role of LGDL 

microstructure [188], benchmark characterisation [94], the effect of water starvation [43] and 

intermittent operation [189], or the influence of flow effects on performance [55]. 

7.2 Neutron Imaging 

 

The high sensitivity of neutrons towards hydrogen and water makes neutron imaging a powerful tool 

for the investigation of flow and mass transport phenomena in PEMWEs and PEM fuel cells [70] 

(Figure 10 (b)). Operando neutron imaging of a PEMWE was first demonstrated by Selamet 

et al. [65,168], while Hoeh et al. [66] used neutron imaging to measure the water-gas ratio under land 

and channel areas of a PEMWE.  

Several examples demonstrate the level of insight into water saturation and movement in the LGDL 

that neutron imaging can offer. Seweryn et al. [68] found that the amount of water within the LGDL 

on the anode side is constant for current densities from 0.1 A cm-2 to 2.5 A cm-2, which shows the 

ability of sintered titanium materials to hold up and transport large amounts of water and hence 
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prevent water starvation. Panchenko et al. compared the water content of a sintered titanium LGDL 

with a felt material used as LGDL [67] and found that 37 % of pore volume in a sintered LGDL did not 

contribute to mass transport while only water was flowing through the PEMWE (15 % during air flow 

only) [169]. Maier et al. [69] used neutron imaging and X-ray computed tomography to calculate water 

saturation and residence time in the LGDL and showed a heterogeneous water distribution across the 

active area, which is suggested to be linked to the non-uniform water flow distribution in the flow 

channels. Lee et al. [170] combined neutron radiography and electrochemical testing and found a 

decrease in mass transport overpotential at increased temperatures. This was assigned to a more 

uniform water-gas distribution in the flow channels, due to the reduced viscosity of water at high 

temperatures. 

7.3 X-ray Imaging 

 

Whilst X-rays lack the high sensitivity of neutrons towards water, the extremely high flux of 

synchrotron sources allows for very short exposure times (sub-second radiography). Synchrotron X-

ray imaging (Figure 10 (d)) was first used by Hoeh et al. [63] for imaging of a PEMWE operando. The 

authors showed the periodicity of bubble formation and detachment at specific locations on the 

surface of the LGDL, supporting the theory of preferential pathways for mass transport. While the 

work of Hoeh et al. was limited to radiography, Leonard et al. [64] obtained three-dimensional 

tomography data sets during operation of a PEMWE. This allowed the authors to study a multitude of 

processes on different length scales, ranging from catalyst thinning and redeposition to the formation 

of bubbles and their movement in the flow channels.  

Besides synchrotron operando imaging of whole PEMWEs, the use of lab-scale X-ray sources for micro-

computed tomography (X-ray CT) has been prolific in recent years. X-ray CT allows for the in-depth 

study of the microstructure of LGDL materials ex-situ and can achieve a spatial resolution in the range 

of a few micrometres (Figure 10 (c)). Several authors have combined X-ray CT with EIS and 

electrochemical characterisation to link LGDL microstructure and performance 
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[120,167,188,190,191]. XCT data can further be used to calculate various transport properties like 

thermal and electrical conductivity and permeability [172]. 

7.4 Optical Imaging 

 

The investigation of flow phenomena via high-speed optical imaging is limited to macroscopic spatial 

resolution of optically accessible processes occurring in optically accessible regions, such as the flow 

channels or open pores of perforated plates. However, it is a low-cost, easy to implement and 

therefore widespread diagnostic tool. It is often used in conjunction with electrochemical 

characterization techniques, such as i-V-curves or EIS (Figure 10 (f)). 

Optical imaging has proven very valuable when observing bubble nucleation in the pores of perforated 

plates, allowing direct optical access to the interface between catalyst layer and LGDL [57,62,132,192]. 

It has been shown that bubble nucleation only occurs along the pore edge, not in its centre, as visible 

in (Figure 10 (f)) [60]. This is due to the fact that catalytic active sites on the CCM, the current 

conduction through the LGDL, and water exist in close proximity only on the pore edge, while electrons 

have to travel along the surface of the CCM to reach catalyst sites further towards the middle of the 

pore. In order to examine the role of in-plane resistivity further a numerical model was developed and 

used to simulate the current distribution within one pore as well as the overall performance of a 

PEMWE with LGDLs of different pore sizes and porosities [193]. 

Based on the new insight from the optical imaging experiments, a novel concept for PEMWEs in which 

the catalyst is only applied along the edges of the LGDL pores on the membrane site has been 

proposed [60], which allows for a much higher catalyst utilization. In an attempt to examine the impact 

of catalyst reduction, Kang et al. [58] sputter-coated a thin LGDL with straight pores and a porosity of 

50 % with platinum. They showed that the use of this system does not reduce performance compared 

to using a conventional CCM, while the catalyst utilization was improved by a factor of around 30. 

Further, Mo et al. [61] developed a LGDL with an additional metal rod through the diameter of a pore 
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in a perforated plate. They used optical imaging to prove catalytic activity around the surface of the 

rod and the consequential improvement in catalyst utilization.  

Dedigama et al. used optical imaging in combination with EIS and localized current density 

measurements, which allowed for a correlation of flow regime to local and overall performance. The 

authors found a performance improvement in slug flow, which they attributed to more efficient 

bubble removal from the surface of the LGDL [55,56]. 

Lafmejani et al. simulated the environment on the anode side of a PEMWE by passing gas through 

different LGDL materials while flowing water over its surface. They used optical imaging to observe 

the locations of bubble formation, the development of the flow regime and flow patterns along the 

length of the LGDL [76,78,194]. 

7.5 PTL-on-a-Chip 

 

An interesting approach to analysing mass transport within a porous LGDL is the so-called porous 

transport layer (PTL)-on-a-Chip (Figure 10 (e)). The authors created a 2D representation of different 

LGDL materials and analysed the flow of water and gas through this layer using optical 

microscopy [175,176]. This allows for the visualization of exact pathways of gas through the material 

which are usually obstructed by the thickness of the LGDL. Using this technique, Lee et al. [176] found 

that the bubble growth within pores of the LGDL consists of two different steps. During pressurization 

the bubble is stationary and its size constant while its internal pressure is increasing. Once the pressure 

reaches a critical value, the penetration step follows and the bubble rapidly expands into a 

neighbouring pore. The dynamics of this process are controlled by the diameter of the throat between 

the pores. As a consequence, within the pathway of gas through the LGDL, a limiting throat size exists, 

to penetrate which the highest internal pressure is necessary. Once this limiting throat size is passed, 

breakthrough to the surface of the LGDL immediately occurs. These findings shed new light on a 

number of studies examining the influence of LGDL pore size on PEMWE performance [72,73,95]. It is 

expected that throat size correlates quite closely to pore size, so the influence of pore size on 
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performance found in these studies is likely to be related to the throat size effect described above. 

Qualitative findings from PTL-on-a-chip experiments are well suited to inform further pore network 

and modelling studies [195]. 

8 Conclusion 

The importance of mass transfer aspects in PEMWEs is increasingly acknowledged in the scientific 

literature. This review attempts to describe the sources of mass transfer limitation and provide a 

framework for understanding the growing literature associated with this topic. The role of PEMWEs 

in the Hydrogen Economy and as a means for energy grid stabilization is outlined in the Introduction 

and the further sections provide insights into mass transport in the flow channels, LGDL, and 

membrane of PEMWEs. 

The mass transport in the flow channels has been discussed, including different flow regimes, flow-

field geometries, and the calculation of the relevant mass flows. Further, the most commonly used 

LGDL materials, their properties, as well as surface and structural modifications proposed in literature 

to address mass transport limitations, are outlined. After a discussion of water and proton transport 

in the polymer electrolyte membrane, this work concludes by outlining a range of different diagnostic 

techniques used to analyse PEMWE mass transport processes. 

Four aspects of special relevance shall be mentioned here, each still awaiting a conclusive answer: 

• The effect of the flow regime in the flow channels on the overall PEMWE performance is still 

unclear. Intelligent experimental design will be required to isolate this effect from other 

parameters and deliver an unequivocal conclusion.  

• A comprehensive analytical solution to describe the flux of water and gas and the appropriate 

transport mechanism(s) through the LGDL is yet to be formulated.  
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• Various materials are commonly used as LGDLs for PEMWEs. A definitive answer on which 

materials work best in which set of conditions is still not found, and the development of 

advanced LGDL materials and architectures is required.   

• The exact morphological structure of Nafion at varying stages of hydration has yet to be fully 

described, potentially unifying the already existing models and contradictory experimental 

evidence. The properties of Nafion in its fully hydrated state are particularly relevant for 

PEMWEs. 
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