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Abstract 

Proton exchange membrane water electrolysis (PEMWE) presents itself as an attractive tool to 

support the renewable energy transition. By coupling these technologies together, a clean and 

environmentally friendly route to hydrogen production is created. Hydrogen can then act as an 

energy vector, delivering power areas where it is needed most. At the heart of the technology 

lies the proton exchange membrane (PEM) – a polymer that acts as a solid electrolyte, thus 

allowing protons to permeate through the device. The benchmark membrane is the Nafion™ 

brand, which has backbone similar to polytetrafluoroethylene (PTFE) and a long fluorinated 

carbon side chain capped with sulfonic groups. Aquivion® is another brand of membrane – 

similar to Nafion™, only that the side chain is shorter in length. Despite these membranes 

competing in identical markets, there are few existing comparative studies regarding their use 

in water electrolysis. The data that is available suggests the short side chain of Aquivion® 

yields optimal properties. Unfortunately, in recent months both of these membranes have been 

discontinued by many leading retailers, leaving researchers with no tried and tested membrane 

available for use. 

 

This project investigated both of these issues. Aquivion® and Nafion™ were evaluated across 

three key parameters – performance, degradation rate and hydrogen crossover - and compared 

against an unbranded commercially available membrane. The results showed that the use of a 

short side chain membrane did not significantly vary device operation across the three key 

parameters, and also showed the unbranded membrane to perform at levels similar to the 

branded membranes. Ex-situ characterisation revealed the presence of membrane degradation 

after device operation. Future experiments could see the unbranded membrane being tested at 

timescales required in an industrial electrolyser. 
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1. Introduction 

On the 12th of December 2015, 195 countries met in Paris, France, and signed the first unified 

global agreement to tackle climate change. The treaty was the culmination of over 20 years of 

work by the United Nations Framework Convention on Climate Change, whose primary 

objective is to ‘prevent dangerous anthropogenic interference with the climate system’1. It has 

been established that the best way to do this is to curb global mean temperature rise to well 

below 2 C with respect to pre-industrial levels, by the turn of the new century2. The primary 

contributor to global warming is the emission of greenhouse gases, so by cutting these 

emissions to zero by 2060-75, it is proposed the warming of the planet can be sufficiently 

slowed3. Globally in 2022 49.7 Gt of carbon dioxide were released into the atmosphere, 

highlighting the extensive worldwide reform needed to reach zero emissions by 20604. 

 

The biggest contributor to greenhouse gas emissions is the energy sector, which accounts for 

over 75 % of global emissions5. The current energy sector relies primarily on fossil fuels, which 

upon combustion release greenhouse gases into the atmosphere and contribute heavily to global 

warming. Due to rising human population and global economies, energy demand is at an all-

time high - reaching 178,000 TWh for the first time in 20226. The market shows no signs of 

slowing down and global energy consumption is predicted to double by 2050. Unless 

alternative energy resources are identified and harnessed sufficiently, the burning of fossil fuels 

is going to lead to a global climate disaster. Fossil fuels are a finite resource and although 

precise estimates cannot be calculated (due to the regular discovery of new reserves), it is 

expected that oil and gas supplies will run out within this lifetime. Unfortunately, coal reserves 

are still plentiful across the planet, meaning they will be a possible source of energy for many 

years to come. It is evident that a replacement energy source is urgently required to prevent a 

climate and economic disaster7.  

 

Renewable energy is an attractive solution to the aforementioned problems. It is classed as an 

infinite resource because it is harnessed from elements of the natural world like the sun, wind, 

and tide. By using technology to convert this energy into electricity, the world can be powered 

with a significant reduction in greenhouse gas emissions. Unfortunately, fossil fuels still 

dominate the global energy market at present as shown by Figure 16. 
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Figure 1 – Stacked line chart showing the breakdown of global energy consumption by energy 

source in Terawatt hours compared yearly. Sources include traditional biomass, coal, oil, 

natural gas, nuclear, hydropower, wind, solar, modern biofuels and other renewables6. 

 

 

The figure shows that in 2022, only 13.3 % of global energy consumption was met by 

renewables – with hydropower contributing the greatest, followed by wind and then solar6. In 

coming years, wind and solar are expected to make notable market gains as device performance 

increases rapidly. Through investment in the research and development of renewable energy 

technology, many countries are taking significant strides towards meeting their end of the Paris 

Agreement. For example, Norway has spent decades investing in an extensive hydropower 

network, which harnesses the energy from rivers and fjords to meet 92% of the country’s 

electivity demand8. 

 

Renewable energy depends on the natural world which is something that cannot be predicted 

or controlled. Windspeed, rainfall and sunlight are all intermittent resources and so if a country 

was solely reliant on renewable energy, there would undoubtedly be times where production 

falls short of demand and vice versa. Additionally, the areas rich in natural resource are often 

far from human population, which poses challenges in delivering energy to the areas it is 

needed most. It appears that renewable energy alone is not enough to replace fossil fuels – a 

carrier is required to store and transport the energy produced. Many believe batteries can help 

with this; however as they require large quantities of finite earth metals such as nickel, cobalt 
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and lithium, their uptake would lead to an future resource bottleneck. This has caused attention 

to turn to the most abundant resource on earth – water.   

 

1.1. Hydrogen  

The complete combustion of hydrogen yields two molecules of water and is presented below. 

 

𝐻2 + 
1

2
 𝑂2 →  𝐻2𝑂 

 

With an energy density nearly triple that of petrol (120 MJ/kg vs 44 MJ/kg, respectively), it is 

clear why hydrogen is believed to be the solution to the global energy crisis. By releasing 

hydrogen from water through electrolysis powered by renewable energy, a fuel is harnessed 

from the most abundant resource on earth.  

 

At present, hydrogen is not commonly used as a fuel - 51 % of global hydrogen is currently 

used in ammonia synthesis, 31 % is used in oil refining, 10 % in methanol production and 8 % 

in other applications9. Although hydrogen has a high energy density, its volumetric density is 

relatively low and due to the small particle size, it easily leaks out of containment vessels, 

presenting challenges with storage and transport. Additionally, hydrogen is currently produced 

primarily from fossil fuels, and so despite the fuel itself releasing no greenhouse gases, it’s 

synthesis leads to the production of vast quantities. The primary means of hydrogen production 

are explored in Figure 2. 
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Figure 2 – Figure comparing common methods of hydrogen production globally9,10,11. 

 

 

From Figure 2, it is shown that the only common means of hydrogen production that does not 

involve fossil fuels is green hydrogen. There are three main technologies which produce green 

hydrogen at low temperatures - alkaline water electrolysis (AWE), proton exchange membrane 

water electrolysis (PEMWE), and anion exchange membrane water electrolysis (AEMWE)12. 

H2 

Production 

Methods 

Black Hydrogen 

 H2 made from steam 

reforming and water gas shift 

reaction of coal 

1. 2 𝐶 + 𝑂2 → 2 𝐶𝑂 

2. 𝐶 + 𝐻2𝑂 → 𝐶𝑂 + 𝐻2 

 Worst environmental impact 

 Accounts of 18 % of global 

hydrogen production 

 Black + Grey Hydrogen = 

830 million equivalent tonnes 

of CO2 into the atmosphere 

each year 

Grey Hydrogen 

 H2 made from steam 

reforming and water gas shift 

reaction of methane and 

naphtha  

1.  𝐻2𝑂 ሺ𝑙ሻ  +  𝐶𝐻4ሺ𝑔ሻ →

 𝐶𝑂 ሺ𝑔ሻ  + 3 𝐻2ሺ𝑔ሻ 

2. 𝐶𝑂 ሺ𝑔ሻ  +  𝐻2𝑂 ሺ𝑙ሻ →

𝐶𝑂2ሺ𝑔ሻ + 𝐻2ሺ𝑔ሻ 

 Accounts of 78 % of global 

hydrogen production 

 

Green Hydrogen 

 H2 made from electrolysis of 

water powered by renewable 

energy  

 Accounts for 4 % of global 

hydrogen production 

 Only production method that 

releases no greenhouse 

gases  

Blue Hydrogen 

 Follows the same production 

line as grey hydrogen  

 At the end of the process 

CO2 by-products are 

captured and stored under 

ground  

 Developing technology but 

initial sites have had up to 92 

% CO2 reductions  

 ‘Low carbon’ technology 
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Of these methods, AWE is the most mature and dominates the green hydrogen market. This is 

predicted to soon change as PEMWE technology reaches commercial application and AEMWE 

is a developing technology aiming to combine the advantages of both AWE and PEMWE. In 

order for the potential of hydrogen based fuels to be fully realised, further development of 

water electrolysis technology is required. 

 

1.2. Fundamentals of Water Electrolysis 

Water electrolysis can be used to produce hydrogen and oxygen gas in an electrochemical flow 

cell. A direct current is applied to a system, and at the anode oxygen gas is produced in a 

reaction known as the oxygen evolution reaction (OER). At the cathode hydrogen gas is 

produced via the hydrogen evolution reaction (HER). The combined electrochemical equation 

for these reactions is shown below.  

 

𝐻2𝑂 ሺ𝑙ሻ →
1

2
𝑂2ሺ𝑔ሻ + 𝐻2ሺ𝑔ሻ 

 

The above shows that the reaction is entropically favourable as 1.5 moles of gaseous products 

are formed from 1 mole of liquid reactant. It is known that under standard conditions the 

enthalpy change (HH2O) and entropy change (SH2O) of this reaction is 285.84 kJ mol-1 and 

0.163 kJ mol-1, respectively13. Given the high enthalpic requirement, at room temperature the 

reaction is thermodynamically unfavourable and also highly endothermic. Equation 1 can be 

used to calculate the Gibbs free energy (GH2O) under standard conditions for the electrolysis 

of water. 

 

(1)                                                          G = H − TS 

 

This yields a value of GH2O = 237.35 kJ mol-1. The positive Gibbs free energy shows that the 

reaction is non-spontaneous under standard conditions and is a highly energy intensive process. 

Given that TS represents the thermal requirement of the reaction and H remains near 

constant across all temperatures, it can be said that the Gibbs free energy represents the 

electrical energy required to complete the reaction14. This is highlighted in Figure 313.  

 



 12 

 

Figure 3 – Graph showing the effect of temperature (C) on the different energy contributions 

required to produce H2 from water electrolysis (kJ mol-1). The total energy required (enthalpy) 

is represented by black dots, the upper white circles represent the electrical energy requirement 

(Gibbs free energy) and the lower white circles represent the thermal requirement of the 

reaction (entropy)13The enthalpy and entropy both decrease at 100 C due to the change in 

state of water (from liquid to vapour)13. 

 

 

Equation 1 and Figure 3 demonstrate that at 80 C, the electrical energy required to complete 

the reaction is reduced to around 228 kJ mol-1, demonstrating a reduction in the electrical 

energy required compared to operation at room temperature13. When the high cost of electricity 

is compared to thermal energy, it is clear why water electrolysis at elevated temperatures is 

desirable. Although some types of water electrolysis are performed at extremely high 

temperatures (ca 600 C), the excessively high temperatures make the technology unfeasible 

in most applications. 

 

Equation 2 can be used to determine the theoretical cell potential, which tells us the minimum 

required potential to complete a reaction. 

 

(2)                                                          rG = nFEcell 

 

Where rG is the Gibbs free energy of the reaction, n is the number of electrons transferred, F 

is Faraday’s constant (96485 C mol-1) and 𝐸𝑐𝑒𝑙𝑙  is the theoretical cell potential. For the 
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electrolysis of water, this gives a value of 𝐸𝑐𝑒𝑙𝑙  = 1.23 V under standard conditions. Within the 

cell, when electrons are flowing from the anode to the cathode they are met with internal 

resistance which causes the potential to drop. To combat this energy penalty, a larger operating 

potential is used. Additionally, overpotential is present in all electrochemical reactions due to 

the presence of a non-ideal system. It is described as the extra potential above the 

thermodynamically derived value needed to complete a reaction and reach a specific current 

density15. Both internal resistance and overpotential mean that the required voltage for a 

reaction to occur is often notably higher than 𝐸𝑐𝑒𝑙𝑙 . By providing an electrocatalyst, an 

alternative pathway with a reduced overpotential is made available, meaning lower potentials 

can be used to reach desired current density.  

 

1.2.1. Alkaline Water Electrolysis 

The first reports of alkaline water electrolysis were by Troostwijk and Deiman in 1789, and by 

1900 it is estimated that there were over 400 industrial AWE plants worldwide16. However, the 

development of fossil fuels and cheap steam-reforming quickly replaced the technology as the 

leading method of hydrogen production, and its use was only continued in niche applications. 

AWE boasts very simple design principles, meaning since the birth of the technology minimal 

modifications have been required making it the most popular type of water electrolysis 

industrially. 

 

The process works by electrolysing a concentrated (pH 14) alkaline solution - typically 

potassium hydroxide or sodium hydroxide. At the cathode, water is split by electrons to produce 

hydrogen gas and hydroxide ions. These anions pass through a diaphragm to reach the anode 

where they form oxygen gas. The HER and OER reactions are shown below.  

 

HER:  2 𝐻2𝑂 ሺ𝑙ሻ  +  2 𝑒−  →  𝐻2ሺ𝑔ሻ + 2 𝑂𝐻−ሺ𝑎𝑞ሻ 

OER: 2 𝑂𝐻−ሺ𝑎𝑞ሻ →
1

2
𝑂2ሺ𝑔ሻ +  𝐻2𝑂 +  2 𝑒− 

 

Stainless steel electrodes containing nickel and nickel oxide electrocatalysts are found at the 

cathode and anode, respectively, due to low cost, high activity, and corrosion resistance in 

alkaline media17. Other non-noble metals such as cobalt and iron have been explored, however 

nickel delivers superior performance18. AWE devices tend to operate in the finite-gap 
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configuration, meaning the electrode and diaphragm are not in direct contact with each other. 

Figure 4 shows a simplified version of a working AWE device. 

 

 

 

 

 

 

 

 

 

Figure 4 – A diagram of a conventional AWE device. At the cathode (blue) water is split into 

hydroxide ions and hydrogen gas. The hydroxide ions then permeate through the diaphragm to 

reach the anode (red) where they are converted to oxygen gas and water. Electrons flow through 

the external circuit to complete the process.  

 

 

Modern AWEs reap the benefits of a well-established industrial process and are capable of 

performing in the mega-watt output range. They are particularly useful for large scale hydrogen 

production – given lifetimes of over 120,000 hours are reported19,20. The devices also have 

relatively low operational costs as they run at temperatures between 70 – 90 C and ambient 

pressure, while also being inexpensive to purchase due to the use of transition metal catalysts. 

 

However, several factors currently inhibit the technology from reaching the ‘gold-standard’ of 

hydrogen production. The diaphragms used – traditionally asbestos, but now ceramic or 

microporous based – allow for hydrogen crossover at the anode21. This is caused by the pressure 

gradient within the system, where two moles of hydrogen gas are produced for each mole of 

oxygen gas, thus creating a potentially explosive atmosphere and also impure hydrogen (ca 

99.9%). This process act to decrease device efficiency through the promotion of the 

reformation of water at both sides19,22. The devices also operate at low current densities 

between 0.2-0.4 A cm-2 due to high internal resistance, meaning that plants must be large to 

produce a significant volume of product23. Additionally, the devices do not cope well with 

+ − 

O2 

H2 

H2O 

OH 
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fluctuating operating conditions - as would be expected when powered by a renewable 

resource24.  

 

These challenges manifest as bulky devices that are not compatible with the needs of a future 

hydrogen based economy, and so alternative routes to green hydrogen production must be 

explored. 

 

1.2.2. Proton Exchange Membrane Water Electrolysis  

PEMWE was first developed by General Electric in the 60’s to address the shortcomings of 

AWE16. Water is fed into the anode where an electrical current oxidises water  to form diatomic 

oxygen, releasing protons and electrons. The protons then then permeate through a membrane 

to the cathode where they meet with electrons to form diatomic hydrogen25. This process is 

summarised in the equation below.  

 

OER:  𝐻2𝑂 ሺ𝑙ሻ  →  2 𝐻+ሺ𝑎𝑞ሻ +
1

2
𝑂2ሺ𝑔ሻ + 2 𝑒− 

HER: 2 𝐻+ሺ𝑎𝑞ሻ + 2 𝑒− →  𝐻2ሺ𝑔ሻ 

 

The media used is ultra-pure water between 70 – 90 C26. The membrane is typically a polymer 

with a PTFE backbone and perfluorovinyl ether side chains capped by bulky sulfonate groups. 

This is known as a perfluorosulfonic acid (PFSA) membrane. When fully hydrated, the 

sulfonate groups become charged thus allowing for the selective permeation of protons. The 

cathode reaction has been fully optimised and is catalysed by platinum on carbon. At the anode, 

noble metals are used due to their superior properties under the high potential and oxidative 

conditions present. Iridium dioxide is favoured for its stability and ruthenium dioxide for its 

activity27. Figure 5 shows a schematic of a PEMWE device. 
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Figure 5 – A diagram of a working PEMWE device. At the anode (red) water is split to form 

protons and oxygen gas. The protons then permeate through the membrane to reach the cathode 

(blue) where they are combined to form hydrogen gas. Electrons flow through the external 

circuit to complete the process. 

 

 

PEMWE is favoured for providing solutions to the problems of AWE. Where alkaline water 

electrolysers report low current densities, these devices boast values of over 2 A cm-2 – allowing 

for a significantly reduced size28. This is partially attributed to the zero-gap operating 

configuration – meaning that the membrane and electrodes are in direct contact which reduces 

the internal resistance. The product hydrogen is ultra-pure (ca 99.999%) thus eliminating safety 

concerns and costly product purification25. However, the driving force positioning PEMWE as 

a frontrunner over AWE is the rapid dynamic response time. The small electrolysers take 

seconds to adapt to operating load changes, whereas AWE devices take around 10 minutes. 

This highlights the suitability of PEMWE powered by renewable energy28. 

 

When the goal of storing renewable energy as fuel is considered, PEMWE poses many 

advantages over conventional AWE. Despite this, there are still many challenges which must 

be addressed before the technology is ready to fully compete with AWE. 

 

Supply chain issues with the proton exchange membranes (PEMs) mean they are often 

unavailable or extremely costly. The use of iridium dioxide also poses a significant obstacle, 

as a recent study has shown present production would be unable to meet the demand of a large-

scale PEMWE industry at current loading masses29. Additionally, the harsh conditions require 

 + 

 O2 
H2 

H2O 

H+ 
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the use of precious metals throughout the whole device, which drastically increases costs. All 

of these factors reduce the economic viability of PEMWE devices as a route to green hydrogen 

production, and so current research must aim to address this.  

 

1.2.3. Anion Exchange Membrane Water Electrolysis  

By blending AWE and PEMWE, anion exchange membrane water electrolysis was recently 

developed to tackle the pitfalls of both pre-existing technologies. It operates under the same 

basic principles as AWE, with water being split to form hydrogen at the cathode, releasing 

hydroxide charge carriers which migrate to the anode to form oxygen. The crucial difference 

between AEMWE and AWE is that in place of the thick diaphragm, a thin membrane similar 

to that found in PEMWE is used – however it is now permeable to anions, not cations31. 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Diagram showing the workings of an AEM water electrolyser. Water is split at the 

cathode (blue) to form hydroxide ions and hydrogen gas. The anions then permeate through 

the membrane to the anode (red) where they reform as water and oxygen gas. Electrons flow 

through the circuit to complete the process. 

 

 

A weakly alkaline solution or pure water is used to deliver reactants at temperatures comparable 

to AWE and PEMWE. Cathode catalysts include nickel and its alloys, while at the anode 

various combinations of nickel, iron and cobalt are used31.  

 

O2 

H2 

H2O 

OH 

 + 
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The use of alkaline media means non-precious metals are used throughout the cell, which 

significantly decreases the initial capital cost of the device. AEMWE devices carry several 

benefits of PEMWE - such as compact devices, rapid response times and high hydrogen purity 

(ca 99.99%)31. Additionally, the membranes used are composed of hydrocarbons – as opposed 

to the PFSA polymers used in PEMWE – meaning that there are notably less issues associated 

with their production32.  

 

Despite the many advantages of AEMWE, the technology is still developing and is not ready 

for commercial application. Devices operate at relatively low current densities (0.2-1 A cm-2), 

caused by the sluggish HER - which is 3 magnitudes slower in alkaline media compared to 

acidic. While the small device size is beneficial in most cases, when paired with the low current 

density this advantage is neutralised. Further to this, the hydrocarbon membranes used are less 

stable than their PFSA counterparts, leading to devices with reduced lifetimes32,33.  

 

AEMWE has the potential to overcome the drawbacks faced by both AWE and PEMWE, 

however, the challenges stated above must be adequately addressed before wide-spread 

application can be considered. 

 

Table 1 summarises the aforementioned three water electrolysis technologies. 
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Parameter AWE PEMWE AEMWE 

Charge Carrier OH- H+ OH- 

Electrolyte 30 % KOH Solid polymer Solid polymer 

Anode Catalyst Ni oxides IrO2 Ni/Fe/Co 

Cathode 

Catalyst 

Ni Pt Ni 

Bipolar Plates Stainless Steel Ti Stainless Steel 

Temperature 

(C) 

50-80 70-90 70-90 

Pressure (bar) 2-10 15-30 < 30 

Current Density 

(A cm−2) 

0.2-0.4 1-2 0.2-1.0 

Nominal Voltage 

(V) 

1.8-2.4 1.8-2.2 1.8-2.2 

Efficiency 70 % 70 % 70 % 

Lifetime  100,000 hours  40,000 hours  35,000 hours 

Hydrogen Purity 99.9% 99.999% 99.99% 

Advantages Established 

Cheap hardware 

High current density 

Fast response time 

Small device size 

Cheap hardware 

Disadvantages Low current density 

Large devices 

Expensive 

Supply chain issues 

Low current density 

Short lifetimes 

 

 

Table 1 – Table summarising three types of low temperature water electrolysis25,27,34–37. 

 

 

Each water electrolysis technology has distinct advantages and disadvantages, however 

PEMWE and AEMWE are the most suitable candidates for green hydrogen production due to 

fast dynamic response times. The higher level of development in PEMWE means it is expected 

to become the dominant route to green hydrogen in the coming years, and so further research 

is required to ready the technology for wide-spread application. 

 

1.3. Key Materials for Proton Exchange Membrane Water Electrolysis 

A typical PEMWE flow cell is summarised in Figure 7.  Each cell is composed of two end 

plates, two insulating plates, two bipolar plates and two gaskets which lie on either side of the 
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membrane electrode assembly (MEA)36. The end plates provide mechanical stability and allow 

for compression of the cell. Next there are insulating plates - commonly made of PTFE – which 

act as insulators to the electrical circuit, ensuring safety. The electrical charge is delivered 

through the bipolar plates which are in direct contact with the MEA, and gaskets are used on 

either side to prevent leakage.   

 

 

 

 

  

 

 

 

 

 

 

Figure 7 – Figure showing a schematic of a simple PEMWE cell. A MEA is sandwiched by a 

gasket, bipolar plate, insulating plate and an end plate on each side. 

 

 

Due to the extremely harsh environment found within the cell, titanium bipolar plates must be 

used which constitute around 50% of the initial cell cost38. Cheaper materials such as carbon 

graphite have been tested, however the plates were found to oxidise and corrode in extended 

durability tests39. To preserve the lifespan of titanium plates they are often coated in an anti-

corrosion layer.  

 

In practice, many PEMWE devices operate as a stack of cells. This is when multiple cells are 

combined within a larger device to reach higher outputs. An example of a working industrial 

PEMWE stack is shown in Figure 840. 
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End Plate

 

Insulating Plate 

 

MEA

 

Gaskets 



 21 

 

 

 

 

 

 

 

 

 

Figure 8 – Image of three industrial PEMWE stacks. Product of Siemens Energy40. 

 

 

1.3.1. Membrane Electrode Assembly 

The MEA is the heart of the cell, consisting of two electrodes – the anode and cathode – and a 

PEM which separates them. Within each electrode, there are three distinct layers: 

 

1. The Gas Diffusion Layer (GDL) – This is the outermost layer of the electrode, and it 

provides structural support while also facilitating the movement of reactants/products.  

2. The Microporous Layer (MPL) – The role of this layer is to enhance the transport of 

reactants and prevent flooding of catalyst surface sites. 

3. The Catalyst Layer (CL) – The catalyst layer is responsible for carrying out the desired 

reaction and is in direct contact with the PEM.  

 

These layers are visualised in Figure 9. 
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Figure 9 – Schematic showing the different layers of the electrode. From back to front: the 

GDL with large internal pores, the MPL with small internal pores, and the uniformly 

distributed CL. Sizes of pores exaggerated for understanding. 

 

 

1.3.1.1. Gas Diffusion Layer 

The gas diffusion layer provides a support for the MPL and CL, however it also serves a range 

of roles that are crucial to the cell’s function. An effective GDL must41: 

 

 Deliver electrons to the bipolar plates 

 Control the influx of water molecules to the MEA 

 Control the outflux of product gases away from the MEA 

 Protect the catalyst layer from mechanical damage 

 

Through a complex network of pores, the GDL optimises catalytic activity by ensuring 

reactants are evenly distributed across the surface of the electrode42. This hydrates the PEM to 

maintain optimum performance, whilst also fighting against over saturation. If the system was 

over saturated, local pressure hot spots could form on the CL thus destroying its structural 

integrity. In some instances, the GDL is coated with a hydrophobic substance (such as PTFE) 

which further aids in surface flooding prevention, however this will increase cell resistance so 

should be employed with caution43.  
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At the cathode, the GDL is made of porous carbon cloth - an extremely strong and lightweight 

material utilised in many different industries. It is very conductive and pore size can be 

modulated during fabrication, meaning that product/reactant diffusivity can be controlled 

depending on the specific requirements of the cell.   

 

Porous titanium materials such as fibre felt or mesh are used as anode GDLs, owed to their 

excellent corrosion resistance. This comes from the material’s ability to form a thin layer of 

oxide film on the surface upon exposure to air which protects the underlying metal44. Pore 

diameter is typically in the low tens of microns range and the optimum porosity for a GDL is 

50 %36. Unfortunately, current titanium fibre felt/mesh manufacture cannot regulate pore size, 

which results in inhomogeneity across samples37. Additionally, the high capital cost and poor 

conductivity of titanium create further limitations with its use. 

 

Challenges in GDL research are related to the many functions required of a successful GDL, 

as optimisation of one parameter often leads to the decrease in performance of another45. For 

example, increasing pore size boosts gas diffusion but decreases mechanical strength, and 

adding a thicker hydrophobic coating prevents flooding but increases internal resistance. 

Moreover, there has been a notable lack of research on GDL performance compared to other 

MEA components such as electrocatalysts and PEMs. This may be due to the challenges 

associated with studying the molecular diffusion through the GDL46. This would require the 

solid surface, liquid reactant and gaseous products to be analysed in situ, which would be very 

challenging in a conventional electrochemistry laboratory.  

 

1.3.1.2. Microporous Layer 

The microporous layer lies between the GDL and CL, where it acts to provide a seamless 

transition between the two sections47. It will often be composed of a similar material to the 

GDL - for example, at the anode the MPL is commonly made of Ti nanoparticles. At the 

molecular level the catalyst surface is not uniformly smooth, so when the electrolyser is 

assembled there are gaps between the CL and the rest of the electrode. The addition of an MPL 

bridges these sections, thus reducing the interface contact resistance of the system36.  

 

Upon MPL addition, the surface pore size is reduced which boosts to the desired mass transport 

of the electrolyser. A study by Deng et al in 2023 found that upon by adding a MPL on to the 
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GDL, the average pore diameter on the surface decreased by 29.7 %. This is shown by the 

scanning electron microscope (SEM) images in Figure 1048.  

 

 

 

 

 

 

 

 

 

Figure 10 – Images A1 and B1 show the surface SEM images of raw titanium fibre felt and 

titanium fibre felt coated with titanium microparticles (1-5 m in diameter), respectively. 

Images A2 and B2 show a SEM image of the cross-section of the same samples48.  

 

 

The experiment produced an electrode with large internal pores (close to the GDL) and small 

pores on the surface (close to the CL). This is advantageous as larger pores favour mass 

transport of liquid reactants and the smaller pores direct product gases away from the catalyst 

layer – thus exposing the catalyst surface to more reactants49. The reduced surface pore size 

also prevents the CL penetrating deep into the GDL. Similar to the increased contact between 

the GDL and the catalyst, this increases catalytic contact with the membrane – further reducing 

the interface contact resistance and boosting device performance47.  

 

The exact mechanisms of MPL function are hard to elucidate for similar reasons to that when 

studying the GDL46. This presents a challenging but worthwhile research avenue, as fine tuning 

the central layer of the electrode will aid in the optimisation of device performance. 

 

1.3.1.3. Catalyst Layer  

The catalyst layer is made of three components – the catalyst, a dispersion agent (to prevent 

catalyst aggregation) and an ionomer (to increase conductivity). From here, two configurations 

are commonly used to produce the CL – the catalyst-coated substrate (CCS) and the catalyst-

A1 

B2 A2 

B1 
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coated membrane (CCM)50. In the CCS, the catalysts are applied directly onto two different 

electrodes which are then separated by the membrane, whereas in the CCM both the OER and 

HER catalysts are coated directly onto opposite sides of the same membrane. This is shown in 

Figure 11. 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 – Schematic of the two different catalyst configurations. On the left, the CCS is 

shown. On the right, the CCM is shown.  

 

 

The CCM is produced through either the direct spraying of a catalyst ink on to the membrane 

or by depositing a catalyst ink on to an intermediate material, which is then hot pressed onto 

the membrane. This is the traditional method that was first employed by General Electric in the 

60’s and is still popular today51. This method is favoured for providing close contact between 

the CL and the membrane, which reduces the interface contact resistance thus optimising 

catalyst activity. However, challenges with complex production methods and membrane 

swelling causing catalyst detachment led to the development of the simpler CCS method. 

 

The CCS technique is popular because of the simple fabrication process, which has allowed 

successful scale-up to industrial level. Compared to the CCM, this method has lower catalytic 

utilisation as there is less membrane – catalyst contact, however an MPL can combat this47,52. 

The CCS approach means the CL is unaffected by fluctuations in membrane morphology and 

Electrode 
Membrane 

Catalyst Layer 

Catalyst-Coated Substrate Catalyst-Coated Membrane 
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also enhances electrical conductivity. It has also been shown that at the current densities used 

in commercial PEM water electrolysers, the CCS systems outperform those with CCMs50.  

 

Each fabrication method has specific advantages and areas for improvement. It is ultimately at 

the discretion of the user to decide which configuration suits application best. The accessibility 

of CCS makes it an obvious choice for inexperienced users, however the CCM may be more 

useful when trying to optimise catalyst utilisation. 

 

1.4. Proton Exchange Membranes  

1.4.1. Fundamentals 

The proton exchange membrane is responsible for transporting protons produced at the anode 

to the cathode where hydrogen gas is produced. Efficient membranes must53: 

 

1. Be highly conductive towards protons  

2. Be highly insulating towards electrons  

3. Have excellent thermal, mechanical and electrochemical stability  

4. Have very low product permeability 

5. Be viable from a cost and durability perspective 

 

Commercial proton exchange membranes are mostly made of PFSA, with DuPont being the 

first to successfully synthesise and sell these membranes under the Nafion™ brand in the 

60’s54. Since then, Nafion™ has remained as the leading membrane, however other brands 

such as Aquivion® by Solvay are now available. The membranes function in the hydrated state 

and range in thickness between 100-180 m. When selecting a membrane, care should be taken 

to balance the performance trade-offs, as thinner membranes report higher activity but lower 

mechanical strength37. As a result, thinner membranes are more likely to degrade and display 

higher rates of unwanted gas crossover. The basic structure of a PFSA based membrane is 

shown in Figure 12. 
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Figure 12 - Chemdraw drawing showing the basic molecular structure of a PFSA based 

membrane. The polymers have a long PTFE-like backbone with side chains made of 

perfluorinated vinyl ethers capped by perfluorosulfonic acid end groups.  

 

 

The main variation amongst PFSA PEMs is the length of the side chain, Z. For example, in 

Nafion™ Z = 1, and so it is classed as a long side chain membrane, whereas in Aquivion® Z = 

0, thus classifying it as a short side chain membrane55. While the effects of varying membrane 

side chain lengths are widely reported for PEM fuel cells, there is limited data studying the 

effect in water electrolysers56–58. These fuel cell studies are not directly applicable due to 

different operating conditions; however, they suggest short side chain membranes to perform 

superiorly.  

 

At present, there is one study in the literature investigating the effects of a short side chain 

membrane vs a long side chain membrane in PEMWE. The researchers used a range of 

electrochemical and characterisation techniques to thoroughly evaluate each membranes 

performance59. In all areas tested, the short side chain membrane was shown to outperform the 

long side chain membrane, and the authors concluded this to be a result of the effects of varying 

side chain length on the membranes structural properties. Unfortunately, the study failed to 

compare the two membranes on stability, which is one of the most crucial factors when 

assessing PEMs. This data shows that short side chain membranes demonstrate superior 

performance in PEMWE, however further studies are needed to support this. By better 

understanding the effects of polymer morphology on device performance, it will allow for more 

informed decisions when selecting the membrane for use.  

 

Due to trademarking, literature on the exact synthetic and production methods of the branded 

membranes are limited, however it is thought that they are formed by free radical 

copolymerisation53. This creates a multifunctional polymer with two discrete regions. 
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The first region is the hydrophobic PTFE backbone which provides thermal, mechanical and 

electrochemical stability due to the strong carbon – fluorine bond60. The second region of the 

membrane is formed by the hydrophilic sulfonic acid side chains. Due to the different polarities, 

separation naturally occurs giving rise to hydrophilic channels within the membrane. These 

channels allow for water absorption into the membrane and are referred to as cluster phase 

domains. Nano-sized channels link these domains and ensure the membrane is evenly saturated 

with water61. A simplified schematic of a PEM in the hydrated state is provided in Figure 13.                      

 

 

 

 

 

 

 

                                     

 

 

Figure 13 - Simplified diagram of the discrete areas of a PFSA membrane in the hydrated state. 

The lilac area represents the hydrophobic PTFE backbone, the beige areas represent the 

hydrophilic cluster phase network, the orange circles represent the sulfonic end groups, and 

the blue area represents absorbed water.  

 

 

Proton conduction across the membrane occurs via the following three mechanisms62: 

 

1. Surface hoping – Protons hop across the membrane by making and breaking hydrogen 

bonds with the charged sulfonic groups that cap the side chains. 

2. The Grotthus Mechanism – Protons hop across the membrane by making and breaking 

hydrogen bonds with absorbed water molecules. 

3. The Vehicular Transport Mechanism – Protons transfer through the membrane attached 

to a carrier, for example the hydronium ion (H3O
+). The voltage applied across the cell 

causes the charged ions to migrate across the membrane, subsequently releasing one 

proton and one molecule of water. This is linked to the electroosmotic drag 

phenomenon observed in many electrolysis devices. 
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Which mechanism is dominant depends on a variety of factors - like water content in the 

membrane or diffusion coefficients, however it is widely accepted that all three mechanisms 

are present in most electrolysers63.   

 

1.4.2. Challenges  

Due to the integral role the PEM plays within the system it is crucial that they maintain 

structural integrity under operation. Unfortunately, membranes have the shortest lifetime of all 

cell components and degradation is one of the most common causes of device failure64. 

Membranes can degrade by any of the following mechanisms: 

 

1) Mechanical instability: The membrane experiences mechanical wear and tear 

2) Thermal instability: The membrane degrades due to high temperatures 

3) Chemical instability: When the harsh oxidative conditions cause the surface to react  

 

The result of this degradation is membrane thinning and pinhole formation on the surface, 

which increases the rate of unwanted hydrogen crossover at the anode. This not only creates an 

explosive gas mixture, but also harmful oxidising agents like hydrogen peroxide or free radicals 

at the catalyst-membrane interface. These compounds react to ‘unzip’ the membrane, which 

increases the rate of gas crossover further and repeats the cycle65. From here, device efficiency 

gradually drops through a variety of routes such as catalyst leaching, reduced active membrane 

area or increased internal temperature66. 

 

Grigoriev et al tested Nafion™ in a MEA using load cycling for 5500 hours, after which the 

system experienced a short circuit and shut down67. The team conducted post-mortem analysis 

to determine the cause of breakdown, and a transmission electron microscopy image of the 

membrane is shown in Figure 14.  
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Figure 14 – A transmission electron microscopy image at low magnification of Nafion™ 115 

after 5500 hours operation. The central area of the image shows an area of the membrane that 

has been physically damaged67. 

 

 

Figure 14 shows a section of the membrane that has undergone a morphological change over 

the duration of the experiment. Further analysis revealed that the observed change was 

membrane thinning, and on average the surface thickness had decreased by 75 %. The team 

believe this is what ultimately caused cell failure. A thicker membrane could increase device 

lifetime, however this would reduce device performance due to higher resistance.  

 

The advantages of performing water electrolysis at elevated temperatures have been previously 

discussed, however the PEM limits operating conditions to 80 C. At temperatures above 80 

C, most PFSA based membranes start to degrade. If membranes with greater thermal stability 

were developed, high pressures or an anhydrous proton carrier such as phosphoric acid could 

be used to allow proton conduction at elevated temperatures, thus reducing the electrical energy 

requirement of the cell68.  

 

There are also many challenges that lie in the production of PFSA membranes due to the use 

of highly dangerous and expensive monomers69. PFSA materials are carcinogenic ‘forever 

chemicals’ meaning they persist within living organisms for extended time periods and have 

been proven to cause cancer in humans70. Because of these complications, the number of 

companies willing to produce PFSA based membranes is limited. 
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Supply issues have plagued the industry for years and recently the two most popular 

membranes – Nafion™ and Aquivion® - have been discontinued by leading suppliers. The 

reasoning for this remains unclear, however it is thought to be down to previously stated 

production issues. The discontinuation of these products has caused existing stock prices to 

skyrocket and cast great uncertainty over the future of the technology. If there is no PEM, there 

is no PEMWE and so finding an alternative available membrane delivering on performance 

and stability is one of the most crucial challenges facing the industry at present. 

 

1.4.3. Alternative Membranes  

Current research is exploring the use of non-PFSA based membranes and hydrocarbon 

membranes may be a possible solution71. Bulky aromatic heterocycles in the polymer backbone 

can provide thermal stability and sulfonic groups on side chains can provide the necessary 

proton conductivity. The monomers are also cheap, available commercially and have 

heterocyclic groups susceptible to electrophilic or nucleophilic attack – presenting a potential 

route for simple structural modification to create desired characteristics60,72.  

 

The use of hydrocarbon based membranes for PEMWE devices has been scarcely reported in 

the literature, as performance of existing PFSA based membranes was historically deemed 

sufficient73. Nevertheless, in 2020 Klose et al compared a sulfonated poly phenylene sulfone 

(sPPS) PEM against Nafion™ in PEMWE. The molecular structure is shown in Figure 1574.  

  
 

 

 

 

Figure 15 – Molecular structure of the sPPS PEM used in the study74 

 

 

The team tested the sPPS membrane against Nafion™ 115 in a MEA to compare the effects on 

electrolyser operation. It was found that the sPPS-MEA delivered outstanding performance in 

linear sweep voltammetry (LSV) tests – operating at 3.5 A cm-2 at 1.8 V, compared with the 

Nafion™-MEA which only reached 1.5 A cm-2 at the same voltage. Hydrogen crossover at the 

anode was also investigated, and the sPPS-MEA showed three times less crossover than the 
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Nafion™-MEA. The reduced gas crossover in hydrocarbon membranes is discussed in the 

literature75,76. This is thought to be explained by the lack of side chains in hydrocarbon 

membranes, meaning there is reduced free volume for hydrogen gas to pass through when 

compared to PFSA based membranes77. 

 

As hydrogen crossover is known to directly decrease device performance, it could be 

hypothesised that the sPPS-MEA would be more stable than the Nafion™. However, in a 100 

hour stability test Nafion™ performed notably better than two sPPS samples (Figure 16).  

 

 

 

 

 

 

 

 

 

Figure 16 – Chronopotentiometry experiment at 1 A cm-2 over 100 hours. Three different MEAs 

were tested. One contained Nafion™ 115 as the PEM (green) while the remaining two utilised 

sPPS (green and purple). Black stars represent an electrical short circuit74.  

 

 

The MEA using Nafion™ was found to have a degradation rate of 300 V h-1, which is less 

than the rate reported for sPPS-I (850 V h-1). Additionally, the MEA containing Nafion™ 

showed steady degradation over the full test, whereas sPPS-I degradation started to waver after 

around 60 hours. No degradation rate was reported for sPPS-II as the system experienced 

multiple short circuits. The authors reported that the short circuits were caused by the 

membrane. The higher stability of Nafion™ is assigned to the strong carbon-fluorine bond 

within the backbone, which increases resistance to degradation mechanisms.  

  

Free radicals are known to be a key contributor to membrane degradation and so to increase 

the durability of hydrocarbon membranes, one paper reported the use of a radical scavenger 
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interlocking interfacial layer78. By creating a complex cerium oxide radical scavenger and 

applying a thin Nafion™ coating, a hydrocarbon membrane was reported to operate with 

increased stability. While the technique did significantly improve the stability of the 

hydrocarbon membrane, it ultimately relied on the use of a PFSA material to reduce the 

degradation rate.  

 

By 2030, hydrocarbons are expected to become the material of choice for PEMs, - however 

given the recent discontinuation of the most popular PFSA based membranes, this is not 

sufficient to meet the current demands of research79. At present, there is no access to a 

reputable, available PEM and this issue must be resolved soon in order to reduce the impact on 

PEMWE research. 

 

1.5. Hydrogen Evolution Reaction 

1.5.1. Fundamentals 

The hydrogen evolution reaction occurs at the cathode and can follow one of two 

mechanisms80,81. The first is the Volmer-Tafel, which proceeds by the following two steps: 

 

𝑉𝑜𝑙𝑚𝑒𝑟 𝑠𝑡𝑒𝑝 −  𝐻+ +  𝑒−  →  𝐻ሺ𝑎𝑑𝑠ሻ 

𝑇𝑎𝑓𝑒𝑙 𝑠𝑡𝑒𝑝 − 2 𝐻ሺ𝑎𝑑𝑠ሻ →  𝐻2 

 

In the Volmer step, one proton is adsorbed on to the surface of the catalyst site, forming an 

intermediate represented by H(ads). Next, the Tafel step takes places where two equivalents of 

this intermediate are combined to form diatomic hydrogen.  

 

The second reaction mechanism is known as the Volmer-Heyrovsky process, which also starts 

with the Volmer step. Diatomic hydrogen is then formed through the Heyrovsky step, where an 

adsorbed proton intermediate (H(ads)) reacts with one proton and one electron. This is 

represented in the equation below.  

 

𝐻𝑒𝑦𝑟𝑜𝑣𝑠𝑘𝑦 𝑠𝑡𝑒𝑝 − 𝐻ሺ𝑎𝑑𝑠ሻ +  𝐻+ +  𝑒−  →  𝐻2  

 

In both mechanisms the adsorbed proton intermediate is involved in each step so its binding 

energy to the catalyst surface plays a crucial role in mediating the rate of reaction. If the Gibbs 
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free energy of adsorption (Δ𝐺𝐻ሺ𝑎𝑑𝑠ሻሻ is too high, then adsorption will be unlikely to occur and 

so the Volmer step will limit the reaction. Alternatively, if Δ𝐺𝐻ሺ𝑎𝑑𝑠ሻ is too low then the adsorbed 

intermediates will bind too strongly, thus inhibiting the Tafel or Heyrovsky step82. This is an 

example of Sabatier’s principle which states that catalyst-reactant interactions should be ‘just 

right’ – meaning that binding should not be too weak or too strong in order to perform 

optimally83. These binding energies ultimately control the HER rate and catalyst performance.  

 

1.5.2. Hydrogen Evolution Electrocatalysts  

The most active HER catalysts are noble metals – namely platinum, but also rhenium, 

ruthenium and iridium. These metals optimise the ideal Δ𝐺𝐻ሺ𝑎𝑑𝑠ሻ value for the HER reaction 

and the volcano plot in Figure 17 compares the performance of other common catalysts81. 

 

 

 

 

 

 

 

 

 

Figure 17 - Volcano plot showing the energy of the catalyst surface site – H bond against 

exchange current density for common metal catalysts in acidic media, as found in PEMWE81.  

 

 

State of the art electrolysers use platinum on carbon cathodes with a loading mass ca 0.5 mg 

cm-2 and around 40 % weight platinum37. Platinum has surface sites with optimum binding 

energies so demonstrates excellent activity, and also has high corrosion resistance which gives 

rise to long term stability under the harsh acidic conditions. However, platinum is one of rarest 

metals in the earth’s crust and as a result is very costly. While the element is commonly used 

as a catalyst in many other industries, the implementation of a large scale PEMWE industry 

would strain current supplies and potentially lead to a resource bottleneck39,84. In order to 
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prevent this and drive electrolyser costs down, researchers are seeking methods to reduce the 

platinum loading mass in the catalyst. This is being done by developing noble metal free 

catalysts, creating alloys and reducing catalyst particle size85–87.   

 

That said, relative to the catalysts used at anode side, platinum reserves are significantly higher 

and the cost per gram is notably less. Moreover, the kinetics of the HER are extremely fast 

compared to the sluggish OER88. This means the cathode reaction has a lower overpotential 

and explains why platinum loading mass can be reduced significantly without impeding 

electrolyser performance89. While reducing platinum content is undoubtedly important to 

reduce costs, many researchers believe that optimisation of the OER catalyst - in terms of costs 

and performance - is a more pressing issue.  

 

1.6. Oxygen Evolution Reaction 

1.6.1. Fundamentals 

The OER is a slow process occurring at the anode, requiring large over potentials to drive the 

reaction to completion. Due to the longstanding presence of AWE, historically mechanistic 

OER studies focused on alkaline media. This meant that the bulk of studies in acidic media 

were theory based and used density function calculations to derive mechanisms – which led to 

the discovery of the adsorbate evolution mechanism90.  

 

In this mechanism, one molecule of water is adsorbed on to an active site, where it immediately 

undergoes two successive deprotonation steps. An electron is also released alongside each 

proton. This leaves an adsorbed oxygen intermediate on the catalyst surface that undergoes 

nucleophilic attack by another molecule of water. The result is a new oxygen – oxygen bond, 

in addition to the release of another proton and electron. The oxygen intermediate then 

undergoes a final deprotonation (paired with the loss of an electron), and diatomic oxygen is 

released from the surface91. The following equations describe this process where (ads) 

represents an adsorbed species92,93.  

 

𝐻2𝑂 ሺ𝑙ሻ  →  𝑂𝐻ሺ𝑎𝑑𝑠ሻ  +  𝐻+  + 𝑒− 

𝑂𝐻ሺ𝑎𝑑𝑠ሻ   →  𝑂ሺ𝑎𝑑𝑠ሻ  +  𝐻+  +  𝑒− 

𝑂ሺ𝑎𝑑𝑠ሻ  +  𝐻2𝑂  →  𝐻𝑂2ሺ𝑎𝑑𝑠ሻ
 +  𝐻+  +  𝑒− 

𝐻𝑂2ሺ𝑎𝑑𝑠ሻ
 →  𝑂2 ሺ𝑔ሻ +   𝐻+  +  𝑒− 



 36 

 

The recent rise in popularity of PEMWE has increased the number of lab-based mechanistic 

studies, and a new mechanism has been proposed to work alongside the adsorbate evolution 

mechanism. Through the isotopic labelling of oxygen atoms, it was found that lattice oxygen 

plays a role in the OER – in what is now known as the lattice oxygen mechanism94,95.  

 

The mechanism proceeds by the same first two successive deprotonation steps observed in the 

adsorbate evolution mechanism. From here, an oxygen present in the catalyst lattice combines 

with the adsorbed oxygen intermediate to form diatomic oxygen, leaving an open oxygen 

vacancy in the extended structure of the catalyst. A water molecule then occupies this site, 

which is deprotonated to leave one adsorbed hydrogen on the surface. This adsorbed hydrogen 

is then released thus restoring the catalyst surface81. This is summarised below, where Ol 

represents lattice oxygen, and Vo represents an oxygen vacancy96. 

 

𝐻2𝑂 ሺ𝑙ሻ  →  𝑂𝐻ሺ𝑎𝑑𝑠ሻ  +  𝐻+  + 𝑒− 

𝑂𝐻ሺ𝑎𝑑𝑠ሻ   →  𝑂ሺ𝑎𝑑𝑠ሻ  +  𝐻+  +  𝑒− 

𝑂ሺ𝑎𝑑𝑠ሻ +  𝑂𝑙+  →  𝑂2ሺ𝑔ሻ +  𝑉𝑂  

𝑉𝑂 +  𝐻2𝑂 ሺ𝑙ሻ  →  𝑂𝑙 +  𝐻ሺ𝑎𝑑𝑠ሻ + 𝐻+  +  𝑒− 

𝐻ሺ𝑎𝑑𝑠ሻ  →   𝐻+  +  𝑒− 

 

In any given system both mechanisms are present, however the dominant process will depend 

on specific reaction conditions. For example, the absorbate evolution mechanism is most active 

at low voltages, while at high voltages the lattice oxygen mechanism is thought to dominate97. 

Additionally, the lattice based mechanism is highly dependent on surface structure, meaning 

that any surface degradation will cause the OER rate to decrease rapidly. By fully 

understanding each reaction mechanism, research can be better informed as to the best routes 

to optimise catalytic performance. 

 

1.6.2. Oxygen Evolution Electrocatalysts  

As previously stated, due to the harsh acidic environment and high energy demand of the OER, 

only the most inert and catalytically active materials can be used as electrocatalysts98. 

Additionally, Sabatier’s principle means that the catalyst will have to bind optimally to the four 

different adsorbed intermediates involved across the two OER mechanisms – which means 
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very few catalysts are suitable for the reaction37. Figure 18 compares different catalyst groups 

for performance in the OER in acidic media91. 

 

 

 

 

 

 

 

 

 

 

Figure 18 – Figure comparing the results reported in the literature from four different classes 

of catalyst in terms of length of stability test (hours) and overpotential (mV). The four classes 

are iridium-based materials (red), ruthenium-based materials (blue), carbon materials (grey) 

and non-precious metal-based materials (green). A higher length of stability test indicates a 

more stable catalyst, and a lower overpotential indicates a more active catalyst 91. 

 

 

From Figure 18, it can be seen that the materials with the highest activity are generally those 

containing iridium or ruthenium. Despite generally having a higher activity towards the 

reaction, the use of ruthenium is precluded in real devices due to the formation of soluble 

ruthenium oxides, which leads to rapid corrosion of the catalyst99. Iridium oxide is viewed as 

the ‘state-of-the-art’ catalyst due to its exceptional stability, with commercial devices operating 

at a loading mass ca 2 mg cm-2. Unfortunately, iridium is also one of the rarest metals on earth, 

and only around 7 tonnes are produced per annum100. It has been proposed that if current 

iridium production rates are to match the predicted demand of PEMWE technology, the loading 

mass within devices should be cut drastically to between 0.05 – 0.10 mg cm-2 29.  

 

Although iridium is the most stable known catalyst for the OER in acidic media, it still degrades 

before most other cell components. Each specific catalyst will have an exact degradation route, 

however they typically break down due to agglomeration, oxidation or dissolution37. 
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Agglomeration of catalyst nanoparticles decreases activity by reducing the number of available 

surface sites. At potentials greater than 1.8 V, iridium dioxide will gradually oxidise to produce 

unstable IrOx compounds on account of the increased lattice oxygen mechanism101. Over time, 

this changes the structure of the catalyst surface from crystalline to amorphous, thus increasing 

the susceptibility to corrosion and dissolution.  

 

Current research aims to tackle these challenges by reducing iridium loading mass while also 

maintaining stability. As with HER catalysts, this is being done through the development of 

noble metal free catalysts, alloys and the reduction of catalyst particle size down to the single 

atom level102.  

 

The literature is rich with novel OER catalysts - boasting low iridium content and activities 

several magnitudes higher than benchmark iridium dioxide, however the biggest challenge lies 

in producing a catalyst with sufficient stability103–105. Non-noble metals and alloys have been 

shown to demonstrate sufficient catalytic activity, yet their reports often lack stability data – 

likely due to the use of non-corrosion resistant materials. Should the issues surrounding the 

incorporation of single atom catalysts into the MEA be solved, a ‘gold-standard’ OER catalyst 

may be developed in the future. 

 

1.7. Challenges within Proton Exchange Membrane Water Electrolysis Research 

When evaluating the factors inhibiting PEMWE from dominating the global hydrogen market, 

it appears the two biggest issues are weak proton exchange membranes and costly OER 

catalysts. The further optimisation of these components will reap many rewards such as longer 

device lifetimes, increased performance and reduced cost. Unfortunately, their development is 

hindered by a lack of structure across research within the field. 

 

1.7.1. Calls for Standardisation  

It is widely recognised that a standard testing procedure for novel PEMWE components is 

urgently required to create a cohesive research field that works together towards solutions106. 

Unlike PEM fuel cells (which have received significant research, industry, and government 

influence in terms of standardising testing procedures107–109), PEMWE research has historically 

received little influence from governing bodies. This has led to a lack of consistency across 

research in terms of testing equipment, operating parameters and results reporting which has 

slowed the development of the technology. 
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This was recognised in 2021 by the EU commission (alongside their industrial and research 

partners), who aimed to resolve these issues by publishing guidelines for testing low 

temperature water electrolysers110. Unfortunately, the guidelines have not been widely adopted 

within the community, as highlighted in a recent review by Tomic et al111. The authors placed 

this on account of electrolysers being extremely complex multi-component systems, and the 

equipment recommended for testing being uncommon in most labs. Additionally, the work did 

little to standardise testing of individual components, as it referred to whole devices throughout. 

If standard procedures for testing things like novel catalysts or membranes were available, 

PEMWE development would be propelled forward in a bottom-up approach. 

 

For example, when testing novel catalysts two different systems are commonly used – the 

rotating disk electrode or the MEA. Each method is chosen for a particular reason based on the 

research needs, however they operate under very different conditions which alter the catalytic 

activity and so these results cannot be compared112. A comparison of the two different 

techniques is given in Table 2113. 

 

Parameter Rotating Disk Electrode MEA 

Catalyst Mass Required 1 – 10 mg 0.2 – 2 g 

Experiment Duration Minutes to hours Days to weeks 

Operating Temperature 10 – 80 C 40 – 95 C 

Dominant Mass Transport 

Regime 

Liquid diffusion boundary 

layer 

Gas phase diffusion 

Mass Transport-Limited 

Current Density 

10 mA cm-2 > 4 A cm-2 

Maximum Specific 

Current Density 

10 mA cm-2 100 mA cm-2 

 

Table 2 – Table highlighting the main differences between rotating disk electrode and MEA 

systems113.  

 

Across the field there is no set ‘benchmark’ OER catalyst that is consistently used as a reference 

when testing novel cell components. Within the literature, the ‘commercial’ catalyst layer used 

can vary greatly – from iridium powder to nanoparticles to adding a titanium support114–116. 

These changes will vary catalyst performance significantly, meaning that the true effects of a 
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novel component may not be fairly evaluated with reference to the literature. There are 

countless other parameters which vary across devices - such as membrane thickness or catalyst 

loading mass - and the effects of these compound to produce incomparable results across 

papers, reducing the efficiency of research.   

 

Finally, stability tests of PEMWE devices are often run under potentio or galavanostatic 

conditions, which do not truly replicate the environment of working electrolyser coupled to 

renewable energy. It has been shown that fluctuating operating conditions cause significantly 

more degradation than static procedures, and so testing under these conditions is crucial when 

evaluating how devices perform in practice65. 

 

1.7.2. Need for a New Membrane 

The complications involved in PEM production have most recently manifested as the 

discontinuation of the two most popular membranes – Aquivion® and Nafion™. This is a 

serious issue and the identification of a new membrane with similar (if not superior) 

performance parameters should be the focus of current research efforts. The development of a 

standard testing procedure or novel catalyst is futile if the key component of the electrolyser is 

missing.   

 

Other commercial membranes are available - for example FuelCellStore (a leading electrolyser 

component retailer) stocks some unbranded alternatives. At the time of writing there is no data 

within the literature regarding the performance of these membranes, which casts doubt over 

their efficiency. These unbranded membranes must be urgently tested and compared against 

the branded counterparts, so that their use within research can be encouraged or opposed to 

allow for the continued development of PEM water electrolysers.  
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1.8 Research Outlook 

At present, there is only one paper comparing short side chain and long side chain membrane 

performance in PEMWE59. More importantly, a successor to Nafion™ and Aquivion® has not 

yet been identified given their recent discontinuation. This work seeks to remedy these issues 

by investigating the effects of an unbranded membrane (D170-U, thickness 170 m) on 

PEMWE device operation and comparing this against Aquivion® E95-1S (thickness 150 m) 

and Nafion™ 117 (thickness 180 m). The structures of each membrane are shown in Figure 

19. 

 

 

 

 

 

 

 

 

 

 

Figure 19 – Chemdraw drawing showing the chemical structure of each membrane used in 

this study. The main chain is a PTFE-type backbone and the side chains are capped with a 

sulfonic (SO3
−) unit. While the exact length of the side chain in D170-U remains unknown, the 

suppliers have stated it ‘is the same or similar to Nafion™ 117’. 

 

 

By testing a short side chain membrane against two long side chain membranes, the effects of 

side chain length on electrolyser operation can be established. The testing of D170-U will 

provide information as to whether the membrane is suitable for application in PEMWE 

research. 

 

 

 

Aquivion® 

Nafion

™ 

D170-U 
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1.9 Project Aims 

The project aims to investigate the effects of using a short side chain membrane compared to a 

long side chain membrane on PEMWE device operation. It also aims to determine if a new, 

unbranded membrane has similar operating parameters to the two branded membranes, to 

determine if it is suitable for application in future PEMWE research. Three key parameters will 

be investigated - performance, degradation rate and hydrogen crossover at the anode after use. 

This will be done in a flow cell through LSV, electrical impedance spectroscopy (EIS), 

chronopotentiometry and gas chromatography. To understand the results gathered, post-

mortem characterisation of the system will be conducted via SEM and inductively coupled 

plasma-optical emission spectroscopy (ICP-OES). 

 

It is hypothesised that Aquivion® will demonstrate superior performance compared to the other 

two membranes due to reduced side chain length. Additionally, Aquivion® is expected to 

display a lower degradation rate and lower rate of hydrogen crossover after 

chronopotentiometry when compared to the other two membranes. When comparing Nafion™ 

and D170-U, it is hypothesised that due to the reduced thickness of D170-U, it will display 

higher performance but also a greater degradation rate and hydrogen crossover rate after 

chronopotentiometry testing than Nafion™.  
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2. Experimental Techniques  

2.1. Electrochemical Techniques  

The field of electrochemistry relies on a range of electrochemical techniques to assess 

performance and elucidate reaction mechanisms. This is done by measuring a system’s 

response to a current or potential, and the techniques used in this study will herein be discussed.  

 

2.1.1. Linear Sweep Voltammetry  

Linear sweep voltammetry is one of the fundamental techniques used in electrochemical 

research and was first reported by Matheson and Nichols in 1938117. It is the primary means of 

testing PEMWE device performance, as it allows the rapid determination of current density 

delivered from a system across a range of voltages. This indicates the maximum operating 

conditions a device could run at. The process involves sweeping the potential applied to a 

system from a low to high voltage at a specific scan rate and recording the resulting current. 

The exact shape of the plotted graph depends on things like the rate of electron transfer steps 

or scan rate, however an example of a typical LSV curve is shown in Figure 20 and some key 

aspects are highlighted118,119.  

 

Figure 20 – An example of an LSV curve, with potential on the x-axis and current on the y-

axis. Ip and Ep represent peak current and potential, respectively, and Ep/2 represents half-peak 

potential119. 

 

 

Ip provides information on things like the number of electrons involved in the reaction and the 

presence of coupled chemical reactions, whereas Ep provides data on the reactants themselves. 

The measured values conform to the Nernst equation, which is shown in Equation 3: 
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(3)                                                        E = E° +
RT

nF
ln

[O]t

[R]t
 

 

Where E is the applied potential, E° is the standard electrode potential, R is the gas constant, T 

is the temperature, n is the number of electrons, F is Faraday’s constant, [O]t is the 

concentration of oxidised species at time, t, and [R]t is the concentration of reduced species at 

time, t120.  

 

At equilibrium, the ratio of oxidised and reduced species is equal. When an LSV test starts, the 

system is polarised by a low potential meaning reduction will occur – this increases the number 

of reduced species present thus giving rise to a negative current. As time increases and the 

voltage is swept to higher values, the concentration of oxidised species increases thus 

increasing the number of released electrons, which results in a positive current being measured.  

 

The characteristic trait of an LSV curve is that the current measured will plateau at a certain 

voltage, and then drop. This is caused by diffusion layer thickness on the electrode surface 

rising until the flux of reactants is not sufficient to meet the conditions of the Nernst equation, 

and so the current starts to drop due to a reduced concentration of oxidised species121. This 

explains why scan rate affects the shape of an LSV curve. If the scan rate is low, the diffusion 

layer thickness will increase thus reducing the magnitude of the concentration gradient, which 

in turn reduces flux and so reported maximum current density. Scan rate should be 

appropriately optimised when measuring PEMWE device performance. 

 

2.1.2. Chronopotentiometry  

In chronopotentiometry, a fixed current is delivered between the working and counter 

electrodes and any changes in potential are measured as a function of time. 

Chronoamperometry works on the same basis, however the applied potential is constant and 

the variation in current is recorded over time. By constantly inducing flux within the system, 

fresh reactants are regularly delivered to the electrode surface and so any changes in 

performance can be said to be caused by the degradation of system components. These include 

but are not limited to catalyst dissolution and membrane degradation. 

  

Chronopotentiometry is the primary means of determining the stability of novel cell 

components for PEMWE. However, a real working electrolyser is expected to run for around 



 45 

40,000 hours and running chronopotentiometry tests for this long is not feasible in practice. 

Additionally, these experiments operate at a fixed current density, and performing stability tests 

under static operating conditions is unsuitable as previously discussed. Future 

chronopotentiometry experiments could be modified to include cycling of operating 

conditions, to better emulate the true operating conditions of a working electrolyser, thus 

providing more accurate stability data. 

 

2.1.3. Electrical Impedance Spectroscopy  

EIS is an extremely powerful technique that has been harnessed across a range of research 

fields from biosensing to electrocatalysis to provide in depth data regarding an electrochemical 

system. A small sinusoidal alternating current (potentiostatic) or voltage (galvanostatic) at 

frequencies between 1 mHz - 1 MHz is applied to a system at equilibrium and the response is 

measured122. Due to the small scale that EIS works on, it can recognise nearly any artefact 

altering the conductivity of a system, making it useful for investigating changes within an 

electrochemical cell – from the electronic double layer to surface roughness.  

 

Impedance simply refers to the opposing force a current faces in an electric circuit and is 

measured in Ohms. It differs from resistance as it comes from an alternating source and so does 

not follow Ohm’s law123. This parameter is measured by fitting recorded values to an electrical 

equivalent circuit, which in this instance is a Randel’s cell124. Impedance, Z, is a product of 

solution resistance, Ru, electronic double layer charge, Q, charge transfer resistance, Rct and 

the Warburg Element, Zw. However, the Warburg element accounts for diffusion of ions and 

the HER/OER is known to be under complete kinetic control in acidic conditions and so this 

can be removed for simplicity125. This gives rise to the model circuit shown in Figure 21. 
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Figure 21 - Electronic equivalent circuit of a simple Randel’s cell, modified for water 

electrolysis in acidic conditions125. 

 

 

These components can then be inserted into the following equations to determine real (Equation 

4) and imaginary components (Equation 5) of the impedances126:   

 

(4)                                                       𝑍′ =  𝑅𝑢 +  
𝑅𝑐𝑡

1+𝑅𝑐𝑡
2 𝑄2 

(5)                                                          𝑍′′ =   
𝑅𝑐𝑡

2 𝑄

1+𝑅𝑐𝑡
2 𝑄2 

 

The equations are then manipulated across the range of frequencies selected and compiled by 

online software, which produces a Nyquist plot allowing for a visual representation of the 

results. The small scale EIS works on often leads to challenges in results interpretation, 

however the technique is invaluable in electrochemical research due to its ability to rapidly 

assess parameters such as overall system resistance.  

 

2.2. Analytical and Characterisation Techniques  

Analytical and characterisation techniques are crucial when aiming to understand different 

phenomena observed in a system. The techniques used in this study will be subsequently 

discussed.  

 

2.2.1. Gas Chromatography  

Gas chromatography is routinely employed by researchers aiming to determine the molecular 

make-up of a complex sample through a means of separation. The machine operates within a 
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large oven and has two phases – a solid or liquid stationary phase, and a gas mobile phase that 

carries the sample through the stationary phase unidirectionally127. Samples can be injected 

into the system via syringe as either a liquid or gas, however they must be vaporised at 

temperatures below 300 C. Additionally, the compounds seeking to be identified must not 

decompose or react with either phase, as this would provide spurious results128. 

 

Once the sample is injected into the GC, it is moved across the stationary phase by the mobile 

phase - commonly argon gas. The stationary phase can either be in the form of a packed column 

(a large solid column filled with small particles of high molecular weight polymer) or a 

capillary column (a thin silica tube with the stationary phase bonded to the surface)129. Different 

compounds within the sample traverse through the column at different speeds, and so they elute 

at different rates. This gives rise to unique retention times which a detector and computer use 

to produce a chromatogram, thus allowing the identification of known compounds and their 

concentrations within the sample. This process is summarised in Figure 22. 

 

 

 

 

 

 

 

 

 

 

Figure 22 – Schematic of a working gas chromatography machine. A syringe injects the sample 

into the machine, where it is met by a controlled flow of argon. The sample is then moved 

through the capillary column. Smaller molecules interact with the walls less so pass quickly, 

and larger molecules interact more so are held within the column for longer. Different gases 

then elute at different rates, where they are detected and then released from the system. 

 

 

The retention time of each compound is the key parameter measured in gas chromatography 

analysis and is based upon the interaction of the anolyte with the stationary phase130. Larger 

compounds will have an increased number of intermolecular interactions - like hydrogen 

Gas Cylinder 

Flow 

Controller 

Syringe 

Capillary 

Column 

Computer 

Detector 

Outlet 

Oven 



 48 

bonding or dipole-dipole interactions - with the stationary phase surface, meaning that they 

will take longer to elute from the column. Smaller molecules will interact less and so will be 

moved along at faster rates. Other factors such as column temperature, flow rate and column 

degradation can also influence retention time131. These times are relative and vary across each 

machine, and as such are only used for the identification of compounds. When calculating 

compound concentrations, it is the area under the peak in the chromatogram that is of 

significance129.  

 

When researching PEMWE, gas chromatography is commonly used to measure the head space 

of a system to evaluate product gas composition. The use of on-line gas chromatography 

machines has been reported in the literature, and this describes the use of a machine which is 

directly linked to the headspace of a sample using a thin tube132. This allows for more accurate 

results as human error from sampling is eliminated and for measurements to be taken at 

increased intervals thus providing information on how products evolve over time. 

 

2.2.2. Scanning Electron Microscopy  

Scanning electron microscopy is an ex situ characterisation technique which allows for the 

imaging of samples above the diffraction limit of traditional light based microscopes. This 

means that advanced scanning electron microscopes can image samples at > 1,000,000 times 

magnification with single nanometre resolution, whereas conventional optical microscopes can 

only image at around 1000 times magnification133. The technique uses a charged electron gun 

to systematically scan a sample, giving rise to surface-electron interactions that are 

subsequently detected and processed computationally to form an image. Figure 23 summarises 

this process134.  
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Figure 23 - Schematic showing a simplified explanation of how a SEM image is produced134. 

 

 

The electron gun is formed by delivering a high current under vacuum to tungsten or lanthanum 

hexaboride filaments, causing heating to temperatures so high electrons are emitted from the 

surface. These high energy electrons (2-40 keV) are focused through a series of lenses to 

produce a monochromatic beam that hits the sample. This interaction produces secondary and 

backscattered electrons which are collated to produce the image. X-rays and auger electrons 

are also produced, however they do not form part of the SEM image135. 

 

Secondary electrons are the strongest signal measured and are caused when weakly bound 

electrons get released from the sample. They are relatively low in energy and so are only 

released from first few nanometres of the surface, meaning they are responsible for surface 

structure imaging. Backscattered electrons are the product of incident electrons penetrating 

deep into an atom, causing wide angle scattering. These electrons are high in energy and so 

come from deep within the surface. Heavier atoms cause more backscattering, meaning this 

signal can be used to identify bright spots in the image caused by high atomic number 

elements136.   

 

SEM is routinely used in water electrolysis research as it allows for simple characterisation of 

surfaces. This type of microscopy is particularly useful when analysing electrodes – from 

measuring GDL porosity to catalyst surfaces before and after device operation. However, the 
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high energy electron beam can destroy samples rapidly and as the gun operates under vacuum, 

the imaging of hydrated surfaces is not possible.  

 

2.2.3. Inductively Coupled Plasma-Optical Emission Spectroscopy 

Inductively coupled plasma-optical emission spectroscopy is one of the most advanced 

techniques for measuring trace elements within a sample. It works in a similar way to classic 

optical emission spectroscopy, however uses plasma to break down the sample into its 

elemental and ionic components. It can detect several elements at once by using an increased 

number of photon detectors, even at concentrations below the ng per ml level137. Due to the 

weak signal measured at such low concentrations, a high resolution optical spectrometer is used 

to refine the signal.  Figure 24 shows the apparatus required to conduct an ICP-OES 

experiment138.  

 

 

 

 

 

 

 

 

 

Figure 24 - Schematic representing an inductively coupled plasma-optical emission 

spectrometer138. 

 

  

Plasma is a state of matter characterised by the partial or full ionisation of a substance, which 

provides unique properties useful for research application139. To produce the plasma, a high-

power radio frequency is applied to a copper coil which generates a strong magnetic field. 

Argon is then flowed through the coil causing partial ionisation. This generates free electrons 

which go on to further ionise the sample through a cascade effect, thus making the plasma140. 
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Next, the sample is nebulised, and droplet size is carefully regulated before the sample is mixed 

with argon gas and sprayed as an aerosol through the plasma. The extreme temperatures cause 

the subsequent desolvation, vaporisation, atomisation, and ionisation of the sample, leaving 

only pure atoms and ions138. Electrons within these atoms and ions are then excited to a higher 

state temporarily, and upon return to the ground state release photons through a process known 

as atomic emission (Figure 25). 

 

 

 

 

 

 

Figure 25 - Diagram showing how atomic emission occurs. An atom exists in the low energy 

ground state before absorbing energy to place it in a high energy excited state. The atom exists 

here temporarily before falling back to the ground state, and in doing so releasing energy in 

the form of a photon - shown by the yellow circle. This process is known as emission. 

 

 

As each element contains discrete energy levels (represented in Figure 25 as excited states), 

the allowed transitions within an element will correspond to a specific wavelength of light. 

This wavelength will be different across all elements and possible transitions (i.e different 

between excited state 1  ground state and excited state 2  ground state)141. This allows 

multiple detectors to measure the wavelengths of incoming photons and compare them against 

known standards, to correctly identify elemental composition and concentration of a sample.  

 

The technique is particularly useful in electrocatalysis research when aiming to quantify the 

leeching of the electrocatalyst into solution. This was reported by Faqeeh and Symes in 2023142. 
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3. Experimental Methods 

3.1. System Components  

The flow cell used within this study followed the same basic design principles described in 

Section 1.3. The aluminium end plates used were 106 × 106 × 10 mm in size. Each plate had 8 

large holes evenly distributed around the perimeter. A central square was marked by 4 small 

holes which framed 2 larger holes. The PTFE insulator plates were nearly identical in structure; 

however, the two central holes were threaded to allow the attachment of polypropylene hose 

barbs. The cell was held together by 8 M8 hex bolts (8 × 75 mm, fully threaded) which were 

placed through outer holes of the end and insulator plates. Each bolt was tightened to a 

compression force of 5.65 N m. Two titanium plates (grade 2, 3 mm thickness) were used as 

current collectors and each had six serpentine flow channels (1 mm wide, 1 mm deep) engraved 

on the surface to deliver reactants and remove evolved gases. PTFE gaskets (0.13, 0.25, and 

0.51 mm thick) (FuelCellStore) were placed on either side of each current collector to prevent 

leakage. 

 

The cathode was a 37 mm square of platinum on carbon cloth with a loading mass of 0.5 mgPt 

cm−2 (0.4 mm thick, FuelCellStore). The anode was produced in-house and consisted of a 37 

mm square titanium fibre felt GDL (0.2 - 0.3 mm thick, FuelCellStore), a titanium microparticle 

MPL and an IrO2 catalyst layer at a loading mass of 1.5 mg cm−2. The active area of the flow 

cell was 13.7 cm2. The membranes used were Aquivion® E95-1S, Nafion™ 117 and PFSA 

D170-U (FuelCellStore). Herein, these membranes will be referred to as Aquivion®, Nafion™ 

and D170-U. 

 

A Fisherbrand GP1100 General Purpose peristaltic pump was used to flow deionized water (15 

MΩ resistivity) at a rate of 40 ml min−1 through Norprene tubing (4.78 mm diameter, Merck 

Life Science UK Limited) attached to hose barbs in and out of the cell. The anolyte and 

catholyte were held in 2 litre media bottles, each with 4 screw caps on the lid. Hot plates were 

used to heat the system to 60 C, which was monitored by K-type thermocouples at the 

inlet/outlet of the cell. The data was sent to a PicoLog TC08 data logger and PicoLog Software.  

 

A biologic SP-150 potentiostat and an 80 A booster were used to power the system. The 

apparatus is summarised in Figure 26.  
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Figure 26 – Simplified schematic showing the apparatus used for electrochemical testing in 

this study. 

 

 

3.1.1. General Preparation  

The membranes were cut into 106 mm squares on a clean surface using a scalpel and submerged 

in deionised water for at least 24 hours prior to use. Each membrane was shipped in the acid 

form, meaning no pre-treatment was required. 

 

The gaskets were prepared via the following steps. A 0.51 mm thick PTFE sheet was cut into 

two 66 mm squares using a guillotine. Each of these squares was aligned with the central 

squares on the insulating plates and two holes (slightly larger in size than the hose barbs in 

corresponding positions) were removed. Next, two more 66 mm PTFE squares were cut, 

however each square came from a sheet 0.25 and 0.13 mm in thickness, respectively. A central 

square was cut and removed from each of these sheets at an indent of approximately 10 mm.  
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3.1.2. Anode Preparation and Production 

The number of commercially available and suitable PEMWE anodes is somewhat limited due 

to the many different possible configurations. There are spinout companies capable of 

producing customisable titanium electrodes with iridium coatings, however it was decided that 

producing the anode in-house was the optimal route to follow. The anode was produced via the 

CCS method by the air-spray deposition of a MPL suspension and catalyst ink on to a titanium 

fibre felt GDL. This method was favoured over the CCM due to simplicity. 

 

To produce the MPL, a glove box operating under a nitrogen atmosphere was used to weigh 

2.5 g of 5 μm titanium microparticles (US Nanomaterials Research) into a vial. The vial was 

sealed using a septum and removed from the glovebox. A syringe was then used to add 2.5 mg 

of 5 % Nafion™ solution (Ion Power Inc) and 10.0 g of isopropanol to the vial. The septum 

was then removed and replaced with a cap. The vial was placed in an ultrasonic ice bath for 15 

minutes, before being removed and having 10.0 g of ethylene glycol added. The solution was 

then sealed again and placed back in the ultrasonic ice bath for 1 hour. After this, the vial was 

kept in a refrigerator at 4 C until required.  

 

The CL was prepared from an ink composed of 65 % IrO2 (99.9%) (Sigma Aldrich), 20 % 

Carbon black (Carbon black, acetylene, 50 % compressed, 99.9+%) (ThermoScientific) and 15 

% Nafion™ solution (5%) (Ion Power Inc). To successfully reach the desired loading mass a 

total mass of 362.6 mg was required, so reactants were scaled to meet this requirement. 

Additionally, 5.1 ml of isopropanol was added to create the ink.  

 

The aforementioned compounds were added to a glass airbrush jar and a glass stirring rod was 

used to breakdown any large clumps. A small amount of isopropanol was used to wash any 

catalyst ink off the stirring rod and back into the vial. The solution was then sealed and placed 

in an ultrasonic ice bath for 1 hour, with checks performed every 20 minutes to monitor 

temperature. It should be noted that the water level of the ultrasonic bath should cover up to 

the shoulder of the jar and no more. After the allotted time, the solution was stirred with the 

glass rod for five minutes, sealed and placed back into the ultrasonic ice bath for another hour. 

Following production, the catalyst ink was kept in the refrigerator at 4 C until required. The 

ink was always be made for same day use, as if left for longer the homogeneity of the ink is 

reduced. 
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The anode was produced via the following steps. The foamboard used as a support was 5 mm 

thick (Amazon). The airbrush used was a Royal Airbrush AB-182 and the air compressor was 

a Royal Max TC-80T – Single Piston Compressor with a tank size of 3 litres.  

 

1. The oven was set to 200 C. 

2. A 37 × 37 mm square of titanium fibre felt was cut using a guillotine and the mass recorded. 

3. A 100 × 100 mm square of foam board was then cut using a scalpel. The titanium substrate 

was placed in the middle of the foam board and a scalpel was used to trace the outline, at 

around half the depth of the foam board. The metal square was placed aside, and a smaller 

square was removed from the centre of the foam board - around 20 mm in length. The 

remaining part of the larger half-depth square was then removed by inserting the scalpel 

parallel with the foamboard and cutting. This creates a support with an appropriately sized 

edge to hold the titanium substrate in place during air-spraying. An example of how the 

support looked is shown in Figure 27. 

 

 

 

 

 

 

 

 

 

Figure 27 – Image showing how the foam board support should look after preparation.  

 

 

4. Next, the MPL suspension was removed from the fridge and shook vigorously to perturb 

any settled microparticles at the bottom of the vial. A glass dropper was used to add 

approximately 1 ml of the suspension to a glass airbrush jar with an airbrush connector lid. 
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5. The airbrush was then checked for cleanliness and the knob at the back of the airbrush was 

fully rotated 2.5 times in the anticlockwise direction to control the output. The airbrush was 

connected to the jar and air compressor, which was set to 1 bar.  

6. In a fume hood, the foamboard holding the substrate was placed against the back wall. 

From a distance of 10 cm, the airbrush was held perpendicular to the foamboard and the 

substrate coated with a thin layer of MPL. The airbrush was moved in a clockwise direction 

around the square, starting from the top left hand corner. Once the rotation was complete 

the airbrush was directed to the centre of the substrate for a few seconds to ensure the 

surface was evenly coated. 

7. The substrate was then removed from the support and placed in the oven for 7 minutes. 

8. The dry mass of the substrate was recorded and spraying repeated until 10 – 15 mg of MPL 

was deposited. When the substrate was placed back on the support, care was taken to insert 

it at the same position as before, and the foamboard was rotated by 90  to ensure an even 

distribution of MPL. 

9. The oven temperature was reduced to 100 C and the recently prepared catalyst ink was 

placed in a freezer at − 20 C for 15 minutes.  

10. A new airbrush was prepared using the same conditions described in step 5.  

11. The same procedure for spraying described in step 6 was then repeated, however the MPL 

suspension was replaced with the full jar of catalyst ink. To reach the desired loading mass 

31.6 mg of ink needed to be deposited on the substrate surface, meaning many coats were 

required. Due to this, the substrate was sprayed four times before being placed in the oven 

to dry for 5 minutes and the catalyst ink was placed back in the freezer. 

12. The substrate was then weighed, and the mass recorded. A cycle of four sprays added 

approximately 10 mg in total, so this process was repeated twice to add a total of 20 mg to 

the substrate. 

13. After this, care was taken to only spray the substrate once between weighing, as it was 

crucial to not overshoot the catalyst mass. The spray, dry and weigh process was repeated 

until the desired mass was reached. 

14. The substrate was then placed in th oven for 1 hour at 100 C to anneal the catalyst layer 

before being removed. 

 

After production, the anode was incorporated into the flow cell as soon as possible to minimise 

any changes in surface structure.  
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3.1.3. System Assembly  

The threaded end of a hose barb was wrapped in 15 cm of PTFE tape and a wrench was used 

to insert the hose barb into a central hole in the insulating plate, ensuring it was flush with the 

opposing side. This process was repeated for the 3 remaining hose barbs, which provided the 

inlet/outlet connections for the flow cell.  

 

Next, a large cork ring was placed on the bench and the components were assembled flat in the 

order shown in Figure 28, from left to right.  

 

 

 

 

 

 

 

 

 

 

 

Figure 28 – Schematic showing an exploded diagram of the flow cell. From left to right: end 

plate, insulating plate, gasket (0.51 mm thick), current collector, gasket (0.13 mm thick), anode, 

PEM, cathode, gasket (0.25 mm thick), current collector, gasket (0.51 mm thick), insulating 

plate and end plate. 

 

 

Please note: After the first end plate was placed down, 4 thin metal rods were inserted into each 

of the holes forming the central square. All other components were aligned using these rods to 

ensure minimal movement during assembly. 

 

A bolt was then placed through each of the outer holes of the cell, which was kept flat while a 

washer and nut were attached from below. These were tightened as much as possible by hand 

before the cell was lifted vertically. A torque wrench was set to 5.65 N m and used to tighten 

each bolt. When sufficient compression was reached, the wrench would click and resist. 
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Following this, one short and one long piece of tubing were wrapped in PTFE tape at one end. 

The wrapped ends were inserted into opposite sides of a T-type tube connector and a 

thermocouple was placed in the perpendicular end. The short piece of tubing was fixed to a 

hose barb while the longer piece was run into the media bottle. This process was repeated for 

the other 3 hose barbs and the tubing was run like a waterfall, so the inlet was positioned above 

the outlet. The tubing was inserted through the caps in the media bottles and a silicon seal was 

used to restrict movement. The inlets were made to be long enough so that they reached well 

below the predicted minimum water level of the media bottle. The outlets only ran to the neck 

of each bottle. The bottles were placed on a hot plate and a thermometer was run through one 

of the caps and a silicon seal. A final cap was used to close the fourth hole in the media bottle. 

 

Lastly, the cables from the potentiostat were fixed to the current collectors via claw clips. 

 

3.2. Electrochemical Methods 

All electrochemical testing was conducted at 60 C and data was acquired using EC-Lab 

software version 11.43. The LSV measurements were performed between 0 and 2 V at a scan 

rate of 10 mV s−1. The chronopotentiometry measurements were performed at a current density 

of 1 A cm−2 for 100 hours. Due to electroosmotic drag - which draws water from the anode side 

to the cathode side – after approximately 48 hours a third pump was used draw water from the 

cathode back to the anode. The EIS tests were performed from 0.5 Hz to 20 kHz. Data was 

analysed using Nyquist plots. All graphs presented were produced using Origin Lab Version 

10.00154.  

 

3.3. Analytical and Characterisation Methods 

The gas chromatographer used was an Agilent 8860, which used Agilent OpenLab CDS 

Acquisition software version 2.6. Hydrogen crossover at the anode was measured by purging 

the reservoir with argon gas for 30 minutes at 1 bar, and then running the system for 1 hour at 

a current density of 1 A cm−2. The anolyte headspace was then tested using gas chromatography 

for the presence of hydrogen. Electrochemical testing was then performed and gas 

chromatography was repeated to measure for any changes in hydrogen crossover at the anode. 

 

A Tescan Clara ultra-high resolution SEM with a field emission electron gun operating at 5 

keV was used to image the membrane surface. A Polaron SC7460 high resolution sputter coater 
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was used to coat the samples in a thin coating of gold-palladium nanoparticles to enhance image 

resolution. Data was processed and analysed using Tescan Essence software version 1.2.2.0.  

 

ICP-OES data was gathered using an Agilent 5900 and an Agilent SPS4 autosampler. Samples 

were tested for iridium and platinum content and diluted five-fold using deionised water prior 

to analysis. The machine has a lower detection limit of a few parts per billion. 
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4. Results and Discussion 

4.1 Performance, Stability and Hydrogen Crossover 

The following section presents data gathered from the electrochemical testing and 

characterisation of each membrane. The results are summarised in Table 3.  

 

Membrane Current 

Density 

at 2 V (A 

cm−2) 

+/− SD 

Degradation 

Rate (mV 

h−1) +/− SD 

Hydrogen 

Crossover at 

Anode (mol l−1) 

+/− SD 

Pinholes 

Observed 

After Use 

(Yes/No)  

 

IrO2 

Concentration 

of Anolyte 

After Stability 

Test (mg l−1) 

+/− SD 

   Before After   

Aquivion® 1.01+/− 

0.06 

0.62 +/− 0.20 0.12 

+/− 

0.01 

0.27 

+/− 

0.03 

No 0.06 +/− 0.01 

Nafion™ 0.96 +/− 

0.02 

0.97 +/− 0.34 0.15 

+/− 

0.02 

0.33 

+/− 

0.06 

Yes 0.04 +/− 0.02 

D170-U 1.10 +/− 

0.09 

0.92 +/− 0.10 0.12 

+/− 

0.05 

0.41 

+/− 

0.08 

Yes 0.07 +/− 0.06 

 

 

Table 3 –A summary of the results gathered in this study. In all columns with a numerical value, 

the data given is an average of 3 tests, +/− the first standard deviation (SD). The first column 

states the membrane tested, the second shows the current density reported at 2 V (A cm−2), and 

the third shows the degradation rate (mV h−1). In the fourth column, the hydrogen crossover at 

the anode after 1 hour of operation before/after the chronopotentiometry test is shown (mol 

l−1). Finally, the presence of pinholes on the membrane surface after use is stated, followed by 

the IrO2 concentration at the anode after the chronopotentiometry test (mg l−1). 

 

 

Table 3 shows that Aquivion® gave similar results to Nafion™ across all parameters. It also 

shows the only parameter Aquivion® and D170-U performed significantly different in was 

hydrogen crossover at the anode after chronopotentiometry. The hypothesis between Nafion™ 

and D170-U was supported when investigating performance, however the membranes were 

similar in all other areas tested. The standard deviations presented in Table 3 show that the 

results of each membrane overlap with others in many cases - indicating that the effects of side 

chain length on device operation is not significant and that D170-U performs at a similar 

standard to the other two membranes. 
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4.1.1 Performance  

To assess the performance of each membrane, LSV was used to determine system current 

density across a range of voltages. The performance of each membrane is shown in Figure 29. 

  

 

Figure 29 – LSV plot showing the current density (A cm−2) of Aquivion®, Nafion™ and D170-

U across a voltage range of 1.4 – 2.0 V at 60 C. The grey line represents Aquivion®, the red 

line represents Nafion™ and the blue line represents D170-U.  

 

 

The figure above shows that at 2.0 V, D170-U delivered the highest current density - operating 

at 1.10 A cm−2. This was followed by Aquivion® and subsequently Nafion™, operating at 1.01 

and 0.96 A cm−2, respectively.  

 

When the standard deviations shown in Table 3 are accounted for, the performance of 

Aquivion® is comparable to both long side chain membranes tested. This does not support the 

hypothesis, which proposed Aquivion® would display superior performance. The hypothesis 

was stated for several reasons - firstly, Aquivion® was the thinnest membrane tested, and so 

should have the lowest ohmic resistance and consequentially the highest performance37,143. EIS 

supported this statement, as the resistivity of the system containing Aquivion® was 0.017 

Ohms, compared to that containing Nafion™ and D170-U, which gave values of 0.021 and 

0.019 Ohms, respectively. Additionally, a higher proton conductivity positively impacts device 

performance and it was found that Aquivion® (0.16 S cm−1) reported a higher value than both 

Nafion™ (0.08 S cm−1) and D170-U (> 0.10 S cm−1)144,145. This information supports the 
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hypothesis that Aquivion® will display superior performance, however the results suggest that 

the performance of Aquivion® is not significantly different to the other two membranes.   

 

When comparing D170-U against Nafion™, the data presented shows that D170-U yielded 

optimum performance. However, these results are only different by the first standard deviation, 

meaning there is only a 68 % chance the results are significantly different.  

 

As Nafion™ is the most popular membrane used in PEMWE, there is much data regarding its 

performance in the literature. Across 11 publications, it was reported that Nafion™ 117 

required between 1.65 – 1.95 V to reach 1 A cm−2 106. These are not dissimilar to the values 

reported in this study, and the slightly reduced performance may be accounted for by reduced 

iridium loading mass and temperature. For Aquivion®, there are fewer reports in the literature. 

One paper reported an Aquivion® membrane reaching a current density of 1.9 A cm−2 at 1.8 V 

59. The higher performance reported in this paper is likely due to the use of an increased iridium 

loading and a thinner membrane. There were no reported studies on D170-U. Increasing the 

loading mass of iridium would have made this study more comparable to the literature.  

 

4.1.2. Stability 

Chronopotentiometry was used to measure the degradation rate of each membrane (Figure 30).  

 

 

 

 

 

 

 

 

 

Figure 30 – Chronopotentiometry graph showing the operating potential (V) of Aquivion®, 

Nafion™ and D170-U over 100 hours at 1 A cm−2 and 60 C. The grey line represents 

Aquivion®, the red line represents Nafion™ and the blue line represents D170-U.  
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The initial operating potential of each membrane is consistent with the literature and EIS data, 

in that thicker membranes give greater ohmic resistance to the system, thus resulting in a higher 

potential required to reach a fixed current density37. Degradation rates calculated between hours 

1-100 reveal Aquivion® had the lowest degradation rate (0.62 mV h−1), followed by D170-U 

(0.94 mV h−1) and finally Nafion™ (0.97 mV h−1).  

 

Given the data in Table 3, when considering short side chain vs long side chain the results do 

not support the hypothesis. This is because all membranes showed similar degradation rates 

within one standard deviation, and so the results cannot be said to be significantly different. 

This could be explained by the increased thickness of Nafion™ and D170-U, which would 

reduce the degradation rate146. Membranes of identical thickness would have provided a fairer 

comparison, however this was not possible due to a lack of availability. 

 

It was also hypothesised that Nafion™ would demonstrate a lower degradation rate than D170-

U, however this was not observed. Nevertheless, the rates reported are very similar and the 

rather large standard deviation of Nafion™ in Table 3 indicates some unreliability in the data. 

 

In an industrial setting, degradation rates of 1 𝜇v h−1 are deemed acceptable27. Despite this, 

there are many papers within the literature reporting values in the mV h−1 region. One paper 

reported the use of an Aquivion® membrane that degraded by approximately 0.30 mV h−1 over 

the first 100 hours, and then by 15 𝜇v h−1 for the remaining 1000 hours of the stability test147. 

The authors stated this was due to MEA conditioning, which may also be present in this study 

however an extended durability test would be required to identify this. In another study, a 

thinner version of Aquivion® degraded at a rate of 1 mV h−1 over 100 hours at 1 A cm-2 59. This 

pairs well with the degradation rate of Aquivion® measured in this study, as it supports the 

literature stating that thicker membranes show lower degradation rates146. 

 

It would have been beneficial to run each test for several hundred hours, as in practice 

membranes are required to run for much longer than 100 hours. Despite degrading at similar 

rates to Aquivion® and Nafion™ in the chronopotentiometry test, whether or not D170-U 

could compete in an industrial setting cannot be said. 
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It could have also been useful to run an accelerated stress test in order to identify the 

strongest/weakest membrane. This involves rapid cycling of conditions known to cause the 

most degradation (such as fluctuations in operating voltage/current), thus inducing degradation 

mechanisms at faster timescales than would be observed in practice148.This would allow the 

determination as to whether or not D170-U could compete with the other membranes in an 

industrial setting. 

 

4.1.3. Hydrogen Crossover  

Hydrogen gas crossover at the anode is known to be a cause/effect of system degradation. This 

was investigated via gas chromatography of the anolyte headspace after 1 hour of bulk 

electrolysis, before and after the chronopotentiometry test. The results are shown in Figure 31. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 – Bar chart showing the concentration of hydrogen gas at the anode (mol l−1) for 

each membrane after 1 hour of bulk electrolysis at 1 A cm−2, before (light blue) and after (dark 

blue) the chronopotentiometry test. Error bars representing the first standard deviation are 

included at the top of all bars in black.  

 

 

Figure 31 shows that before the stability test, all membranes had a similar volume of hydrogen 

permeating from the cathode to the anode (Aquivion® = 0.12, Nafion™ = 0.15 and D170-U = 

0.12 mol l−1).  After the chronopotentiometry test, all of the membranes demonstrated increased 

hydrogen crossover. This was observed the least in Aquivion®, which rose to 0.27 mol l−1, 

followed by Nafion™ and then D170-U which increased to 0.33 and 0.41 mol l−1, respectively.  
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The results show that after the chronopotentiometry test, Aquivion® and Nafion™ 

demonstrated comparable hydrogen crossover at the anode. While the results of Aquivion® 

and D170-U do not directly overlap, both overlap with Nafion™, suggesting no membrane 

performed significantly different than the others. The comparable results may have been due 

to the increased thickness of Nafion™ and D170-U which would reduce gas crossover. 

 

To better understand these results, ex-situ characterisation was performed.  

 

4.2. Ex-Situ Characterisation 

The results presented suggest that during device operation, the system is undergoing some form 

of degradation. It is known that the two weakest components of a PEM electrolyser are the 

membrane and the OER catalyst, and so these were investigated for degradation. 

 

4.2.1. OER Catalyst Degradation 

The issue surrounding OER catalysts is not owed to the activity/stability of iridium - but with 

the extremely high cost which requires loading masses to be kept at a minimum. At these low 

loading masses, common catalyst degradation mechanisms – such as dissolution, 

agglomeration, or oxidation – impact performance at a greater level, meaning they are often 

responsible for device failure37.  Catalysts have also been reported to migrate through the 

membrane to the opposing side, where they disrupt the desired reaction and reduce the 

efficiency of the cell149. 

 

To determine if the iridium catalyst used displayed a significant level of degradation, ICP-OES 

was performed on the anolyte and catholyte to check for catalyst leaching after the 

chronopotentiometry test (Table 4).  
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Membrane 

Anolyte Catholyte 

IrO2 

Concentration 

(mg l−1) 

 

Pt 

Concentration 

(mg l−1) 

IrO2 

Concentration 

(mg l−1) 

 

Pt 

Concentration 

(mg l−1) 

Aquivion® 0.058 +/− 0.01 < MDL < MDL < MDL 

Nafion™ 0.040 +/− 0.02 < MDL < MDL < MDL 

D170-U 0.068 +/− 0.06 < MDL < MDL < MDL 

 

 

Table 4 – Table showing the results from the ICP-OES test of the anolyte and catholyte from 

each membrane after the chronopotentiometry test. MDL stands for minimum detection limit. 

 

 

The results show in all cases there was no detectable catalyst migration through the membrane. 

Additionally, no platinum was detected in any of the samples – indicating excellent stability of 

the cathode catalyst. Moreover, very high stability and attachment of the anode catalyst is 

shown, as each anolyte reported an iridium concentration  0.1 mg l−1. 

 

At present, there was little to no information in the literature regarding iridium concentration 

in the anolyte and catholyte of PEMWE devices. However, iridium is stable for many hundreds 

of hours under PEMWE conditions and the results demonstrated minimal detachment of the 

anode catalyst (Table 4)36. This suggests that OER catalyst failure was not the cause of 

degradation observed in this study.  

 

4.2.2. Membrane Degradation 

The other primary cause of degradation in PEM electrolysers is membrane damage. To 

determine if this was present in the study, each membrane was imaged before and after the 

described electrochemical testing was performed. This is shown in Figure 32.  
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Figure 32 – Figure showing SEM images of the membranes at 10,000 times magnification. 

From columns 1-3: Aquivion®, Nafion™ and D170-U. From rows A-D: pristine membrane, 

used membrane (cathode side), used membrane (anode side, in contact with flow channel) and 

used membrane (anode side, in contact with current collectors).  

 

 

The images in row A show each membrane in pristine condition before the 

chronopotentiometry test. Aquivion® (1A) and Nafion™ (2A) show a uniform surface filled 

with thin crevices. These openings are thought to be membrane pores formed by the hydrophilic 

A 

D 

C 

B 

3 2 1 

5 μm  
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cluster domains - however as these membranes function in the hydrated state and the images 

shown are under vacuum, it is unclear if this is a true representation of pore morphology. For 

D170-U (3A), the pristine membrane shows pinholes dispersed across the surface, indicating 

pre-existing damage to the membrane. This was not surprising, as the literature highlights some 

production processes can cause pinhole formation150. 

 

Row B shows the side of the membrane that was in contact with the cathode. Overall, the 

surfaces appear to be mostly flat, with minimal cathodic residue imprinted on to the membrane. 

Aquivion® (1B) appears to have undergone the least surface damage, however it could be said 

that early pinhole formation is evidenced by the light dimpling across the surface. Image 2B 

illustrates Nafion™ with several pinholes across the surface and some dimpling similar to 

image 1B. D170-U (3B) shows the greatest number of pinholes. All holes were present at the 

start of imaging, so the possibility they are the result of beam damage can be dismissed.  

 

When looking at the membrane surface in contact with the anode, there were two distinct 

regions as highlighted by row C and D. Row C shows the section which was relatively clean 

of debris, which is thought to be the part of the membrane aligned with the flow channel. Row 

D shows the section which has large amounts of anodic residue imprinted into the surface of 

the membrane. This is thought to arise from the direct contact of the membrane, anode and 

raised section of the current collector (which separated the flow channels). Images 1C and 2C 

are comparable to that of the pristine membranes, albeit with a little more debris on the surface. 

Image 3C showed some evidence of pinhole formation however this was not dissimilar to the 

‘pristine’ D170-U, indicating no greater level of pinhole formation.  Image 2D appears to show 

some evidence of pinhole formation amongst the anode residue, however this is hard to confirm 

due to crowding in the image. 

 

The literature reports that pinhole formation and membrane degradation primarily occur at the 

cathode side, which the images shown in Figure 32 support151. It should be noted that pinholes 

do not always permeate the full thickness of the membrane as they are the results of localised 

membrane thinning. This means they act to increase gas crossover in the same way using a 

thinner vs thicker membrane would.  

 

Figure 32 shows that all of the membranes tested displayed some degree of damage after 

operation, and the images suggest this occurred the least in Aquivion® compared to Nafion™ 
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and D170-U. However, the SEM images shown are qualitative, and to determine if damage 

varied significantly across each membrane, a quantitative study should be conducted. That said, 

the identification of damage on each membrane suggests this is what caused the system 

degradation observed. 

 

Due to the initial presence of pinholes on D170-U, a fair comparison between Nafion™ and 

D170-U regarding pinhole formation cannot be made. Additionally, it is unclear why D170-U 

demonstrated comparable gas crossover to the two other membranes prior to use given that 

pinholes were present from the start.   

 

The SEM images are taken on very small spot size – around 140 μm2, which represents 

approximately 0.00001 % of the total surface. To take a more representative image of each 

sample, a lower magnification could have been used - however this would likely lead to a lack 

of detail. This trade off must be balanced carefully when characterising samples. Additionally, 

the number of samples tested was low, meaning that variation across each brand of membrane 

was not accounted for. If a greater number of samples were imaged, the number of pinholes 

across a set number of images could be totalled and averaged to provide more representative 

data. 

 

4.2.2.1. Causes of Membrane Degradation  

Each membrane displayed some degradation after use, and the SEM images suggest this 

occurred to a greater extent in Nafion™ and D170-U compared to Aquivion®. To understand 

why this is the case, the extended structures and primary degradation mechanisms must be 

discussed.  

 

Variations in the length of side chain in polymers affect something known as crystallinity – 

which describes the extent of order within a structure. It is known that PFSA membranes have 

two distinct regions – the hydrophobic PTFE-like backbone and the hydrophilic cluster phase 

domains which are formed by the side chains61. If the side chains are longer there will be less 

order due to an increase in repulsive forces (hydrophilic-hydrophobic interactions), and a 

decrease attractive forces (which help the polymer to maintain its structural integrity). If the 

side chains are shorter, the opposite is true. This is summarised in Figure 33. 
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Figure 33 – Schematic highlighting the differences in intermolecular forces in a polymer with 

high crystallinity (left) and low crystallinity (right). The red arrows indicate repulsive forces, 

whereas the green arrows indicate attractive forces. Arrow thickness indicates strength of 

interaction.  

 

 

This means that a membrane with lower crystallinity is less structurally inert, thus making it 

more susceptible to the three primary degradation routes – thermal, mechanical and chemical 

degradation64.  

 

Thermal damage of the membrane arises from operating the system at elevated temperatures 

or via the formation of local reaction hot spots. Short side chain PFSA membranes have 

increased thermal resistance and are known to be stable at temperatures up to 130 C, whereas 

their long side chain counterparts would decompose under such conditions57. In this study 

temperatures were limited to 60 C, so operating temperature likely did not cause the long side 

chain membranes to degrade.  

 

Mechanical instability can also induce membrane degradation, and although cells are designed 

to mitigate this as much as possible, it cannot be fully prevented. For example, rough electrode 

materials can create microtears in the membrane upon assembly27. That said, the results show 

pinholes were predominantly present on the cathode side – which is a smoother surface than 

the anode. Pressure hot spots can also form on the surface in areas of increased stress, such as 

water inlet/outlets and the corners of flow channels. Over time this may cause the membrane 

to thin and for pinholes to form37. The small spot size of the SEM would make it hard to 

investigate the presence of this, and so an alternative imaging technique could be used.   

 

High Crystallinity Low Crystallinity 
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Membranes can also degrade via a chemical reaction mechanism. In this route, hydrogen free 

radicals form at the cathode from hydrogen gas. These radicals then react with oxygen to form 

the strong oxidising agent hydrogen peroxide. Some metal cations – such as iron and copper – 

will be oxidised in the presence of hydrogen peroxide, thus forming more free radicals and 

hydroxide ions152. At any stage, these radicals are free to react with the surface of the membrane 

and wreak havoc on the extended structure37. Given that higher crystallinity increases chemical 

inertness, it is possible that this is why Aquivion® appeared to show reduced pinhole 

formation.  

 

Membrane degradation is a complex multifaceted process that has many different 

contributions, and the primary routes are all interlinked. That said, there are a few factors which 

suggest chemical degradation may be the primary form of membrane degradation present in 

this study. The first is that cell used in this study was designed to minimise the formation of 

thermal/pressure hot spots, whereas the user cannot design the cell to reduce chemical damage. 

Further to this, chemical degradation is known to occur at the cathode side, and pinhole 

formation was mostly observed here.  

 

To test for this quantitively, the fluoride concentration of the anolyte and catholyte could be 

measured using inductively coupled plasma-mass spectroscopy. If the results showed a higher 

concentration of fluorine in the catholyte than the anolyte, it would support the conclusion that 

chemical degradation was the main route of membrane degradation. This type of study has 

been reported in the literature and fluoride release rate is often reported when quantifying 

membrane degradation27,146. Not only is this analysis useful for degradation studies, but when 

developing ‘green’ technology it is important to consider the greater impact on the 

environment. Fluoride is toxic to many plants and animals, and its accumulation can severely 

disrupt entire ecosystems153. When considering the future broadscale use of PEM’s, a lower 

fluoride release rate would be desirable due to the reduced impact on the surrounding 

environment. 

 

4.3. Error  

In this study, there was error which may have impacted the significance of the results gathered. 

Overall, it can be said the differences in results reported for each membrane are smaller than 

the sum of all the errors present in this study. Further repeat experiments of each membrane 

would reduce this, however due to time restraints this was not possible. 
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It is likely the primary source of this error was related to the in-house produced anode. Despite 

best efforts to keep the production process identical, the iridium loading masses were only 

accurate to one decimal place, thus leading to a maximum variation in iridium loading mass of 

0.09 mg cm−2 between trials. The catalyst surface was also deposited by hand, meaning 

variations may have arisen from things like time under spraying, pressure and distance from 

surface. This may have altered the true loading mass of iridium due to catalyst leaching into 

the GDL. 

 

To mitigate this in the future, prefabricated anode catalysts could be purchased from a specialist 

company. Another option would be to invest in an automatic spray coater, which would allow 

for guaranteed standardisation of anode production. Additionally, some studies have reported 

ultrasonic spray coaters, which can increase efficiency of catalysts thus allowing for lower 

loading masses to be used154. However, all of these suggestions come with a notable increase 

in cost, which is something that limits their application in smaller laboratories.  
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5. Conclusions  

The performance, stability and gas crossover of Aquivion®, Nafion™, and D170-U were 

evaluated and compared through a range of electrochemical, analytical and characterisation 

techniques. Although some variations in results were observed, overall, the membranes were 

found to have similar effects on device performance, degradation rate and hydrogen crossover 

at the anode. This suggests that varying the side chain length of the membrane used does not 

significantly impact PEMWE device operation. These results also demonstrate that D170-U 

generally performed comparably to the other two branded membranes, highlighting the 

suitability of the membrane for application in PEMWE research. Ex-situ characterisation 

revealed a lack of catalyst degradation and the presence of membrane damage, indicating this 

is what caused the system degradation observed.  
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6. Future Outlook  

Further repeats of the experiments would reduce the error and increase the reliability of the 

data presented. The work reported has laid the foundation for future investigatory work on both 

identifying a potential replacement PEM, and also determining the effects of a short side chain 

vs long side chain on PEM performance. 

 

The next steps for this research would be to perform extended studies on D170-U – either 

through longer chronopotentiometry tests or accelerated stress testing. This would allow an 

accurate determination of how the membrane performs in a real-world setting. These extended 

tests could be coupled with on-line gas chromatography to investigate how the rates of 

hydrogen crossover progress over time and relate to degradation. Identifying the primary 

degradation routes of each membrane would also be beneficial. Chemical degradation could be 

studied through fluoride release rate. The presence of thermal degradation could be identified 

using a high-resolution infrared camera to track thermal hot spots. These areas could then be 

investigated using a non-invasive imaging technique – such as SEM, atomic force or confocal 

microscopy - to determine if this led to an increase in membrane degradation. 

 

Given the low stock of PFSA membranes, it would be useful to test hydrocarbon membranes 

and include them in this study. FuelCellStore has several different varieties of Fumasep 

available – each made of a different hydrocarbon backbone. By testing these membranes using 

the method reported, a fair comparison of PFSA vs hydrocarbon could be drawn. The 

hydrocarbon membranes would be hypothesised to show improved performance, but also faster 

rates of degradation. This may highlight the usefulness of the membranes in situations where 

long term testing is not necessary - such as initial performance screening of a novel catalyst.  
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