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Abstract  
 

With the aim of producing proton conducting membranes with improved proton 

conductivity and mechanical properties, the poly(pentafluorostyrene)-b-(butyl acrylate) 

(PPFS-b-PBuA) system was investigated. The study mainly focuses on the influence of the 

forming polymer nanostructures on the conductivity properties of the membranes. 

A series of well-defined PPFS-b-PBuA block copolymers (BCPs) were synthesized via 

nitroxide-mediated controlled radical polymerization (NMP). Spontaneous self-assembly of 

the BCP element was induced via a targeted change in polymer composition. Moreover, by 

adjusting the molar composition via enrichment of one of the blocks after synthesis, 

controlled self-assembly of the BCPs was realized. This was done by combining the 

corresponding homopolymer with the block copolymer to form a polymer blend - one of the 

blocks mixed to the BCP. Forming such polymer blends expanded the range of available 

techniques for tailoring the morphology for desired applications. 

Sulfonation of BCPs for the preparation of proton-conducting membranes was 

carried out by a para-fluoro thiol "click" reaction using sodium 3-mercapto-1-

propanesulfonate (SMPS). The accessibility of fluorine in the para position of the phenylene 

group of PPFS provides countless opportunities for polymer functionalization by nucleophilic 

substitution. After modification of BCP, the self-assembly ability was retained, and higher 

conductivities were obtained compared to random copolymers.  

In addition, complementary studies were conducted on the use of printing 

techniques for membrane upscaling and evaluation of their life cycle. 

 

 

 

 

Keywords: Nitroxide Mediated Polymerization (NMP), Pentafluorostyrene, Diblock-

copolymers, Self-assembly, Sulfonation, Para-fluoro thiol modification, Proton-conductive 

membrane, Life cycle assessment  
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Résumé  
 

Dans le but de produire des membranes conductrices de protons présentant des 

propriétés mécaniques et de conduction améliorées, le système poly(pentafluorostyrène)-b-

(butyle acrylate) (PPFS-b-PBuA) a été étudié. L’étude se concentre principalement sur 

l’influence de la nano-structuration du copolymère sur les propriétés de conduction de la 

membrane. 

Une série de copolymères diblock PPFS-b-PBuA bien définis a été synthétisée par 

polymérisation radicalaire contrôlée par les nitroxides (NMP). L’auto-assemblage spontané 

de ce copolymère di-bloc a été induit par un changement ciblé de la composition du 

polymère. De plus, en ajustant la composition molaire par l’enrichissement d’un des blocs 

après la synthèse, l’auto-assemblage contrôlé des BPCs a été réalisé. Cela s’est fait en 

combinant l’homopolymère correspondant au copolymère d’origine pour former un 

mélange de polymères – mélange d’un des blocs au BCP. La formation de tels mélanges de 

polymères a élargi la gamme des techniques disponibles pour adapter la morphologie aux 

applications souhaitées. 

La sulfonation des BCPs pour la préparation des membranes conductrices de protons 

a été réalisée par une réaction « click » para-fluoro thiol en utilisant le 3-mercapto-1-

propanesulfonate de sodium (SMPS). L’accessibilité du fluor en position para du groupe 

phényle du PPFS offre d’innombrables possibilités de fonctionnalisation du polymère par 

substitution nucléophile. Après modification du PPFS, la capacité d’auto-assemblage a été 

conservée, et des conductivités plus élevées ont été obtenues par rapport aux copolymères 

statistiques. 

Des études complémentaires ont été menées sur l’utilisation de techniques 

d’impression pour l’upscaling des membranes et l’évaluation de leur impact 

environnemental par analyse du cycle de vie. 

 Mots-clés : Nitroxide Mediated Polymerization NMP, Pentafluorostyrene, Copolymères 

diblock, Autoassemblage, Sulfonation, Modification Para-fluoro thiol, Membranes 

conductrices de protons, Analyse du cycle de vie  
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Kurzzusammenfassung  
 

Mit dem Ziel, protonenleitende Membranen mit verbesserter Protonenleitfähigkeit 

und verbesserten mechanischen Eigenschaften herzustellen, wurde das System 

Poly(pentafluorstyrol)-b-(butylacrylat) (PPFS-b-PBuA) untersucht. Die Studie konzentriert 

sich hauptsächlich auf den Einfluss der sich dabei ausbildenden Polymer-Nanostrukturen auf 

die Leitfähigkeits-Eigenschaften der Membranen. 

Eine Reihe wohldefinierter PPFS-b-PBuA-Blockcopolymere (BCPs) wurde mittels 

Nitroxid-vermittelter kontrollierter radikalischer Polymerisation (NMP) synthetisiert. Eine 

spontane Selbstorganisation des BCP-Elements wurde insbesondere über eine zielgerichtete 

Veränderung der Polymerzusammensetzung ausgelöst. Darüber hinaus wurde durch die 

Einstellung der molaren Zusammensetzung mittels Anreicherung eines der Blöcke nach der 

Synthese eine gesteuerte Selbstorganisation der BCPs realisiert , indem das entsprechende 

Homopolymer mit dem Blockcopolymer zu einem Polymerblend-zusammengefügt wurde. 

Durch das Bilden solcher Polymerblends wurde die Palette verfügbarer Techniken zur 

Anpassung der Morphologie für die gewünschten Anwendungen erweitert. 

Die Sulfonierung von BCPs zur Herstellung protonenleitender Membranen erfolgte 

durch eine para-Fluorthiol-„Klick“-Reaktion unter Verwendung von Natrium-3-mercapto-1-

propansulfonat (SMPS). Die Zugänglichkeit des Fluors in der para-Position der 

Phenylengruppe von PPFS bietet zahllose Möglichkeiten für die Polymerfunktionalisierung 

durch nukleophile Substitution. Nach der Modifizierung von BCP blieb die Fähigkeit zur 

Selbstorganisation erhalten und es wurden im Vergleich zu statistischen Copolymeren 

höhere Leitfähigkeiten erzielt.  

Zudem wurden ergänzende Studien zum Einsatz von Drucktechniken für das Upscaling von 

Membranen und zur Bewertung ihres Lebenszyklus durchgeführt. 

 

Schlüsselwörter: Nitroxid-vermittelte Polymerization (NMP), Pentafluorostyren, 

Diblockcopolymer, Selbstmontage, Sulfonierung, Para-fluorothiolierung, Protonenleitende 

Membran, Lebenzyklusanalyse   
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PAFC Phosphoric Acid Fuel Cell  

PBI Poly(benzimidazole) 
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THF Tetrahydrofuran 

ꭓ Flory-Huggins parameter 

ꭓN Segregation product 

δ Solubility parameter 

ρ Resistivity 

σ Conductivity 

ΔCp Heat capacity 

 
 

 

 

 



 

11 

 

General introduction and eSCALED project ambition 

 

One of the biggest challenges of our century is energy. Indeed, in our day-to-day life, 

we are highly dependent on it for our homes, business, transportation, and industries. 

Although the resources we need to provide this energy are present in nature, most of them 

are not renewable. This aspect makes it unsustainable for the earth balance. Moreover, 

producing fuels from those non-renewable sources involves complex steps that result in high 

greenhouse gases emissions, impacting our climate. 

The European eSCALED project is aiming to provide an answer to that issue by 

seeking a sustainable solution taking nature as the inspiration. Indeed, plants by the 

photosynthesis process combine CO2 and water to transform solar energy and store it into 

chemical energy for their own feeding. The idea is so to mimic this natural photosynthesis to 

transform solar energy, which is a renewable energy source, and store it in the form of 

hydrogen or solar fuels, an artificial leaf. The approach to perform this is to make a water 

splitting device. This device will be connected to a solar cell that will capture solar energy 

and convert it into electricity. The solar fuel will help split the water into oxygen and 

hydrogen that will be stored for energy purposes, the process is called water electrolysis. 

The eSCALED technology will aim to help reduce greenhouse gases emissions in a sustainable 

way. 
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Alongside the research aspect, the eSCALED project is a multidisciplinary project 

bringing together researchers from different backgrounds coming from various European 

universities, and research centres. In this sense 14 PhD students (ESR – Early-Stage 

Researchers) from different backgrounds were recruited and are collaborating on the 

project. All of us working on the different challenges of the device. My PhD is focused of the 

development of the proton-conducting membrane of the device. During my PhD, I spent 1 

year in ICVT (Institut für Chemische Verfahrenstechnik) of the university Stuttgart (Germany) 

specialist in polymer engineering and membrane technology;  3 months in Eurecat Mataró 

(Spain) in the functional printing and embedded devices unit; 2 months in Eurecat Manresa 

(Spain) in the sustainability unit; and 1 year and 8 months in IPREM (UMR 5254 UPPA-CNRS - 

Institut des sciences analytiques et de physico-chimie pour l'environnement et les 

matériaux) of the university of Pau (France). 

The first chapter of this manuscript is the literature state-of-the-art on the proton-

conducting membranes for water electrolysers. In it are described the water electrolysis 

process and existing technologies, the breakthroughs concerning the membranes 

development and specificities in term of materials and conduction performances. In this 

chapter, are also described existing membranes synthetic methods, from the synthesis of 

polymers to the sulfonation of the latter producing the proton conduction and some specific 

aspects that are to consider improving the transport properties in the membranes such as 

the materials structuration. 

The second chapter of this manuscript describes the challenges of the upscaling of 

the membrane electrode assembly (MEA). The MEA was made by printing in Eurecat 

technological centre in Catalunya using commercially available materials. Nafion® was used 

for the membrane. The upscaling challenges of the membrane manufacture are presented in 

this chapter. 

The third chapter of this manuscript is focused on the polymer nano-structuration. 

Indeed, having a structured material with preferential pathway could help with the 

conduction properties of the membranes. In this chapter are described the synthesis of 

block-copolymers of pentafluorostyrene (PFS) and butyl acrylate (BuA) by Nitroxide-
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Mediated Polymerization (NMP). The phase separation at the nanometer scale was observed 

both by AFM and SAXS.  

In addition to the block-copolymers BCPs, statistical copolymers were synthetized by 

controlled radical polymerization CRP (NMP) and free radical polymerization FRP in 

emulsion. This led to a low molar mass polymer in the first case and a high molar mass 

polymer in the case of the free radical polymerization. Moreover, a waterborne polymer is 

obtained via the polymerization by emulsion. In the fourth chapter are described the 

synthesis and an original sulfonation of the copolymers. The sulfonation was indeed 

performed by the para-thiol modification, for a first time. With this highly effective 

technique, the sulfonation degrees could be tailored and the self-assembly of the block-

copolymers is still present after modification and can be tuned. Both AFM and SAXS 

experiments were used to characterize the nano-phase segregation of the BCPs. Finally, 

membranes of the PFS/BuA polymer system were made, and their mechanical stability was 

enhanced by cross-linking them with PBI. Their proton-conductivity was also displayed. 

The fifth chapter of this manuscript discusses the Life Cycle Assessment of the 

production of the membranes, providing a study on their impact on the environment. These 

studies were made in collaboration with Eurecat technological centre in Catalunya. 
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In this sense, fundings have been gradually dedicated over the years to the 

development of more sustainable alternatives such as renewable energy sources (solar or 

wind energy or geothermal sources), Figure 2. However, those energies are time and 

weather dependent and developing effective energy storage methods for the different 

needs are necessary. Several storage techniques were developed such as electromechanical, 

thermal, and chemical storages. For example, there are batteries that allow the 

transformation of chemical energy into electrical energy.1 

 

 

Figure 2. Evolution of total European energy RD&D spending by technology (USD-million, 

2017 prices) (based on IEA estimates).4 

 

The eSCALED project focuses on chemical storage using an electrochemical cell. 

Indeed, unlike in fossil fuel where the chemical energy comes from an intermediate 

combustion or thermal energy, electrochemical cells convert the energy that is stored in the 

form of chemical bonds straight into electricity. This is possible by means of the commonly 

used batteries (Lead cell, Li-ion batteries) and the development of fuel cells for the hydrogen 

storage for example. Despite the flammability and explosive aspects of hydrogen if poorly 

stored, it is one of the most environmentally friendly and powerful energy sources. 

Hydrogen is a stable easy to produce compound (via electrolysis) and its production 

feedstock that are water and photons are abundant on the surface of the earth.  
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1.2. Hydrogen production, storage, and usage 

1.2.1. Hydrogen production 

 

Hydrogen can be produced using energy sources that are: fossil energy, nuclear 

energy, and renewable energy. As of today, 95% of the hydrogen production comes from 

fossil fuels. The most developed methods for its production are partial oxidation, 

autothermal reforming, and steam reforming. Steam reforming of hydrocarbons is the most 

efficient method. It is important to mention that although this technique allows the 

production of high amounts of hydrogen and does not require oxygen or high temperatures 

during operation, it is also a very polluting technique. Indeed, significant quantities of CO 

and CO2 gases are emitted in the atmosphere from this technique. 5 

The steam reforming process consists of cracking hydrocarbons under pressure (up to 

25 bar) and using heat (~1000°C) following the chemical reaction below. A catalyst is often 

used for the reaction. Nickel containing catalysts are of choice mainly due to their low cost. 

Among the available fuels, oxygenated hydrocarbons such as methanol, dimethyl ether, or 

natural gases such as methane are used to produce hydrogen. 

CmHn + m H2O = m CO + (m + ½ n) H2 

CH4 + H2O → CO + 3 H2 

Before reforming, the fuel needs purification. Indeed, most of the fuels contain some 

sulphur. The desulfurization of the fuel can be done by a chemical reaction approach or by 

adsorption. With the chemical approach, the catalysts used to produce hydrogen are also 

capable of hydrogenating sulphur to make H2S. In the adsorption approach, the molecules 

containing sulphur can be adsorbed on activated carbon, modified zeolites or nickel metal.6 

After reforming, the water-gas shift reaction is made. 

This step consists of reacting the CO produced during reforming with steam once 

again to make more hydrogen, Figure 3, but also produces CO2. 

CO + H2O → CO2 + H2 
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reactor is increased and the formation of gases is favoured to the formation of coke, leading 

to higher yields of hydrogen.10 

Biomass gasification on the other hand can be described as a combination of 

pyrolysis and steam reforming. It is important for the gasification that the biomass is 

deprived of its moisture. Unlike for pyrolysis, biomass gasification uses steam and oxygen to 

make hydrogen alongside CO and CO2. At this stage, another reactor can be used to make 

hydrocarbons, or the water-gas shift reaction can be implemented to produce more 

hydrogen. An extra step is needed to separate hydrogen from the other gases generated to 

obtain pure hydrogen and to remove the other by-products of pyrolysis. Catalysts can also 

be used for the process.6  

Hydrogen produced by biological processes also referred to as bio-hydrogen comes 

from living microorganisms such as microalgae or cyanobacteria. Indeed, using water and 

light those organisms can split water into hydrogen ions and oxygen. Those ions can then be 

combined to produce hydrogen using hydrogenase enzymes. This process will not be 

described in this report as there is still a lot of progress to be made and the rate and yield of 

production of hydrogen using this path are very low still. One of the challenges to overcome 

is the presence of oxygen. Indeed, oxygen inhibits the performance of the enzymes and 

anaerobic conditions are needed.11, 12 

Three denominations exist for hydrogen. They depend on the nature of the feedstock 

used to produce it and how polluting the production is. Grey hydrogen and blue hydrogen 

are produced by the reforming process. The difference between both is that the process of 

capturing CO2 can be implemented in the making of blue hydrogen. Green hydrogen on the 

other hand refers to a non-polluting production of the fuel. 

1.2.2. Hydrogen storage 

 

Three main approaches exist for hydrogen storage. Hydrogen can be stored in its 

gaseous state, in its liquid state or, as protons in solids.5 The advantage of storing hydrogen 

in a gaseous state is that a bigger amount of hydrogen can be stored compared to storing its 

liquid counterpart. In the gaseous state, hydrogen is stored in high pressure tanks. 
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Nevertheless, due to the dangerous character of the chemical one should be cautious of the 

volume proportions to the pressure, and the thermal environment where the tank should be 

stored. Liquid hydrogen is obtained by cooling of gaseous hydrogen. They are typically 

stored in thermally insulated containers. The major drawback of liquefying hydrogen is the 

amount of energy consumed by the process (30 to 40% of the final energy content of 

hydrogen). Finally, hydrogen can be stored in its protonic form (H+). By being very small by 

nature, hydrogen protons can easily be inserted in available spaces in metal alloy 

compounds such as LaNi5 or FeTi. The hydrogenated metal materials are called metal 

hydrides. The drawbacks of this technique are the small amount of hydrogen storage in the 

metals, the cost and availability of the metals used, and the weight of such materials in 

applications such as cars. Other hydrogen storage techniques are in works and they consists 

of storing negatively charged hydrogen, store it into ammonia or using reversible organic 

liquids such as benzene or toluene.5 

1.2.3. Hydrogen usage 

 

Hydrogen produced from the non-renewable energy sources (grey and blue 

hydrogen), Figure 4, can be used as feedstock for fuel cells. A fuel cell is an electrochemical 

cell that generates electricity by converting chemical energy and oxidizing compounds using 

redox processes. The first hydrogen fuel cell was exhibited in 1839 by William Grove. It 

consisted of electrolysing water by use of an electric current and using two platinum 

electrodes immersed in an acid electrolyte. The electrolysis process is reversible and 

produces an electric current. Electrons formed at the anode flow around an external circuit 

while the protons pass through the liquid electrolyte (acid solution) to reach the cathode. 

This process only produced low amount of current. To improve its production, a new design 

was implemented which consisted of improving the contact area between the gas, the 

electrodes, and the electrolyte, and reducing the distance between electrodes. In this sense, 

the electrodes were made porous and the use of polymers having mobile H+ was 

implemented. Those are ionomers and mostly known as proton-exchange membrane or 

polymer electrolyte membrane (PEM). Stacked to the electrodes, the distance problem was 

solved.13 PEMs have been widely used in fuel cell processes.  



 

29 

 

Several types of fuel cells exist and may be distinguished by the temperature at which 

they operate. From lowest to highest temperatures there are: Alkaline Fuel Cell (AFC), 

Polymer Electrolyte Membrane Fuel Cell (PEMFC), Direct Methanol Fuel Cell (DMFC), 

Phosphoric Acid Fuel Cell (PAFC), Molten Carbonate Fuel Cell (MCFC), and Solid Oxide Fuel 

Cell (SOFC). Although further research is being made on their improvement especially 

concerning the materials, the table below summarizes the characteristics of each fuel cells 

(Table 1). 

Table 1. Summary table of the operating conditions and materials for the different types of 

fuel cells, adapted from reference. 13 

Type of Fuel 

Cell 

Operating 

temperature 

(°C) 

Anode 

composition 

Cathode 

composition 
Electrolyte 

AFC 60 - 90 
Carbon/Platinum 

catalyst 
Carbon/Platinum 

catalyst 
Aqueous KOH 

PEMFC 30 - 180 
Carbon/Platinum 

catalyst 
Carbon/Platinum 

catalyst 
Acidic polymer 

DMFC 60 - 90 
Carbon/Platinum 

catalyst 
Carbon/Platinum 

catalyst 
Acidic polymer 

PAFC 180 - 220 
Carbon/Platinum 

catalyst 
Carbon/Platinum 

catalyst 
Phosphoric acid 

in SiC matrix 

MCFC 550 - 650 Porous Ni Porous NiO 
Metal 

carbonates 

SOFC 800 - 1000 
Porous cermet 

of Ni and 
yttria/zirconia 

Strontia-doped 
lanthanum 

Ion conducting 
ceramics 

 

Green hydrogen produced from renewable sources, by water electrolysis for example 

is a promising alternative to cleaner energies. Water electrolysis devices are inspired to 

some extent from the original fuel cells designs in terms of choice of materials. Electrical 

energy produced from hydrogen is used in various fields such as the industry, buildings, or 

transportation. A great example of the usage of green hydrogen that I have personally 

experienced in my daily life is the Fébus in the city of Pau, Figure 4. Fébus is the result of a 

74 million euros mobility project funded by regional and European partners for the city of 

Pau. It is the first 18 metres green hydrogen-powered bus in the world with a capacity of 125 

people. Fébus runs through Pau North to South on a 6 km trajectory, it’s first ride was in 

2019. On top of running a full day of service without the need to refuel, Fébus is a 

comfortable and silent transportation method. The hydrogen used to fuel the bus is 
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An electrolyser cell is composed of two electrodes immersed in an electrolyte and 

parted by a physical separator to prevent recombination of hydrogen and oxygen. For the 

process to be effective, the separator needs to be electrochemically and physically stable. At 

the anode takes place the oxidation reaction (Oxygen Evolution Reaction - OER) and at the 

cathode the reduction reaction (Hydrogen Evolution Reaction - HER). 

OER: 2 H2O(l)  →  O2 (g) + 4 H+
(aq) + 4 e- 

HER: 2 H2O(l) + 2 e-  →  H2 (g) + 2 OH-
(aq) 

To understand the process, it is important to comprehend what is happening from 

the electrochemical and thermodynamic point of view. The overall performance of water 

electrolysers is determined by the efficiency at a determined current. Looking at the 

electrochemical reactions, the efficiency can be described by assessing the ratio between 

the electric potential required for water splitting and the potential applied to the 

electrochemical cell. 

η = 
𝐸0𝐸𝑐𝑒𝑙𝑙 * 100 =  

(𝐸𝑎𝑛𝑜𝑑𝑒0 − 𝐸𝑐𝑎𝑡ℎ𝑜𝑑𝑒0 )𝐸𝑐𝑒𝑙𝑙  * 100 

With E0, E0
anode, and E0

cathode as the standard cell, anode, and cathode potentials 

respectively, and Ecell as the potential applied to the electrochemical cell. The Ecell parameter 

is an addition of the reversible cell voltage and all the voltage losses that are implicated in 

the electrochemical process. Those losses include the electrolyser current, the ohmic 

resistance of all components, the kinetic overpotentials at the anode and cathode, and the 

mass transport phenomena.  

In terms of the electrolysis reaction, the theoretical minimum energy required to split 

water can be explained by the following equation: 

𝐸𝑟𝑒𝑣0  = │−𝛥𝐺0𝑛𝐹  │= 1.23 V 

With 𝐸𝑟𝑒𝑣0  the reversible cell voltage, 𝛥𝐺0 the Gibbs free energy (237 kJ/mol at 298 K 

and 1 bar), n the number of electrons transferred during the reaction, and F the Faraday 

constant (96 485 C/mol). 
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In terms of thermal balance, the potential studied is called the thermo neutral 

potential (𝐸𝑡𝑛0 ) and it is the potential required for an isothermal operation of the 

electrochemical cell.  

𝐸𝑡𝑛0  = │−𝛥𝐻0𝑛𝐹  │= 1.48 V 

With 𝛥𝐻0 the reaction enthalpy at standard conditions (286 kJ/mol). 

The hydrogen produced can be used chemically or as energy in fuel cells for example. 

Depending on the nature of the hydrogen used, the voltage efficiency is calculated using the 

Higher Heating Value (HHV) of H2 or its the Lower Heating Value (LHV). HHV is chosen when 

H2 is being used chemically (𝛥𝐻𝑣𝑎𝑝0  = 44 kJ.mol-1)  and LHV in the other case.14, 15, 16 

Finally, among the parameters to include in the cell voltage calculation are the 

overpotentials at the electrodes. Indeed, the efficiency of the reaction is directly linked to 

the reaction rate at the electrodes. Hence, to the materials used for the cell. The 

overpotential assesses the amount of energy necessary to drive the reaction. If the 

overpotential value is high, it means that more energy is needed than what was expected 

thermodynamically. The overpotential at each electrode is measured by the Tafel equation. 

ηcathode = 2.3 
𝑅𝑇𝛼𝑐  𝐹 × - log 

𝑖𝑖0 

ηanode = 2.3 
𝑅𝑇(1 − 𝛼𝑎 ) 𝐹 log 

𝑖𝑖0 

η = 2.3
𝑅𝑇𝛼𝐹 log 

𝑖𝑖0 - 2.3
𝑅𝑇(1−𝛼)𝐹 log 𝑖𝑖0 

With η the overpotential, 𝑖0 the exchange current density, i the current density, F the 

Faraday constant, α the transfer coefficient, and T the temperature. 14 

OER is known to have a higher overpotential than HER and it is usually the limiting 

part of the electrolyser. To resolve the overpotential problem, it is important to choose 

wisely the materials used at the electrodes. 

Three types of electrolysers exist. They are alkaline electrolyser (AEC), proton 

exchange membrane electrolyser (PEM electrolyser) and solid oxide electrolysis cell (SOE). 

The following paragraphs will summarize the components commonly used for the efficient 
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metals whilst being performant electrochemically and resistant to the media are too 

expensive.14 

Although Nickel is praised as an electrode material it can also contribute to a less 

efficient water electrolysis process due to its ability to deactivate. At high concentrations of 

hydrogen and at high current densities, hydrogen in the media reacts with Ni at the cathode 

to form Nickel hydride, resulting in its deactivation overtime. 17 Deactivation also happens 

with other metals typically used at the cathode – Co, Pt, Fe. Studies have been made to 

prevent the deactivation from happening. The solutions include but are not limited to the 

coating or doping of electrodes with metals, the addition of electrocatalysts, or the 

modification of the electrodes. 

Concerning the anode, the high overpotential values cause the electrode to be 

covered by oxide layers, which were found to increase the OER activity.18 Thus, oxide 

compounds are mostly used for the OER. RuO2, RhO2, PtO2, and especially IrO2 are the best 

for OER. But, as it is the case for the HER, the goal is to use materials that perform well, that 

are made from abundant elements and that are not too expensive. All those conditions lead 

to the extensive studies of transition metals for OER. Indeed, the studies of Ni, Co and Fe 

oxides showed that Ni oxides performed better than the others metal oxides, with Fe oxide 

performing the worst.19 To continue with the metals studies, having Ni based metal alloys 

gave better OER activity than pure Ni, spinel type oxide using Ni also demonstrated good 

results towards OER.20 

KOH or NaOH solutions are used for the electrolyte in alkaline electrolysis cells. 

Comparing the two solutions, KOH gave better conductivity at a concentration of 30 wt%.16  

It has not been mentioned yet in this report, but the gas bubble formation can become an 

issue during electrolysis if not well managed. In fact, the gas forming at the 

electrodes/electrolyte interface can cause resistance to the process. Once again, the choice 

of materials is very important. With liquid electrolytes, the main issues are the risk of 

leakage, the corrosiveness of the alkali solution at high temperatures, and the carbonation 

process that takes place if hydroxide ions react with carbon dioxide (2OH- + CO2 → CO3
2- + 

H2O). Furthermore, the risk of short circuit is higher if both electrodes share the same 

electrolyte solution. For that reason, the use of a solid separator is needed. 
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semiconductor, p-type conducting perovskite can also be used. The solid electrolyte is an YSZ 

, typically 8 to 10 mol% of Y2O3 on ZrO2. 23, 13
 

The cells can be tubular or planar in design. No gas-tight seals are needed for the 

tubular design whereas the fabrication cost of the planar design is lower. Glasses of high 

transition temperature are used as sealer to provide gas tightness in the SOE. Although 

operating at high temperatures can increase the performance of the electrolyser, the 

stability of the materials is an issue to be fixed. Indeed, the degradation of the Ni/YSZ 

cathode is the main problem for SOE.24 

1.3.3. Polymer Electrolyte Membrane (PEM) electrolysis 

 

Within the framework of the eSCALED project, the ambition is to create a device 

capable of receiving solar energy and storing it under chemical form such as hydrogen or 

carbon molecules - artificial photosynthesis. To make it happen, the idea is to have a PEM 

water electrolyser device linked to a solar cell, Figure 8. Hence, for the means of the project, 

the focus on this chapter will be made on PEM electrolysers.  

 

Figure 8. Prototype of the eSCALED PEM electrolyser. 

In principle, a PEM electrolyser works the same way as an alkaline electrolyser. The 

major differences are that a PEM electrolyser is operated in acidic media and that the 

electrolyser is a thin polymer proton-conducting membrane. In a typical PEM electrolysis 
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were investigated with Ir0.6Ru0.4O2 being the optimal type.29 Moreover, since the electrode 

activity is not only controlled by the electronic conduction but also by the size of the 

particles and the loading of catalyst, research has also been dedicated to find suitable 

catalyst supports. Increasing the surface area of the support has been linked to an increase 

of catalytic activity. Thus, carbon-based materials such as activated multiwall carbon 

nanotubes (MWCNTs) were used, with the additional step of coating them with metals like Ti 

to prevent them from corroding. Having core-shell type metal oxides has also been reported 

in the literature as potential materials.28, 30 

In PEM electrolysers, the electrolyte is a proton-conducting polymer material. 

Nafion® has been the material of choice but, its high cost raised the interest on finding 

cheaper materials with similar or higher performance. Section 1.1.4. of this chapter will 

discuss more in depth about the membranes used in PEM electrolysers. 

To summarize, water electrolysis is a powerful method for hydrogen production in 

terms of cleanliness of the process. Indeed, renewable energy is used to split water and the 

production of clean gases (H2 and O2) reduces the emission factor of the process. Alkaline, 

PEM and SOE electrolysers are the three main technologies. PEM electrolysers and SOE are 

still in development, but the research is promising, Table 2. Currently, the need for the full 

development of those technologies is focused on the search for optimal materials. Whether 

new or improved, those materials must show good activity towards the water splitting 

process while being resistant to the operating conditions of each cell and being low in cost.  

Table 2: Summary table of the different types of water electrolysers. 

Technology 
Best performing components 
Cathode / Electrolyte / Anode 

Efficiency Maturity 

Alkaline electrolyser 
Ni catalyst / Zirfon® + KOH / 

IrO2 
59-70% Commercialized 

PEM electrolyser Pt catalyst / Nafion® / RuO2 65-82% Near term 

Solid Oxide electrolysis Ni-YSZ / YSZ / YSZ-LSM 40-60% 
Still in 

development 
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the membrane will absorb and the higher the proton conductivity will be. Membranes such 

as sulfonated poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-pheneylene) (sPEEK) 

has shown similar behaviour with Nafion® in terms of water uptake. The membranes based 

on hydrocarbon polymers also perform well in terms of proton conductivities, with values in 

the order of 10-2 S/cm at relative humidity above 90%. And the conductivity was proven to 

be stable with the increase of  temperature. 48 

1.4.4. Acid/Base blends membranes 

Acid/Base polyelectrolyte complexes consist of an alkaline polymer (polybase) base 

doped with an acid component or blended with an acidic polymer (polyacid). The 

interactions between the polyacid and the polybase create ionic cross-linking or hydrogen 

bonds which help to reduce membrane swelling while preserving the flexibility of the 

membrane. Unlike in the case of Nafion® where the conductivity is highly dependent on the 

humidity rate, the conductivity in acid/base polyelectrolyte complexes is directed by the acid 

doping and the operating temperature.32 The polyacid components are generally sPEEK or 

sPSU (i.e. sulfonic moieties) but sulfuric or phosphoric acids can also be used as dopants. The 

base components are then poly(4-vinylpyridine) P4VP or PBI. 35, 36 The most advanced 

systems are sPEEK/PBI - 90%/10% membranes that have very good thermal stability (>270°C) 

and good proton-conductivity (IEC >1.5 meq SO3H/g).49 Similarly, PBI doped with H2SO4 gave 

membranes that are also mechanically and thermally stable with conductivity in the order of 

10-2 S/cm.35 

Given the advantages and drawbacks of each category of membrane described in the 

sections above, other alternatives are to improve the performance of perfluorinated 

membranes while preserving their mechanical, thermal, and chemical stability. The idea is to 

blend the well-known polymer systems commonly used as membrane materials with other 

organic polymeric systems or inorganic compounds. In this sense a lot of research has been 

dedicated to blending or performing structural modification to the existing membrane 

materials.44  
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Statistical copolymers are the result of a random polymerization of the different 

monomer units. In alternated copolymers, there is a regular distribution of each monomer 

unit one after the other in the macromolecular chain. In grafted copolymers, two different 

strategies can be used: either the second comonomer unit polymerizes from the main chain 

forming branches or as comomoner with a long sidechain, it is directly copolymerized. These 

branches can be distributed evenly or randomly along the polymer’s main chain with 

same/different lengths. Usually, none of them can create some nano-phase segregation. 

Block-copolymers represent a specific class of copolymers. Indeed, they can be 

synthesized following two strategies. The first one called “chain extension” is due to active 

end group which can be used to re-initiate a second monomer. Here we can mention the 

living process by anionic polymerization or the Controlled Radical Polymerization (NMP, 

ATRP or RAFT). 52 A second approach consist of a coupling reaction between two end-capped 

homopolymers with orthogonal functions (acid/alcohol, amino/acid, or azide/alkyne)53. 

Here, in the final form, the two blocks are covalently bonded and one of the main interests is 

then to combine antagonist properties in the global macromolecule, (i.e., 

hydrophobic/hydrophilic, or elastomer/thermoplastic). 

Moreover, on top of their ability to form different polymer architectures (e.g.: linear, 

star-like, comb-like polymers), block copolymers have the particularity to self-assemble at 

the nanometer scale. This allows for the synthesis of well-organized material at different 

level, with the ability of obtaining different properties for the material. Indeed, the 

macromolecule will have the properties of each of the polymers that makes its composition. 

Applications for block-copolymers are diverse. They include but are not limited to the 

medical filed with drug delivery and release 54, 55 or biomaterials 56, lithography for data 

storage 57, thermoplastic materials 58.  
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2.2. Synthesis of block-copolymers  

Radical polymerization and especially free radical polymerization (FRP) has been the 

technique of choice for the preparation of synthetic polymers. Indeed, an average of 50% of 

commercial polymers are synthetized by this technique. It can be performed in 

homogeneous as well as heterogeneous medias (e.g., emulsion polymerization). This chain 

polymerization technique has the advantage of being more tolerant to impurities such as 

water, oxygen, additives than ionic polymerization and is compatible with a broad range of 

functional vinylic monomers.  

As it is the case for all chain polymerizations, three steps are involved in the free 

radical polymerization: initiation, propagation, and termination reactions. During initiation, 

the initiator decomposes to form free radicals which will react with the monomer to start a 

polymer chain. The newly created monomer radical will transfer its active centre by 

attacking another monomer. By repetition of this process, the chains are extended, and this 

is the propagation step. Finally, the termination is the end of growth of the polymer chain. It 

happens because radicals quickly react with each other as a bi-radical reaction. This step is 

an irreversible termination and can occur by combination of the chains or 

disproportionation, Figure 18. In free radical polymerizations, another type of reaction can 

occur, transfer reaction. It consists of the transfer of the active centre from one specie to 

another (solvent, monomer, initiator, polymer). Transfer and termination reactions are 

competing with the actual polymerization and can occur at any stage of the polymerization. 
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2.4. Self-assembly of block-copolymers 

 

Block-copolymers self-assembly (BCPs) allows for the obtention of well-structured 

materials, hence the still growing interest for them. Diblock-copolymers are macromolecules 

made from two blocks of homopolymers of different chemical nature covalently bonded 

together. Depending on their nature and properties, both polymers can be miscible or 

immiscible. They are miscible when their chemical structure and properties are very similar 

as their solubility parameters, especially. In that case, the BCP will present properties that 

are intermediate to both blocks and behaves as statistical copolymers.  

But now, if immiscible, the BCP system will aim to minimize its interaction in other to 

achieve a thermodynamic equilibrium. This will result in a decrease of contact at the 

interface of both blocks. When this happens, the minor block in composition will disperse in 

the major one, leading to a phase separation. Due to the strong interaction of the covalent 

bond linking the block, the phase separation can only occur at the very small scale of the 

macromolecule, meaning at the nanometer scale and not at the macroscopic one. This phase 

separation is called micro-phase segregation. The parameters dictating the phase separation 

are the degree of polymerization DPn, the volume fraction of both blocks in the BCP  and 

most importantly the Flory-Huggins parameter (ꭓAB). This parameter represents the degree 

of incompatibility between both blocks and is dictated by the difference of the solubility 

parameters  of each monomer units. Moreover, the degree of phase separation is 

determined by the ꭓN segregation product.65 

ꭓAB = ( 𝑍𝑘𝐵𝑇 ) [ 𝜀𝐴𝐵 - 
(𝜀𝐴𝐴+ 𝜀𝐵𝐵)2   ] 

With Z is the number of nearest neighbours per monomer unit, kBT is the thermal 

energy (with kB = 1.281 * 10-23 J/K, Boltzmann constant), and ε the interaction energy per 

monomer between A-A, B-B, and A-B. 

Depending on the ꭓN segregation product and the temperature, it can be predicted if 

the regime will tend to be in an ordered state (phase separation) or otherwise a disordered 

state (mixing of polymer chains). In the case of a symmetric BCP (volume fraction of both 
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Figure 24. Morphologies after phase separation and Block-copolymer theoretical phase 

diagram of a linear AB deblock copolymer predicted by the self- consistent mean-field theory 
(left) Experimental phase diagram of polyisoprene-b-polystyrene copolymer, in which fPI 

represents the volume fraction of polyisoprene (right).65 

 

2.5. Block-copolymers for PEM water electrolysis 

Due to their easy synthetic methods, statistical copolymers are the most developed 

materials for proton-conducting membranes.67 However, in the recent years, an interest was 

put towards the synthesis of proton-conducting block-copolymers for membrane 

elaboration. Indeed, the importance of structuration in Nafion® has already been 

demonstrated to have an influence on the behaviour of proton transportation.37 Thus, 

having organised materials such as multi block-copolymers for the proton-conducting 

membranes should be beneficial to control and drive the proton transport. 68  

As explained in the previous section (2.4.), block-copolymers of two or more blocks of 

different chemical properties can self-segregate at the nanometre scale. This segregation 

leading to domains of block A (blue) in the matrix of the block B (red) depending on their 

volume fraction among other parameters. In this sense, sulfonated block-copolymers will 

display several advantages such as the existence of proton-conductive channels resulting 

from the sulfonated domains (blue), Figure 25, or, the reduced-swelling properties and 
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solubility of the sulfonated BCPs in water. In the case of s-SIBS, poly(isobutylene) acts as 

physical cross-linker, reducing the solubility of the BCP in water at high sulfonation 

degrees.75 

Some sulfonated block-copolymers used don’t always display the typical expected 

morphologies that are on the theoretical BCP phase diagram. But they create interconnected 

conductive networks architecture in the membrane that also help with the conduction 

properties. An example is the sulfonated aromatic ABA type triblock copolymer. With the A 

block as sulfonated poly(2,6-diphenyl-1,4-phenylene oxide) and the B block as poly(arylene 

ether sulfone). The studies also demonstrated that due to this unique architecture, the 

membranes were able to compete with Nafion® in term of conductive properties at low IEC 

(IEC < 1) and lower relative humidity (RH~40%).76 Similar observations were made for the 

poly(styrene) (A block)/poly(vinylidene fluoride) (B block) system.50 

On top of the morphological asset of the BCPs, it was also demonstrated that 

membrane dehydration that can occur when operating at high temperatures can be 

minimized by tuning the domains size (< 5 nm). Indeed, at this size, water condensates in the 

nanochannels due to capillary forces, preventing full evaporation of water.77, 78 Furthermore, 

it is known that membrane annealing impacts the morphology adopted by the BCPs. But 

although some studies state that the conductivity is enhanced when the membranes have 

gyroids or lamellas morphologies,77 to the best of our knowledge, no exhaustive work has 

been reported on the effect of the morphology of the BCPs on the conductivity of the 

membranes. 79 

3. Bulk sulfonation of polymers 

 

Polymer’s sulfonation follows the same functionalization principles as small 

molecules. Usually, they are made by substitution of atoms or functional groups in the 

backbones or pendant groups of the polymers. They result in a chemical modification of the 

material bringing to it new properties. This section will discuss the different ways used for 

polymers sulfonation in bulk for membrane applications.  



Chapter 1. State-of-the-art on proton-conducting membranes for PEM electrolysis 

 

60 

 

In the polymers, the sulfonated parts can be found in the form of free acids (-SO3H), 

salts (-SO3
-Na+) or esters (-SO3R). To undergo sulfonation, the polymers must have aromatic 

rings or have double bonds in their structure. Indeed, the process of sulfonation is an 

electrophilic substitution where the protons of the aromatic ring are substituted by sulfonic 

acid when in presence of a sulfonation agent. The sulfonation agents can be categorized in 

two groups, which are strong and mild agents. The strong agents include but are not limited 

to sulfuric acid and chlorosulfonic acid and the mild group acetyl sulfate, sulfur trioxide 

complexes and trimethylsilyl chlorosulfonate.  

The difference between both groups is that in the case of the strong agent there are 

risks of degradation of the polymer because of how reactive they are whereas with the mild 

agent a control of the sulfonation is more feasible (by considering the concentration of 

sulfonation agent, reaction time and temperature) with less side reactions occurring. In both 

cases, if the degree of sulfonation is too high, the polymer becomes water soluble.80 The 

choice of the sulfonating agent to perform the functionalization resides on the compatibility 

it has with the polymer. Sulfuric acid, chlorosulfonic acid and acetyl sulfate can be used to 

sulfonate polysulfones, polystyrene, poly(phenylene oxide), polycarbonates and 

poly(hydrocarbons). Usually the experimental conditions involve a solvent, mild conditions 

and multiple separation and cleaning steps. 81 

Sulfonation can also be performed on the monomers before polymerization to avoid 

polymer chain degradation. It is also a way to introduce sulfonic groups into polymer 

backbones. Furthermore, with this method the degree of sulfonation is easily targetable. The 

drawbacks of this approach are that commercially available sulfonated monomers are not 

many and that the reactivity of the monomers can be lowered due to steric hindrance, 

making high molecular weight polymers difficult to obtain.82 Sulfonated dihalo, bisphenol 

and diamine monomers are the most used. They are used to make polyarylene, poly(ether 

ether ketone), poly(arylene ether ketone) or poly(arylene ether sulfone), Figure 26.80  
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4. Summary and objective of the PhD project 

My PhD research is dedicated to the development of proton-conducting membranes. 

The aim of this literature chapter has been focused on that specific component of the PEM 

electrolyser. To date, the commercially available PEM displaying the best performance is 

Nafion®. However, Nafion® fabrication is a complex multistep process and this factor is 

contributing to the high cost of the membranes. In the objective of reducing the cost of PEM 

while improving the conductivity, mechanical and thermal properties of the membranes, 

other type of polymers were developed. They usually consist of perfluorinated and partially 

fluorinated polymers, as well as non-perfluorinated and polymer blends. The modification of 

already existing membranes has also been studied. Indeed, mixing of Nafion® with inorganic 

compounds or polymers from the other categories has proven to enhance the overall 

properties of the membranes. Moreover, by using hydrocarbon-based polymers, the cost of 

the membranes is significantly lowered. Plus, those polymers are widely commercially 

available. 

The membranes are sulfonated for the proton-conduction. The sulfonation is 

provided to the membranes either by grafting of a sulfonated compound or by chemical 

modification the polymers end groups. The sulfonation can be done after the synthesis of 

the polymer by post-modification of the latter or by using a sulfonated monomer for the 

polymerization. The second option is less common due to the difficulty to find commercially 

available sulfonated monomers. Nevertheless, post-modification is a mature process. It can 

be done in the bulk by dissolving the polymer in an adequate solvent and using the adequate 

sulfonating agent. Post-modification is also possible at the surface of the membrane. By 

doing so the mechanical structure of the membrane is not impacted.  

The factors influencing the proton conduction are also discussed in the chapters. This 

study was principally made on Nafion®. It was shown that the proton conduction in Nafion® 

is influenced by the separation of the hydrophilic sulfonated group from the hydrophobic 

polymer backbone. This separation plus the water dynamics creates interconnected 

conducting clusters providing the membrane with efficient proton-transport. Knowing that, 

studies were made to develop similar conduction properties with the other alternatives to 

Nafion®. Block-copolymers have emerged as potential candidates. Indeed, amphiphilic block 
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copolymers can phase separate and for different morphologies, leading to structures at the 

nanometer scale. In this way, water will preferably go to the hydrophilic block, optimizing 

the proton transport. Moreover, their mechanical properties are a combination of the 

properties of all the blocks. So, while the hydrophilic block drives the proton transport, the 

other block act helps with the overall mechanical properties of the membranes. Due to these 

great properties, membranes made from sulfonated block-copolymers displayed better 

conduction performances than their statistical counterparts. The synthesis of block-

copolymers by controlled radical polymerization has also been discussed in this chapter.   

The main objective of the present PhD thesis is to make sulfonated partially 

fluorinated block-copolymers membranes for the eSCALED water electrolysis device. The 

hydrophilic block is sulfonated poly(pentafluorostyrene) and the hydrophobic block is 

poly(butylacrylate). A section has been dedicated to the synthesis of the diblock-copolymer 

and its phase separation behaviour. Another section focused on the sulfonation and 

crosslinking of the block-copolymer and statistical copolymers by post-modification and the 

membranes elaboration and characterization. All the research was made with keeping in 

mind the requirements of PEM which are: good chemical, and mechanical stability; thermal 

and hydrolytic stability; high proton conductivity and compatibility with the electrode’s 

materials. The challenges of the membrane electrode assembly (MEA) printing and upscaling 

were also discussed. Finally, the last chapter of this thesis is dedicated to life cycle 

assessment (LCA) of the membrane production. LCA will help assess the impact of the 

production of the membrane on the environment.  
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During my PhD I performed a stay in Eurecat (Mataró) in the Functional Printing and 

Embedded Devices (FPED) Unit. There, I studied the use of printing techniques for 

membranes upscaling. The objectives of the stay were to test printing techniques to find the 

adequate ones for membrane printing and future upscaling. Preliminary work on a fully 

printed membrane electrode assembly (MEA) was done using commercial Nafion® as the 

membrane material, and graphite-composed paste as the electrode’s material. This chapter 

includes an introduction on printed electronics, with an emphasis on two printing techniques 

(screen and inkjet printing). In addition, the early tests for the development of a printed 

MEA and preliminary work on PPFS will also be discussed.  

1. Introduction 

 

Printed electronics has been an emerging field since the past century as a low-cost 

replacement method to traditional electronics. They are based on the well-known mass 

production graphic techniques implemented for printing on paper. The use of these mass 

production techniques allows the rapid production of thin, lightweight, flexible, and low-cost 

electronic devices. Printed electronics are used to print conductive, semi-conductive or 

dielectric materials (inks, pastes, solutions). Those materials are printed on top of suitable 

substrates to create distinct multi-layered electrical structures such as displays, sensors, 

capacitors, or electronic circuits.1 The substrates for printed electronics are various, ranging 

from flexible, bendable or stretchable substrates such as paper, PET or PU to rigid ones or 

even textiles. Hence, it can be considered as an easy way to implement mature technology 

that relies on simple additive processes, with the addition that less time and materials are 

consumed.  Those advantages make printed electronics a highly versatile, and tailor-made 

technology for the creation of low-cost electronic components in large scale for diverse 

applications.2 

In the field of printed electronics, two different printing approaches can be 

distinguished. They are analogue (conventional) and digital printing.3 In analogue printing, 

the pattern printed on the substrate is based on a mask which carries the printing 

information. The printing is made through direct contact between the substrate and the 
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printing equipment. Digital printing on the other hand does not require a mask since the 

pattern is printed without physical contact between the substrate and the printing 

equipment. The choice of the printing technique should be made by taking into 

consideration the printing resolution, the desired thickness, homogeneity, printing speed 

and materials (inks and substrates). Analogue printing includes techniques such as screen-

printing, gravure, lithography, flexography and offset. Digital printing includes non-impact 

inkjet printing, thermography, photography, or electrophotography.3 A comparison between 

the most common printing techniques is presented in Table 1 . As each printing technique 

presents advantages and drawbacks, it is usual to combine and/or modify them to improve 

printability and performance. Screen and inkjet printing are the most used techniques in 

printed electronics as they are the least expensive to implement at the first stages of 

research. Both techniques have been studied during my stay in FPED Unit of Eurecat for the 

printing of the MEA. 

Table 1. Comparative table of common printing techniques. 

 Flexography Gravure Offset Screen Inkjet 

Printing form Relief Engraved Flat Stencil Digital 
Print Resolution 

(m) 
30 – 75 20 – 75 20 – 50 50 – 100 20 – 50 

Print Speed 

(m.min-1) 
50 – 500 20 – 1000 15 – 1000 10 – 100 1 – 100 

Wet film thickness 

(m) 
0.5 – 8 0.1 – 5 0.5 – 2 3 – 100 0.3 – 20 

Ink Viscosity 

(mPa.s) 
50 – 500 50 – 200 

20000 – 
100000 

500 – 5e4 1 – 40 

 

Screen-printing is currently the most mature technology employed for the fabrication 

of printed electronics due to the wide range of substrates that can be used and its low-cost 

manufacturing aspect. Indeed, screen-printing can be performed on paper, cardboard, 

plastics, glass, metal, textiles, or ceramics. As in all printing techniques, the formulation of 

the material to be deposited is a crucial step in the printing process. High viscosities 

materials, paste-like viscosities (5 – 50 Pa.s) are needed for this technique. They prevent the 

spread of the material on the substrate after transfer. Moreover, with this technique, there 

is no obligation for a planar substrate. It can be performed in three different round-to-round 
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2. Experimental section 

 

2.1. Materials. Graphite powder (synthetic, <20 µm), p-xylene (≥99.0%), Nafion® 

perfluorinated resin solution (5 wt% in lower aliphatic alcohol and water, 15-20% of water), 

Nafion® 117 solution, 5% in a mixture of lower aliphatic alcohols and water, Nafion® 

perfluorinated membrane NRE-212 (50 µm) were purchased from Sigma-Aldrich. MBM 

(PMMA-b- PnBA-b-PMMA) polymer pellets were purchased from Kurarity.  

2.2. Methods. 

2.2.1. Graphite-based paste formulation for the electrodes. The conductive paste 

used for the electrodes is composed of graphite, and a binder, dissolved in an adequate 

solvent. The solvent used for the formulation is p-xylene, and the binder is MBM (PMMA-b-

PnBA-b-PMMA), Figure 4. Polymer binders are often added during formulation to increase 

the material’s viscosity. The formulation of the paste was done in the framework of the PhD 

thesis of Bruno Branco during his stay in the FPED Unit of Eurecat (ESR14 of the eSCALED 

project). The formulation he used is reported in the first row of the table below, Table 2. A 

second formulation (second row of the table) was made to increase the viscosity of the 

mixture. Indeed, the paste is formulated for screen-printing so its viscosity must be high (500 

– 5.104 mPa.s), paste 2 was used for the experiments. The procedure to make the paste 

consists of mixing MBM with p-xylene at a stirring rate of 750 rpm until complete dissolution 

(takes approximatively 1.5 hours). Finally, the graphite powder is added to the mixture, and 

all is stirred until homogeneous dispersion of the graphite powder. The container must be 

closed during stirring to prevent the solvent from evaporating. 
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1. The support materials (PET and Paper) were pre-treated in the oven at 120°C for 

15 minutes. 

2. Once the substrates are back to room temperature, one layer of the graphite-

based paste was printed over the support material. For each layer, two passes 

with the squeegee were made. The newly printed layer was cured at 85°C for 5 

minutes. 

3. Step 2 is repeated until the desired number of layers is reached. Once the last 

layer was printed, the material was cured at 85°C for 10 minutes. 

The screen and squeegee used to print the graphite-based paste were cleaned 

thoroughly with acetone between each layer printing to avoid clogging of the mesh. Indeed, 

the formulated paste dried quite fast, leading to clogging, and making the cleaning process 

more difficult. For the unsupported device the layers of graphite-based paste were directly 

printed on a Nafion® sheet with the same curing procedure as for the supported device. 

Curing the substrates allow to get rid of any humidity that is present on the surface that can 

interfere with the printing process.  

2.2.3. Inkjet printing. The Inkjet used for the experiments is the Dimatix Materials 

Printer DMP-2800 Series. It is equipped with a FUJIFILM Dimatix piezoelectric drop-on-

demand printhead. Compatible piezo-based jetting cartridge are used with the DMP. The 

single use cartridge is composed of 16 silicon nozzles aligned in a row. There are 21.5 µm in 

size and have a nozzle to nozzle spacing of 254 microns. The volume of ink deposited by a 

nozzle is 10 pL. The volume of ink that can be introduced in the cartridge is [0.2 - 1.5] mL. 

Nafion® solutions were inserted on the cartridge using a syringe, Figure 6. The patterns for 

the printing can either be drawn by a drawing software like for example CleWin or the 

Pattern Generator included in the user interface.  
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Concerning the resistance, the graph below, (Figure 9), shows the evolution of the 

resistance in function of the number of printed layers. In fact, it was observed a lowering of 

the resistance with the increase of layers regardless of the substrate (paper or PET).   

 

Figure 9. Resistance in function of number of printed graphite-based paste. 

3.2. Inkjet printing of the Nafion® membrane 

 

As mentioned in the objectives section, inkjet printing was studied by using 

commercial solutions of Nafion®. The first step of the study consisted of tuning the Inkjet 

parameters to achieve a printing of the solutions. Two commercial solutions were used: 

Nafion®117 and a Nafion® perfluorinated resin solution. They are both at 5% concentration 

and the Nafion® is in a mixture of water and alcohol. To the best of our knowledge, the 

difference between both solutions is that the amount of water in the perfluorinated solution 

is known (15-20 %). Both inks were tested for Inkjet printing. The end material on which the 

ink will be printed is the graphite-based electrode but to characterize the printed 

membrane, Nafion® was firstly printed on PET A3 sheets and glass. Designing a pattern is an 

important step for Inkjet printing. The patterns are easily scalable and can be designed using 

specific software. To perform the first printing trials, a design with diverse line patterns and 

with different drop spacing was used, Figure 10. The next step after designing the pattern, 

was the definition of the cartridge settings. Basically, the settings include the number of 
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layers that are to be printed, the cartridge cleaning cycles, and the number of nozzles used 

for printing. For the printing of Nafion®, a cleaning cycle of the nozzles was applied before 

printing and in between each printing cycles. It was noticed during printing that both 

Nafion® solutions were rapidly clogging the nozzles of the cartridge despite repetitive 

cleaning cycles. For this reason, the Nafion® solution was diluted to prevent the clogging 

from happening. In addition, continuous lines were obtained when using the perfluorinated 

resin solution as the ink. Hence, it was decided to use perfluorinated resin solution to 

perform the printing of the membrane.  

 

Figure 10. Pattern design specificities 

Thus, a dilution of the solution to a 3% Nafion® concentration was performed 

following what was done in the literature. [2] 1-propanol was used to dilute the commercial 

perfluorinated resin solution. After dilution, the nozzles seemed to be less clogging. To 

characterize the thickness of the material, a new pattern was designed using the pattern 

design functionality included in the inkjet software. The pattern consists of an array of five 

rectangles – 8x1 mm2
 – where multiple layers (2, 4, 6, 8 and 10) were printed, Figure 11. The 

printing was made on PET sheets and glass microscope slides. Two layers of ink were printed 

per cycle.  
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The printed membranes were characterized by profilometry, Figure 12 & Figure 13. 

What was immediately noticed was a profilometry pattern. Indeed, for all the films, there 

was a presence of more material on the edges of the films than in the middle, this is called 

coffee-ring effect. Nevertheless, the thickness values were taken where the height of the 

material was at the maximum. By doing this, an increase of thickness along with the increase 

of layers’ number for PET1 and for the printing on the glass substrate could be observed. 

However, for PET1 and the glass substrate, a decrease of the thickness after addition of the 

10th layer was noticed. This could be explained by the lack of drying time in between layer 

that could destroy the previously made layers when the material becomes too thick. A 

longer drying time might be necessary after the 8th printed layer. 

 

Figure 12. Thickness of membranes printed by inkjet on PET and glass in function of the 

number of printed layers. 
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Up to 16 layers of Nafion® were printed. Profilometry was performed on the layers of 

Nafion® printed on the graphite-based electrodes. At layer 0, the measured thickness is the 

one of the electrodes (~ 20 µm). There is a decrease of thickness upon addition of Nafion®. 

The thickness does not increase with the number of added layers [13 – 16] µm, Figure 17. 

This result may be due to the incompatibility between the electrode material and the 

polymer ink, the polymer solvent is dissolving the layers of the printed electrode paste.  

 

Figure 17. Thickness of inkjet printed Nafion® in function of the number of layers on the 0.6 

cm area electrodes. 

To cover the entire surface of the 2 cm diameter electrodes, increase the coverage of 

the number of samples at once, and avoid the high thickness at the edges of the membrane, 

Dr. Blade was performed. Dr. blade is an alternative thin layer deposition technique to 

printing, Figure 18. The issue observed while Nafion® solution was deposited by Dr. Blade 

was the spreading of the electrode ink. Because the quantity of membrane solution used 

with Dr. Blade is more important, the drying process of the layer was made in the oven at 85 

°C for 5 minutes.  
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The final membrane consists of a copolymer of PPFS and poly(butyl acrylate) (PBuA). PPFS is 

the component of the membrane that is sulfonated to give the conductive properties to the 

material. Attempts at printing PPFS as a membrane were made.  

As it was mentioned in this chapter’s introduction, the parameters to consider when 

printing are the ink properties, the wettability of the ink by the substrate and the substrate 

properties. Hence, the first step consisted of making the PPFS polymer ink. PPFS (Mn = 105 

kDa; Mw = 431 kDa; D = 4.3) was synthetized during my stay at the Institut für Chemische 

Verfahrenstechnik (ICVT) group in Stuttgart. It was made my radical polymerization in 

emulsion. The ink was made by dissolving PPFS in THF. Two solutions were made, at 5 and 10 

wt%. The viscosities of the inks were measured. For inkjet printing, PPFS 10% is on the high 

limits of the acceptable viscosity (1 – 40 mPa.s). The ink is not viscous enough for screen-

printing. PPFS 5% on the other hand, has a similar viscosity than the commercial Nafion® 

solutions, Figure 20. Moreover, we notice a decrease in viscosity of the PPFS 10% ink before 

stabilization when applying shear strain. This behaviour is called shear thinning and in the 

case of polymers occurs when polymer chains are being disentangled. Indeed, applying the 

strain will break the interactions between polymer chains. The more the concentration of 

polymer is, the more this behaviour will be noticeable. 
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As we demonstrated before when making the MEA with commercial Nafion®, the 

PPFS solution made using THF was not compatible with the printed electrode layers. This 

resulted in a mixing of the membrane solution with the graphite printed material. 

Considering that PPFS 5% is similarly wetting the electrode and that THF is not the best 

solvent to use for the development of the ink, further studies will be conducted to improve 

the printing conditions.  

4. Conclusion and challenges to overcome 

 

Supported and unsupported MEA were printed during my stay at FPED Unit of 

Eurecat. Although the studies shown represent a preliminary work, some challenges to 

overcome for a successful printing of the eSCALED MEA in the future could be highlighted. 

The important parameters to consider before printing are the ink properties, the wettability 

of the surface by the ink and the substrate properties (surface free energy of the substrate). 

Indeed, the viscosity of the ink will determine the adequate printing equipment to use. The 

wettability assessed by contact angle measurements allows to determine the compatibility 

between the substrate and the ink. Indeed, the MEA cannot be performed if the ink does not 

adhere to the substrate. The number of printed layers is also important. In fact, we saw that 

the more printed layers of electrode ink, the better the resistance was. The further needed 

characterizations such as the capacitance measurements and the mechanical properties of 

the MEA will determine if the printing is efficient and if the choice of the printing techniques 

are the correct ones. Additionally for the printing of polymers by Inkjet, the polymer 

characteristics such as its structure, the molecular weight, concentration, and solvent are 

important parameters to consider.  
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6. Future work perspective  
 

In perspective to future work, membranes from copolymers of PFS and bio-sourced 

menthol acrylate to replace Butyl Acrylate were also developed during this PhD. The bio-

sourced aspect of the chemicals provides an additional interest towards the use of greener 

chemicals to perform the same tasks of the already available petroleum-based chemicals. 

Although the synthesis process of the bio-sourced monomer doesn’t use 100% bio-sourced 

compounds (around 75 %), it is already a first step paving the way to greener membranes. 

The monomer menthyl acrylate (MA) was synthesized using menthol with the monomer 

procedure followed a path already reported in literature.[41] Poly (menthyl acrylate) (PMA) 

has a higher glass transition temperature than PBuA but lower than PPFS (Tg PBuA = -40°C, 

Tg PMA = 69°C, Tg PPFS = 100°C). The initial goal of synthetizing copolymers was to give 

some flexibility to the brittle membrane made of PPFS. Poly(menthyl acrylate) might provide 

this flexibility to the membrane by having a higher Tg than PBuA. 

 

6.1. Synthesis of menthyl acrylate monomer. In a three-neck 500 mL round-

bottom flask equipped with rubber seals, a dropping funnel, and a magnetic stirrer, menthol 

(9.50 g, 0.06 mol), triethylamine (6.07 g, 0.06 mol), and dichloromethane (180 mL) were 

added. The mixture was placed in an ice bath and left to stir for 2 h. Subsequently, acryloyl 

chloride (8.14 g, 0.09 mol) was added dropwise via the dropping funnel. Upon complete 

addition, the mixture was left to stir for 30 min in the ice bath and for 24 h at ambient 

temperature. Then, the mixture was washed once with 1M HCl solution, then twice with 1M 

K2CO3 solution, and finally, it was washed several times with brine. The volatiles in the 

organic phase were removed by rotary evaporation to yield a transparent viscous liquid that 

is the monomer (Yield = 73%). 

The signals of the 1H NMR spectrum of the monomer were attributed (Figure 7). The 

chemical shifts of the vinylic protons (-CH and -CH2) are located between 5.7 and 6.5 ppm. 

The -OCH proton of MA ring is located at 4.7 ppm and the remaining protons of the molecule 

(-CH, -CH2 and -CH3) are located between 0.7 and 2 ppm.  
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Figure 7. Structure and 1H NMR spectrum (300 MHz, room temperature, CDCl3) of the 

purified menthyl acrylate monomer. 

 

6.2. Synthesis of PFS/menthyl acrylate statistical copolymer by NMP. Similarly, to 

the copolymerization of PFS and BuA, the NMP radical copolymerization of 

pentafluorostyrene (PFS) and menthyl acrylate (MentA) was performed in DMF following a 

typical NMP procedure. PFS, MA, DMF, BlocBuilder® and slight excess of free-SG1 (10% of 

the molar quantity of BlocBuilder®) are added to a 25mL round bottom flask equipped with 

rubber seals and a magnetic stirring bar. The mixture is placed into an ice bath and bubbled 

with nitrogen for 15 minutes and subsequently placed into an oil bath that was pre-heated 

at 115°C. 

The signals of the 1H NMR spectrum of the copolymer were attributed (Figure 8). The 

chemical shifts of the -OCH proton of MA ring is located at 4.5 ppm. The polymer backbone 

protons (-CH and -CH2) alongside the remaining protons of the macromolecule (-CH, -CH2 

and -CH3) are located between 0.5 and 3.2 ppm. The composition of each polymer in the 

copolymer was also determined by 1H NMR following the equations in the supporting 

information of chapter 3. The copolymer is composed of 77 mol% of PPFS and 23 mol% of 

PMA (PPFS0.77-s-PMA0.23). 
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Membranes of the fully sulfonated PPFS0.77-s-PMA0.23 were made by performing ionic 

cross-linking with 2 wt% of PBI-OO (Figure 11). 

 

Figure 11. Membrane of fully sulfonated PPFS0.77-s-PMA0.23 blended with 2 wt% of PBI. 

 

The membrane made from PPFS/PMA has a water uptake of 42%, an experimental 

IEC value of 1.2 meq/g and an extraordinary conductivity in sulfuric acid of 690 mS/cm 

(Table 5) compared to Nafion®117 with a conductivity of 12 mS/cm, at similar hydration 

numbers (19.4 for PPFS0.77-s-PMA0.23 and 18 for Nafion®117). Such preliminary result could 

be related to the high hydrophobicity of the PMA units which can create favourite 

hydrophilic sPPFS pathways in the membrane as cluster network in Nafion®. 

 

Table 5. IEC and conductivity of fully sulfonated PPFS0.77-s-PMA0.23 proton conducting 

membrane. 

 

 In conclusion, we synthetized a very hydrophobic menthyl acrylate monomer made 

from bio-sourced cyclic C10 menthol. This monomer was copolymerized with PFS yielding a 

copolymer with the following composition: PPFS0.77-s-PMA0.23. Membranes of fully 

sulfonated PPFS0.77-s-PMA0.23 gave a conductivity of 690 mS/cm, higher than the one of 

Polymer 
DS 

(%) 

IEC 

Theoretical 

(meq/g) 

IEC 

Experimental 

(meq/g) 

Water 

uptake 

(%) 

λ 

[H2O/SO3H] 

Membrane 

thickness 

(µm) 

Conductivity 

(mS/cm) 

PPFS0.77-

s-

PMA0.23 

100 2.54 1.2 42 19.4 10 690 
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Nafion®117 and higher than the previously synthetized PPFS/PBuA copolymers. An 

explanation for these results could be the enhancement of the mechanical properties of the 

material due to both PMA and PPFS polymers having similar properties (Tg PMA = 69°C) and 

PPFS (Tg PPFS = 95°C). This might provide the material with more hydrophobic cohesive 

domain surrounded by preferential hydrophilic proton-conductive pathways as cluster 

network. It could be interesting to study as a future work the synthesis of sulfonated 

PPFS/PMA block-copolymers as well as the structural organization of both statistical and 

block copolymers by AFM and SAXS. Indeed, we have already seen the influence of the nano-

patterned self-assembly on the conducting properties of PPFS/PBuA membranes.  
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as it covers a wide range of environmental impacts, the numerous processes involved and 

finite resources to perform the study often requires simplification. And by doing so this 

assessment includes uncertainties. Additionally, the results of a study do not necessary 

conclude whether a product is good enough to solve any specific environmental potential. 

 Nevertheless, it can surely help improving the product’s environmental profile and 

consequently, the linked negative effect on the environment.2  

Literature on the life cycle assessment of hydrogen production is already very 

developed. The results of the studies show a very important impact on the emission of 

greenhouse gases for hydrogen production. That result is due to the energy input used that 

is most of the times partially fossil-based. Indeed, the original techniques to produce 

hydrogen such as steam reforming do not use renewable energies sources. Hydrogen 

production by electrolysis has demonstrated that using renewable energy had a positive 

impact in some of the impact categories such as acidification, photochemical ozone creation, 

or global warming potential. Concerning the actual components of the electrolyser, the 

electrodes and more specifically the anode, the bipolar plates, and the MEA (Membrane 

Electrodes Assembly) had the most impact on the global warming potential indicator. This is 

mainly due to the use of catalysts and their recyclability.3 Nevertheless, the overall impact of 

hydrogen production can be lowered with the increasing use of renewable energy as energy 

source. This way, the balance between the energy used to produce hydrogen and the 

production of hydrogen to be used as a source of energy should be compensated.4 Currently 

this is not really the case as the average European electricity mix is based on non-renewable 

sources.5, 6  

Most of the research dedicated to membranes is focused on the environmental 

impact of the membranes before the use stage, and the inventory made consists of 

assessing the energy input for the manufacture of these materials. In general, what is lacking 

in the literature is a homogenisation of the studies on membranes LCA. When performed, 

the studies are independently made depending on everyone’s angles, it is hence difficult to 

find comparisons points between the studies. However, some positive aspects such as the 

design of the membranes can be highlighted. On the negative side, the production of 
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membranes is not very environmentally friendly and sustainable due to the solvents used to 

fabricate them. They rate high in impact in specific environmental categories related to 

toxicity, as the associated waste management aspect is still something not resolved. Leading 

in a high impact of water bodies. Additionally, other categories are affected by the fact that 

the polymers used for the membranes are fossil-based.7 However, the need for compacted 

devices has push to create thinner membranes which will lead to the consumption and use 

of less energy, and materials, resulting in the change of the current trends.8 In some cases, 

tentative experiences focused on reusing and recycling the membrane materials are also 

considered with promising results. All of which participate to reduce the environmental 

impact of the membrane life cycle. For that reason, it is important to perform LCA studies 

primarily on the manufacturing stage of the membranes.9, 10 This PhD and especially this 

chapter will propose a study of that preliminary stage. 

2. Life cycle assessment (LCA) – Methodology 

Life cycle assessment is the compilation and evaluation of potential inputs (i.e., 

natural resources, products, or energy demand), outputs (i.e., emissions, or solid waste) and 

potential environmental impacts of products, processes, or services, through its life cycle. A 

methodology to perform LCA is provided by the International Organization for 

Standardization (ISO): ISO 14040:2006(E)11 and ISO 14044:2006(E)12, Figure 2.   

In order, the four phases of the LCA of a product are:  

‒ Goal and scope definition of the study 

‒ Life cycle inventory (LCI)  

‒ Life cycle impact assessment (LCIA)  

‒ Interpretation of the study  
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limitations of the results are presented, and recommendations are provided based on the 

full analysis of all the stages of the LCA study.  

3. Goal and scope 

The current LCA study was performed by Karell Bosson, Early-stage researcher of the 

eSCALED project. This chapter aims to give an overview of the LCA study of the membrane of 

the artificial photosynthesis eSCALED device. The goal is determined by the motivation of 

the study, the targeted audience and finally, the dissemination of the results to the public 

for comparison. The Scope considers the product system, the function of the product 

system, the functional unit, the system boundaries, limitations of the study, allocation 

procedures, methodology and interpretation methods to determine the impacts of the 

study, assumptions made, data requirements and limitations, and the type of report needed 

for the study.  

3.1. Goal 

The aim is to determine the feasibility and provide ‘proof of concept’ of using the 

membrane on a larger scale in a PEM water electrolyser. The purpose of the membrane is to 

allow the protons to travel from one electrode to the other, while acting as a barrier to 

prevent the mixing of chemicals from both side of the device. This study has allowed 

investigating and identifying the steps of membrane manufacturing that have the highest 

environmental impact to improve the processes in the future.   

3.1.1. Purpose of the study 

The principal objective of this LCA study is to evaluate the environmental impact and 

accumulated energy requirements related to the manufacturing of proton-conducting 

membrane. 

3.1.2. Reasons to carry out LCA 

This study was performed within the framework of the International Training 

Network (ITN) and European Joint Doctorate (EJD) of the eSCALED project. The project has 
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received funding from the European Union's Horizon 2020 research and innovation 

programme under the Marie Sklodowska-Curie grant agreement No 765376. The objective 

of the eSCALED project is so to mimic the natural photosynthesis process to transform solar 

energy, which is a renewable energy source, and store it in the form of hydrogen or solar 

fuels, to make an artificial leaf. This chapter will focus on the proton-conducting membrane 

of the device. By making this study we aim to pinpoint the aspect of the membrane 

manufacture that presents the most environmental impacts. Furthermore, a comparison of 

different membrane making scenarios was made, helping us decide the optimum one in 

terms of environmental performances. 

3.1.3. Intended application and audience 

As an intended application, the study aims to provide support on the future choices 

for a possible upscaling and commercialisation of membranes for proton-conductivity 

applications. The targeted audience is principally researchers involved in the eSCALED 

project, governmental and legislative bodies such as the European Commission (EC), 

academic partners and private commercial beneficiaries that are involved with the eSCALED 

consortium, the scientific community, actors of the energy field and in a broader way every 

interested parties. The results of the study are communicated in this report and in potential 

congress, scientific journals and any future considered publication of interest. As a matter of 

fact, an application to present the results of this study has been made for the SETAC 

conference happening in Copenhagen in May 2022. The application is still under revision but 

for information, SETAC is an organisation dedicated to the study, analysis, and solution of 

environmental issues. 

3.1.4. Type of critical review 

Standard ISO 14040:2006 states the need for critical review only in the case of a 

comparative assertion intended to be disclosed to the public. This includes some different 

comparative assessments for the environmental behaviour of a proton-conducting 

membrane. The study has been reviewed internally by LCA experts of the Eurecat 

technologic centre that are partners of the eSCALED project. Additionally, all the researchers 



Chapter 5. Life Cycle Assessment of the proton-conductive membrane 

 

162 

 

of the eSCALED consortium have been involved by approaching their vision and suggestions 

of improvement, in compliance with the iterative nature of the LCA methodology.  

3.2. Scope 

3.2.1. Functional unit 

The functional unit describes the primary function to be fulfilled by a product system 

and indicates how much of this function must be considered in the intended LCA study. The 

choice of the functional unit can be difficult as a product can have multiple functions. 

Moreover, the functional unit must be chosen in a way that it is possible to compare the 

product of the study with similar ones. It is a parameter that can be changed throughout the 

study since the goal and scope could be under continuous revision and refinement.  

In the case of membranes, most proton-conductive membranes fulfil the same 

function which is to conduct protons. The proton-conductivity is the most important 

property and is assessed by measuring the conductivity of the membrane, the unit is S/cm. 

The membranes are assembled with the electrodes (Membrane Electrode Assembly - MEA), 

for that reason the area of contact of the electrodes and the membrane also influence the 

conduction. The area is included in the conductivity equation, as well as the thickness of the 

membrane. Finally, the temperature and water content are parameters influencing the 

conductivity measurements that are not included in the conductivity equation. With all 

stated, the chosen functional unit for the LCA study of membranes has been selected as the 

manufacture of 1cm2 of membrane that has a proton-conductivity above 100 mS/cm at 80°C 

and an Ion Exchange Capacity (IEC) above 1meq H+/g as technical requirements of the 

eSCALED project framework.   

3.2.2. System boundaries 

System boundaries are important to determine at the beginning of the study stages 

included on the study according to its goal. It is also important to make beforehand the 

inventory of the life cycle. The following LCA study has followed a cradle to gate approach, 

with the aim of providing a full picture of the environmental impact of the membrane, from 
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3.2.4. Data quality requirements 

The data retrieved were analysed by giving special attention to the completeness of 

the processes at each stage as they needed to be modelled as accurately as possible; the 

reproducibility of the initial experiments, each source was clearly identified and referenced; 

finally, all gathered data used passed the quality limit for Europe.  The data used to perform 

the study were clearly identified and referenced, making it reproducible. Therefore, anyone 

willing to perform the same study is fully capable of doing so. Furthermore, the data used 

were as updated as possible. When no data was available for some processes, public or 

private databases were used with using the most updated as possible version of the data.  

3.2.5. Cut-off criteria 

As stated in ISO 14040: 2006, the “cut-off” criteria specify the amount of material, 

energy flow, or the level of environmental significance associated with unit processes or 

product systems to be excluded from a study. This LCA study did not develop any cut-off 

based on mass or energy, or environmental relevance. Thus, all inputs of all the processes 

were considered in all stages.  

3.2.6. Assumptions 

Assumption can be made in the processes if specific data are not available. Those 

assumptions must be specified and are made to be as close as possible to the initial 

processes.  

Patents and articles were used to model the processes that could not be found in the 

database. In respect to the laboratory scale of the present work, and regarding the energy 

inputs, assumptions were made that the equipment used to synthetize the materials were 

the ones from the lab. Hence, the hot plate and stirrer used are the ones from IKA, and the 

oven used to dry the chemicals is from the brand BINDER. Regarding the specific processes, 

assumptions were made according to the database information. BlocBuilder® and SG1 were 

both used for the controlled radical polymerization (CRP), SG1 was modelled based on a 

patent.13 It was assumed that SG1 was equivalent to BlocBuilder® as they have similar 
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structure and an accurate BlocBuilder®’s synthesis was not found. 1,8-

Diazabicyclo5.4.0undec-7-ene (DBU) was used as a base during the procedures. As its 

synthesis could not be found, it was replaced with triethylamine during modelling. 

Triethylamine is also a strong base that could be used in the lab as replacement to DBU. 

Finally, menthol was used to synthetize menthyl acrylate, as an inclusion of a bio-sourced 

option for the membrane development. During modelling, it was assumed that menthol is 

equivalent to mint.  

4. Inventory analysis 

The materials and energy requirements data were gathered and analysed in the 

inventory analysis step. Their impact was assessed in accordance with the functional unit 

previously defined in the Goal and Scope step.  

4.1. Synthesis description 

The synthesis of the proton-conducting membranes was detailed in chapters 3 and 4 

of this PhD manuscript. A comparison of 4 proton-conducting membranes that differ from 

each other from their synthesis methods and choice of monomer was made. The 

membranes were synthetized using 2,3,4,5,6-pentafluorostyrene and (butyl or menthyl) 

acrylate-based sulfonated copolymers. The comparison was made between block and 

statistical copolymers of these systems that were synthetized by Nitroxide Mediated 

controlled radical polymerization (NMP) or free radical polymerization in emulsion. 

Additionally, the comparison was also made between the membranes made using butyl 

acrylate and membranes made using the use of the bio-sourced option.  

4.2. Allocation procedures 

The primary data were collected on a mass flow balance. Similarly, all the main 

products of the processes included in inventory analysis were allocated by mass. This 

approach followed the guideline of international standards.  
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Table 1. Life cycle inventory data of the membrane processes. 

Stage Inputs 
Value 

(per FU) 
Unit Comments 

Synthesis of homopolymer of poly(pentafluorostyrene) (PPFS) by CRP and FRP 

CRP-PPFS 

Monomer 1 g 
Monomer is PFS; Initiator is SG1; 

Solvent is Methanol (polymer 

precipitation and purification). 

Initiator 0.0105 g 

Solvent 40 g 

Energy* 7.31 kW.h-1 

FRP-PPFS 

Monomer 1 g Monomer is PFS; Initiator is sodium 

persulfate; The additional reagents 

are sodium dodecyl sulfate, and 

sodium phosphate (to make the 

emulsion), and sodium chloride (to 

obtain the polymer in solid form). 

Initiator 0.004 g 

Additional 

reagents 
3.105 g 

water 10 g 

Energy 9.59 kW.h-1 

Synthesis of copolymers of PFS and BuA by CRP and FRP 

CRP-block-

copolymer 

synthesis 

Monomer 3.45 g Monomer is BuA; Macro-initiator is 

CRP-PPFS; Solvents are DMF 

(synthesis) and Methanol (polymer 

precipitation and purification). 

Macro-initiator 0.7 g 

Solvent 42 g 

Energy 11.15 kW.h-1 

CRP- statistical 

copolymer 

synthesis 

Monomers 2.7 g 
Monomers are PFS and BuA; 

Initiator is SG1; Solvent are DMF 

and Methanol. 

Initiator 0.054 g 

Solvent 50 g 

Energy 7.77 kW.h-1 

FRP-statistical 

copolymer 

synthesis 

Monomers 1.33 g 
Monomers are PFS and BuA; 

Initiator is sodium persulfate; The 

additional reagents are sodium 

dodecyl sulfate, sodium phosphate, 

and sodium chloride (NaCl). 

Initiator 0.0092 g 

Additional 

reagents 
5.07 g 

water 50 g 

Energy 21.69 kW.h-1 

Synthesis of menthyl acrylate (MA) monomer and PFS/MA copolymer by CRP 

Synthesis of MA 

Reagents 2.79 g Reagents are menthol, acryloyl 

chloride, and DBU; Solvents are 

Dichloromethane used for the 

reaction and NaCl brine solution 

use for the purification of the 

monomer. 

Solvents 3150 g 

Energy 0.081 kW.h-1 

CRP- statistical 

copolymer 

synthesis 

(With MA) 

Monomers 1.56 g 
Monomers are PFS and MA; 

Initiator is SG1; Solvents are DMF 

and Methanol. 

Initiator 0.027 g 

Solvent 23.5 g 

Energy 11.6 kW.h-1 

Sulfonation processes of copolymers and membrane elaboration 

Sulfonation 

process 

Copolymer 1 g The sulfonating reagents are 

Sodium-3-mercapto-1-

propanesulfonate and DBU; 

Solvents are DMF and water (used 

for the dialysis of the sulfonated 

polymer). 

Sulfonating 

reagents 
0.9 g 

solvent 3000 g 

Energy 21 kW.h-1 

Membrane 

elaboration 

Sulfonated 

Copolymer 
1 g 

Polybenzimidazole (PBI) is used as 

a cross-linking agent in the 
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PBI 0.02 g procedure; Solvents are DMSO 

used to make the membranes, and 

HCl solution used to cross-link the 

polymers. 

solvent 34 g 

Energy 28 kW.h-1 

*For all the processes, Energy is a total of the energy inputs used for heating, drying, and stirring. 

5. Life Cycle Impact Assessment (LCIA) and evaluation 

In this section are presented the quantification and evaluation of environmental 

impacts associated with the proton-conducting membrane. The relevant systems are 

summarised based on the LCA performed with the help of the SimaPro software v9.1.0.8.  

5.1. Impact characterization method selection 

Following the ISO 14044:2006 standard, one of the mandatory elements on every life 

cycle assessment is the selection of impact categories, category indicators and 

characterisation models. Hence, the selection of the impact assessment method is crucial.  

This study selected and implemented the impact assessment method ReCiPe 

Midpoint (H) for Europe v1.01 in the SimaPro software v9.1.0.8. This methodology integrates 

and harmonises two well-known Life Cycle Impact Assessment (LCIA) methods, CML and 

Ecoindicator 99, improving and updating the environmental science used.14 The name, 

abbreviation and reference units for the sixteen mid-point categories implemented in the 

Recipe mid-point characterisation method are presented in Table 2. 
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Table 2. Impact categories. 

Impact categories Abbreviation Units 

Global warming Potential GWP kg CO2 eq 

Stratospheric Ozone Depletion SOD kg CFC-11 eq 

Ionizing radiation IR kBq Co-60 eq 

Ozone formation, human health OF-HH kg NOx eq 

Fine particulate matter formation FP kg PM2.5 eq 

Ozone formation, terrestrial ecotoxicity OF-TE kg NOx eq 

Terrestrial acidification TA kg SO2 eq 

Freshwater eutrophication FE kg P eq 

Marine eutrophication ME kg N eq 

Freshwater ecotoxicity FEco kg 1,4-DCB* eq 

Marine ecotoxicity MEco kg 1,4-DCB eq 

Human toxicity1 HT kg 1,4-DCB eq 

Land use LU m2a crop eq 

Mineral resource scarcity MRS kg Cu eq 

Fossil resource scarcity FRS kg oil eq 

Water consumption WC m3 
*DCB = dichlorobenzene 

1Including Human carcinogenic toxicity (HCT) and Human non-carcinogenic toxicity (HnCT) 

 

5.2. LCIA results 

Multiple variables and impacts such as extraction of resources, emissions of certain 

compounds and land use are included in the LCA. A quantitative analysis is assessed when 

feasible; however, a qualitative analysis is done with the LCA to have a clear overview of all 

the involved variables and impacts.11 Based on the work previously done, the study is 

centred on the membrane part of the eSCALED device.  

To evaluate the environmental impact, accumulated energy requirements, and to 

determine the best synthesis materials related to the manufacture of the membranes, the 

focus was made on the most relevant steps of the work. Hence, here, the evaluation was 

made to identify the stages of the membrane elaboration that display the most 

environmentally friendly scenario.  
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The membrane elaboration stages that were considered are:  

‒ The synthesis of the starting copolymer materials with a comparison between the 

chosen polymerization techniques (controlled or free radical polymerizations) 

‒ The sulfonation of the copolymers 

‒ The membrane elaboration including the blending with the polybenzimidazole (PBI) 

cross-linker 

The information and results expected from the LCA work are:  

The identification of the procedures and steps having the highest environmental costs;  

The impact of the choices made during the experimental part of the work;  

And, the identification of the best scenario for the proton-conducting membrane process.  

A detailed overview of the results is described hereafter. 

The quantitative impact of each impact categories is in the Appendix section (Appendix 4 to 

Appendix 17) 

5.3. Life cycle assessment interpretation and evaluation 

In this final step are discussed the gathered information and obtained results of the 

inventory analysis and impact assessment steps. In this part of the study, conclusions are 

made according to the results in compliance with the initially defined goal and scope.  

In the following LCIA results, a comparison between the obtained membranes is 

discussed. Furthermore, a comparison was made between:  

‒ the synthesis method that was used to synthetise the copolymers (controlled radical 

polymerization -CRP, or free radical polymerization -FRP)  

‒ their sulfonation processes 

‒ the use of a bio-sourced monomer to make the membranes 

‒ the synthetized membranes 
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5.3.1. LCIA polymerization technique 

We can firstly have a look at the synthesis of poly(pentafluorostyrene) (PPFS). Indeed, 

PPFS is the main component of all the membranes. As mentioned before and described in 

the chapters 3 and 4 of this manuscript, the polymers were synthetized both by nitroxide 

mediated controlled radical polymerization in solution (CRP) and free radical polymerization 

in emulsion (FRP). As shown in Figure 5, of all the inputs, the most impact for the synthesis 

of PPFS by CRP comes from the monomer pentafluorostyrene (PFS). This result is the same 

for every impact category as the impact of PFS is over 90%. The second input with the 

highest impact is energy. This comes from the energy needed to heat and stir the reagents 

during polymerization and to dry the obtained product that is the polymer. The energy input 

of the drying step is the most impactful in terms of energy input. 

 

Figure 5. Impact analysis of the synthesis of 1g of PPFS by CRP. 

A similar observation was made for the synthesis of PPFS by free radical 

polymerization as PFS has the most impact on the process, Figure 6. This result is not so 

surprising as the modelled synthesis process of PFS starts with the use of benzonitrile which 

is classified as dangerous for human health and for the ozone layer.  
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Its use contributes in making PFS not the most environmentally and health friendly 

compound.15 Their impact is hence linked to this characteristic.  

 

Figure 6. Impact analysis of the synthesis of 1g of PPFS by FRP. 

When comparing both polymerization methods, for the same amount of material, 

PPFS synthetized by CRP (CRP-PPFS) has a slightly lower impact than the one made by FRP 

(FRP-PPFS), Figure 7. An explanation for this is the higher temperature needed to dry FRP-

PPFS. In fact, as the reaction is made in water, the needed drying temperature is higher than 

the one of CRP-PPFS that uses methanol (MeOH) as the precipitation solvent (T°boiling MeOH = 

65°C; T°boiling water = 100°C).  
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Figure 7. Impact comparison of 1g of CRP-PPFS and FRP-PPFS. 

5.3.2. LCIA of PPFS/PBuA copolymers 

The next step to obtain the membrane is the synthesis of the copolymers. As 

explained in chapter 4, butyl acrylate (BuA) was used to add some flexibility to the 

membrane. 3 copolymers were synthetized:  

‒ A block copolymer made by CRP (CRP-PPFS-b-PBuA)  

‒ A statistical copolymer made by CRP (CRP-PPFS-stat-PBuA)  

‒ A statistical copolymer made by FRP (FRP-PPFS-stat-PBuA)  

When comparing the 3 materials, we can see that the most impact for all the impact 

categories comes from FRP-PPFS-stat-PBuA and the material with the lowest impact is the 

block copolymer, CRP-PPFS-b-PBuA, Figure 8.   
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6. Conclusion 

We conducted an LCA study on several proton-conducting membranes. The 

manufacturing process was broken down and evaluated. This has helped identifying hot 

spots within the processes that contribute to the environmental impact of the final 

membranes.  The materials were made at the laboratory scale, and the highest impacts were 

proven to come from the use of pentafluorostyrene (PFS), the main component of the 

membranes. For proton-conduction properties, fluorinated materials are mostly used 

because of their proven stability (thermal, chemical, physical).18 These quality help with their 

resistance to harsh acidic environments in the electrolysis cell. In this sense, the choice was 

made for the eSCALED membrane to use a fluorinated material. PFS, has on top of the 

fluorinated materials advantages, the fluorine in para-position of the phenyl group. This 

characteristic allows for countless possibilities of polymer functionalization by nucleophilic 

substitution. A benefit we used for the sulfonation of the copolymers.  

Although PFS has all these structural advantages, we saw from the LCA point of view 

that it is not the best material to use. Indeed, for all the processes, the most impact came 

from PFS. The idea for a future work could be to choose another chemical that performs as 

good chemically but with a more balanced effect on the impact categories. Regarding the 

synthesis method of the copolymers with BuA, the most impact came from the copolymer 

synthetized by free radical polymerization (FRP-PPFS-stat-PBuA) and more particularly from 

the energy input for the drying step of the copolymer. Concerning the other PPFS/PBuA 

copolymers, we saw that the block-copolymer (CRP-PPFS-b-PBuA) had the lowest impact 

compared to the statistical one (CRP-PPFS-stat-PBuA). This is due to the lowest amount of 

PFS used during the procedure. Finally, we can say that using the bio-sourced compound did 

not have the positive impact expected due to the presence of PFS still and the synthesis 

method of the monomer that includes the use of acryloyl chloride and dichloromethane. 

Nevertheless, the membrane made with CRP-PPFS-stat-PMA had a better environmental 

result than the other membranes made from the statistical copolymers.   
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In correlation with the conductivity values obtained in chapter 4 (Table 3), for the 

PPFS/PBuA system, the membrane of CRP-PPFS-b-PBuA, has the least impact of the 

PPFS/PBuA system and performs better in terms of proton-conductivity. The membrane of 

CRP-PPFS-stat-PMA has the best conductivity of all the membranes and is placed second on 

the environment impact category. As explained in chapter 4, the incredible conductivity of 

the CRP-PPFS-stat-PMA comes from the cohesion of properties between PPFS and PMA.  

Table 3. Conductivity values of the different membranes. 

Polymer 
Conductivity 

(mS/cm) 

CRP-PPFS-b-PBuA 179 

CRP-PPFS-stat-PBuA 94 

FRP-PPFS-stat-PBuA 16 

CRP-PPFS-stat-PMA 690 

 

From this LCA study, we can conclude that controlling the copolymer synthesis is the 

best way to make a PPFS based proton-conducting membrane with improved environmental 

impact while achieving good proton-conductivities. This study aims to pave the way toward 

a more conscious and aware approach for developing proton-conducting membranes by 

giving suggestions and indications about the hotspots and the processes that need particular 

attention from the environmental point of view, which is a crucial point in nowadays 

research and innovation.  
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8. Appendix 

 

Appendix 1. Impact analysis of the synthesis of 1g of CRP-PPFS-b-PBuA. 

 

 

Appendix 2. Impact analysis of the synthesis of 1g of CRP-PPFS-stat-PBuA. 
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Appendix 3. Impact analysis of the synthesis of 1g of FRP-PPFS-stat-PBuA. 
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Appendix 4. Values of impact categories for the synthesis of 1 g of CRP-PPFS. 

  

Impact 

category 
Unit Total 

Pentafluorostyrene 

(monomer) 
SG1 (initiator) Methanol 

Energy 

(heating) 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 69.71 66.20 2.51E-02 2.74E-02 5.25E-01 7.09E-03 2.93 

SOD kg CFC-11 eq 3.08E-05 2.91E-05 8.15E-08 1.42E-08 2.54E-07 3.43E-09 1.42E-06 

TA kg SO2 eq 3.32E-01 3.17E-01 1.12E-04 6.40E-05 2.38E-03 3.22E-05 1.33E-02 

FE kg P eq 6.11E-02 5.77E-02 1.89E-05 4.65E-06 5.09E-04 6.88E-06 2.84E-03 

ME kg N eq 4.21E-03 3.97E-03 2.56E-06 2.48E-07 3.56E-05 4.81E-07 1.98E-04 

FEco kg 1,4-DCB 5.29 5.01 1.56E-03 5.56E-04 4.23E-02 5.72E-04 2.36E-01 

MEco kg 1,4-DCB 6.92 6.56 1.98E-03 8.01E-04 5.41E-02 7.32E-04 3.02E-01 

HCT kg 1,4-DCB 3.91 3.70 1.35E-03 4.17E-04 3.19E-02 4.32E-04 1.78E-01 

HnCT kg 1,4-DCB 85.47 81.97 2.36E-02 1.78E-02 5.25E-01 7.09E-03 2.93 

FRS kg oil eq 19.29 18.39 6.17E-03 3.01E-02 1.30E-01 1.76E-03 7.27E-01 

WC m3 9.60E-01 9.05E-01 3.71E-04 1.75E-04 8.27E-03 1.12E-04 4.61E-02 
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Appendix 5. Values of impact categories for the synthesis of 1 g of FRP-PPFS. 

Impact 

category 
Unit Total 

Pentafluorostyrene 

(monomer) 

Sodium 

persulfate 

Sodium 

dodecyl 

sulfate 

Water 
Sodium 

phosphate 

Sodium 

chloride 

Energy 

(heating) 

Energy 

(stirring) 

Energy 

(drying) 

GWP 
kg CO2 

eq 
70.75 66.20 6.53E-06 8.62E-03 

9.92E-

06 
1.55E-05 5.56E-04 4.12E-01 1.13E-02 4.11 

SOD 
kg CFC-

11 eq 
3.13E-05 2.91E-05 3.59E-12 1.32E-08 

8.07E-

12 
4.00E-12 2.47E-10 1.99E-07 5.49E-09 1.99E-06 

TA 
kg SO2 

eq 
3.37E-01 3.17E-01 4.16E-08 3.69E-05 

4.44E-

08 
1.09E-07 2.96E-06 1.87E-03 5.15E-05 1.87E-02 

FE kg P eq 6.21E-02 5.77E-02 3.39E-09 2.40E-06 
7.24E-

09 
1.22E-08 5.83E-07 4.00E-04 1.10E-05 3.99E-03 

ME kg N eq 4.28E-03 3.97E-03 2.73E-10 5.69E-06 
5.60E-

10 
4.13E-10 1.20E-07 2.79E-05 7.69E-07 2.79E-04 

FEco 
kg 1,4-

DCB 
5.38 5.01 3.51E-07 3.09E-04 

3.88E-

07 
9.99E-07 5.81E-05 3.32E-02 9.15E-04 3.32E-01 

MEco 
kg 1,4-

DCB 
7.03 6.56 4.98E-07 3.44E-04 

5.43E-

07 
1.46E-06 8.29E-05 4.25E-02 1.17E-03 4.24E-01 

HCT 
kg 1,4-

DCB 
3.98 3.70 4.50E-07 2.64E-04 

1.60E-

06 
5.59E-06 5.56E-05 2.51E-02 6.91E-04 2.50E-01 

HnCT 
kg 1,4-

DCB 
86.52 81.97 1.11E-05 7.57E-03 

1.01E-

05 
2.65E-05 1.95E-03 4.12E-01 1.13E-02 4.11 

FRS 
kg oil 

eq 
19.52 18.39 2.08E-06 3.45E-03 

2.56E-

06 
3.61E-06 1.25E-04 1.02E-01 2.82E-03 1.02 

WC m3 0.98 9.05E-01 2.37E-07 3.91E-04 
1.04E-

05 
8.42E-07 1.32E-05 6.49E-03 1.79E-04 6.48E-02 
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Appendix 6. Values of impact categories for the synthesis of 1 g of CRP-PPFS-b-PBuA. 

Impact 

category 
Unit Total 

CRP-PPFS 

(macro-

initiator) 

Butyl 

acrylate 

(monomer) 

SG1 

(initiator) 

N,N-

dimethylfor

mamide 

Methanol Water 
Energy 

(heating) 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 54.12 48.80 1.42E-02 3.58E-03 3.28E-03 2.74E-02 9.92E-06 2.32 3.12E-02 2.93 

SOD 
kg CFC-11 

eq 
2.42E-05 2.16E-05 3.04E-09 1.16E-08 1.55E-09 1.42E-08 8.07E-12 1.12E-06 1.51E-08 1.42E-06 

TA kg SO2 eq 2.57E-01 2.33E-01 4.95E-05 1.60E-05 1.25E-05 6.40E-05 4.44E-08 1.05E-02 1.42E-04 1.33E-02 

FE kg P eq 4.79E-02 4.28E-02 2.99E-06 2.70E-06 1.19E-06 4.65E-06 7.24E-09 2.25E-03 3.03E-05 2.84E-03 

ME kg N eq 3.31E-03 2.94E-03 1.87E-07 3.65E-07 3.82E-06 2.48E-07 5.60E-10 1.57E-04 2.12E-06 1.98E-04 

FEco 
kg 1,4-

DCB 
4.13 3.71 2.25E-04 2.23E-04 9.86E-05 5.56E-04 3.88E-07 1.87E-01 2.52E-03 2.36E-01 

MEco 
kg 1,4-

DCB 
5.39 4.84 3.24E-04 2.83E-04 1.37E-04 8.01E-04 5.43E-07 2.39E-01 3.22E-03 3.02E-01 

HCT 
kg 1,4-

DCB 
3.06 2.74 3.22E-04 1.93E-04 1.03E-04 4.17E-04 1.60E-06 1.41E-01 1.90E-03 1.78E-01 

HnCT 
kg 1,4-

DCB 
65.13 59.83 7.11E-03 3.38E-03 2.94E-03 1.78E-02 1.01E-05 2.32 3.12E-02 2.93 

FRS kg oil eq 14.85 13.50 6.58E-03 8.81E-04 1.98E-03 3.01E-02 2.56E-06 5.76E-01 7.75E-03 7.27E-01 

WC m3 7.56E-01 6.72E-01 5.39E-04 5.30E-05 5.22E-05 1.75E-04 1.04E-05 3.65E-02 4.92E-04 4.61E-02 
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Appendix 7. Values of impact categories for the synthesis of 1 g of CRP-PPFS-stat-PBuA. 

Impact 

category 
Unit Total Pentafluorostyrene Butyl acrylate SG1 Methanol Water 

Energy 

(heating) 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 138.55 134.72 2.76E-03 1.29E-01 2.74E-02 9.92E-06 7.37E-01 9.92E-03 2.93 

SOD 
kg CFC-11 

eq 
6.13E-05 5.91E-05 5.92E-10 4.19E-07 1.42E-08 8.07E-12 3.57E-07 4.81E-09 1.42E-06 

TA kg SO2 eq 6.61E-01 6.44E-01 9.64E-06 5.76E-04 6.40E-05 4.44E-08 3.35E-03 4.50E-05 1.33E-02 

FE kg P eq 1.21E-01 1.18E-01 5.82E-07 9.71E-05 4.65E-06 7.24E-09 7.16E-04 9.64E-06 2.84E-03 

ME kg N eq 8.34E-03 8.08E-03 3.64E-08 1.32E-05 2.48E-07 5.60E-10 5.00E-05 6.73E-07 1.98E-04 

FEco 
kg 1,4-

DCB 
10.51 10.20 4.39E-05 8.01E-03 5.56E-04 3.88E-07 5.95E-02 8.00E-04 2.36E-01 

MEco 
kg 1,4-

DCB 
13.73 13.34 6.32E-05 1.02E-02 8.01E-04 5.43E-07 7.61E-02 1.02E-03 3.02E-01 

HCT 
kg 1,4-

DCB 
7.76 7.53 6.26E-05 6.93E-03 4.17E-04 1.60E-06 4.49E-02 6.04E-04 1.78E-01 

HnCT 
kg 1,4-

DCB 
170.63 166.81 1.38E-03 1.22E-01 1.78E-02 1.01E-05 7.37E-01 9.93E-03 2.93 

FRS kg oil eq 38.40 37.43 1.28E-03 3.17E-02 3.01E-02 2.56E-06 1.83E-01 2.47E-03 7.27E-01 

WC m3 1.90 1.84 1.05E-04 1.91E-03 1.75E-04 1.04E-05 1.16E-02 1.56E-04 4.61E-02 
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Appendix 8. Values of impact categories for the synthesis of 1 g of FRP-PPFS-stat-PBuA. 

Impact 

category 
Unit Total 

Pentafluor

ostyrene 

Butyl 

acrylate 

Sodium 

persulfate 

Sodium 

phosphate 

Sodium 

Dodecyl 

sulfate 

Water 
Sodium 

chloride 

Energy 

(heating) 

Energy 

(stirring) 

Energy 

(drying) 

GWP 
kg CO2 

eq 
76.46 66.20 1.35E-03 1.50E-05 1.23E-05 5.69E-03 4.96E-05 9.27E-04 3.66E-01 1.84E-02 9.87 

SOD 
kg CFC-

11 eq 

3.40E-

05 
2.91E-05 2.91E-10 8.25E-12 3.19E-12 8.73E-09 4.04E-11 4.12E-10 1.77E-07 8.92E-09 4.78E-06 

TA 
kg SO2 

eq 

3.63E-

01 
3.17E-01 4.73E-06 9.57E-08 8.68E-08 2.43E-05 2.22E-07 4.94E-06 1.66E-03 8.36E-05 4.48E-02 

FE kg P eq 
6.77E-

02 
5.77E-02 2.86E-07 7.79E-09 9.71E-09 1.58E-06 3.62E-08 9.72E-07 3.55E-04 1.79E-05 9.58E-03 

ME 
kg N 

eq 

4.67E-

03 
3.97E-03 1.79E-08 6.29E-10 3.28E-10 3.76E-06 2.80E-09 1.99E-07 2.48E-05 1.25E-06 6.69E-04 

FEco 
kg 1,4-

DCB 
5.84 5.01 2.15E-05 8.07E-07 7.98E-07 2.04E-04 1.94E-06 9.68E-05 2.95E-02 1.49E-03 7.96E-01 

MEco 
kg 1,4-

DCB 
7.62 6.56 3.10E-05 1.15E-06 1.17E-06 2.27E-04 2.72E-06 1.38E-04 3.77E-02 1.90E-03 1.02 

HCT 
kg 1,4-

DCB 
4.32 3.70 3.08E-05 1.04E-06 4.47E-06 1.74E-04 7.98E-06 9.27E-05 2.23E-02 1.12E-03 6.01E-01 

HnCT 
kg 1,4-

DCB 
92.24 81.97 6.80E-04 2.55E-05 2.12E-05 4.99E-03 5.07E-05 3.25E-03 3.66E-01 1.84E-02 9.87 

FRS 
kg oil 

eq 
20.94 18.39 6.29E-04 4.79E-06 2.88E-06 2.27E-03 1.28E-05 2.08E-04 9.09E-02 4.58E-03 2.45 

WC m3 1.07 9.05E-01 5.16E-05 5.46E-07 6.75E-07 2.58E-04 5.19E-05 2.20E-05 5.76E-03 2.90E-04 1.56E-01 
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Appendix 9. Values of impact categories for the synthesis of 1 g of CRP-PPFS-stat-PMA. 

Impact 

category 
Unit Total Pentafluorostyrene 

Menthyl 

acrylate 
SG1 

N,N-dimethyl 

-formamide 
Methanol Water 

Energy 

(heating) 

Energy 

(stirring) 

Energy 

(drying) 

GWP 
kg CO2 

eq 
73.76 67.39 8.05E-01 6.44E-02 1.31E-03 1.37E-02 

2.98E-

06 
2.52 3.40E-02 2.92 

SOD 
kg CFC-

11 eq 

3.99E-

05 
2.96E-05 7.46E-06 2.10E-07 6.21E-10 7.10E-09 

2.42E-

12 
1.22E-06 1.65E-08 1.42E-06 

TA 
kg SO2 

eq 

3.51E-

01 
3.22E-01 3.91E-03 2.88E-04 5.00E-06 3.20E-05 

1.33E-

08 
1.15E-02 1.54E-04 1.33E-02 

FE kg P eq 
6.48E-

02 
5.88E-02 6.03E-04 4.86E-05 4.77E-07 2.32E-06 

2.17E-

09 
2.45E-03 3.30E-05 2.84E-03 

ME 
kg N 

eq 

4.46E-

03 
4.04E-03 4.04E-05 6.58E-06 1.53E-06 1.24E-07 

1.68E-

10 
1.71E-04 2.31E-06 1.98E-04 

FEco 
kg 1,4-

DCB 
5.61 5.10 5.97E-02 4.01E-03 3.95E-05 2.78E-04 

1.16E-

07 
2.04E-01 2.74E-03 2.36E-01 

MEco 
kg 1,4-

DCB 
7.33 6.68 8.11E-02 5.09E-03 5.49E-05 4.01E-04 

1.63E-

07 
2.61E-01 3.51E-03 3.02E-01 

HCT 
kg 1,4-

DCB 
4.16 3.77 5.50E-02 3.47E-03 4.12E-05 2.09E-04 

4.79E-

07 
1.54E-01 2.07E-03 1.78E-01 

HnCT 
kg 1,4-

DCB 
90.41 83.45 1.41 6.08E-02 1.18E-03 8.91E-03 

3.04E-

06 
2.52 3.40E-02 2.92 

FRS 
kg oil 

eq 
20.30 18.72 1.86E-01 1.59E-02 7.93E-04 1.51E-02 

7.67E-

07 
6.28E-01 8.46E-03 7.27E-01 

WC m3 1.02 9.21E-01 1.12E-02 9.54E-04 2.09E-05 8.73E-05 
3.11E-

06 
3.98E-02 5.36E-04 4.61E-02 
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Appendix 10. Values of impact categories for the synthesis of 1 g of sulfonated CRP-PPFS-b-PBuA. 

Impact 

category 
Unit Total CRP-PPFS-b-PBuA 

Sodium 3-

mercapto 

propane 

sulfonate 

Triethyl 

amine 

N,N-

dimethylformamide 
Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 64.71 54.12 6.88E-01 1.23E-03 3.72E-03 2.98E-03 3.06E-02 9.87 

SOD 
kg CFC-11 

eq 
2.93E-05 2.42E-05 3.32E-07 1.97E-10 1.76E-09 2.42E-09 1.48E-08 4.78E-06 

TA kg SO2 eq 3.05E-01 2.57E-01 3.13E-03 3.52E-06 1.42E-05 1.33E-05 1.39E-04 4.48E-02 

FE kg P eq 5.82E-02 4.79E-02 6.61E-04 4.45E-07 1.35E-06 2.17E-06 2.97E-05 9.58E-03 

ME kg N eq 4.03E-03 3.31E-03 4.61E-05 4.05E-07 4.33E-06 1.68E-07 2.08E-06 6.69E-04 

FEco kg 1,4-DCB 4.98 4.13 5.48E-02 2.28E-05 1.12E-04 1.16E-04 2.47E-03 7.96E-01 

MEco kg 1,4-DCB 6.48 5.39 7.02E-02 3.34E-05 1.56E-04 1.63E-04 3.16E-03 1.02 

HCT kg 1,4-DCB 3.70 3.06 4.15E-02 2.92E-05 1.17E-04 4.79E-04 1.86E-03 6.01E-01 

HnCT kg 1,4-DCB 75.73 65.13 6.84E-01 7.50E-04 3.33E-03 3.04E-03 3.06E-02 9.87 

FRS kg oil eq 17.49 14.85 1.74E-01 7.05E-04 2.25E-03 7.67E-04 7.61E-03 2.45 

WC m3 9.26E-01 7.56E-01 1.10E-02 1.58E-05 5.91E-05 3.11E-03 4.83E-04 1.56E-01 
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Appendix 11. Values of impact categories for the synthesis of 1 g of sulfonated CRP-PPFS-stat-PBuA. 

Impact 

category 
Unit Total 

CRP-PPFS-

stat-PBuA 

Sodium 3-

mercapto 

propane 

sulfonate 

Triethyl 

amine 

N,N-

dimethylformamide 
Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 149.15 138.55 6.88E-01 1.23E-03 3.72E-03 2.98E-03 3.06E-02 9.87 

SOD 
kg CFC-11 

eq 
6.65E-05 6.13E-05 3.32E-07 1.97E-10 1.76E-09 2.42E-09 1.48E-08 4.78E-06 

TA kg SO2 eq 7.10E-01 6.61E-01 3.13E-03 3.52E-06 1.42E-05 1.33E-05 1.39E-04 4.48E-02 

FE kg P eq 1.31E-01 1.21E-01 6.61E-04 4.45E-07 1.35E-06 2.17E-06 2.97E-05 9.58E-03 

ME kg N eq 9.06E-03 8.34E-03 4.61E-05 4.05E-07 4.33E-06 1.68E-07 2.08E-06 6.69E-04 

FEco kg 1,4-DCB 11.36 10.51 5.48E-02 2.28E-05 1.12E-04 1.16E-04 2.47E-03 7.96E-01 

MEco kg 1,4-DCB 14.83 13.73 7.02E-02 3.34E-05 1.56E-04 1.63E-04 3.16E-03 1.02 

HCT kg 1,4-DCB 8.40 7.76 4.15E-02 2.92E-05 1.17E-04 4.79E-04 1.86E-03 6.01E-01 

HnCT kg 1,4-DCB 181.22 170.63 6.84E-01 7.50E-04 3.33E-03 3.04E-03 3.06E-02 9.87 

FRS kg oil eq 41.04 38.40 1.74E-01 7.05E-04 2.25E-03 7.67E-04 7.61E-03 2.45 

WC m3 2.07 1.90 1.10E-02 1.58E-05 5.91E-05 3.11E-03 4.83E-04 1.56E-01 
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Appendix 12. Values of impact categories for the synthesis of 1 g of sulfonated FRP-PPFS-stat-PBuA. 

Impact 

category 
Unit Total 

FRP-PPFS-

stat-PBuA 

Sodium 3-

mercapto 

propane 

sulfonate 

Triethyl 

amine 

N,N-

dimethylformamide 
Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 87.54 76.46 1.16 2.07E-03 3.72E-03 2.98E-03 3.06E-02 9.87 

SOD 
kg CFC-11 

eq 
3.94E-05 3.40E-05 5.62E-07 3.33E-10 1.76E-09 2.42E-09 1.48E-08 4.78E-06 

TA kg SO2 eq 4.13E-01 3.63E-01 5.29E-03 5.95E-06 1.42E-05 1.33E-05 1.39E-04 4.48E-02 

FE kg P eq 7.84E-02 6.77E-02 1.12E-03 7.52E-07 1.35E-06 2.17E-06 2.97E-05 9.58E-03 

ME kg N eq 5.42E-03 4.67E-03 7.82E-05 6.85E-07 4.33E-06 1.68E-07 2.08E-06 6.69E-04 

FEco kg 1,4-DCB 6.73 5.84 9.29E-02 3.86E-05 1.12E-04 1.16E-04 2.47E-03 7.96E-01 

MEco kg 1,4-DCB 8.76 7.62 1.19E-01 5.64E-05 1.56E-04 1.63E-04 3.16E-03 1.02 

HCT kg 1,4-DCB 5.00 4.32 7.04E-02 4.94E-05 1.17E-04 4.79E-04 1.86E-03 6.01E-01 

HnCT kg 1,4-DCB 103.30 92.24 1.16 1.27E-03 3.33E-03 3.04E-03 3.06E-02 9.87 

FRS kg oil eq 23.70 20.94 2.94E-01 1.19E-03 2.25E-03 7.67E-04 7.61E-03 2.45 

WC m3 1.24 1.07 1.86E-02 2.67E-05 5.91E-05 3.11E-03 4.83E-04 1.56E-01 
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Appendix 13. Values of impact categories for the synthesis of 1 g of sulfonated CRP-PPFS-stat-PMA. 

Impact 

category 
Unit Total 

CRP-PPFS-

stat-PMA 

N,N-

dimethylformamide 

Triethyl 

amine 

Sodium 3-

mercapto 

propane 

sulfonate 

Water 
Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 84.83 73.76 3.72E-03 2.07E-03 1.16 2.98E-03 3.06E-02 9.87 

SOD 
kg CFC-11 

eq 
4.53E-05 3.99E-05 1.76E-09 3.33E-10 5.62E-07 2.42E-09 1.48E-08 4.78E-06 

TA kg SO2 eq 4.02E-01 3.51E-01 1.42E-05 5.95E-06 5.29E-03 1.33E-05 1.39E-04 4.48E-02 

FE kg P eq 7.55E-02 6.48E-02 1.35E-06 7.52E-07 1.12E-03 2.17E-06 2.97E-05 9.58E-03 

ME kg N eq 5.22E-03 4.46E-03 4.33E-06 6.85E-07 7.82E-05 1.68E-07 2.08E-06 6.69E-04 

FEco kg 1,4-DCB 6.50 5.61 1.12E-04 3.86E-05 9.29E-02 1.16E-04 2.47E-03 7.96E-01 

MEco kg 1,4-DCB 8.47 7.33 1.56E-04 5.64E-05 1.19E-01 1.63E-04 3.16E-03 1.02 

HCT kg 1,4-DCB 4.83 4.16 1.17E-04 4.94E-05 7.04E-02 4.79E-04 1.86E-03 6.01E-01 

HnCT kg 1,4-DCB 101.48 90.41 3.33E-03 1.27E-03 1.16 3.04E-03 3.06E-02 9.87 

FRS kg oil eq 23.06 20.30 2.25E-03 1.19E-03 2.94E-01 7.67E-04 7.61E-03 2.45 

WC m3 1.20 1.02 5.91E-05 2.67E-05 1.86E-02 3.11E-03 4.83E-04 1.56E-01 
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Appendix 14. Values of impact categories of a sulfonated CRP-PPFS-b-PBuA membrane. 

Impact 

category 
Unit Total 

sulfonated CRP-

PPFS-b-PBuA 

Polybenzimidazole 

(PBI) 

Dimethyl 

sulfoxide 
Hydrochloric acid Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 78.70 64.71 7.80E-01 1.45E-02 1.18E-03 1.98E-05 3.40E-02 13.16 

SOD 
kg CFC-11 

eq 
3.61E-05 2.93E-05 4.05E-07 6.69E-09 7.44E-10 1.61E-11 1.65E-08 6.37E-06 

TA kg SO2 eq 3.68E-01 3.05E-01 3.53E-03 4.79E-05 3.97E-06 8.87E-08 1.54E-04 5.97E-02 

FE kg P eq 7.18E-02 5.82E-02 7.51E-04 4.90E-06 5.30E-07 1.45E-08 3.30E-05 1.28E-02 

ME kg N eq 4.98E-03 4.03E-03 5.96E-05 3.08E-07 4.64E-08 1.12E-09 2.31E-06 8.92E-04 

FEco 
kg 1,4-

DCB 
6.11 4.98 6.24E-02 4.67E-04 3.45E-05 7.77E-07 2.74E-03 1.06 

MEco 
kg 1,4-

DCB 
7.92 6.48 7.98E-02 6.71E-04 4.86E-05 1.09E-06 3.51E-03 1.36 

HCT 
kg 1,4-

DCB 
4.56 3.70 4.72E-02 4.63E-04 4.54E-05 3.19E-06 2.07E-03 8.01E-01 

HnCT 
kg 1,4-

DCB 
89.71 75.73 7.78E-01 1.49E-02 1.03E-03 2.03E-05 3.40E-02 13.16 

FRS kg oil eq 20.98 17.49 1.97E-01 1.23E-02 6.51E-04 5.11E-06 8.46E-03 3.27 

WC m3 1.15 9.26E-01 1.23E-02 2.71E-04 2.40E-05 2.07E-05 5.36E-04 2.07E-01 
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Appendix 15. Values of impact categories of a sulfonated CRP-PPFS-stat-PBuA membrane. 

Impact 

category 
Unit Total 

sulfonated 

CRP-PPFS-

stat-PBuA 

Polybenzimidazole 

(PBI) 

Dimethyl 

sulfoxide 

Hydrochloric 

acid 
Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 163.14 149.15 7.80E-01 1.45E-02 1.18E-03 1.98E-05 3.40E-02 13.16 

SOD 
kg CFC-11 

eq 
7.33E-05 6.65E-05 4.05E-07 6.69E-09 7.44E-10 1.61E-11 1.65E-08 6.37E-06 

TA kg SO2 eq 7.73E-01 7.10E-01 3.53E-03 4.79E-05 3.97E-06 8.87E-08 1.54E-04 5.97E-02 

FE kg P eq 1.45E-01 1.31E-01 7.51E-04 4.90E-06 5.30E-07 1.45E-08 3.30E-05 1.28E-02 

ME kg N eq 1.00E-02 9.06E-03 5.96E-05 3.08E-07 4.64E-08 1.12E-09 2.31E-06 8.92E-04 

FEco kg 1,4-DCB 12.49 11.36 6.24E-02 4.67E-04 3.45E-05 7.77E-07 2.74E-03 1.06 

MEco kg 1,4-DCB 16.27 14.83 7.98E-02 6.71E-04 4.86E-05 1.09E-06 3.51E-03 1.36 

HCT kg 1,4-DCB 9.25 8.40 4.72E-02 4.63E-04 4.54E-05 3.19E-06 2.07E-03 8.01E-01 

HnCT kg 1,4-DCB 195.21 181.22 7.78E-01 1.49E-02 1.03E-03 2.03E-05 3.40E-02 13.16 

FRS kg oil eq 44.53 41.04 1.97E-01 1.23E-02 6.51E-04 5.11E-06 8.46E-03 3.27 

WC m3 2.29 2.07 1.23E-02 2.71E-04 2.40E-05 2.07E-05 5.36E-04 2.07E-01 
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Appendix 16. Values of impact categories of a sulfonated FRP-PPFS-stat-PBuA membrane. 

Impact 

category 
Unit Total 

sulfonated 

FRP-PPFS-

stat-PBuA 

Polybenzimidazole 

(PBI) 

Dimethyl 

sulfoxide 

Hydrochloric 

acid 
Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 100.90 87.54 1.56E-01 1.45E-02 1.21E-03 1.98E-05 3.40E-02 13.16 

SOD 
kg CFC-11 

eq 
4.59E-05 3.94E-05 8.10E-08 6.69E-09 7.68E-10 1.61E-11 1.65E-08 6.37E-06 

TA kg SO2 eq 4.74E-01 4.13E-01 7.07E-04 4.79E-05 4.10E-06 8.87E-08 1.54E-04 5.97E-02 

FE kg P eq 9.14E-02 7.84E-02 1.50E-04 4.90E-06 5.47E-07 1.45E-08 3.30E-05 1.28E-02 

ME kg N eq 6.33E-03 5.42E-03 1.19E-05 3.08E-07 4.79E-08 1.12E-09 2.31E-06 8.92E-04 

FEco kg 1,4-DCB 7.81 6.73 1.25E-02 4.67E-04 3.56E-05 7.77E-07 2.74E-03 1.06 

MEco kg 1,4-DCB 10.13 8.76 1.60E-02 6.71E-04 5.02E-05 1.09E-06 3.51E-03 1.36 

HCT kg 1,4-DCB 5.81 5.00 9.44E-03 4.63E-04 4.69E-05 3.19E-06 2.07E-03 8.01E-01 

HnCT kg 1,4-DCB 116.67 103.30 1.56E-01 1.49E-02 1.07E-03 2.03E-05 3.40E-02 13.16 

FRS kg oil eq 27.03 23.70 3.94E-02 1.23E-02 6.72E-04 5.11E-06 8.46E-03 3.27 

WC m3 1.45 1.24 2.46E-03 2.71E-04 2.48E-05 2.07E-05 5.36E-04 2.07E-01 
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Appendix 17. Values of impact categories of a sulfonated CRP-PPFS-stat-PMA membrane. 

Impact 

category 
Unit Total 

sulfonated 

CRP-PPFS-

stat-PMA 

Polybenzimidazole 

(PBI) 

Dimethyl 

sulfoxide 

Hydrochloric 

acid 
Water 

Energy 

(stirring) 

Energy 

(drying) 

GWP kg CO2 eq 98.82 84.83 7.80E-01 1.45E-02 1.18E-03 1.98E-05 3.40E-02 13.16 

SOD 
kg CFC-11 

eq 
5.21E-05 4.53E-05 4.05E-07 6.69E-09 7.44E-10 1.61E-11 1.65E-08 6.37E-06 

TA kg SO2 eq 4.65E-01 4.02E-01 3.53E-03 4.79E-05 3.97E-06 8.87E-08 1.54E-04 5.97E-02 

FE kg P eq 8.91E-02 7.55E-02 7.51E-04 4.90E-06 5.30E-07 1.45E-08 3.30E-05 1.28E-02 

ME kg N eq 6.17E-03 5.22E-03 5.96E-05 3.08E-07 4.64E-08 1.12E-09 2.31E-06 8.92E-04 

FEco 
kg 1,4-

DCB 
7.63 6.50 6.24E-02 4.67E-04 3.45E-05 7.77E-07 2.74E-03 1.06 

MEco 
kg 1,4-

DCB 
9.91 8.47 7.98E-02 6.71E-04 4.86E-05 1.09E-06 3.51E-03 1.36 

HCT 
kg 1,4-

DCB 
5.68 4.83 4.72E-02 4.63E-04 4.54E-05 3.19E-06 2.07E-03 8.01E-01 

HnCT 
kg 1,4-

DCB 
115.46 101.48 7.78E-01 1.49E-02 1.03E-03 2.03E-05 3.40E-02 13.16 

FRS kg oil eq 26.55 23.06 1.97E-01 1.23E-02 6.51E-04 5.11E-06 8.46E-03 3.27 

WC m3 1.42 1.20 1.23E-02 2.71E-04 2.40E-05 2.07E-05 5.36E-04 2.07E-01 
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For the eSCALED project PEMWE, the choice was made on perfluorinated 

membranes1 due to the proven excellent properties of fluorinated compounds. If the good 

conductivity of Nafion® (order of the 100 mS/cm) has been attributed to the organisation of 

the membrane into connected hydrophilic clusters for the conductivities, and PTFE 

hydrophobic moieties for its mechanical properties, the conductivity is also strongly 

dependent on the water dynamics in the membrane. Indeed, the level of hydration has a 

strong impact on the conductivity and mechanical properties of the membrane.2, 3 

Having all this gathered information, the aim of the work was to manufacture 

sulfonated membranes that perform well in terms of conductivity as well as mechanical 

stability with improved synthesis processes. For these reasons, to structure the material 

differently than Nafion®, the self-assembly of functional diblock copolymers BCP was the aim 

of the scientific approach. Indeed, it would be of interest to tune the Nafion® paradigm for 

the conductivity properties of the membrane and water transportation. In fact, due to their 

self-assembly capability, BCPs are well-structured materials at the nanometer scale. They 

allow for the tailoring of domains segregation to the desired applications.4  

Then we focused on the use of the flexible butyl acrylate (BuA) for the mechanical 

property and the 2,3,4,5,6-pentafluorostyrene (PFS), which has demonstrated to be full of 

potential for membranes application. It’s sulfonation5, phosphonation6, 7, and grafting8 have 

been studied for this purpose. Recent studies conducted by Atanasov et al. have shown an 

excellent membrane performance of partially phosphonated PPFS for fuel cell application as 

the membrane did not display any acid loss and showed to be durable at temperatures up to 

200°C.9 However, poly(pentafluorostyrene) (PPFS) membranes can be brittle due to their 

high glass transition temperature of 100°C.  

1. Synthesis of poly(pentafluorostyrene)/poly(butyl acrylate) 

copolymers 
 

1.1. Synthesis of poly(pentafluorostyrene)-b-poly(butyl acrylate), PPFS-b-PBuA 
 

The first part of the work was devoted to the synthesis of PPFS-b-PBuA diblock-

copolymers (BCPs) and their self-assembly (Chapter 3). BCPs were successfully synthesized 
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by NMP controlled radical polymerization, with PPFS used as a macroinitiator for the chain 

extension with butyl acrylate BuA. Compared to the other controlled radical polymerization 

techniques (ATRP and RAFT), NMP uses a single alkoxyamine that separates into a radical 

(initiator) and a nitroxide counter-radical (controlling agent) upon heat. Moreover, NMP can 

be used for a large variety of monomer and no reagent removal is needed (Chapter 1, 

section 2.3.).10 In the literature, among the 75 documents referring to the search of PFS and 

the listed above controlled polymerization techniques (NMP, RAFT, and ATRP), 52% are 

related to the polymerization of PFS by ATRP, 37% for the RAFT technique and only 11% for 

the NMP. There is hence an interest in the development of the NMP synthesis technique for 

PFS (Scopus research made on the 25th of March 2022). The determination of the 

monomer’s conversions and polymer’s compositions was performed by 1H NMR. Six BCPs 

with different molar compositions were synthesized.  

On the 1H NMR spectrum of the BCPs, the chemical shift of the polymer backbone is 

located between 1.8 and 2.9 ppm, protons of PBuA side chains are located at 4 ppm for -

OCH2, and between 0.9 and 1.8 ppm for the -CH3 and -CH2 protons. With this allocation 

settled, the composition of each block was determined by integral calculations (Chapter 3, 

Equation SI 1). BCP with PPFS molar compositions of 16, 33, 50, 54, 86 and 90% were 

synthesized. A single diffusion coefficient for the BCP was obtained by DOSY NMR. This 

means that the sample is pure and that the only specie in the media is the BCP (Chapter 3, 

Figure SI 3). 

The dispersity values D of the BCPs obtained by SEC ranged from 1.09 to 1.88 are for 

the most part in accordance with the literature.11 Ideally in controlled radical polymerization, 

the low dispersity values (D < 1.5) are due to the constant concentration of active sites 

throughout time and the linear increase of the degree of polymerization with the 

conversion. The highest D value at 1.88 could be attributed to the high conversion of the 

macroinitiator (conversion of 85%) making the termination step of the polymerization non-

reversible and giving polydisperse molar masses. The molar masses of the BCPs ranged from 

17 400 to 40 100 g/mol. Two glass transition temperatures Tg, at -40°C and 100°C, for PBuA 

and PPFS respectively were noticeable on the BCP DSC thermogram. In fact, When BCPs are 

immiscible, they present the intrinsic properties of both isolated blocks. Nevertheless, for 
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the BCPs with higher compositions in PBuA, only a Tg at -40°C was observed due to the heat 

capacity ΔCp of PBuA that is 3.8 times higher than PPFS’s.  

Since PPFS and PBuA are chemically different and immiscible (solubility parameter δ 

of 16.1 Mpa1/2 and 17.3 Mpa1/2, respectively), they are potential candidates for nano-phase 

separation by self-assembly. In fact, the structure of the domains is dictated by the volume 

fraction Φ of the blocks in the BCP and their size by chains length N through the control of 

the molar mass, Figure 1.12 The nano-phase separation of the BCPs was observed by AFM 

after spin coating of the polymer solutions and subsequent annealing. Their structure was 

determined by SAXS (Chapter 3, Figure 4). HCC and LAM morphologies were obtained having 

PPFS nanodomains in a BuA matrix, and vice versa, Figure 1. The sizes of the nanodomains 

ranges from 28 to 46 nm. This result represents the first systematic study of the PPFS-based 

diblock copolymers self-assembly. 

 

Figure 1. Self-assembly of PPFS-b-PBuA. 

 A study was conducted in parallel on the driven self-assembly of PPFS-b-PBuA. 10 

wt% of PPFS homopolymer was added to the BCP blend (PPFS: MW= 12 500 g/mol, D = f 

1.07, DPn = 130). By doing so, PPFS molar composition was increased, leading to an 

enrichment of the PPFS phase. Adding PPFS homopolymer to the blend shifted PPFS volume 

fraction higher in the BCP phase diagram. That shift influenced the self-assembly and nano-

pattern of the material as the morphology observed by AFM differed form the initial one. In 

the case of BCP1 (PPFS0.16-b-PBuA0.84)31K, a better phase separation was obtained with a 

decrease in the pitch distance from 45 to 38 nm for BCP1’ (PPFS0.24-b-PBuA0.76). In the case of 

BCP4 (PPFS0.54-b-PBuA0.46)37K, the pitch distance remained of 45 nm and the change in 
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morphology of BCP4’ (PPFS0.59-b-PBuA0.41) was attributed to either a shift in the 

configuration of the nanodomains (from in-plane to out-of-plane, or a shift from the HCC 

morphology to the HPL (hexagonally perforated lamellae) state (Chapter 3, Figure 5). 

1.2. Synthesis of poly(pentafluorostyrene)-stat-poly(butyl acrylate), PPFS-stat-PBuA 

 

Additionally, statistical copolymers of the PPFS/PBuA system were synthesized by 

NMP controlled radical polymerization and free radical polymerization (FRP) in emulsion. 

Both statistical copolymers were used as comparative materials to the previous BCP but also 

to “mimic” the NAFION microstructure which is a copolymer with neutral and sulfonated 

units in the main chain. In this sense the influence on the membrane properties was 

discussed with the structuration of the BCPs, and the synthesis technique (NMP or FRP). The 

chemical shifts of the backbone protons (-CH and -CH2) are located between 1.8 and 2.9 ppm 

on the 1H NMR spectrum. Protons of PBuA side chains (-CH3 and -CH2) are located between 1 

and 1.8 ppm and -OCH2 protons of the PBuA side chain are located at 4 ppm. The molar 

composition of each copolymer was determined using the same equation as for the BCPs 

(Chapter 3, Equation SI 1) and their dispersity and molar mass was determined by SEC. 

(PPFS0.87-stat-PBuA0.13)19K synthesized by NMP gave a low dispersity value D of 1.16 

and (PPFS0.80-stat-PBuA0.20)140K synthesized by FRP 15.2. Indeed, with the FRP, all the 

polymerization steps occur simultaneously resulting in the polymer having a lack of structure 

and a molar masse that is not controlled. A single Tg for each statistical copolymer was 

observed at 64 and 89°C respectively.  

Along with the two statistical copolymers, the previously synthesized (PPFS0.33-b-

PBuA0.67)40K BCP was chosen for the study as it presents out-of-the-plane cylinders of PPFS in 

a PBuA matrix (AFM & SAXS characterization). The idea behind this choice was that if the 

self-assembly is preserved after sulfonation, those nano-cylinders will allow the flow of 

water and protons directly from one end of the membrane to the other, enhancing the 

proton conductivity of the membrane (Chapter 1, section 2.5.). 

2. Sulfonation of the copolymers and morphological study of the 

sulfonated BCP 
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The following step of the membrane manufacture consisted of the sulfonation of the 

polymer materials. The sulfonation of PPFS has been performed into a two-step process that 

included a thiolation step before the sulfonation. Usually with this technique, temperatures 

of 42°C and 50°C were applied for each step respectively. Moreover, additional purification 

and drying stages are needed at the thiolation step.4  For the first time, the para-fluoro thiol 

nucleophilic substitution was performed as an easy mild and efficient organo-catalysed 

method to sulfonate the PPFS. That can be easily applied to PFS as the molecule presents an 

accessible fluorine in para position of its phenylene ring. This simplified greatly the 

sulfonation step.13 Indeed, the commercially available Sodium 3-mercapto propane 

sulfonate (SMPS) was used as the sulfonic thiol compound in presence of DBU and in DMF. A 

full sulfonation of the polymers was achievable in just 3.5 hours at room temperature 

(Chapter 4, Figure 2). The sulfonation process can be easily tuned by adjusting the reactants 

from fully to partially sulfonated copolymers, modification monitored by 19F NMR (Chapter 

4, Table 2).  

On the 19F NMR spectra, non-modified polymers have 3 signals for the fluorine at 

each position of the aromatic ring: δ 2Fortho -143 ppm; δ 2Fmeta -161 ppm; δ 1Fpara -154 ppm. 

After full modification, there was no more fluorine in para position, and the signal of fluorine 

in meta positions was up-field shifted due to the presence of the sulphur in para position (δ 

2Fortho = -141 ppm: δ 2Fmeta = -134 ppm). The 19F NMR spectra of the partially fluorinated 

copolymer showed the signals of all the fluorine of both the initial copolymer and the 

sulfonated one (Figure 2). 
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having a highly viscous media. The high viscosity is attributed to the higher molar mass of 

the copolymer. 

Initially, the membranes of the sulfonated copolymers were not mechanically stable 

and disrupted when unmoulding and when put in water. Membranes being stable in water is 

a must as it is the media of the electrolysis cell (Chapter 1, section 1.3.3.). For that reason, 

preliminary crosslinking test were performed in two ways, covalent crosslinking (CCL) and 

ionic crosslinking (ICL), on ([sPPFS0.49-PPFS0.38]-s-PBuA0.13). With the crosslinking, a creation 

of either chemical or electrostatic bridges are made between the polymer chains, resulting 

in the increase of their mechanical properties. 

 

CCL was made by the efficient para-fluoro thiol modification using a difunctional thio 

2,2-(ethylenedioxy)diethanethiol, using the same approach in presence of DBU in DMSO as 

described for sulfonation step. Molar ratios of 3, 6 and 12 mol% of crosslinker were added to 

the polymer solutions. After drying the membranes were characterized by DSC and 

elongational rheology. A slight increase in Tg with the increase of crosslinker mol% was 

noticed (from Tg of 32°C at 0 mol% CCL, to a Tg of 43°C at 12 mol% CCL – Chapter 4, Figure 6 

B). With elongation rheology, a strain-hardening behaviour of the membranes was observed 

upon addition of mol% CCL and is characteristic of the occurrence of a chemical crosslinking 

(Chapter 4, Figure 6 C).17 When a polymer is crosslinked, there is a creation of chemical 

intermolecular bonds between the polymer chains. This results in the creation of polymer 

nodes and in the change of the polymer’s properties. Due to the presence of those nodes, 

under strain, the polymers’ viscosity increases until rupture of the chains. The covalent 

crosslinking of ([sPPFS0.49-PPFS0.38]-s-PBuA0.13) was effective at 6 and 12 mol% of added 

covalent crosslinker. 

Similarly, ICL was performed with 2, 4 and 8 wt% of polybenzimidazole (PBI-OO) and 

10 wt% polymer content in DMSO. After the drying step, the membranes were immersed 

into an acid solution to promote the ionic crosslinking interactions. PBI-OO is known for its 

very high thermal stability having a degradation temperature above 600°C. The increase of 

the Tg of the membranes by DSC upon addition of crosslinker also supported this 

observation (Tg from 32°C at 0 wt% CCI, to 82°C at 8 wt% of added PBI-OO) (Chapter 4, 

Figure 6 E). However, an influence of the crosslinking with PBI-OO on the Tg is noticeable 
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from 2 wt% of added crosslinker with a Tg increasing from 32 to 77°C. The crosslinking 

effectiveness was also shown by extensional rheology with the occurrence of a strain-

hardening behaviour of the membranes (Chapter 4, Figure 6 F). However, this behaviour 

occurred for all the ionically crosslinked membranes. Hence, only 2 wt% of PBI-OO was 

necessary to ionically crosslink ([sPPFS0.49-PPFS0.38]-s-PBuA0.13). 

 

3.2. Behaviour of the crosslinked membranes in water 

 

The proton-conductivity is dictated by the water content and diffusion in the 

membrane (Chapter 1, section 1.4.2.). Water uptake of the crosslinked membranes was 

conducted. That parameter is dependent on the degree of sulfonation of the polymer. In 

fact, water in presence of a highly sulfonated material will act as a plasticizer and cause 

extreme swelling of the membranes, lowering the Tg of the membranes. Water uptake is 

measured by comparing the weights of the dried and hydrated membranes (membranes 

soaked in water for 24h). After crosslinking, mechanically water-stable films were produced 

with an average water uptake of 45% and a hydration number λ of 23. Those values are in 

the same range as the reference Nafion® 117 with a 30% water uptake and hydration 

number of 18. In the case of the covalently crosslinked membranes, the membranes with 12 

mol% of crosslinker kept its mechanical integrity after 24h in water, the other membranes 

were disrupted. Nevertheless, the membranes with 12 mol% crosslinker were very swollen, 

with a water uptake exceeding 1000 wt%, and a hydration number of 563. They were losing 

their mechanical integrity.  

On the other hand, the ionically crosslinked membranes were all stable in water with 

water uptake values around 45 wt%, and hydration number around 23-25, (Chapter 4, Table 

3) comparable to the Nafion®117. These results have comforted the choice to perform the 

ICL with 2 wt% of PBI-OO for all the membranes. 

 

3.3. Proton-conductivity of the membranes 
 

Ion exchange capacity (IEC) and electrochemical impedance spectroscopy (EIS) were 

performed. IEC is a value directly linked to the sulfonation degree and gives an idea of the 
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number of sulfonic groups available for conduction. ([sPPFS0.49-PPFS0.38]-s-PBuA0.13) showed 

an IEC = 1.06 meq/g, higher than the reference Nafion®117 (IEC = 0.93 meq/g). A similar IEC 

was obtained for (sPPFS0.80-s-PBuA0.20) and ([sPPFS0.22-PPFS0.11]-b-PBuA0.67) of 0.3 meq/g and 

0.35 meq/g, respectively. The lower IEC of ([sPPFS0.22-PPFS0.11]-b-PBuA0.67) was explained by 

the low amounts of sPPFS (22 %). The IEC of (sPPFS0.80-s-PBuA0.20) was lower than expected 

and could be explained by the high molar mass of the polymer. This hindrance might make 

the access to the sulfonated groups in the bulk of the material difficult.  

EIS was used to determine the conductivity of the membranes. The BCP ([sPPFS0.22-

PPFS0.11]-b-PBuA0.67) have demonstrated a very good conductivity. Compared to the 

statistical copolymers, a high conductivity in 0.5N H2SO4 of 179 mS/cm was achieved. This is 

more than 10 times higher than the reference Nafion® 117 (σ = 12 mS/cm). Moreover, the 

statistical copolymer made by NMP ([sPPFS0.49-PPFS0.38]-s-PBuA0.13) had a better conductivity 

than the one made by FRP (sPPFS0.80-s-PBuA0.20) σ = 94 and 16 mS/cm, respectively, Table 1.  

This proved that although the high molar mass of the copolymer made by FRP 

(sPPFS0.80-s-PBuA0.20) favoured the mechanical stability of the membrane, controlling the 

polymerization and having lower molar masses helped with the proton conduction and 

water flow in the membrane. Compared to the Nafion®’s hydrophilic cluster network with a 

diffusion of protons occurring by the hopping or vehicular mechanisms the self-assembly of 

sulfonated BCPs offers a new approach for the transport of protons in the membrane. The 

protons can be led from the sides of the membranes through well-defined 100 nm wide 

channels by following the water dynamics (Scheme 1). 
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The system boundaries were set to a cradle-to-gate approach (from the extraction and 

acquisition of raw materials to the end of production of the membrane). Indeed, studying 

the impact of the membrane in the use stage of the PEMWE would have been too 

complicated to implement for the LCA studies at this stage. The chosen impact categories 

are presented in the Table 2 of Chapter 5 and include impacts such as global warming 

potential, human toxicity, water consumption, freshwater toxicity, or fossil resource scarcity. 

The necessary data for the study (input, output) was collected from the lab experiments and 

the literature (when the data could not be provided by the lab experiments). In the case of 

unavailability of data, assumptions were made and fully disclosed in Chapter 5, section 3.2.6. 

The study was performed with the SimaPro software. 

 

The LCA study of the membranes highlighted the high impact of PFS as the main 

compound. Its impact was important for the free radical polymerization technique (FRP) 

applied to synthesize the copolymers. In fact, the impact came from the drying stage of the 

polymers, with the removal of water that is needed at high temperatures for a long duration 

(90°C overnight). The study also showed that the less impact came from the synthesis of the 

membrane made with the BCP as less PFS was used for the synthesis (only 33% molar 

composition of PPFS). This completed and emphasised the overall advantages of using BCPs 

and tailored structuration in materials for membrane purposes. 
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5. Outlook 
 

As an outlook, a copolymer was synthesized using menthyl acrylate (MA) bio-sourced 

monomer in replacement of butyl acrylate BuA. The aim of the study is to propose 

alternative “greener” options to the development of proton-conductive membranes. 

Menthol was used as the primary compound for the synthesis of the acrylate monomer. MA 

monomer was characterized by 1H NMR, a yield of 73% was obtained. On the 1H NMR 

spectrum, the chemical shifts of the vinylic protons (-CH and -CH2) of the monomer are 

located between 5.7 and 6.5 ppm. The -OCH proton of MA ring is located at 4.7 ppm and the 

remaining protons of the molecule (-CH, -CH2 and -CH3) are located between 0.7 and 2 ppm 

(Chapter 4, Figure 7). 

 PPFS-stat-PMA was synthesized by NMP controlled radical polymerization. On the 1H 

NMR, the chemical shifts of the -OCH proton of MA ring is located at 4.5 ppm. The backbone 

protons of the polymer (-CH and -CH2) alongside the remaining protons of the 

macromolecule (-CH, -CH2 and -CH3) are located between 0.5 and 3.2 ppm. The copolymer is 

composed of 77 mol% of PPFS and 23 mol% of PMA (PPFS0.77-s-PMA0.23) and has a Tg of 

95°C. 

 

The copolymer was fully sulfonated following the previous para-fluoro thiol 

modification with SMPS (Chapter 4, Figure 9). After sulfonation, a decrease in Tg to -3 °C was 

obtained. Following the study made with the PPFS/PBuA system, (sPPFS0.77-s-PMA0.23) was 

ionically crosslinked with 2 wt% PBI-OO. The water uptake and hydration number of the 

membranes was of 42% and 19.4 respectively (30% and 18 for reference Nafion®117), and 

its IEC of 1.2 meq/g. 

 

The membrane gave an astonishing conductivity of 690 mS/cm (σ Nafion® 117 = 12 

mS/cm). Both PMA and PPFS polymers having similar properties (Tg PMA = 69°C) and PPFS 

(Tg PPFS = 95°C), an explanation of this result could be the cohesiveness of the hydrophobic 

domain surrounding the hydrophilic proton-conductive cluster. It could be interesting to 

study as a future work the synthesis of sulfonated PPFS/PMA block-copolymers as well. As a 

matter of fact, the structural organization of the membranes could greatly improve the 

conductivity, similarly to the work on the PPFS/PBuA membranes, Table 1.  



Chapter 6. Final discussion of results and outlook 

 

214 

 

Furthermore, the environmental impact of the BCP using PMA should be significantly 

lowered compared to BuA. A LCA study would provide a full circle work on the developed 

proton-conducting membranes. 

 

Table 1. Summary table of the study on membranes conduction properties 

Polymer 
DS 

(%) 

sPPFS 

(mol%) 

IEC 
Theo 

(meq/g) 

IEC 
Exp 

(meq/g) 

Membrane 

thickness 

(µm) 

Conductivity 

(mS/cm) 

(PPFS0.33-b-PBuA0.67)40K 

(NMP / solution) 
68 22 0.66 0.35 16 179 

(PPFS0.87-s-PBuA0.13)19K 

(NMP / solution) 
57 49 2.15 1.06 86 94 

(PPFS0.80-s-PBuA0.20)140K 

(FRP / Emulsion) 
100 80 2.76 0.3 6 16 

PPFS0.77-s-PMA0.23 

(NMP / solution) 
100 77 2.54 1.2 10 690 

 

 

Additionally, the upscaling of the membranes could be performed by printing. The 

main requirements for its feasibility were brought up in this manuscript (Chapter 2). A 

preliminary work was made on the use of Inkjet printing and screen-printing for the 

development of membrane electrode assembly (MEA). In this study the importance of ink 

and paste formulations as well as the choice of the printing substrate was found to be 

determining printing parameters. A cohesion between the ink and substrate properties 

(wettability of the surface by the ink and surface free energy of the substrate) is in fact 

needed for a successful printing.   
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