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Abstract

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




Résumé

Dans le but de produire des membranes conductrices de protons présentant des
propriétés mécaniques et de conduction améliorées, le systeme poly(pentafluorostyréne)-b-
(butyle acrylate) (PPFS-b-PBuUA) a été étudié. L'étude se concentre principalement sur
I'influence de la nano-structuration du copolymeére sur les propriétés de conduction de Ia

membrane.

Une série de copolymeres diblock PPFS-b-PBUA bien définis a été synthétisée par
polymérisation radicalaire controlée par les nitroxides (NMP). L'auto-assemblage spontané
de ce copolymeére di-bloc a été induit par un changement ciblé de la composition du
polymeére. De plus, en ajustant la composition molaire par I’enrichissement d’un des blocs
aprés la synthese, I'auto-assemblage controlé des BPCs a été réalisé. Cela s’est fait en
combinant I'homopolymeére correspondant au copolymeéere d’origine pour former un
mélange de polymeéres — mélange d’un des blocs au BCP. La formation de tels mélanges de
polymeéres 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 polymére par
substitution nucléophile. Aprés modification du PPFS, la capacité d’auto-assemblage a été
conservée, et des conductivités plus élevées ont été obtenues par rapport aux copolymeres

statistiques.

Des études complémentaires ont été menées sur ['utilisation de techniques
. . , . )l . .
d’'impression pour l'upscaling des membranes et [I'‘évaluation de leur impact

environnemental par analyse du cycle de vie.

Mots-clés : Nitroxide Mediated Polymerization NMP, Pentafluorostyrene, Copolymeres
diblock, Autoassemblage, Sulfonation, Modification Para-fluoro thiol, Membranes

conductrices de protons, Analyse du cycle de vie




Kurzzusammenfassung

Kurzzusammenfassung

Mit dem Ziel, protonenleitende Membranen mit verbesserter Protonenleitfahigkeit
und verbesserten mechanischen Eigenschaften herzustellen, wurde das System
Poly(pentafluorstyrol)-b-(butylacrylat) (PPFS-b-PBuA) untersucht. Die Studie konzentriert
sich hauptsachlich auf den Einfluss der sich dabei ausbildenden Polymer-Nanostrukturen auf

die Leitfahigkeits-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 Uber eine zielgerichtete
Veranderung der Polymerzusammensetzung ausgelOst. Darliber hinaus wurde durch die
Einstellung der molaren Zusammensetzung mittels Anreicherung eines der Blocke nach der
Synthese eine gesteuerte Selbstorganisation der BCPs realisiert , indem das entsprechende
Homopolymer mit dem Blockcopolymer zu einem Polymerblend-zusammengefligt wurde.
Durch das Bilden solcher Polymerblends wurde die Palette verfiigbarer Techniken zur

Anpassung der Morphologie fir die gewlinschten 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 Zuganglichkeit des Fluors in der para-Position der
Phenylengruppe von PPFS bietet zahllose Moglichkeiten flir die Polymerfunktionalisierung
durch nukleophile Substitution. Nach der Modifizierung von BCP blieb die Fahigkeit zur
Selbstorganisation erhalten und es wurden im Vergleich zu statistischen Copolymeren

hohere Leitfahigkeiten erzielt.

Zudem wurden ergdnzende Studien zum Einsatz von Drucktechniken fir das Upscaling von

Membranen und zur Bewertung ihres Lebenszyklus durchgefihrt.

Schliisselworter:  Nitroxid-vermittelte  Polymerization ~ (NMP),  Pentafluorostyren,
Diblockcopolymer, Selbstmontage, Sulfonierung, Para-fluorothiolierung, Protonenleitende

Membran, Lebenzyklusanalyse
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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 CO, 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.

Solar Cell

Anode Cathode

Oxidation

Reduction

Membrane
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General introduction and eSCALED project ambition

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, | spent 1
year in ICVT (Institut flir Chemische Verfahrenstechnik) of the university Stuttgart (Germany)
specialist in polymer engineering and membrane technology; 3 months in Eurecat Mataré
(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 |'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-

12



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.

13
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1. Proton conductive membranes in water electrolysis

1.1. Introduction

Energy is widely used and necessary nowadays. The needs go from the use of modern
technologies, to heating, to food preparation, and more. Resources for energy purposes are
found in nature. Among them are wood/charcoal, coal, crude oil/petroleum, natural gases,
and agro fuels (see Figure 1).> Although they are available in Nature, these resources present
some considerable downside. Those downside include the overuse of wood, the toxic
contaminants that can be found in the atmosphere after the burning of coal, the costs of
extraction, refinement and transportation of petroleum and its non-renewable aspect.
Indeed, it takes in average over hundred millions of years for the fossil fuels (coal,
petroleum, and natural gases) to regenerate, making it an unsustainable solution.? Nuclear
energy also used for electricity supply shows a real dangerousness regarding the disposal of
the radioactive waste and the danger of the nuclear facilities. Some notable nuclear
accidents prove this point: Chernobyl (1986) and more recently Fukushima (2011) where

contaminations of water, food, oceans, and very important health issues were to deplore.?

A) B)

Non-specified

Agriculture / forestry (1.7%)

(2.4%)

Industry

(31.8%)
Transports

(32%)

Renewables
13.6%

Residential
(23.3%)
Solar, wind,
geoth., tidal IJ
1.8%
Commercial and
public services
(8.9%)

Figure 1. (A) World fuel shares in total primary energy supply, (B) Total final energy
consumption by sector, from the International Energy Agency (IEA), data from 2019.3
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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.!
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Figure 2. Evolution of total European energy RD&D spending by technology (USD-million,
2017 prices) (based on IEA estimates).

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 CO; gases are emitted in the atmosphere from this technique. ®

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.
CmHh+ mH0=mCO+(m+%n)H:
CHs + H,0 2> CO + 3 H;

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 H,S. In the adsorption approach, the molecules
containing sulphur can be adsorbed on activated carbon, modified zeolites or nickel metal.®

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 COa.

CO+H20 9 C02+H2
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H,0 | co |
! Y H2 0
>team co Water as
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il 0, : shift reaction
H, | Remaining |  [GLIHIHEY Cz)
CH, reformer H, =72

H,

Figure 3. Steam reforming process of hydrocarbons for hydrogen production.

Hydrogen can also be produced from renewable energy. Usually by biological
processes, using biomass or water electrolysis. The water electrolysis process will be
described in depth in another section of this report (section 1.3.). Hydrogen from biomass
has grown interest because of its sustainable aspect. In fact, on top of being abundant on
the planet, plants used to make biomass consume CO; during their life cycle. Hence, it can
be considered that the CO, emitted while producing bio-hydrogen is equivalent to the CO;

consumed by the plants. Which puts the environmental balance of this process at zero.

The most mature technologies of hydrogen production are biomass gasification, and
pyrolysis. When doing pyrolysis, it is very important to dry the biomass to avoid additional
production of carbon oxides. Indeed, no oxygen or water are needed for the decomposition
of biomass. Pyrolysis can also be used to produce hydrogen from hydrocarbons.” Biomass
pyrolysis is a complex process to understand chemically as the results of the pyrolysis are the
obtention of bio-oil, coke, and pyrolytic gases. Among the emitted gases are CO;, CO, CHa,
H,, ethane, propane.® Due to the competing processes occurring and the production of
several gases, the yields of hydrogen produced are low. However, they can be improved by
playing on parameters such as the operating temperature or the particle sizes. It was proven
that pyrolysis temperature has a linear behaviour to the yield of volume of hydrogen
produced. Although these yields are relatively low due to concurring reactions, it is possible
for example to yield up to 54% of H, from hazelnut shell when operating at temperatures

above 700 °C.° Moreover by using smaller particle sizes of biomass, the heating rate in the
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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.?

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 CO.. 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.®

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.!? 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.> 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 LaNis 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.”

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.'3 PEMs have been widely used in fuel cell processes.
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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. 3

Type of Fuel Operating Anode Cathode
temperature .\ .. Electrolyte
Cell ) composition composition
AFC 60- 90 Carbon/Platinum Carbon/Platinum Aqueous KOH
catalyst catalyst
PEMEC 30- 180 Carbon/Platinum Carbon/Platinum Acidic polymer
catalyst catalyst
DMEC 60- 90 Carbon/Platinum Carbon/Platinum Acidic polymer
catalyst catalyst
PAEC 180 - 220 Carbon/Platinum Carbon/Platinum Phosphorlc a.CId
catalyst catalyst in SiC matrix
. . Metal
MCFC 550 - 650 Porous Ni Porous NiO
carbonates
Porous cermet Strontia-doped lon conductin
SOFC 800 - 1000 of Ni and P &

lanthanum

ceramics

yttria/zirconia

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 | 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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produced locally in a hydrogen plant, using solar energy in the future, and water as its main

feedstock.

Capture
2020 2030
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| al » e TN
S8 | YL B | ¢l

COAL REFORMING NATURAL GAS REFORMING WATER ELECTROLYSIS
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TRANSPORTATION & STORAGE
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TRANSPORTATION CHEMICAL INDUSTRIES ENERGY & STORAGE LIQUEFACTION & EXPORT

Figure 4. Hydrogen production classification and usage from article Hidrogen blau: frau o
esperanca contra I’emergencia climatica? Vilaweb journal, published on the 19/09/2021;
Zero emission bus “Fébus”, in the city of Pau-France, https://www.idelis.fr/se-deplacer/le-
reseau-de-bus/febus-le-bus-zero-emission.

1.3. Water electrolysis

As mentioned in the previous section of this chapter, it is possible to produce
hydrogen by water electrolysis. The water electrolysis process uses an electrical current to
split water into oxygen and hydrogen. It has the advantage that it uses water which is a very
abundant molecule on earth (water occupies over 70% of earth’s surface). This results in less
emission when the electricity source doesn’t emit CO; (nuclear, photovoltaic, wind power,

hydroelectricity).
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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 HZO(I) > 0, (gt 4 H+(aq) +4e
HER: 2 H,Op)+ 2 e = Hag + 2 OH (4

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.

E° * 100 = (Egnode_Egathode) * 100

Ecenl Ecenl

n:

With E° Elnode, and Eathode as the standard cell, anode, and cathode potentials
respectively, and Ecen as the potential applied to the electrochemical cell. The Ecel 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:

—AG°
nF

E%, = | |=1.23V

With EZ,, the reversible cell voltage, AG° 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 (E2,) and it is the potential required for an isothermal operation of the

electrochemical cell.

_ 0
2 |=1.48V

Elpnz | nF

With AH? 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 H; or its the Lower Heating Value (LHV). HHV is chosen when

Hz is being used chemically (AHp,, = 44 ki.mol™) and LHV in the other case.* %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.

RT
acF

i
Ncathode = 2.3 X - |0g l_
0

RT
(1-a)F

RT i i
n —2.3EIog£—2.3 Iogg

With n the overpotential, i the exchange current density, i the current density, F the

Faraday constant, a 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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water electrolysis of each cell. As membranes for PEM electrolysis is part of my research
studies, a separate section will be dedicated for the state of the art on the material used for

PEM in water electrolysers.

1.3.1. Alkaline Electrolysis

Alkaline electrolyser is the most developed and commercialized technology for water
splitting. A direct current when applied will allow the transfer of electrons at the electrodes
(from the anode to the cathode). At the cathode, those electrons will react with water to
form hydrogen gas. Meanwhile, hydroxide ions will travel from the cathode to the anode.
This transfer is accompanied by release of electrons, there oxygen is formed at the anode.

The gases created at each electrode are then collected by gas receivers, dried, and purified

before storage, Figure 5.

The chemical reactions occurring can be summarized as

followed:
At the cathode: 2H,0 )+ 2e” = Hj (g) + 20H" (aq)
At the anode: 40H" (aq) =2 O2 (g) + 2H20 + de”

Overall reaction: 2H,0 = 2H2 + O,

Figure 5. Representation of an

alkaline electrolysis cell (AEC).

Metals are the common electrodes materials for alkaline electrolysis. Nickel is the
material of interest for the electrodes due to its performance, availability, and low cost.
Indeed, it results in a good electrochemical performance of the electrodes while being
resistant to the alkali media of the electrolyte. In comparison, transition metals are good in

terms of electrochemical activity but are not as resistant to the electrolyser. And Nobel
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metals whilst being performant electrochemically and resistant to the media are too

expensive.4

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. !’ 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.!® Thus, oxide
compounds are mostly used for the OER. RuO2, RhO;, PtO>, and especially IrO; 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.?® 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.2°

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%.®
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 (20H" + CO; = COs3* +
H,0). 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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Therefore, diaphragms were developed as solid separators. On top of being OH" ions
conductors, diaphragms must be porous to allow the electrolyte to flow through. They must
be stable in the electrolyte at the operating conditions of the cell and must prevent the
recombination of the formed gases. The first separators for alkaline water electrolysis were
asbestos (Mg3Si205(OH)s) cloth. With time due to its proven toxicity and the need for more
resistant materials, they have been replaced. Inorganic oxide-ceramic materials,
ceramic/polymers composite materials or hydrophilic/hydrophobic polymer blends gave
interesting results as separators for alkaline electrolysers. Indeed, Zirfon® became very
popular and commercialized. This separator is a polysulphone (15 wt%) mixed with inorganic
zirconium oxide (85 wt%). More recently non-porous anionic membranes have been studied
to act as the electrolyte instead of the diaphragm/alkali solution couple (leading to the same
configuration as a PEM electrolyser). They are mechanically and thermally stable, they act as
insulators, they are not costly, and they only require the use of deionized water instead of a
high pH solution. One other major advantage is that by assembling the electrodes directly on
the membrane, the distance between electrodes is significantly reduced which improves the
electron conduction. Anion exchange membranes are usually made of polymers
functionalized with cationic groups such as guanidinium, ammonium or pyridinium, Figure 6.
The hydroxide transport is then done by some hopping or diffusion mechanisms that will be
detailed further in this chapter (section 1.4.1.). Commonly used polymers are

poly(tetrafluoroethylene) (PTFE), poly(ether ether ketone) (PEEK), or polyethylene (PE).?% 22

PN 5 Y
e

R

Ammonium Imidazolium Pyridinium Guanidinium

Figure 6. Common cationic groups used for anion exchange membranes.

1.3.2. Solid Oxide Electrolyser (SOE)
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In Solid Oxide electrolyser, the water splitting process takes place at high
temperatures (600 — 1000 °C). The operating process is the following, steam is fed at the
cathode. At the cathode, water is reduced into hydrogen gas and oxide ions. Finally, the ions
are transferred to the anode via a solid ion conducting ceramic electrolyte, where it will
recombine to form oxygen, Figure 7. Few of the advantages of a SOE is that it is a solid-state
system and a considerable part of energy needed to operate the cell comes from steam,

which is cheaper than other electricity sources.

The chemical reactions occurring can be summarized as
followed:

At the cathode: H20 (g) + 2e” 2 Ha (g + 0%

At the anode: 0% > %Oz +2e”

Overall reaction: H,0 = %Oz +H>

Figure 7. Representation of
a solid oxide electrolyser
(SOE).

The materials used for a SOE are usually the same used for solid oxide fuel cells
(SOFC). Indeed, a lot of research has already been made for the development of SOFC.
Although noble metals are amazing choices as electrode materials, their cost leads to look
for more affordable materials with good performances. For SOE, the cathode is generally
made of Ni or Co catalysed porous cermet (ceramic and metal mixture) on yttria-stabilized
zirconia (YSZ). Zirconia prevents the sintering of metal particles and has good thermal
properties. The porosity of the electrode is needed to allow the gases to efficiently pass
through. Ideally, they should be 20 to 40% porous. The stability of the electrode is also
determined by the particle size of its components, typically ~1um. The anode is also porous

and made of a composite of YSZ and strontium doped lanthanum manganite (LSM) p-type
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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 Y203 on ZrO,. 2313

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.?*

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.

Solar Cell

Cathode

Reduction

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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system, the electrodes are directly assembled on the membrane, this assembly is called

membrane electrode assembly (MEA), Figure 9. %
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The chemical reactions occurring can be summarized as

followed:

At the cathode: 4H* + 4e > 2H; ()

o
=
I
s

)
=
]

s

At the anode: 2H,0 2 4H* + O, + 4e’

Overall reaction: 2H,0 = 2H2 + O,

Figure 9. Representation of
an PEM electrolyser.

Most of the cathode materials for PEM electrolysers are platinum based. Indeed, Pt
has the best HER activity and is very stable in acidic media. Research focuses a lot on
reducing the Pt loading while displaying good activity of the electrode. Lowering the quantity
of catalyst used is a way to reduce the overall cost of the cell. To reach this goal, studies
were made on the loading of Pt on carbon black or on carbon nanotubes (CNTs).2®
Nowadays, the loading ranges from 0.5 to 1 mg.cm™ for the cathode. In addition, other types
of catalysts have been studied such as sulphides, phosphides, carbides, and nitrides. They
have the advantage of being earth abundant. The most promising replacement material in
this category are molybdenum sulphides (MoSz) or MoS; on carbon-based supports such as
graphene or reduced graphene oxides (RGO).?” Metallic alloys and perovskites can also be

considered as cathode materials.?®

Similarly, to alkaline electrolysis the most promising materials for OER are metal
oxides. RuO; and IrO; have demonstrated the best catalytic activity for OER in acidic media
due to their high electronic conductivity. Studies have also been made on the use of mixed
oxides as anode electrocatalysts. Indeed, although the Ru shows the best activity towards

OER, it is prone to corrosion, leading to its instability. In that sense, IrxRu1xO2 type oxides
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were investigated with IrosRuo402 being the optimal type.?® 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 (MWCNTSs) 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.?® 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 O3) 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.

Best performing components

Technology Cathode / Electrolyte / Anode Efficiency Maturity
Alkaline electrolyser Ni catalyst /ﬁgzm‘@ +KOH/ 59-70% Commercialized
PEM electrolyser Pt catalyst / Nafion® / RuO; 65-82% Near term
Solid Oxide electrolysis Ni-YSZ / YSZ / YSZ-LSM 40-60% stillin

development
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1.4. Membranes for PEM electrolysis

In PEM electrolysers, the proton-conducting membrane is a key component of the
device. Other than conducting protons from the anode to the cathode, the membrane
prevents electron transport and the mixing of components coming from both electrodes.
Moreover, the membranes are thin, which allows a better transfer of protons between both
electrodes. In other to be effective, the membrane must be durable. Meaning that it should
have a good chemical, and mechanical stability; a thermal and hydrolytic stability; a high
proton conductivity and be compatible with the electrode’s materials. The plus will be to
have a membrane that is low cost. For this purpose, several polymer membranes have been
synthetized and characterized throughout the years for the development of fuel cells and
can be applied as well for electrolysis cells. In the literature, they are often classified in
different categories, Figure 10. 3! An overview of some membranes of each category will be

presented in the following sections.3' 3% 33,34,35,36

Perfluorinated and
modified perfluorinated

Nafion®
Others Partially fluorinated
Composite membranes Grafted PTFE
Membranes
Acid/Base Non-fluorinated
SsPEEK/PBI/P4VP sPEEK

Figure 10. Categories of the different type of proton-conducting membranes.

1.4.1. Perfluorinated membranes

Perfluorinated polymers have grown over the years to be the most used materials for
commercially available fuel cell membranes. They are Nafion® (Dupont, USA), Flemion®
(Asahi Glass, Japan), Aciplex-S® (Asahi Kasei, Japan), Gore-select® (W.L. Gore, USA), Figure
11. Indeed, their high proton-conductivity, good mechanical properties and chemical

stability make them a more than suitable candidate for proton-exchange membranes.
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Nafion® is the best perfluorinated material for PEMFC. Chemically, they are composed of a
linear fluorocarbon polymer chain with long or short chains of pendant acid functions. Those
groups are mainly of sulfonic or carboxylic nature. The backbone chain is hydrophobic, and

the acidic functions are hydrophilic.

'+CF2—CF4{CF2—C|F+' *+CF2—CF2%CF2—CF+* *+CF2—CF2ﬁCF2_WF+*
! |

o]
CF2 O\CF \CFz
2
sos'\CF/CFz ~o—CF COo- | _CF; CF, o
2 CF3 ~_ ___CF, SO5° \CFz/ S0

CF; CF3

Figure 11. Commercially available perfluorinated membranes, Nafion®, Flemion® and
Aciplex®.

The proton-conductivity mechanism of Nafion® has already been studied thoroughly.
The particularity of Nafion® is the nano-separation that appears when the hydrophilic acidic
function moieties are combined with the hydrophobic fluorocarbon chain. Indeed, from that
association results the creation of hydrophilic channels where the proton-conductivity
occurs. Under hydration, the protons in the membrane follow the water dynamics for
conductivity. 37 For that reason, it is important to determine the correlation between the
transport mechanisms of the protons and water in the membrane to understand the proton
conduction process. A first description of this transports was made by Gierke and Hsu.3®
Their study consisted of understanding the organization of the material at the very low scale.
They proposed a nano-separation of the hydrophilic and hydrophobic moieties as a cluster-
network. In this model the separation is defined as “spherical clusters connected by short
narrow channels”, Figure 12. When, in presence of water, the clusters go into a swollen state
where their diameter increases from 1.8 to 4 nm and the number of sulfonic groups from 26
to 70 (average values). 3® 3° In another model, the nano structure of Nafion® was not shown
as an organized system but rather as a random placement of the hydrated parts in the

matrix. It is called the “random network model”.4°
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Figure 12. Cluster-network model in PFSA membranes, reproduced from reference. 38

Concerning the proton conductivity in the hydrated material, two mechanisms have
been proposed. They are : the Grotthus mechanism (or hopping mechanism) 4% 34 and the
vehicular mechanism.*? The choice of one over the other depends on the level of hydration
of the material. In the Grotthus mechanism, a proton formed by hydrogen oxidation clings to
a water molecule to form a hydronium ion. From this ion a different proton hops to another
water molecule and so on and so forth. In this case, this hopping behaviour is made possible

by the percolation of water when the material is swollen, Figure 13.

N g N\ " | "

H SO, o) v/ SO;
+ 3 —
so, H0* SOy Vv so; H,0+ so, HsO' l/ /[ 805
H,0* H0* o, Hs0* H,0* SOy o, HO
H30+ H30+ H30+

Figure 13. Proton-hopping mechanism, reproduced from reference. 32

For the vehicular mechanism, hydrated protons are dragged from one part of the
membrane to the other by the electroosmotic drag of water which is due to the
electrochemical difference in the medium, Figure 14. The proton conductivity process has
been also been explained theoretically by studying the proton-conduction mechanisms

under high and low humidity but this is not the focus of our study.*% 43
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. water

Figure 14. vehicular mechanism, interpreted from reference. 32

There are two main advantages of Nafion®-like structures for proton-conductive
membranes. The first advantage is that the PTFE polymer backbone gives a very good
chemical stability to the polymer and the second one is that the hydration provides a good
proton conductivity. Nevertheless, the synthesis process of the polymer is long, contains
multiple steps and gives toxic reaction intermediates. All contributing to the high cost of
manufacture of such membranes. Moreover, it has been shown that the membrane
degrades at high operating temperatures. In other to improve the overall properties of
Nafion® type membranes, studies have been made on their modification. Those modification
involve reducing the membrane’s thickness or making composites of PFSA membranes with

solid inorganic compounds (eg. Nafion®/SiO;) or heteropoly acids. 3> 44

Although Nafion® is a great candidate for PEMFC, it might not be the best for PEM
water electrolyser. Indeed, in PEM electrolysers, the membrane is constantly humidified
because of its exposure to water needed for the process. Whereas, in PEMFC, the hydration
of the membranes comes from the humidified gases. Since the proton-conductivity is
dependent on the hydration state of the material, there are chances that this affects the
performance of the membrane. Hence the need (in addition to the cost of Nafion®), to look

for alternative polymer materials. They are to be described in the following sections.
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1.4.2. Partially fluorinated membranes

Partially fluorinated membranes are made of polymers having a fluorinated or
partially fluorinated backbone and side chains of non-fluorinated polymers bearing
sulfonated groups. The particularity of such membranes is the synthesis of the polymer.
Indeed, they are usually synthesized by radiation-induced grafting. The process consists of
irradiating a polymer film of the backbone chains by using electron-beam, y-ray, plasma, or
UV light to create radicals in the polymer matrix. The film is then put in contact with non-
fluorinated monomers which will swell the membrane and the radicals will initiate their
polymerization to form grafted networks. Then the residual monomer is washed off and the

membrane is sulfonated by immersion in an acid solution, Figure 15.

Irradiation
(electron-beam, Sulfonation by
y-ray, plasma, or Addition of immersion in

UV light) monomer acid solution
—_— R ——— _—

PTFE film Irradiated Grafted PTFE film Sulfonated grafted PTFE film
PTFE film

Figure 15. Grafting process of PTFE film by irradiation.

The starting polymer films are mainly poly(tetrafluoroethylene)-PTFE, poly(vinylidene
fluoride)-PVDF, poly(ethylene-alt-tretrafluoroethylene)-ETFE, and, poly (tetrafluoroethylene-
co-perfluorovinylether)-PFA. And as side chains poly(styrene), methyl or butyl styrene,

divinylbenzene and their copolymers have been used.*

Radiation-grafted membranes for water electrolysers are a possible alternative to
Nafion® membranes because they have lower hydrogen crossover and area resistance,
superior mechanical qualities, and may be less expensive than perfluorinated membranes.
But they present a major drawback which is the detachment of the grafted parts. At this

weak interaction of the molecules and the polymer backbone, the detachment can be of
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different nature. It can be due to swelling and high temperatures of the hydrophilic grafted
groups, to the scission weak bonds at the grafting location (-O-O- peroxide bond for
example), or to an oxygen-induced type of degradation if the work is not done under inert

conditions.*®

1.4.3. Non-fluorinated membranes

Non-fluorinated membranes are usually made from a hydrocarbon aliphatic and/or
aromatic polymeric backbone. They are less expensive than perfluorinated polymers and
they are easy to purchase. The thermal and chemical stability of hydrocarbon polymers is
usually improved with the addition of aromatic groups. Indeed, the kinetics of fuel cells type
devices are increased at higher temperature (100-200°C) thus, having a membrane that is
thermally stable will allow to run the cell at optimal conditions. The most common and
efficient polymers used in this category are sulfonated polystyrene, polyarylenes,
polysulfones, polyimides, and poly(ether ketones). Those polymers at high molar masses can

resist temperatures up to 300°C, Figure 16.%’

. H3C\C/CH3 o\s/o
QOO OOy
n /{/O 0 n.

SOH

Sulfonated poly(ether ether ketone) - SPEEK Sulfonated poly(sulfone) - sPSU

Poly(benzimidazole) - PBI

Figure 16. Examples of non-fluorinated sulfonated polymers for membranes application.

Like it has already be mentioned, water uptake and proton conductivity are very
important parameters to consider when designing proton-conducting membranes. These
parameters are conditioned by the presence and position of the sulfonic moieties in the
polymer. Indeed, the sulfonic groups are hydrophilic and interact with water to provide the

proton transport. Thus, the higher the degree of sulfonation, the higher amounts of water
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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 102 S/cm at relative humidity above 90%. And the conductivity was proven to

be stable with the increase of temperature. 8

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.3? 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) PAVP or PBI. 3> 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).*° Similarly, PBI doped with H,SO4 gave
membranes that are also mechanically and thermally stable with conductivity in the order of

102S/cm.?

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.**
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2. Copolymers and block-copolymers synthesis

Now that the different types of polymer membranes that are used in PEM fuel cells
and water electrolysis have been covered, it is important to talk about their synthesis
process. Most of the membranes are made of two components. Indeed, combining
(co)polymers with different properties have proven to be beneficial in terms of targeting
specific needs for the membranes. In fact, while one (co)polymer can be used to be the
protons host, the other can support the mechanical properties of the membrane. Therefore,
this section will discuss the synthesis techniques of (co)polymers and in particular block-
copolymers which is the objective of this PhD work. Block-copolymers have appealing
structural particularities, such as their self-assembly into film by percolating nano-phases,
compared to random copolymers, those were proven to help the electrolyte transport and

conduction mechanism.>% 31

2.1. Definition and properties of copolymers

By definition, a polymer is a macromolecule composed of several monomer units.
The number of monomer units is characterized by the degree of polymerization (n or DP >
100 units). When the monomer units are of the same chemical nature, the polymer obtained
is called a homopolymer. When two or more monomer units of different chemical nature
are used, the macromolecule is then defined as a copolymer. Different types of copolymers
exist and they depend on the micro-structure of the monomer units along the

macromolecular chain, i.e. statistical, alternated, block and grafted copolymers, Figure 17.
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Block-copolymers

Statistical copolymers
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Alternated copolymers
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Figure 17. Copolymer categories.
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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). 2 A second approach consist of a coupling reaction between two end-capped
homopolymers with orthogonal functions (acid/alcohol, amino/acid, or azide/alkyne)>3.
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 °* > or biomaterials °°, lithography for data

storage °’, thermoplastic materials °8.
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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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Figure 18. Free radical polymerization process.

Although free radical polymerization FRP is very efficient for polymers synthesis, it
does not allow to synthetize polymers with a controlled architecture and molar mass such as
block copolymers. Hence the need and development of living/controlled polymerization

techniques.

2.3. Controlled radical polymerization

Controlled radical polymerization CRP is a pseudo-living polymerization technique. It
is a radical polymerization technique inspired by the living anionic polymerization — first
described by Szwarc in 1956. By analogy, CRP allows the synthesis of well-defined block-
copolymers with low dispersity values (8). Indeed, CRP compared to FRP uses an additional
reactant capable of drastically reducing the concentration of radicals in the medium by
introducing a transfer or termination reaction rapidly reversible, creating an equilibrium
between active and dormant species. This reversibility can be temperature, photochemical
or chemical sensitive and decreases drastically the ratio of irreversible termination. Ideally in
controlled radical polymerization, the concentration of active centre is constant throughout
time and the degree of polymerization increases linearly with the conversion keeping the

dispersity value as low as possible (& < 1.5).
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Different techniques can be found to control the radical process. These techniques
depend on the nature of the caping agent used to perform the reversible termination
reaction. Among them are: nitroxide-mediated polymerization (NMP), atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) radical

polymerization.

NMP- NMP is the first controlled radical polymerization technique to be
established.>® In NMP an unimolecular alkoxyamine initiator is used for the polymerization. It
decomposes upon heat in both initiator radicals and nitroxides. There is a reversibility of the
termination step because of the activation/deactivation equilibrium existing between the
macro-initiator and the nitroxide. The later acting as a control agent, to allow the control of
the polymerization. Due to need of a constant rate of active centre throughout the reaction,
there is an importance to tune the nitroxide/initiator ratio. In fact, having too much
nitroxide in the media will shift the activation-deactivation equilibrium to dormant species
leading to a decrease of polymerization rate. To prevent this from happening and simplify
the process once more, unimolecular alkoxyamine initiators were synthetized leading to an
even nitroxide/initiator ratio.®® Quite a few nitroxides and alkoxyamines compounds were

synthetized and are used for the NMP technique, Figure 19.5*
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Figure 19. Some examples of typical NMP initiators.

As it is the case for living polymerization, controlled radical polymerization involves
two steps: initiation and propagation. During the initiation step, alkoxyamines decomposes
into radicals and nitroxide compound. The radicals created react with the monomer to
create new radical species. The newly created monomer radical will then react with the
remaining monomer in the media to form the polymer chains during propagation. The
nitroxide compound is not an initiator but a “controlling agent” that can react reversibly with

the propagating species to put them in a dormant state, Figure 20. From this polymerization
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technique is created a stable macro-initiator which can be used to initiate the

polymerization of another monomer to make block-copolymers.
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Figure 20. Nitroxide Mediated Polymerization (NMP) process.

The kinetic of polymerization by NMP is dependent on many factors such as the
nature of alkoxyamines, the nature of the monomer, reaction temperature and radical
concentration. Furthermore, by weakening the cleaving/forming (C-O-N) bond, the kinetic of

polymerization can be increased.®!

ATRP- In this technique, the initiator must carry a transferable halogen, a transition
metal catalyst is needed, and some additives may be used for better control. The radicals are
created by a reversible redox process catalysed by the metal catalyst complex. During the
radical formation process, the transition metal of low oxidation degree collects the halogen
of the initiator and creates a cleavage of the carbon-halogen bond. During propagation, the
active chain reacts with the metal complex to create a dormant specie that carries a
halogen. The equilibrium is shifted toward dormant species to keep the concentration in

radicals low in the media. This will provide a better control of the polymerization, Figure 21.
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Figure 21. Atom Transfer Radical Polymerization (ATRP) process.

The choice of initiator is mainly determined by the nature of the halide group used.
Indeed, the halide must rapidly travel between the growing chain and metal complex.
Meaning that the carbon-halogen bond must be weak enough to allow this transition.
Bromine or chlorine halides are usually preferred. The catalyst/ligand material dictates the
equilibrium between active and dormant species. Copper catalyst is usually chosen both for
its performance and low cost. Additionally, the role of the ligand is to help solubilize and
stabilize the complex in the media and help for the removal and recycling of the catalyst
after reaction. The most efficient ligands for copper catalysts are nitrogen based (e.g., DBU,

bipyridine, PMDETA).52

RAFT- Reversible addition-fragmentation chain transfer radical polymerization was
discovered in 1998 by Rizzardo team.®® The steps necessary to perform RAFT radical
polymerization are the same as for the free radical polymerization. In the case of the RAFT,
the control of polymerization and the decrease of the radical concentration is dictated by
the addition of a transfer agent that reversibly deactivate the growing chains. Indeed, shortly
after initiation, the monomer radical reacts with the transfer agent to form the

corresponding radical. This step is reversible. This specie will then undergo fragmentation to
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create an initiator and a new radical able of initiating polymerization. Termination reactions

are drastically reduced with this technique, Figure 22.

* Initiation

] —m 2R’
R+ M — P/

* Reversible chain transfer

. s S—R - Pr S S—R Pn—S S .
P v M+ \[/ ES E , R
z zZ Z
*  Reinitiation
R+ M — P
* Chain equilibration
Phn—S P,—/S

. SN—S—Pn
pm“’l\c“l+ *

Z Z
* lrreversible termination

P;-l + P;n —_— I)n~m
Figure 22. reversible addition-fragmentation chain transfer (RAFT) process.

The RAFT agents used belong to the thiocarbonylthio compounds (eg.
Dithiocarbamates, trithiocarbonates, xynthates). The exact choice of compound depends on
the nature of the monomer to polymerize. The choice of this compound as well as its
concentration influence the efficiency of the polymerization. Conventional free radical

polymerization initiators are used for RAFT (e.g., AIBN, K»5,03g).5% ¢4

To summarize, block-copolymers can be synthetized by living-ionic polymerization or
controlled radical polymerization. Each polymerization techniques requires specific
conditions and comes with its drawbacks and advantages. Regardless of the method used to
synthetize them, block-copolymers have outstanding structural properties. In fact, they can

self-assemble to yield a material that is organized at the nanometre scale.
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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 DP,, the volume fraction of both blocks in the BCP @ and
most importantly the Flory-Huggins parameter (xas). This parameter represents the degree
of incompatibility between both blocks and is dictated by the difference of the solubility
parameters o6 of each monomer units. Moreover, the degree of phase separation is
determined by the xN segregation product.®®

(€4a+ €BB) ]

VA
XAB—(E)[EAB' 2

With Z is the number of nearest neighbours per monomer unit, kgT is the thermal
energy (with ks = 1.281 * 1023 J/K, Boltzmann constant), and € the interaction energy per

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

Depending on the YN 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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blocks = 0.5), the system is in a miscible state if YN < 10.5. This means that no phase
segregation occurs, and the system is in a non-ordered state. With xN = 10.5, the state is at
the weak segregation limit (WSL). The segregation strength is weak, the chains
incompatibility generates the formation of a microphase separation of the phases. Finally,
when xN > 10.5, there is a strong segregation limit (SSL) the system becomes ordered, and

the phase separation is clearly noticeable, Figure 23.°

WSL

non-ordered state ordered state

) 2 g

XN < 10.5 | XN > 10.5
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: > N

XN =10.5

Figure 23. Representation of the order / disorder states of the BCPs depending on the xN
parameter.

In addition to the xN value which determines the order to disorder transition of BCPs,
the volume fraction of the blocks influences the phase behaviour after segregation. Indeed,
the domains’ structure is dictated by the volume fraction of one block into the BCP.
Microphase separation is induced by the stretching of the BCP chains with the desire of
lowering interfacial energy in the BCP. Depending on the volume fraction, the chains will
stretch differently leading to different morphologies. Different nanostructures can be
obtained with the nano-domains represented by the block with the lowest volume fraction.
Those structures are closely packed spheres (CPS), body centered cubic spheres (S),
hexagonally packed cylinders (C), bicontinuous gyroids (G) and lamellae (L). From the
plotting of both parameters the phase behaviour of the BCP can be illustrated by a block-

copolymer phase diagram, Figure 24.5°
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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 fp,
represents the volume fraction of polyisoprene (right).%>

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.®’” 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.3” Thus,
having organised materials such as multi block-copolymers for the proton-conducting

membranes should be beneficial to control and drive the proton transport. %8

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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mechanical stability coming from the matrix composed of the non-sulfonated block (red).%*

70

(T S0y so, 0% so; ()
SOy
Block-copolymer
Sulfonated block-copolymer

I = B

Micro-phase separation
P P Proton-conducting channels in the

block-copolymer

Figure 25. Representation of the BCP self-assembly and sulfonated conductive channels in
the BCPs after sulfonation.

In the literature block-copolymers that are mainly used as conducting membranes
are sulfonated. The sulfonation is either made post-synthesis of the block copolymers or by
using sulfonated monomers for the polymerization. Those sulfonated block-copolymers can
be divided into two categories, fluorinated and non-fluorinated block-copolymers. The
morphological segregation is expected to be of higher importance in fluorinated BPCs due to

the added hydrophobicity fluorine provides.”* 7% 73

Early examples of sulfonated amphiphilic BCPs used as proton-conducting
membranes are sulfonated poly(sulfone-b-vinylidene fluoride), and sulfonated poly(styrene-
b-isobutylene-b-styrene) (s-SIBS). Both gave excellent proton conductivities compared to
Nafion®.”* 7> |t was proven for the same category of copolymer that having block-
copolymers positively impacted the transport kinetics in the membrane. This observation is
the result of the presence of well-defined and connected ionic channels in the BCPs. !
Additionally, it was found that the conditions in which the membranes are prepared also
have an impact on the overall properties of the conduction. Furthermore, the ion content
and the interactions between the blocks can impact the properties of the membranes as
well. In fact, having high quantities of ions swelling one block can lead to the modification of
the morphology of the membrane, even leading to a disruption of the structural

morphology. On the other hand, interactions between the blocks can have an impact on the

58



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.””

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%).7® Similar observations were made for the

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

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.”” 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,’’ 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. 7°

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.
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In the polymers, the sulfonated parts can be found in the form of free acids (-SOs3H),
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.®® 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. &

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.®? 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.%°
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Figure 26. Example of sulfonated monomers.

Another approach for sulfonation of polymers is the grafting of the sulfonic moieties
as side chains. This approach will give membranes that have added flexibility and the
membranes that are phase separated with the hydrophobic backbone and hydrophilic
grafted side chains. Grafting and can be performed on both non fluorinated or
perfluorinated polymers.8> 8 Famous reactions like click-chemistry 3 and para-thiol
modification of fluorine in para position of an aromatic ring are also employed to make

proton-conducting membranes 85 87,88,
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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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Figure 27. Scheme of the main objectives and challenges of the PhD.
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During my PhD | performed a stay in Eurecat (Matard) in the Functional Printing and
Embedded Devices (FPED) Unit. There, | 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.! 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.?

In the field of printed electronics, two different printing approaches can be
distinguished. They are analogue (conventional) and digital printing.® 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.® 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 30-75 20-75 20-50 50— 100 20-50
(um)
Print Speed 50-500  20-1000 15-1000  10-100 1-100
(m.min™)
Wet film thickness 05-8 0.1-5 0.5-2 3-100 0.3-20
(nm)
Ink Viscosity 20000 -
(mPacs) 50— 500 50— 200 00000 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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(R2R) assemblies that are: flat-to-flat (or flatbed), round-to-round (or rotary printing), and
flat-to-round. The flat-to-flat method consists of transferring the paste through a screen
with a movable squeegee (or blade) onto the substrate. The screen is the mask that supports
a stencil which forms a negative image. In this case, both the screen and the substrate are
flat. For the round-to-round method, the cylindrical printing screen contains the ink which is
transferred on the substrate placed on impression cylinders. All the parts of the screen-
printer are in rotation with this technique. The flat-to-round technique is a combination of
the previous methods, with the use of a flat printing plate and the transfer of the ink on the

substrate done by a rotating cylinder, Figure 1.4

A) B) C) Stationnary Blade
Printing cylinder (Squeegee)

Movable Blade with screen

, (Squeegee)

Substrate

» . Blade . Movable screen E

Stationary screen ~
~~_

~

~ Stencil =

Substrate

Base plate

Substrate

Impression cylinder .
Rotating cylinder

Figure 1. Schemes of the different screen-printing R2R assemblies, (A) flat-to-flat; (B) round-
to-round; (C) flat-to-round. Reproduced from 4.

Inkjet is a non-impact and digital printing technology. With this technique, a printed
film is obtained after picolitre volumes of ink is expelled from a cartridge through a certain
number of micron-sized nozzles directly onto the substrate. As inkjet printing is a non-impact
printing technique, there is no need for a screen. The printing is made after the creation of a
digital pattern. Hence, the patterns are easily changeable and adjustable. Moreover, high
printing resolution over a wide range of substrates is achievable. It is thus easier and
cheaper to print different types of design and multiple layers using this technique.
Additionally, with an inkjet printer, material consumption is lowered, only the needed
guantities of ink for printing are used. Inks for inkjet printing must meet specific rheological
requirements such as low viscosities (1 — 40 mPa.s), and surface tensions comprised
between 24 — 40 mN/m.> Those specific conditions can be restrictive to the type of materials
that can be printed by inkjet. Two main configurations of inkjet exist: continuous inkjet and
drop-on-demand inkjet. In continuous inkjet there is a constant stream of selectively

charged drops. The charged drops are diverted by an electric field, only the uncharged drops
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will be printed on the substrate. In a drop-on-demand system, the drops are generated only
when they are needed to form the printed film according to the predefined pattern, Figure
2. Drop-on-demand inkjet is characterized by smaller ink drop size and better placement
accuracy. The ink drops are ejected by a pressure pulse created inside the ink filled. The
pressure pulse can be created by three different stimuli: thermal pulse, electrostatic force,
or a piezoelectric actuator. The thermal pulse creates a bubble, by vaporization of the liquid
component of the ink, exerting pressure on the remaining ink and subsequently ejecting a
drop. The electrostatic force is caused by an electric field between the ink and the substrate.
When the piezoelectric actuator is used, the ink drops are ejected upon a volume change
inside the ink chamber. The ejection is due to the deformation of the actuator caused by an

applied electric field.* & 78
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Figure 2. Schemes of the two main inkjet configurations (A) continuous; (B) piezoelectric
drop-on-demand. Reproduced from*.

A typical MEA is composed of a polymer membrane sandwiched between two
electrodes. The electrodes are carbon-based materials loaded with catalysts. For that
reason, the experiments were conducted using a graphite-composed paste for the
electrodes and commercially available Nafion® for the membrane (Nafion® is the material of

reference for our studies).

Two structure systems were studied. The idea was to make a supported device and
an unsupported one. The difference between both is that with the supported device, the

MEA is deposited on a substrate, Figure 3.
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Figure 3. Top and side views of the unsupported and supported printed devices.

Before achieving the devices, experiments were made on the formulation of the
Nafion® ink and graphite-based paste. Then, the properties of the printed materials were
assessed (thickness, resistance). To do so, for the membrane, Nafion® was printed on PET
and glass (microscope slides). This experiment allowed to test the printing of the membrane
on two types of substrates. A flexible one that is 125 um thick PET and a rigid one that is
glass, the material’s thickness is easily measured on the glass substrate using a profilometer.
For the electrodes, the paste was printed on PET and paper. This time paper is a porous
substrate that is convenient for paste-like formulas but not recommended for liquid
formulas due to the absorption of the ink by paper. For the unsupported device, the
electrodes ink was directly printed on a commercial Nafion® membrane 50 um sheet. Both
screen and inkjet printing were used to print a MEA. As we want to achieve the printing of a
thin membrane, inkjet will be suitable to really control the thickness of the material and add
layers accordingly.’ The goal for the electrodes is to achieve thicker layers as the
conductivity of the films improves with increasing the thickness of the material. However, to
obtain this low resistance, the carbon loading in the material must be high. In this sense,
screen-printing is the most suitable technique due to the deposition of thicker layers on the
substrates. Indeed, in comparison to the other printing techniques, materials printed by

screen-printing are the thickest. 3
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2. Experimental section

2.1. Materials. Graphite powder (synthetic, <20 um), p-xylene (299.0%), 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 um) 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
— 5.10* 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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Figure 4. MBM (PMMA-b-PnBA-b-PMMA) binder.

Table 2. Composition of the Graphite-based paste for screen-printing the electrodes.

Composition (wt%)

Graphite MBM p-xylene
Paste 1 23 10 67
Paste 2 25 15 60

2.2.2. Screen-printing. The electrodes were printed with a digital Electric Flat Screen
Printer AT-60PD from ATMA topped with 43 mesh screen, (flat-to-flat assembly). The screens
contained the designs used for screen-printing, Figure 5. The screen on the right has the
design created for the eSCALED project the active area of the electrode has a diameter of 0.6
cm. The screen in the middle has a bigger electrode area, 2 cm diameter. The bigger
electrode area was used for most of the tests as it is more suitable for the material’s

characterizations.

200909
2eeeee

90999

Figure 5. Screen-printer and screens used to print the electrodes.

The printing procedure of the individual electrodes for the supported device was the

following:
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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 pum 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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Figure 6. Screen-printer and cratridge used to print the membrane.

2.2.4. Dr. Blade. For Dr. Blade printing, Nafion® ink was printed on glass microscope
slides and graphite-based electrodes using a ZAA 2300 Automatic Film applicator from
Zehntner, always with a printing speed of 60
mm/s.

2.2.5. Profilometry. Profilometry was performed by Dektak 150 Surface Profiler from
Veeco. The scans were done with a 2.5 um stylus. The angle of the substrate was adjusted
until it was less than 0.2°. Subsequently, film thickness was obtained as the average step

height — ASH. These measurements were repeated three times per sample.

2.2.6. Resistance measurements. Resistance measurements were done with 1906
High Resolution Computing multimeter from TTi. These measurements were repeated twice

on the same place on the sample.

2.2.7. Viscosimeter. The viscosities of the inks were determined using the Anton Paar

rheometer MCR 301. The viscosities of the solutions were measured at room temperature.

2.2.8. Contact angle. The contact angle experiments were performed using the Kriiss

drop shape analyser DSA100E.

3. Results and discussion
3.1. Screen-printing the electrodes

Screen-printing is the technique used to print the electrodes. As a reminder, this
technique is used for high viscosity materials and provides the layer with a high thickness.
Details on the ink’s formulation can be found in the experimental section. Up to three layers

of ink were printed on each substrate to assess the electrical resistance of the material.
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Indeed, by increasing the number of ink layers, the resistance of the material decreased. The
electrodes were characterized by profilometry and resistance measurements. Profilometry
measurements were made to determine the material’s thickness. An increase in thickness
was noticed when the number of layers increased. For two layers of ink on PET, the material

has a thickness above 30 um, Figure 7.
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Figure 7. Profilometry measurements on PET: 1 layer of printed graphite-based paste (left); 2
layers of printed graphite-based paste (right).

Profilometry measurement as it was performed was not adequate for the paper
substrate because the roughness of paper makes it difficult to measure the thickness of a
single layer, Figure 8. Indeed, although the material has a paste consistency, paper can still
absorb the solvent. PET appears to be the most fitting substrate for the graphite ink, mainly

for characterization purposes.
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Figure 8. Profilometry measurements on paper: 1 layer of printed graphite-based paste
(left); 2 layers of printed graphite-based paste (right).
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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).
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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.
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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 mm?— 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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Figure 11. Representation of the pattern design to print layers of Nafion®.

It was noticed that for the printing of the same solution, changing some parameters
can influence a lot the aspect of the film (number of nozzles, curing of Nafion®, substrate
heating), Table 3. The first film printed on PET (PET 1) was smooth and some unevenness
around the edges of the film was noticeable. For the second printing on PET (PET2), the
substrate was pre-heated at 120°C for 15 mins prior the printing. Moreover, the printed film
was cured in the oven at the same temperature and for the same amount of time. The pre-
heating changed the energy surface of the substrate and not homogeneous layer was
achieved. The last printing was made on glass because it is a rigid substrate which makes it
better for profilometry analysis. Over glass the film was dried at room temperature to avoid
the change of colour of the material. Indeed, due to its acidity, Nafion® can react with
surrounding organic residues leading to its darker colouring. This effect does not impact the

performance of the material. °
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Table 3. characteristics of inkjet printed layers of Nafion®.

Printing on PET 1 Printing on PET 2 Printing on glass

Photo of the printed
Nafion®

Zoom on one
printed rectangle

Printing parameters

Number of nozzles 3 1 4
Temperature
applied to the No No No
substrate
Jet voltage and 35V & 5 kHz 35V & 5 kHz 35V & 5 kHz
firing frequency
Curlng- of the 90°C for 15 mins 120°C for 15 mins Dried at room temperature
Nafion®
Pre-Heating of the No 120°C for 15 mins /

substrate
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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
10" 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 8" printed layer.
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Figure 12. Thickness of membranes printed by inkjet on PET and glass in function of the
number of printed layers.
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Figure 13. Profilometry measurements of 10 layers of inkjet printed Nafion® for each
printing.

A reason for the presence of more material at the edges of the films is due to the
evaporation process. The drying process follows the coffee-ring effect.!! Films printed by
Inkjet can have uneven drying resulting in the “coffee stain effect”, mainly ascribed to low
viscosity inks. This phenomenon is common to every printing technique, but it occurs more
often in inkjet printing. The “coffee stain effect” arises from the outward capillary flow
induced by the faster evaporation of the solvent at the edges of the films, resulting in
printed films that contain more material at the edges, Figure 14. 2 This effect influences the
printed film morphology and performance. This issue can be tackled by using a mixture of
two or more solvents that have different vapor pressures and surface tensions, by increasing

the viscosity after deposition or, by drying the droplets under an electric field.
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Figure 14. Representation of the drying process of a drop resulting in the coffee-stain effect.

3.3. MEA assembly, unsupported and supported devices

3.3.1. Unsupported device

92



Finally, MEA of the supported and unsupported devices were made. Printing the
unsupported MEA was straightforward as the membrane was commercially purchased and
consisted of a Nafion® sheet. On each side of the sheet were screen-printed 4 layers of the

electrode ink, Figure 15.

Nafion® sheet

Figure 15. Printed unsupported device, 4 layers of graphite-based paste screen-printed on
each side of a commercial Nafion® membrane.

3.3.2. Supported device

For the supported device, the diluted Nafion® solution was printed by inkjet on the
electrodes. Those electrodes were printed on PET by screen-printing. The conclusions on
printing the membrane on the electrode were that for our system, inkjet is not suitable for
printing on large surfaces. Indeed, it took a lot of time to print on the 2 cm diameter
electrode and the surface was not fully covered. However, on the smaller electrodes, the

active area could be fully covered by Nafion® using Inkjet, Figure 16.

2c(

Figure 16. Inkjet printing of the membrane on the printed electrodes, (left) 2cm area
electrodes, (right) 0.6 cm area electrodes.
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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 um). There is a decrease of thickness upon addition of Nafion®.
The thickness does not increase with the number of added layers [13 — 16] um, 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.
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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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Figure 18. Dr. Blade deposition of Nafion® solution on the 2 cm area electrodes.

Contact angle measurement was performed by dropping the Nafion® solution on the
printed electrode. The surface was wetted by the membrane solution with a contact angle of
25°. This observation indicated that the membrane solution is mixing with the electrode ink.
Although this mixing is not desired, it should not be an issue if the electrodes are not in
contact after final screen-printing of the electrode ink on top of the membranes. The final

MEA was made by printing one layer of electrode paste on top of the membrane, Figure 19.

Figure 19. Printed supported device, Composed of: [PET substrate / 3 layers of graphite-
based paste (screen-printing) / 1 to 3 layers of Nafion® (Dr. Blade) / 1 layer of graphite-based
ink (screen-printing)].

3.4. Preliminary tests with poly(pentafluorostyrene)

Preliminary tests were performed with poly(pentafluorosytrene) (PPFS). The

synthesis methods and characterizations are described in depth in the following chapters.
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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 (M, = 105
kDa; My = 431 kDa; B = 4.3) was synthetized during my stay at the Institut fir 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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Figure 20. Viscosities of Nafion® and PPFS inks.

The second step in the process is to characterize the material/substrate interface. To
do so, contact angle measurements were made with the electrode as a substrate. This
technique allows to see the wettability of the substrate by the ink. The surface is considered
hydrophilic and wettable if the contact angle is between 0 and 90°, and non-wettable and
hydrophobic between 90 and 180°. Contact angles were measured using the commercial
Nafion® solution (5%) and both PPFS solutions (5% and 10%). All three inks gave contact
angles under 90°. The substrate can then be considered as hydrophilic. Additionally, the
commercial Nafion® and PPFS 5% inks have similar contact angle values (~ 25°), Table 4.

Table 4. Contact angle measurements of membrane inks (Nafion® and PPFS) on the
electrode material.

Ink Commercial Nafion® 5% PPFS 10% PPFS 5%

Contact angle
on
graphite-based
electrode

Uiquid:
Temperature: 223°C PPFS i THF 4]

25.3° 83.4° 24.6°
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studies towards membrane upscaling

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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ARTICLE INFO ABSTRACT

Keywords:

Nitroxide-mediated polymerization
Poly(pentafluorostyrene)

Block copolymers

Self-assembly

Para fluorine-thiol modification

Diblock copolymers of 2,3,4,5,6-pentafluorostyrene (PFS) and butyl acrylate (BuA) were synthesized by nitroxide
mediated polymerization (NMP). By varying the conversion and/or the BuA monomer to PPFS macro-initiator
ratio, various molar compositions of the block copolymer BCP were obtained. Due to the immiscibility of both
polymeric blocks, phase separation at the nanometre scale occurred. The variety of BCP synthesized gave rise to a
large panel of morphologies by self-assembly. The structuration of the nanodomains of PPFS/PBuA BCPs were
studied by AFM and SAXS. Nanodomain sizes ranging from 30 to 45 nm depending on the molar mass of the BCP
were observed. Moreover, the lability of the fluorine atom in para position of the aromatic ring of the PFS units
allows for the functionalization of the BCPs. Indeed, the para fluorine-thiol soft organo-catalysed substitution was
performed with 1-hexanethiol as side group. The thermal properties and the self-assembly pattern of the BCP
changes drastically by the incorporation of alkyl moiety, acting as an artificial increase of the volume fraction of
the PPFS block and also matching the solubility parameter value of the PBA block, i.e. no more nano-pattern is

observed by AFM and SAXS.

1. Introduction

Fluorinated polymers are well known for their thermal, chemical,
and physical stability. For that reason, they can be used for sensors and
cable insulation, membranes, packaging, sealing materials or chemical
resistant components [1]. Among them, the most famous polymers are
poly(vinylidene fluoride) (PVDF), poly(tetrafluoroethylene) (PTFE), or
poly(vinyl fluoride) (PVF). Moreover, fluorinated polymers belong to
the category of low surface energy materials, due to their relatively low
attraction to other molecules. Therefore, their interfacial energy is low,
leading to easy segregation [2]. All those properties make them suitable
for the synthesis of block copolymers (BCPs) and their self-assembly.
BCPs have gained interest throughout the years for the development
of materials with novel properties. Indeed, BCP y s with immiscible
blocks, can microphase separate to form ordered structures. The pa-
rameters dictating the phase separation are the volume fraction @ of
both blocks in the BCP and the N segregation product, where y is the

* Corresponding author.
E-mail address: laurent.billon@univ-pau.fr (L. Billon).

https://doi.org/10.1016/j.eurpolym;.2022.111560

Flory-Huggins parameter (yAB) which represents the degree of in-
compatibility between both blocks and N represents the total degree of
polymerization. Depending on the combination of both parameters,
different morphologies can be targeted from the self-assembly of BCPs
[3]. Properties of such final materials are a combination of the intrinsic
properties of the individual polymers forming the blocks at the nano-
meter scale as well as at the micrometer scale. Thus, there is an interest
in having custom-made BCPs for diverse applications such as: drug de-
livery and release [4,5], biomaterials [6], lithography for data storage
[71, or thermoplastic materials [8].

Multiple techniques exist to synthesize BCPs, one of them is multi
step living polymerization such as ionic (IP) or controlled radical poly-
merizations (CRP) [3]. These polymerization techniques allow for the
synthesis of polymers with controlled degree of polymerization and low
dispersity. Compared to the living ionic polymerization, CRP does not
require strict synthetic conditions and a wide variety of functional
monomers can be polymerized, which makes it an easier method for the
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design of BCPs. Within CRP, different techniques were developed for
almost a quarter of century [9,10,11]. The most used are: nitroxide-
mediated polymerization (NMP) [12], atom transfer radical polymeri-
zation (ATRP) [13] and reversible addition-fragmentation chain transfer
(RAFT) [14] radical polymerization. They are differentiated by the
reversible termination reaction controlling of the chain growth. The
NMP technique, uses an alkoxyamine compound that divides into a
radical (initiator) and a nitroxide counter-radical (controlling agent)
upon heat. It can react reversibly with the propagating species to put
them in a dormant state, creating a macro-initiator that can be used to
initiate the polymerization of another monomer to make BCPs. NMP was
the chosen technique for the experiments as it is easy to implement with
only one compound that gives both an initiator and a controlling agent.
Furthermore, there is no need of the removal of the reagent after the
reaction and the alkoxyamine could be used for a variety of monomers.

We report here on the efficient synthesis of poly(penta-
fluorostyrene)-block-poly(butyl acrylate) PPFS-b-PBuA block co-
polymers (Scheme 1).

We firstly discuss the synthesis of PPFS/PBuA by NMP using the
BlocBuilder® initiator as an efficient controlled radical polymerization.
Controlled radical polymerization of BCPs using poly(penta-
fluorostyrene) have already been reported in the literature, but mainly
by ATRP [15-20]. Few examples can also be found describing NMP
[21-23] or RAFT [24] polymerizations methods. Additionally, PPFS can

O

/
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be easily modified due to the accessibility of the fluorine in para-position
of the phenylene group, allowing for countless possibilities for polymer
functionalization by nucleophilic substitution. Over the year’s attractive
post-modification techniques such as click-chemistry have been used for
the ease they provide to functionalize polymers. Click-chemistry for para
fluorine substitutions with azide [25] and thiol [26-28] have already
been proposed for PPFS. In the second part of this manuscript, the
successful para fluoro-thiol modification of the BCPs was performed
with 1-hexanethiol (HT) to explore the impact of the alkyl chain on both
the glass temperature transition Tg and the self-assembly properties of
the derivatives BCP. Indeed, the para-addition of 1-hexanethiol gives
some mobility to the polymer chains. Thus, a brittle to flexible transition
is determined by DSC and macroscopically. Additionally, the self-
assembly of the BCPs before and after modification with 1-hexanethiol
was studied by AFM and SAXS.

2. Experimental section
2.1. Materials

Pentafluorostyrene (99 %, Sigma-Aldrich), butyl acrylate (99 %,
Sigma-Aldrich), BlocBuilder® (Provided by Arkema), free-SG1 (83 %,

Provided by Arkema), dimethylformamide (DMF, anhydrous, 99.8 %,
Sigma-Aldrich), 1-hexanethiol (95 %, Sigma-Aldrich), 1,8-Diazabicyclo

O
O >‘\j\///

o. ; @ N™ "Piq~
HOJ>< N~ P b o ©

il )’\o’ OK HO -
3 F BlocBuilder® ) F F
F F Homopolymerization F E
F F
pentafluorostyrene poly(pentafluororstyrene) (PPFS)
(PFS) macro-initiator

Butyl Acrylate
(BuA)

-
O
0]

1-hexanethiol

Chain extention

HO

PPFS-b-PBUA

Para-thiol modification

(PPFS_hexanethiol)-b-PBUA

Scheme 1. Synthetic route of the PPFS-b-PBuA block copolymers and their 1-hexanethiol modified homologues.
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[5.4.0]undec-7-ene (DBU, 99 %, Sigma, Aldrich), technical methanol
(VWR), and THF (VWR), were used without further purification.

2.2. PPFS homopolymers and their block copolymers homologues

2.2.1. Homopolymerization of PFS.

The NMP of PFS was performed in bulk following a typical NMP
procedure. Pentafluorostyrene (41.2 mmol), BlocBuilder® (0.10 mmol)
and some free-SG1 (0.01 mmol) were added to a 25 mL round bottom
flask equipped with rubber seals and a magnetic stirring bar. The
mixture was placed into an ice bath and bubbled with nitrogen for 15
min and subsequently placed into an oil bath that was pre-heated at
115 °C. The mixture was left to stir for 5 h at 115 °C. The polymer was
recovered by precipitation of the reaction mixture into methanol, after
cooling down to room temperature. The precipitation was followed by
filtration and drying of the polymer under vacuum oven at 60 °C over-
night. Purification of the polymer was performed by dissolution in THF
and subsequent precipitation in methanol. The purification step was
repeated twice, PPFS was obtained (conversion: 60 %).

2.2.2. Chain extension of PPFS with BuA to yield PPFS-b-PBuA

The previously synthesized PPFS were used as a macro-initiator for
the chain extension procedure with butyl acrylate (BuA) monomer. To
do so, in a 25 mL round bottom flask was equipped with rubber seals and
a magnetic stirring bar, the macro-NMP PPFS initiator (0.078 mmol) and
some free-SG1 (0.0078 mmol) were dissolved into DMF (1.5 mL). Fol-
lowed by the addition of BuA (35.7 mmol) in the mixture. Different
([BuA]/[PPFS]) ratios were calculated and used to target different self-
assembly morphologies. The mixture was degassed with nitrogen at
room temperature for 15 min before putting the flask in an oil bath pre-
heated at 115 °C. The mixture was left to stir at 115 °C for 9 h. For the
other BCP compositions, the monomers ratios and time of reaction were
varied depending on the targeted monomer conversion. The BCP was
recovered by precipitation of the mixture into methanol, after cooling
down to room temperature. The precipitation was followed by filtration
and drying of the polymer under vacuum oven at 60 °C overnight
(conversion: 28 %).

2.2.3. para-thiol modification of the diblock copolymers

In an adequate round bottom flask, the block copolymer BCP3 (0.44
g, 0.74 mmol, 1 eq) was dissolved into DMF (5 mL). DBU (0.117 g, 0.78
mmol, 1.05 eq) was added to the mixture followed by the addition of 1-
hexanethiol (0.092 g, 0.82 mmol, 1.1 eq). The mixture was left to stir at
room temperature overnight to reach full modification. The reacted
solution was precipitated into methanol twice to remove residual
chemicals and dried under vacuum at 30 °C overnight.

3. Characterization methods
3.1. 'H NMR, DOSY NMR & °F NMR

NMR spectra were recorded on a Bruker DPX-400 spectrometer using
deuterated solvents obtained from Sigma-Aldrich (CDClg). The spectra
were recorded at room temperature.

3.2. Size Exclusion Chromatography (SEC)

The molar mass of the polymers was determined by Size Exclusion
Chromatography. The materials were dissolved in THF at a concentra-
tion of 3 g/L, Toluene was used as a flow marker. Prior to injection, the
samples were filtered through 0.45 um nylon filter. The analysis was
performed at 30 °C at a flow rate of 1 mL/min. The set up consisted of a
pump (LC-20A, Shimadzu), an autosampler (Sil- 20AHT), a differential
refractometer (Optilab Rex, Wyatt), and three columns in series (Styr-
agel HR2, HR4 and HR6 with pore sizes ranging from 102 to 106 A).
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3.3. Differential scanning calorimetry (DSC)

Between 1 and 10 mg of polymer was placed into aluminium cap-
sules that were closed hermetically. The capsule was then placed into
the DSC device (DSC Q100 from TA instruments) that was set to heating
and cooling rates of 20 °C/min under nitrogen atmosphere at a flow of
50 mL/min. The characterization was performed at the temperature
range of —80 °C to 180 °C.

3.4. Atomic force microscopy (AFM) & self-assembly process

AFM was performed on a Multimode 8 Atomic Force Microscope
(Bruker) and recorded in PeakForce QNMmode. The solutions were
obtained by dissolution of the polymers in a mixture of [Toluene: Pro-
pylene Glycol Methyl Ether Acetate (PGMEA)] [75: 25], (2 wt%). The
polymer films were obtained by spin-coating of a diluted polymer so-
lution onto a silicon wafer at 2 krpm for 60 s. The sample was first
characterised by AFM directly after spin-coating and drying and then
after annealing at 140 °C for 30 min and subsequent quenching at room
temperature.

3.5. Small-angle X-ray scattering (SAXS)

SAXS experiments were performed with a high-resolution X-ray
spectrometer Xeuss 2.0 from Xenox. The spectrometer operates with a
radiation wavelength of A = 1.54 A (Copper K, radiation). Scattering
patterns were collected using a PILATUS 300 K Dectris detector with a
sample-to-detector distance of 1637 mm. The collected data were ana-
lysed using Primus software. The film preparation for the SAXS experi-
ment was done in a similar way as for the AFM characterization. The
polymers were dissolved in a mixture of [Toluene: PGMEA] [75: 25], (2
wt%) and drop casted on a Kapton film. The films were annealed at
140 °C for 30 min before analysis.

4. Results and discussion
4.1. Block copolymer synthesis

Poly(pentafluorostyrene-b-butyl acrylate) (PPFS-b-PBuA) block co-
polymers were synthesized by NMP controlled radical polymerization.
The reaction was carried out by first synthetizing PPFS that was further
used as a macro-initiator for the chain extension with BuA. PPFS ho-
mopolymers were characterized by 'H NMR, SEC, and DSC. The back-
bone of PPFS are found to be located between 1.7 and 3 ppm (Fig. SI 1).
PPFS macro-initiators with molar masses ranging from 12 500 to 24 000
g/mol were obtained and their dispersity values P remained under 1.1
(Table 1). The glass transition temperature (Tg) of the PPFS homopol-
ymer was determined to be around 100 °C (Fig. SI 2).

Acrylates were chosen for the BCP because they present properties
such as flexibility, transparency, and toughness [29]. Moreover, poly
(butyl acrylate) (PBuA) chemical atomic composition is different from
poly(pentafluorostyrene)’s (PPFS), a suitable property to generate a
nano-phase separation by self-assembly. Indeed, for a phase separation
to occur, the two blocks in the BCP must be non-miscible, property
driven by their solubility parameters 5. The Hansen solubility parame-
ters of the homopolymers PPFS and PBuA were calculated using HSPiP
software and were of 16.1 Mpa'/? and 17.3 Mpa'/2, respectively. Other
systems of phase separation with a difference of solubility parameters
have already been described in the literature [30,31]. As an example,
the PS/PBuA (Sps = 18.4 Mpa'/?) system is able to phase separate with a
similar difference between solubility parameters than PPFS/PBuA sys-
tem [32].

As described previously, the morphologies of the nano-phase sepa-
ration are dictated by the volume fraction @ of one block [33]. So, BCPs
having different targeted molar ratios were synthesized to design
different morphologies. To vary those molar ratios, different
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Table 1
Summary table of block copolymer synthesis and characterizations.
BCPs Polymer [monomer]  BuA M," M, 28 Degree of fr fr Ty Structure by SAXS & Pitch by
PPFS,-b-PBuA, [initiator]  Conv® (g/mol)  (g/ Polymerization  (pprs) (PBuA) Q) AFM® © SAXS?
(%) EqPS mol) (DPy) (am)
theo:
(Mx™)  EqPS PPFS  PBuA
BcpP1f PPFSq.16-b- 414 69 31 000 38 1.26 65 340 0.18 0.82 -39 HCC 45
PBuAg g4 56 800
000)
BCP28 PPFSq 33-b- 546 14 40 100 75 1.88 73 155 0.37 0.63 —40 / HCC 45
PBuAg ¢y (34 700 104
000)
BCP3" PPFSq 50-b- 483 12 34 000 42 1.2 79 79 0.54 0.46 -50/ LAM 35
PBuAy 50 (25 000 96
000)
BCP4! PPFSg 54-b- 227 15 37 000 50 1.36 65 50 0.58 0.42 -39 HCC 46
PBuAp 46 19 600
000)
BCP5! PPFSy g6-b- 195 15 30 600 34 1.12 125 19 0.88 0.12 103 HCC 28
PBuAp 14 27 400
000)
BCP6’ PPFSy 90-b- 97 2 17 400 19 1.09 65 8 0.91 0.09 - Disorder -
PBuAj 10 (14 100
000)

" With x = molar % of PPFS and y = molar % of PBuA.

@ Determined by SEC by equivalent PS, b Determined by !H NMR (400 MHz, room temperature, CDCl3), ¢ DSC, 4SAXS & © AFM. BCPs synthetized from macro-initiators: f
(PPFS1) (Mn = 12 500 g/mol, Mw = 13 400 g/mol, B = 1.07), 8 (PPFS2) (Mn = 14 100 g/mol, Mw = 15 200 g/mol, B = 1.07), h (PPFS3) (Mn = 15 300 g/mol, Mw = 16
100 g/mol, B = 1.05), ' (PPFS4) (Mn = 24 000 g/mol, Mw = 26 400 g/mol, B = 1.1).

experimental parameters can be used as the conversion of the monomers
through reaction time and monomer to macro-initiator ratio (Table 1).
The molar compositions were calculated by 'H NMR after purification of
the BCPs. A typical 'H NMR spectrum of PPFS-b-PBuA copolymer, with
chemical shifts of the backbone protons of the copolymer (-CH and
—CHy) located between 1.8 and 2.9 ppm is represented in Fig. 1. Protons
of PBuA side chains, are located at 4 ppm (-OCHy) and between 0.9 and
1.8 ppm for -CH3 and —CHj, ones. The final composition of each block in

the BCP can then be determined by dividing the integral value of protons
corresponding to one of the blocks with the integral value of the protons
corresponding to the other block. An example of calculation is given in
the Supporting Information to illustrate the procedure with PPFSg 5¢-b-
PBuAgs (Fig. 1, Eq. SI 1).

The efficiency of the re-initiation of the PPFS was observed by DOSY
NMR and SEC. DOSY NMR is a powerful characterization technique to
determine the number of species existing in a complex solution, each

h
cocl, V0 [/
o
g
h
e
ab,cd
)

T T T T T T T T T T T T T T T 1

75 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5 ppm

ki

Fig. 1. Schematic structure and 'H NMR spectrum (400 MHz, room temperature, CDCl3) of purified (PPFSg 59-b-PBuAg 50)34x (BCP3).
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being assessed by a diffusion coefficient [34]. Observing one diffusion
coefficient means the presence of a unique species in the sample. For all
PPFS-b-PBuA copolymers synthesized, only one diffusion coefficient is
observed by DOSY NMR, which is characteristic of an efficient re-
activation of the macro-initiator PPFS (Fig. SI 3). SEC characteriza-
tions corroborate the good control over the polymerization (Fig. 2 A). An
increase in molar mass from homopolymers PPFS to PPFS-b-PBuA BCPs
is attributed to the chain extension (Fig. 2). Dispersity values B between
1.09 and 1.88 are reported in Table 1. A dispersity value enhancement is
noticed when the molar compositions of PBuA increases, with the
apparition of a shoulder in the corresponding chromatograms corre-
sponding to the highest molar mass of the macro-initiator PPFS (Fig. 2 A,
Fig. SI 4). Such behaviour could be attributed to non-reversible termi-
nation reactions which would lead to dead chains when the polymeri-
zation of the first block is pushed towards high conversion (here 85 % for
the PPFS macro-initiator).

4.2. Block copolymers self-assembly

As previously mentioned, when BCPs are immiscible, they present
the intrinsic properties of both isolated blocks. Thus, two glass transition
temperatures Tg, at —50 °C and 96 °C, are noticeable on the BCP DSC
thermogram for a PPFS/PBuA molar composition of 50/50 (PPFSg 50-b-
PBuAy 50)34x (here, the subscript 34 K represents the molar mass of the
copolymer obtained by SEC, the same notation was used for all the co-
polymers throughout the manuscript) (Fig. 2 B). For the compositions
with lower amount of PPFS, a different thermal pattern is observed with
just the PBuA thermal transition. Indeed, the heat capacity Ac, of PBuA
is 3.8 times higher than the one of PPFS with values of —5.7 and —1.5
W/(kg.°C), respectively (Fig. SI 5). BCPs self-assembly allows to design
well-structured materials, when composed of immiscible blocks. BCP
systems will aim to minimize the interaction between blocks to reach a
thermodynamic equilibrium. That microphase separation is induced by
the stretching of the BCP chains with the desire of lowering interfacial
energy in the BCP. The domains’ structure is dictated by the volume
fraction @ of one block into the BCP. Depending on that volume fraction,
the chains will stretch differently leading to different morphologies
[33,35]. Typically, for the phase separation, the minor phase in volume
will disperse in a matrix of the major one. Due to the strong interaction
of the covalent bond linking the blocks, the phase separation can only
occur at the macromolecular scale, meaning at the nanometre scale and
not at the macroscopic one [3]. Moreover, domains size can be tuned by
varying chains length N through the control of the molar mass.

Such nano-structured material based on the self-assembly behaviour
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of PPFS-b-PBuA BCPs can be observed at the scale length by Atomic
Force Microscopy (AFM). To do so, solutions of each BCPs were prepared
following the experimental section procedure. The solutions were then
spin coated on silicon wafers. A thermal annealing of the films was done
at 140 °C to reach the thermodynamic equilibrium (40° higher than the
Tg of PPFS). Each sample was observed before and after annealing. The
AFM results on thin films were correlated with bulk study by Small
Angle X-rays Scattering SAXS. Indeed, the SAXS experiment will com-
plement the information provided by AFM measurements and give
detailed insight on the arrangement of the microstructures in the bulk
(films of few hundred microns thick) and their domains size. If periodic
structural structuration occurs, the SAXS pattern will reveal the pres-
ence of specific maxima of scattering intensities at different scattering
vectors (q). Having a periodic structure, means having a repetition of
planes in the different directions of the structure. The distance between
the planes could be calculated knowing the Miller indices (h,k,]1) of the
structure. The mathematical determination of the scattering vector is
given by the equation q = [(4x sin(0)) /], where sin(0) = [(n1)/(2d)]
according to Bragg’s law. The distance d between the planes in the
atomic lattice can hence be determined using both formulas. Experi-
mentally, the ratio between a given g and the maxima value of q in in-
tensity (q*) will provide information about the spacing between
nanodomains, and the type of structuration in the material [36].

Taking (PPFSg 50-b-PBuAg 50)34x (BCP3) as an example, the molar
composition of each block is 0.5, leading to a volume fraction @ of 0.60
and 0.40 for PPFS and PBuA, respectively (pprs = 1.4 g/mL; ppya = 1.08
g/mL). According to the theoretical BCP phase diagram [33], the equi-
librium morphology expected at this volume fraction is to be determined
by lamellas (LAM), which was experimentally observed by AFM and
SAXS (Fig. 3) with an average spacing between nanodomains of 35 nm.
Indeed, the order peaks corresponding to the lamellar structuration are
1, 2, 3, 4 ... The calculation of the spacing is provided in the Supporting
Information (Eq. SI 4).

Similarly, for the other compositions the samples were annealed
before AFM observation following the procedure described in the
experimental section of this article. The volume fraction of each block
was determined and the BCPs were observed by AFM and SAXS.
Different morphologies were observed with distance between nano-
domains ranging from 30 to 45 nm (Table 1). The results are shown in
Fig. 4, where are presented for each composition the AFM images and
corresponding SAXS results. As it was expected from the self-assembly
theory, composition (PPFSggo-b-PBuAg 10)17x (BCP6) gave no self-
assembly both by AFM and SAXS, and the remaining BCPs were
proven to self-assemble both by AFM and SAXS, giving a hexagonal

B) -0.5 T T T T
i
2
z Tg = -50°C
9 Mot
('8
E -
(1]
Q
I
—— PPFS(0.50)-b-PBUA(0.50)
1.5 1 N 1 N 1 N 1

-50 0 50 100 150

Temperature (°C)

Fig. 2. (A) SEC traces of poly(pentafluorostyrene) macro-initiator (PPFS3) (Mn = 15 300 g/mol, B = 1.05) and the homologue (PPFSq 50-b-PBuAg 50)34x (BCP3) (Mn
= 34 000 g/mol, B = 1.2). (B) DSC graph of BCP3 showing glass transition temperatures at —50 °C and 96 °C for PBuA and PPFS, respectively.
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Fig. 3. (A) Peak Force mode AFM height images of PPFS, 5o-b-PBuAg 50 (BCP3) film before annealing and (B) after annealing at 140 °C for 4 h; (C) Observation of the

annealed film by SAXS.
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Fig. 4. (A) SAXS graph of the different block copolymers after annealing at 140 °C for 3 h. (B) Peak Force mode AFM height images of PPFS-b-PBuA BCPs after
armealing at 140 °C for 4 h. (BCP2 -~ 2) (PPFSO'33-b-PBuA0‘57)40K; (BCP3 -~ 3) (PPFSo'so-b-PBuA0‘50)34K; (BCPS -~ 5) (PPFSO_gﬁ-b-PBuAQ.l4)31](; (BCP6 -~ 6) (PPFSO'go-

b-PBuAg 10)17K)-

closed-packed cylinders HCC structuration. The HCC structuration was
attributed to the presence of the HCC characteristic peaks at 1, \/ 3, 2,

V7, 3, Y12, and /13.

4.3. Driven self-assembly of block copolymers

The morphology of the BCPs can be modified by addition of a defined
amount of homopolymer in the blend. The idea is to mimic the presence
of dead PPFS chains which could be present in the final block co-
polymers and then perturb the self-assembly pattern. In order to check
the impact of residual macro-nitiator, 10 wt% of PPFS1 homopolymer of
a molar mass of 12 500 g/mol with B of 1.07 (DPn = 65) was added to
BCP1 and BCP4, respectively (PPFSo.ls-b-PBuA0484)31K and (PPFSO_54-b-
PBuAy.46)37x- By doing so, the overall molar composition of PPES is
increased, leading to an enrichment of the PPFS phase, giving respec-
tively PPFSO_24-b-PBUA0_76 (BCPll) and PPFSOA59-b-PBuA0_41 (BCP4/)
Hence a shift from the lower to higher volume fraction in PPFS in the
BCP phase diagram is expected. On top of modifying the composition of
the PPFS block, adding some homopolymer of PPFS in the blend has an
influence on the self-assembly and nano-pattern of the material. In the
case of BCP1 (PPFSg16-b-PBuAyg4)31k, enriching the PPFS phase
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provided a better phase separation with well-defined nanodomains.
Moreover, the SAXS analysis reveals a cubic structuration and a pitch
distance decreasing from 45 to 38 nm. For BCP4 (PPFSgs4-b-
PBuAy.46)37k, two hypotheses could explain the contrast observed on the
AFM images after addition of PPFS homopolymer (Fig. 5 A & B - BCP4 to
BCP4'). Indeed, nanodomains of PBuA in a PPFS matrix are expected by
AFM. However, this new composition displays the opposite result, i.e.
nanodomains of PPFS in PBuA matrix (Fig. 5 A - BCP4'). The first
explanation could be that the nanodomains of the initial composition
(Fig. 5 A - BCP4) were mainly parallel to the surface of the film, i.e. in-
plane, and they became perpendicular to it after addition of PPFS, i.e.
out-of-the plane. The second explanation could be a metastable state of
the copolymer, called HPL (Hexagonally Perforated Lamellae). Such
structuration corresponds to lamellas of the minor PBuA polymer being
covered by hexagonal arrangement of perforations [37]. This structure
can be the result of the presence of chains of different length, i.e. dis-
persity value B of 1.36 plus free homopolymer PPFS [37,34]. Never-
theless, the pitch distance of 45 nm remained the same after addition of
PPFS. Here, we demonstrated a way to drive the morphologies of PPFS-
b-PBuA BCPs by adding a defined amount of homopolymer.

As mentioned previously, the substitution of the fluorine in para-
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Fig. 5. (A) AFM of the original and tuned BCPs annealed at 140 °C for 4 h. Tunability of the morphology observed by adding 10 wt% of PPFS; 2500 in BCP mixtures;
shift of the molar composition of BCP1 ~ 1 (PPFSg 14-b-PBuAg g4) and BCP4 ~ 4 (PPFS, 54-b-PBuA 46) after addition of PPFS1 to give BCP1'~1' (PPFSy 24-b-PBuAg 76)
and BCP4'~4' (PPFS, 59-b-PBuAy 41) depending on the molar fraction of PPFS on a theoretical BCP phase diagram. (B) SAXS of the original and tuned BCPs annealed

at 140 °C for 3 h.

position allows for many possibilities of functionalization permitting to
tune either the volume fraction or the interaction parameter y which is
dependant of the difference of the solubility parameters & of the two
blocks of the modified BCP2 ((PPFSy 33-b-PBuAg 67)40x). Here, the para
fluorine-thiol modification was performed as an efficient soft substitu-
tion with a functional thiol, i.e. 1-hexanethiol compound, in a one-step
organo-catalyzed procedure with 1,8-Diazabicyclo[5.4.0]lundec-7-ene
DBU. Indeed, mild conditions at room temperature and ambient atmo-
sphere were used. Moreover, the versatility and the commercial avail-
ability of thiol compounds make them attractive for such reactions
[38-40]. The reaction was performed in DMF overnight at room tem-
perature. The modified BCP was characterized by 1°F NMR (Fig. 6). On
the NMR spectrum, the full efficiency of the substitution is characterized
by the complete disappearance of the chemical shift of the fluorine in
para position (§parar = -154 ppm). Moreover, the chemical up fields shift
of the fluorine in meta positions is also observed from &petqr = -161 to
134 ppm, before and after modifications, respectively. This up field shift
is due to the change from fluorine to sulphur neighbours.

After full modification of the BCP, the glass transition temperature Tg
of the PPFS block is expected to be lowered due to the added side chain
providing additional free volume and then mobility to the polymer

chains. Indeed, the Tg of the 1-hexanethiol modified PPFS drops down to
11 °C and the macroscopic aspect of the polymer changed from solid to
viscous at room temperature after modification (Figs. SI 6 & 7). It is
worth noting that similar behaviour is observed with the PPFS homo-
polymer. Indeed, the Tg decreases from 100 °C to 8 °C from before to full
substitution by 1-hexanethiol, respectively (Fig. SI 8).

The AFM images of the modified BCP do not show a contrasted image
after modification. This can be explained by the new solubility param-
eter of the 1-hexanethiol modified PPFS (17.4 Mpal/ 2), which is close to
the one of PBuA (17.3 Mpa'/?). This proximity of the solubility pa-
rameters strongly decreased the segregation ability along with similar
thermal behaviours, i.e. both in an elastomeric state with Tg values
below room temperature. Here, the modification with 1-hexanethiol did
not preserve the nano-segregation of the initial self-assembled block
copolymer (Fig. 7). This observation was confirmed by the SAXS
experiment. Indeed, no other than the initial scattering vector g* at
0.017 A~! were observed, characteristic of a liquid order.

5. Conclusion

In the present study, the synthesis and self-assembly behaviour of
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Fig. 6. (A) Polymer structure before and after modification, (B) '°F NMR spectra of BCP2 (PPFSg 33-b-PBuAg 67)40x (300 MHz, room temperature, CDCls) and (C)

BCP2 after modification with 1-hexanethiol (400 MHz, room temperature, CDCl3).
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Fig. 7. (A) Peak Force mode AFM height images and corresponding SAXS characterizations of BCP2 (PPFSy 33-b-PBuAg 67)40k, and (B) BCP2 modified with 1-hex-

anethiol after annealing.

PPFS-b-PBuA block copolymers were studied. The synthesis of the BCPs
was performed by NMP controlled radical polymerization from PPFS
macroinitiator by the chain extension with butyl acrylate BuA. BCPs of
PPFS with molar fraction ranging from 0.16 to 0.90 were synthesized.
The molar masses of the PPFS-b-PBuA BCPs were determined by SEC
between 17 000 and 40 000 g/mol with dispersity values P between
1.07 and 1.88. The chromatograms showed an increase in molar mass
due to the chain extension from the macro-initiator to the BCPs and a
single diffusion coefficient by DOSY NMR.

Two glass transition temperatures Tg were observed by DSC for the
block copolymers. The self-assembly behaviour of the PPFS-b-PBuA was
brought to light by AFM observation on thin films correlated to SAXS
analysis in bulk. Indeed, depending on the volume fraction of each
block, the morphologies obtained were tuned from HCC to LAM. The
size of the nanodomains was between 30 and 45 nm. Moreover, mor-
phologies could also be varied by addition of 10 % of PPFS homopoly-
mer to the BCP blend.

Finally, the BCPs were modified by para fluorine-thiol modification
using 1-hexanethiol. The full modification of the PPFS block was
determined by '°F NMR and a change in thermal properties of the BCP
was noticeable after modification with 1-hexanethiol.

The para fluorine-thiol modification can be finally considered as an
easy mild and efficient organo-catalyzed method for the tailoring of
functional block polymers microstructure in relationship with their
physical or chemical properties due to the variety of available thiol
functional side chains. Moreover, this method’s added feature repre-
sents an important way to pave the development of nano-structured
materials for different applications fields, as energy, especially.
Indeed, by controlling the solubility parameter of the modified PPFS
block and then maintaining it different enough of the second block one,
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the degree nano-segregation can be tuned.
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The supporting information of this article provides additional information on the synthesis

and characterizations of the polymers. Here are presented the methodology for the

calculations of polymer compositions, theoretical molar masses,

nanodomains for the SAXS analysis.

cocl, ey

1)

T T T T T T T T T T T

T
7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20

distance between

Figure SI 1. Structure and 'H NMR spectrum (300 MHz, room temperature, CDCl3) of

poly(pentafluorostyrene) macro-initiator (PPFS2).
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Figure SI 2. DSC of poly(pentafluorostyrene) macro-initiator (PPFS2), displaying a Tg of

100°C.
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= Determining composition and volume fraction of PPFS and PBuA in the BCP
Like for the previous example, the attribution of the signals of each proton of the BCP was
made, followed by the integration of those signals. The chemical shifts of the backbone
protons of the copolymer (-CH and -CH;) are located between 1.8 and 2.9 ppm (Integraly pprs
and Integraly paua). Protons of PBUA side chains (-CH3 and -CH;) are located between 0.9 and
1.8 ppm and -OCH; protons of the PBUA side chain are situated at 4 ppm (Integralu psua)
(Figure 1). After calculation using the equation below, the molar composition of each block is

of 0.50.

Equation SI 1. Molar composition of PPFS and PBuA in the BCP.

%PBua = Integraliy PBua x 100
Integral,y pprs + Integraliy pBua

%PPFS = 100 - %PBua

Equation Sl 2. Volume fraction of PPFS and PBuUA in the BCP.

MW ppBua

¢ — PBua
PBua = MWpprs MWppyq
T
PPFS PBua

Drprs = 1 - Dppya

Where pprs = 1.4 g/mL and pgua = 1.08 g/mL

=  Theoretical molar mass:
The theoretical molar mass (MW) of the block copolymers is determined using the
conversion obtained by *H NMR. Considering PFS as monomer A and BuA as monomer B, the

theoretical molar mass of the BCPs is:
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Equation Sl 3. Theoretical determination of the molar mass of the BCPs.

molar compositionmonomer A XConversiony

MWpoly Btheo. — MWBlocBuilder + [ ] X MmonomerA

molar compositioninitiator

+ [molar compositioNmonomer B XConversiong

— X M.
molar compositionnitiator ] monomer B

cocl, e a,b,c

| -

T T T T T T T T T T T T T T T -8.0
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 ppm

Figure SI 3. Structure and DOSY NMR spectrum (300 MHz, room temperature, CDCl3) of
purified (PPFSo.54-b-PBuAo 46)37x (BCP4).
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Figure Sl 4. SEC chromatograms of (A) macro-initiator (PPFS1) (Mn = 12 500 g/mol, Mw = 13
400 g/mol, D = 1.07) and [(PPFSo.90-b-PBUA.10)17x BCP6 (Mn = 17 400 g/mol, D = 1.09);
(PPFSo.54-b-PBUAG.46)37« BCP4 (Mn = 37 000 g/mol, D = 1.36); (PPFSo.16-b-PBUAG.s4)31x BCP1
(Mn =31 000 g/mol, D =1.26) ] - chain extension from PPFS1.

(B) macro-initiator (PPFS3) (Mn = 15 300 g/mol, Mw = 16 100 g/mol, D = 1.05) and (PPFSo.so-
b-PBuAo s0)3ak BCP3 (Mn =34 000 g/mol, D = 1.2) - chain extension from PPFS3.

(C) macro-initiator (PPFS2) (Mn = 14 100 g/mol, Mw = 15 200 g/mol, D = 1.07) and (PPFSo33-
b-PBuAo.67)aox BCP2 (Mn = 40 100 g/mol, D = 1.88) - chain extension from PPFS2.

(D) macro-initiator (PPFS4) (Mn = 24 000 g/mol, Mw = 26 400 g/mol, D = 1.1) and (PPFSo.s6-b-
PBuAo.14)31k BCP5 (Mn =30 600 g/mol, D = 1.12) - chain extension from PPFS4.
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= DSC of the block copolymers
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(PPFSp.90-b-PBUA©.10)17k BCP6.
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150

117




Chapter 3. PentaFluoroStyrene-based Block Copolymers Controlled Self-Assembly Pattern: A
platform paving the way to functional block-copolymers

Figure SI 7. (A) BCP3 (PPFSo33-b-PBuAos7)aox polymer at room temperature, (B) BCP3

modified with 1-hexanethiol at room temperature.

= SAXS peaks attribution:
The attribution of the peaks was made using the Primus software an following the distance
distribution placement of the peaks. Indeed, some peaks that were not as intense on the

original graph were visible using this functionality of the software.

2 il T I TTrTT I T I TTrTT I mTrTT I LI
é o data
1.5 E_ it
1B
- °
c °
= 05k
o -
(=] E
° 0F
05 F
-1
1-5 .1_1 111 I 1411 I 11 1 I 111 I 1111 I 11 11
0 .01 0/02 0.03 0.04 0.05
S
40 )
20 F = Z
=] 0 H — [
oy : TR E £
L] 20 iy . = -
q wF o = .
60 3
:-I 1. 1°] I L1 11 I L1 1.1 I L1 11 I 1111 I L1l l_'
0 001 002 003 004 005

s
= Distance between nanodomains (SAXS):

Depending on the spacing between scattering vectors (q) and the structure of the material,

the distance between nanodomains is calculated using different formulas. The choice of one

over the other depends on the type of periodic structure and the number of dimensions

involved. Indeed, for a one-dimensional periodic structure such as the lamellar (LAM)

structure, equation (1) will be used; For a two-dimensional structure such as hexagonally
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closed-packed cylinders (HCC), equation (2) will be used and finally; equation (3) is for a
three-dimensional structure such as primitive cubic or body centered cubic (BCC). The

dimensions in the equations are represented by the Miller indices: h, k, 1. (36)

Equation Sl 4. Determination of the distance between nanodomains.

_4mn sin @
a= A
21 2mn
() Wm=n7y — 4=

@ = g VRTFRFRK — dz\/;_l W IZF Rk

@ Gn= ZVFFRHP — d= 2 VTR P

n

Experimentally for each block copolymer the peaks positions are:

Table SI 1. SAXS peak position of the block copolymers and the block copolymer modified

with 1-hexanethiol.

q Peak position Pitch
Block copolymer . Lattice structure
(A1) ratios (nm)
0.0161 1
(PPFSo.16-b- 0.0288 V3
45 HCC
PBUAo.34)31k 0.0428 V7
0.058 V13
0.016 1
(PPFSo.33-b- 0.0271 V3
45 HCC
PBuAo.67)a0k 0.0446 V7
0.0582 V13
0.018 1
(PPFSo.50-b- 0.0361 2
35 LAM
PBuAo.50)34k 0.0541 3
0.0718 4
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0.0158 1
(PPFSo.54-b-
0.0329 2 45 HCC
PBUA.46)37
0.055 V12
0.0228 1
(PPFSo.56-b- 0.0409 V3
32 HCC
PBuUAy.14)31k 0.048 2
0.0686 3
(PPFSo.90-b-
0.039 1 - disorder
PBuUAy.10)17¢
0.0167 1
PPFSo.24-b-PbuAo.76
0.024 V2
(Tuned from
0.0285 V3 38 Cubic
(PPFSo.16-b-
0.0347 2
PBuAo.g4)31k)
0.0403 V6
PPFSo.59-b-PbuAo.a1 0.0162 1
(Tuned from 0.0317 2
45 HCC
(PPFSo.54-b- 0.0473 3
PBuUAo.46)37k) 0.0604 V13
1-hexanethiol
modified PPFSo.33-b- 0.017 1 43 disorder

PBuAo.67
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ARTICLE INFO ABSTRACT

Keywords:

Sulfonated sPPFS-b-PBuA diblock and statistical copolymers based on 2,3,4,5,6-pentafluorostyrene PFS and butyl
Nitroxide mediated polymerization NMP

acrylate BuA were elaborated for Proton Exchange Membrane Water Electrolyser (PEMWE) purposes. The block

Emulsion polymerization copolymers (BCP) were synthetized by Nitroxide Mediated Polymerization NMP, a controlled radical polymer-

Pentaﬂuoroswrene ization technique that yields a well-defined molar mass and a low dispersity material. These diblock-copolymers
Diblock-copolymers o1 . P,
Sulfonation have the ability to self-assemble due to the immiscibility of the two macromolecular segments PPFS and PBuA.

Statistical copolymers of the similar chemical composition were synthetized by both controlled radical poly-
merization NMP in solution and by free radical polymerization FRP in emulsion as waterborne dispersed polymer
with highest molar mass. The copolymers were sulfonated by a mild click-reaction, namely an organo-catalyzed
nucleophilic substitution reaction with sodium 3-mercapto-1-propanesulfonate (SMPS) at low temperature. The
morphology of the sulfonated diblock-copolymer BCP was studied by SAXS and AFM, revealing a nano-phase-
segregated sulfonated membrane. The mechanical properties of the membranes were improved by ionic cross-
linking with polybenzimidazole (PBI-OO). Finally, the conductive properties of the sulfonated BCPs and statis-
tical copolymers were investigated as a function of parameters such as the morphology of the BCP, the molar
mass, and the sulfonation degree of the materials.

Para fluoro-thiol modification
Proton-conductive membrane

1. Introduction Electrode Assembly (MEA) [2]. At the anode, to which water is supplied,
the oxidation reaction (Oxygen Evolution Reaction - OER) takes place

Over time, water electrolysis has emerged as the technique of choice with the decomposition of water into oxygen, protons, and electrons. At

for carbon-free hydrogen production. By using water and energy coming
from renewable sources as its main feedstocks, water electrolysers are
expected to help reduce carbon dioxide emissions. Electrolysers are
divided into three types: alkaline electrolysers (AEC) [1], proton ex-
change membrane (PEM) electrolysers [2], and solid oxide electrolysis
(SOE) cells [3]. Although AEC represents the most developed electro-
lyser technology to date, PEM electrolysers are regarded as most
certainly superior due to their better energy efficiency, higher produc-
tion rates, and compact electrolyser design [4]. A PEM electrolyser is
operated in acidic media, and the electrolyte is a thin proton-conducting
polymer membrane. In a typical PEM electrolysis system, the electrodes
are directly assembled on the membrane, also called Membrane

the cathode, the reduction reaction (Hydrogen Evolution Reaction -
HER) takes place, recombining the electrons and protons into gaseous
hydrogen. Most cathode materials for PEM electrolysers are based on
platinum, which has the best HER activity and is very stable in acidic
media. Metal oxides such as RuO; and IrO, are usually used as anode
materials [5].

The proton-conducting membrane is the core component of the de-
vice. The membrane not only conducts protons, but also prevents the gas
products coming from both electrodes from mixing. The thinner the
membranes, the higher the transfer rate of protons between both elec-
trodes. To be effective, the membrane must have a good chemical and
mechanical stability, thermal and hydrolytic stability, and high proton
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conductivity [6]. Nafion® is currently the material of reference for these
membranes. Nafion® membranes have been thoroughly investigated
and shown to have very good proton-conducting properties as well as
very good chemical and mechanical properties. However, the synthesis
of Nafion® requires several production steps, resulting in high produc-
tion costs. With the aim of developing less expensive membranes with
similar performances as Nafion®, different types of polymeric materials
have been developed [7]. They consist of sulfonated fluorinated,
partially fluorinated [8] or hydrocarbon polymers [9]. Sulfonated poly
(ether ether ketone) (sPEEK), or poly(ether sulfone ketone) (sPESK) with
a high degree of sulfonation (IEC >2 meq/g) have approached the
conductivity of Nafion® [10-13].

The mechanism of proton conduction in Nafion® has also been
studied. Its good proton conductivity is attributed to the phase segre-
gation that occurs when the hydrophilic acidic moieties are combined
with the hydrophobic fluorocarbon chain. This results in the formation
of hydrophilic channels in which the proton-conductivity occurs ac-
cording to the water dynamics [10,14]. For this reason, there has been
an increased interest in the synthesis of amphiphilic diblock-copolymers
for the preparation of membranes. It has already been shown that the
structural organization of diblock-copolymers positively affects the
transport kinetics in the membrane. Examples such as sulfonated BCPs of
poly(sulfone-b-vinylidene fluoride), and poly(styrene-b-isobutylene-b--
styrene) (s-SIBS) have already been investigated. In these studies, it was
found that the transport properties increased by an order of magnitude
when diblock-copolymers were used compared to random copolymers,
with the most influential parameter being the connections of the hy-
drophilic domains [15-17].

In the present study, we investigated the structural and conductivity
properties of new sulfonated poly(pentafluorotyrene-b-butyl acrylate)
(sPPFS-b-PBuA) diblock copolymers. These copolymers were obtained
from PPFS-b-PBuA diblock copolymers synthesized by nitroxide
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mediated polymerization (NMP) followed by a mild organo-catalyzed
para fluoro-thiol modification technique to introduce the sulfonated
group on the PPFES block [18]. In addition, for a comparative study,
PPFS/PBuA statistical copolymers were synthesized by emulsion poly-
merization and also investigated. The initial and the sulfonated co-
polymers were characterized by 'H NMR and °F NMR, DSC, AFM,
SAXS, rheology and conductivity measurements (Scheme 1).

The final aim of this work is to use the diblock-copolymer self-as-
sembly to pave the way to the design of proton-conducting nano-chan-
nels across the membranes.

2. Experimental section
2.1. Materials

Pentafluorostyrene (99%, Sigma-Aldrich), butyl acrylate (99%,
Sigma-Aldrich), BlocBuilder® (provided by Arkema), free-SG1 (83%,
provided by Arkema), dimethylformamide (DMF, anhydrous, 99.8%,
Sigma-Aldrich), potassium persulfate/K2S20g (99%, Sigma-Aldrich),
sodium dodecyl sulfate/SDS (99%, Sigma-Aldrich), sodium phosphate/
NapHPO4 (Merck), Sodium chloride/NaCl (99.5%, Sigma-Aldrich),
DMSO (VWR), sodium 3-mercapto-1-propanesulfonate (95%, Sigma-
Aldrich), 1,8-Diazabicyclo[5.4.0]lundec-7-ene (DBU, 99%, Sigma,
Aldrich), 2,2-(ethylenedioxy)diethanethiol (95%, Sigma-Aldrich), PBI-
OO (Fumatech), technical methanol (VWR), THF (VWR). Used without
further purification.

2.2. Copolymers synthesis

2.2.1. Synthesis of PPFS/PBuA diblock-copolymer
The NMP of PFS was performed in bulk following a typical NMP
procedure [19]. Pentafluorostyrene (41.2 mmol), BlocBuilder® (0.10
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Scheme 1. Synthetic routes to sulfonated PPFS/PBuA diblock and statistical copolymers (sPPFS-b-PBuA and sPPFS-stat-PBuA). (A) BCP synthesized by NMP
controlled radical polymerization; (B) Statistical copolymer synthetized by free radical polymerization in emulsion; (C) Statistical copolymer synthesized by NMP

controlled radical polymerization.
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mmol) and free-SG1 (0.01 mmol) were added to a 25 mL round bottom
flask equipped with a septum and a magnetic stirring bar. The mixture
was placed into an ice bath and bubbled with nitrogen for 15 min and
subsequently placed into an oil bath that was pre-heated at 115 °C. The
mixture was stirred for 5h at 115 °C. At the end of the reaction time, the
mixture was cooled down to RT and the polymer was precipitated in
methanol. The solid precipitants were collected by filtration and the
polymer was dried under vacuum at 60 °C overnight. Purification of the
polymer was performed by dissolution in THF and subsequent precipi-
tation in methanol. The purification step was repeated twice and then
the final macro-initiator PPFS was obtained. The so obtained PPFS
macro-initiator was then used for the chain extension procedure with a
butyl acrylate (BuA) monomer. To do so, the PPFS macro-initiator
(0.049 mmol; Mn = 14 100 g/mol, P = 1.07 (Fig. SI 5)) and some
free-SG1 (0.0049 mmol) were dissolved into DMF (1.5 mL) in a 25 mL
round bottom flask equipped with rubber seals and a magnetic stirring
bar. Subsequently, BuA (26.9 mmol) was added to the mixture. Different
([BuAl/[PPES]) ratios were calculated and used to target different
self-assembly morphologies. The mixture was degassed with nitrogen at
room temperature for 15 min before putting the flask in an oil bath
preheated at 115 °C. The mixture was stirred at 115 °C for 9h. The BCP
was recovered by precipitation of the mixture into methanol after
cooling down to room temperature. The precipitation was followed by
filtration and drying of the polymer under a vacuum oven at 60 °C
overnight (conversion: 91%). The synthesis was previously reported by
our group [19].

2.2.2. Synthesis of statistical PFS/BuA copolymer by NMP

Statistical copolymerization of pentafluorostyrene (PFS) and butyl
acrylate (BuA) was performed in DMF in similar way to the diblock-
copolymer synthesis. PFS (33 mmol), BuA (21.5 mmol), BlocBuilder®
(0.13 mmol) and some free-SG1 (0.013 mmol) were added to a 25 mL
round bottom flask equipped with rubber seals and a magnetic stirring
bar. The mixture was placed into an ice bath, purged with nitrogen for
15 min and subsequently placed into an oil bath that was pre-heated at
115 °C for 7 h. The copolymer was recovered by precipitation of the
mixture into methanol after cooling down to room temperature. The
precipitation was followed by filtration and drying of the polymer in a
vacuum oven at 60 °C overnight. Purification of the polymer was per-
formed by dissolution in THF and subsequent precipitation in methanol.
The purification step was repeated twice. (Conversion BuA = 50%;
conversion PFS = 66%)

2.2.3. Copolymerization PFS/BuA by free radical polymerization in
emulsion

In a three-neck round bottom flask, water (200 g) was added and
degassed with nitrogen for an hour at RT. Potassium persulfate (K2S20sg,
1 mmol), sodium dodecyl sulfate (SDS, 6.9 mmol) and sodium phos-
phate (NagHPO4, 0.84 mmol) were added under nitrogen flow. The
mixture was stirred at room temperature (RT) until all components were
dissolved (approximatively 30 min). The monomers PFS (151.5 mmol)
and BuA (75.7 mmol) were pre-mixed by stirring and subsequently
added to the flask under vigorous stirring. The temperature was raised as
fast as possible with a preheated oil bath at 90 °C. When the desired
temperature of 90°c was reached in the mixture, the temperature
controller was adjusted to keep the temperature constant at 90 °C over
time. The polymerization was stopped when the mixture became
translucent, after 4 h in our case. After completion of the reaction, the
mixture was cooled down to RT and sodium chloride (NaCl) was added
until full aggregation of the polymer particles. The polymer was then
rinsed with water to remove the excess of salt and dried at 100 °C under
vacuum for 24 h (conversion = 100%)

2.2.4. Sulfonation by para fluoro-thiol modification of the copolymers
The copolymer (containing 41.2 mmol PPFS units) was dissolved
into DMF (5 mL) ina round bottom flask. 1,8-Diazabicyclo[5.4.0]undec-
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7-ene (DBU, 43.3 mmol) was added to the mixture followed by the
addition of sodium-3-mecapto-1-propanesulfonate (SMPS, 45.1 mmol).
The mixture was stirred at room temperature overnight. After comple-
tion of the reaction, the solution was dialysed to remove the excess of the
water-soluble components. For that, the polymer was mixed with
distilled water (30 mL), poured into an adequate dialysis tube (MWCO 3
kDa), and dialysed in distilled water for 3 days. After dialysis, the so-
lution in the tube was lyophilised for 2 days. (conversion = 100%)

2.3. Polymer crosslinking and membranes preparation

The crosslinking of the membranes was performed by both covalent
and ionic crosslinking. To perform the covalent crosslinking, the poly-
mers must be partially sulfonated to contain unsubstituted penta-
fluorostyrene units. The difunctional 2,2-(ethylenedioxy)diethanethiol
molecule was used as a crosslinker agent. Different crosslinking ratios
were studied. Here as an example is given the preparation of a mem-
brane containing 12 mol% crosslinker. In a separate flask, 0.26 mmol of
2,2-(ethylenedioxy)diethanethiol was mixed with 0.26 mmol DBU in 3
ml DMSO. In another flask, a 10 wt% solution of copolymer was formed
by dissolving the partially sulfonated copolymer in DMSO. Both solu-
tions were then mixed and casted in a silicon mold. The mold was placed
in the convection oven at 80 °C for 2 h followed by an increase of
temperature to 120 °C overnight.

The ionic crosslinking was performed using Polybenzimidazole (PBI-
00). In a separate flask, PBI-OO was dissolved in DMSO (2 wt%). In
another flask, a 10 wt% solution of copolymer was made by dissolving
the sulfonated copolymer in DMSO. Both solutions were then mixed and
casted in a silicon mold. The mold was placed in the convection oven at
80 °C for 2 h followed by an increase of temperature to 120 °C overnight.
The dried membranes were then immersed into a 5% HCI solution
overnight, rinsed several times with deionised water and dried at 50 °C
under vacuum [20].

For the preparation of a membrane without crosslinking, the pro-
cedure was repeated without addition of 2,2-(ethylenedioxy)dieth-
anethiol or PBI-OO/DBU mixture.

2.4. Characterization techniques

2.4.1. Nuclear magnetic resonance IH NMR & °F NMR

NMR spectra were recorded on a Bruker DPX-400 spectrometer using
deuterated solvents obtained from Sigma-Aldrich (CDCl; and
DMSO-dg). The spectra were recorded at room temperature.

2.4.2. Size exclusion chromatography (SEC)

The molar mass of the copolymers was determined by SEC. The set
up consisted of a pump (LC-20A, Shimadzu), an autosampler (Sil-
20AHT), a differential refractometer (Optilab Rex, Wyatt), a light scat-
tering detector (Dawn Heleos II, Wyatt), a viscosimeter (Viscoton,
Wyatt), and three columns in series (Styragel HR2, HR4 and HR6 with
pore sizes ranging from 102 to 106 A). The polymers were dissolved in
THF at a concentration of 3 g/L. Prior to injection, the samples were
filtered through 0.45 pm nylon filter. The chromatography was per-
formed at 30 °C at a flow rate of 1 ml/min.

2.4.3. Differential scanning calorimetry DSC

Polymer sample (1-10 mg) was placed into aluminium capsules that
are closed hermetically. The capsule was then placed into the DSC de-
vice (DSC Q100 from TA instruments) that was set to heating and
cooling rates of 20 °C/min under nitrogen atmosphere at a flow of 50
mL/min. The characterization was performed at the temperature range
of —80 °C-180 °C.

2.4.4. Atomic force microscopy AFM

AFM was performed on a Multimode 8 Atomic Force Microscope
(Bruker) and recorded in PeakForce QNMmode. For the BCPs, the
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polymer film was obtained by spin-coating of a diluted polymer solution
on a silicon wafer. The solution was obtained by dissolution of the
polymers in a mixture of toluene: propylene glycol methyl ether acetate
(PGMEA) = 75: 25, (2 wt%). The sample was first characterized by AFM
directly after spin-coating and drying and then after annealing at 140 °C
for 30 min and subsequent quenching at RT. As the sulfonated BCPs
were no longer soluble in the toluene/PGMEA mixture, they were sol-
ubilized in DMSO (2 wt%). The polymer solution was then drop casted
on the silicon wafer and dried in the oven at 50 °C overnight.

2.4.5. Small-angle X-ray scattering SAXS

SAXS experiments were performed with a high-resolution X-ray
Spectrometer Xeuss 2.0 from Xenox. The spectrometer operates with a
radiation wavelength of A = 1.54 A (Copper K, radiation). Scattering
patterns were collected using a PILATUS 300K Dectris detector with a
sample-to-detector distance of 1637 mm. The collected data were ana-
lysed using Primus software. The film preparation for the SAXS experi-
ment was done in a similar way as for the AFM characterization. The
polymers were solubilized in their adequate solvents (2 wt%) and drop
casted on a Kapton film. The films were annealed prior to analysis. For
the BCP, the annealing was done at 140 °C for 30 min, and for the sul-
fonated BCP at 50 °C overnight.

2.4.6. Rheology

Rheology was performed on an Anton Paar rheometer equipped with
a SER (Sentmanat Elongational Rheometer) universal testing platform.
The SER platform consisted of two counter rotating drums stretching the
sample until the breaking point. The drums each had a diameter of 10.3
mm. A rectangular section was collected from the membranes and
positioned on the drums. The films were stack to the drums at elevated
temperature. The drums were set to a rotating speed of 0.1 s=1 and the
chosen rotational angle was 360°.

2.4.7. Ion exchange capacity

Ion Exchange Capacity (IEC) of the membranes were measured by
titration method. A dry piece of membrane (in H-form) was immersed in
50 mL of saturated NaCl solution under stirring for 24 h. Solution was
titrated with 0.1 N NaOH solution to the equivalence point of bromo-
thymol blue indicator (pH = 7). The IEC was calculated according to the
equation: [IEC (meq/g) = (VNaon X Cnaon)/Wal, where Wy is the dry
weight (mg) of the sample and Vn,on and Cnaon are the volume (mL)
and molar concentration of NaOH solution, respectively.

2.4.8. Water uptake measurement

Water uptake was determined by comparing the weight of the
membrane in its dry state and in its hydrated state. To do so, the
membrane was weighted in a dry state and immersed in deionised water
for 24h at room temperature. The water uptake was calculated using the
following formula:

2.4.9. Electrochemical Impedance Spectroscopy

The electric resistance of the membranes was determined via
impedance spectroscopy (IM6 Impedance measurement system, Zahner
elektrik) in a Teflon cell with gold-plated copper electrodes having the
following electrode area: 0.25 cm?. The impedance, where the phase
angle between current and voltage was zero, was taken as the (ohmic)
ion-exchange membrane resistance. The measurement was performed in
0.5 N HySO4. The membrane was placed between two Nafion® 117
membranes and pressed in a stack between the two electrodes at T =
25 °C. By this method, the resistances at the interphase membrane/
electrode are eliminated by first measuring all three membranes, fol-
lowed by measurement of the two Nafion® membranes alone, and
subtracting of the impedance of the Nafion® membranes from the
impedance of all three membranes.
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3. Results and discussion
3.1. Synthesis and characterization of diblock and statistical copolymers

Poly(pentafluorostyrene)-b-poly(butyl acrylate) (PPFS-b-PBuA)
diblock-copolymer (BCP) was previously synthetized by NMP controlled
radical polymerization. To summarize, the BCP was synthetized by NMP
using the commercially available alkoxyamine BlocBuilder® as an
initiator and control agent. By varying the monomer to initiator ratio
and adjusting the reaction times, we were able to synthesize diblock-
copolymers BCPs with different molar compositions. BCPs morphol-
ogies such as hexagonally closed-packed cylinders (HCC) or lamellas
(LAM) were targeted by BCP self-assembly. Indeed, if the volume frac-
tion of each block determines the morphology of the nano-segregation,
the phase separation occurs only if the two blocks presents an interac-
tion parameter X value high enough to force the non-miscibility. This
last one is dependent on the difference of the solubility parameters §
between the blocks. Herein, the Hansen solubility parameters & of the
homopolymers PPFS and PBuA are calculated to be equal to 16.1 Mpa'/?
and 17.3 Mpa'/? for PPFS and PBuA, respectively using HSPiP software
[19].

It has been proven that favorable nano-structuration in the copol-
ymer improves the proton-conduction in the membrane [21]. For that
reason, we aimed to prepare proton-conducting membranes that
self-organized into out-of-the-plane cylinders of PPFS in a PBuA matrix, i.
e. perforating nano-channels through the film. Indeed, a polymer
structured in such a way after sulfonation would result in a membrane
that would dispose of sulfonated conductive channels with a diameter of
a few dozens of nanometers. In order to achieve this goal,
PPFSy 33-b-PBuA g7 with a molar mass of 40 000 g/mol was used for the
experiments. Its molar composition and molar mass were calculated
from 'H NMR and SEC characterizations, and its structure was observed
by AFM and SAXS (Fig. 1). (PPFSy 33-b-PBuAy 67)40k (here, the subscript
40K represents the molar mass value of the copolymer by SEC and the
same notation was used for all the copolymers) reveals to be composed
of nano-domains of PPFS structured in hexagonally-closed-packed cyl-
inders (HCC). Indeed, with a first order peak at q* = 1.6 10 2nm ! and
a cylinder-to-cylinder distance of 45 nm (d = 4 z / 1/3 q*) and the
following peaks at \/ 3q*and \/ 7 q*, this pattern fits well with the HCC
structure (Fig. 1 A). Hence, the BCP is able to self-assemble with PPFS
cylinders nano-domains in a PBuA matrix. At the same time,
PPFS( 33-b-PBuAg ¢y displayed two glass transition temperatures at
—40 °C and one at 104 °C corresponding to PBuA and PPFS Tg,
respectively, and confirms the nano-phase separation between the two
blocks (Fig. SI 1).

Statistical copolymers of PPFS/PBuA were synthesized by both NMP
and free radical polymerization (FRP). NMP was performed in solution
in DMF using the alkoxyamine BlocBuilder® as a control agent, and the
FRP in emulsion using peroxodisulfate as the initiator. The copolymers
were characterized by 'H NMR, SEC, and DSC.

On a typical 'H NMR spectrum of PPFS/PBuA copolymers, the
chemical shifts of the backbone protons (-CH and —CHj) are located
between 1.8 and 2.9 ppm. Protons of PBuA side chains (-CH3 and —-CH>)
are located between 1 and 1.8 ppm and ~OCHj, protons of the PBuA side
chain are located at 4 ppm (Fig. SI 2, Fig. SI 3, Fig. SI 4). From the
attribution and integration of the proton signals, the molar composition
of both PPFS and PBuA was determined (Table 1). The statistical
copolymer (PPFS g7-stat-PBuAg 13)19x obtained by NMP was composed
of 87 mol% of PPFS in contrast to the 80 mol% of PPFS (PPFS go-stat-
PBuAy.20)140x Which were obtained by FRP. (PPFS g;-stat-PBuAg 13)19x
synthesized by NMP presents a dispersity P of 1.16, whereas the one
made by the FRP method P = 15.2 (Fig. SI 5). The glass transition
temperature Tg of the copolymers was determined by DSC giving a Tg
around 64 and 89 °C for the copolymers by NMP and FRP, respectively.
The increase in Tg could be explained by the high molar mass of the
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Fig. 1. (A) SAXS patterns of (PPFSg 33-b-PBuA ¢7)40x BCP before and after partial sulfonation (DS = 68%, see Table 2); (B) Peak Force mode AFM height images

showing morphology transition before and after sulfonation of the BCP.

Table 1

Summary of the experimental conditions and macromolecular characterizations of the PPFS/PBuA diblock and statistical copolymers.

Experimental conditions

Macromolecular features

Polymer (synthetic method)

M1/ Temp (°C)  Time (h) M," (kg/mol)  M,” (kg/mol) P* Molar %PPFS” (%)  Molar %PBuA” (%) T4 (°C)
[1]
PPFS.33-b-PBuAg 67 (NMP/solution) 550% 115 22 40 76 1.88 33 67 —40/
104
PPFS, g7-stat-PMAg 13 (NMP/solution) 370 115 7 19 22 1.16 87 13 64
PPFS go-stat-PBug 20 (FRP/emulsion) 230 90 6 140 2000 152 80 20 89

*[BuAl]/[PPFS macro-initiator].
@ Determined by SEC by equivalent PS.
b Determined by H NMR (300 MHz, room temperature, CDCl5).
¢ Determined by DSC.

Table 2
Summary of the para fluoro-thiol modification conditions and characterizations
of the PPFS/PBuA diblock and statistical copolymers.

Polymer (synthesis  Thiol Sulfonate Temp Time" DS” Ty
method) salt/PFS unit (eq) [§O) (h) (%) [§O)]
(PPFS 33-b- ~0.70 25 24 68 -42/
PBuAg.67)40k 60
(NMP/solution) ~1 25 24 100 —40/
15
(PPFS g7-s- ~0.5 25 48 57 32
PBuAg .13)19k
(NMP/solution)
(PPFSo.g0-5- ~1 50 24 100 61
PBuAy.20)140K
(FRP/emulsion)

@ polymerization time.
b Degree of sulfonation (DS) determined by19F NMR.
¢ Glass transition temperature (Tg) determined by DSC after sulfonation.

(PPFS go-stat-PBuAg 20)140xk  copolymer obtained by FRP method in
emulsion process (Table 1).

3.2. Sulfonation by para fluoro-thiol modification of the copolymers

Here, the para fluoro-thiol modification was selected as an efficient

soft substitution of para-fluorine atom in perfluorinated phenyl ring. The
substitution was performed with a functional thiol, ie. sodium-3-
mecapto-1-propanesulfonate (SMPS) in a one-step synthesis in the
presence of a base 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU). The high
capability of the para-F of the perfluorinated phenyl ring to thiols has
features of a click-reaction: quick, and at mild conditions (RT). More-
over, the versatility and the commercial availability of thiol compounds
make them attractive for such reactions [18].

Firstly, the kinetic of the para fluoro-thiol modification with the
sulfonate compound was studied. To do so, the substitution reaction was
performed on PPFS homopolymer and the reaction progress was
controlled by '°F NMR. In fact, the reaction mixture which consisted of
PPFS homopolymer with a molar mass of 12 500 g/mol and dispersity P
of 1.07, DMF, DBU (1.05 eq), and SMPS (1.1 eq) were introduced in an
NMR tube and placed into the NMR rotor. °F NMR spectrum of the
blend was recorded at room temperature over 24 h (Fig. 2). It turned out
that the full substitution of the para-F of PPFS by SMPS was obtained
after only 3.5 h of reaction. This experiment proved that in mild con-
ditions, the para fluoro-thiol modification is very efficient and only few
hours are needed for a full sulfonation.

Using the gathered information on the para-substitution with the
sulfonate compound, the copolymers were fully or partially sulfonated
according to the molar ratios of PFS monomer units and SMPS (Fig. 3 I).
Even if the full conversion is reached at 3.5h, the reactions were left for
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Fig. 2. Para fluoro-thiol modification of PPFS homopolymer by SMPS over
time. The conversions were determined by '°F NMR.

24 or 48h to make sure that all the polymer reacted with the thiol
moiety. Because of its high molar mass, (PPFSg go-s-PBuAg 20)140x Syn-
thesized by FRP did not dissolve in DMF at room temperature. There-
fore, the temperature was raised to 50 °C and the reaction proceeded for
24h. All the sulfonated copolymers were purified by dialysis in water.
They were characterized by 19 NMR and DSC (Table 2).

The '°F NMR spectra of the non-modified polymers displays 3 signals
for the fluorine at each position of the aromatic ring: § 2Fgnpm, = —143
PPm; 8 2Fpetg = —161 ppm; § 1Fpqrq = —154 ppm (Fig. 3 1T a). After full
modification, there was no more fluorine in para position, and the signal
of fluorine in meta positions is up-field shifted due to the presence of the
sulphur in para position (6 2Fho = —141 ppm: § 2F e = —134 ppm)
(Fig. 3 11 c). The '°F NMR spectra of the partially fluorinated copolymer
displays the signals of all the fluorine of both the initial copolymer and
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the sulfonated one (Fig. 3 II b).

3.3. Thermal properties of the diblock-copolymers

The diblock-copolymer was characterized by DSC before and after
full and partial sulfonation (Table 2). A decrease in Tg is observed after
sulfonation. Indeed, for the BCPs, the glass transition temperature of the
sulfonated PPFS (sPPFS) moiety decreased from 100 °C to 60 °C (Fig. 4 a
& b). It is worth noting that introducing a sulfonic group in the polymer
chain has been reported in the literature to increase of the Tg of the
polymer [22,23]. This increase has been attributed to the decrease of
flexibility introduced in the chain by adding -SOsH groups, which is
increasing the number of interacting species (e.g. h-bonding, ionic in-
teractions). However, the compound used herein for sulfonation
(sodium-3-mercapto-1-propanesulfonate, SMPS) presents a sulfonic
moiety linked to a flexible alkane chain. The use of a short spacer
(—C3He-) between the backbone and the sulfonic acid functional group
introduces some mobility to the polymer, and hence contributes to the
decrease of the Tg.

Although it is clearly proven that the sulfonation of PPFS with SMPS
is possible under mild conditions for both the homopolymer and the
diblock copolymers. The fully sulfonated (PPFS 33-b-PBuAg 67)40x PPFS
block displayed a Tg lower than the ambient temperature (Tg = 15 °C).
This drastic decrease from the original Tg of PPFS (Tg = 104 °C) is not
ideal for membrane purposes. For that reason, the partially sulfonated
BCP (Tg = 60 °C) was used for further experiments.

3.4. Morphological studies of the sulfonated diblock-copolymer

As stated previously, having an organised sulfonated material was
proven to be beneficial for the membrane conductivity. Using amphi-
philic diblock-copolymers as membrane materials have increased the
transport of protons [15]. Thus, continuous nano-domains of sPPFS
through the membrane should provide an efficient transfer of protons
from one side of the membrane to the other, i.e. nano-channels. In a
previous study, it was proven both by AFM and SAXS that
(PPFSg 33-b-PBuAg ¢7)40x BCP displayed an HCC structuration of PPFS
nano-domains in a PBuA matrix [19]. After sulfonation, the morphology

. =, -R
0 g Ju e () g —
O-N Hs\/\/s\\o - /KN/
HO Sodium 3-mercapto-1- DBU

5

propanesulfonate

)

Para-fluoro thiol modification

T T T T 2 T

. A
-160 tppm

Fig. 3. (I) Sulfonation reaction of PPFS-b-PBuA with SMPS. (II) 19F NMR spectra of (a) (PPFSg 33-b-PBuAg67)40x in CDCls; (b) Partially sulfonated (PPFSq 33-b-
PBuAg 67)40x in DMSO-dg, DS = 68%; (c) Fully sulfonated (PPFSg 33-b-PBuAg 67)40x in DMSO-dg, DS = 100%.
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Fig. 4. DSC thermograms of: (a) (PPFSg 33-b-PBuAg 67)40x With the glass tran-
sition temperatures Tg values at - 40 °C and 104 °C for PBuA and PPFS,
respectively; (b) Partially sulfonated (PPFS 33-b-PBuAg 67)40k (DS = 68%) with
Tg values of PBuA at - 40 °C and Tg of sPPFS at 60 °C; (c) Crosslinked sulfonated
(PPFSg 33-b-PBUA 67)40x With 2 wt% PBI-O0 with Tg of PBuA at - 43 °C and Tg
of sSPPFS(+2 wt% PBIOO) at 93 °C.

of the partially sulfonated BCP was studied by AFM and SAXS (Fig. 1).
For this purpose, polymers were dissolved in DMSO (2 wt%) and drop
casted on silicon wafer for AFM characterization and on Kapton film for
the SAXS experiment. The films were then annealed in oven at 50 °C
overnight.

AFM images showed an increase in size of nano-domains from 45 nm
(PPES) to 96 nm (sPPFS) after sulfonation. This may be due to a volume
increase of the PPFS block caused by the addition of the sodium-3-
mecapto-1-propanesulfonate moieties (Mpgs ynit = 194.1 g/mol; Mgpprs
wit = 351.98 g/mol). Indeed, the morphological features of the self-
assembled BCP are dictated by the volume fraction and specific chain/
segment interactions of both blocks in the BCP among other factors. The
SAXS measurements on the annealed film revealed an HCC structuration
of the BCP after sulfonation, with a first order peak at q* = 7.5 1072
nm~! and a cylinder-to-cylinder distance of 96 nm (d = 4 z / /3 q*).
The following peaks at 1/3 q* and /7 q* are representative of the HCC
structure (Fig. 1). From those results, we can assume that the sulfonated
BCP is able to self-assemble with nano-domains of out-of-the-plane cyl-
inders of sPPFS in a PBuA matrix.

3.5. Membrane elaboration and properties

Membranes were prepared using the sulfonated copolymers and
DMSO as a solvent. The challenge here is to define the conditions for
achieving mechanically stable membranes. The choice of solvent was
made considering the solubility of the sulfonated copolymers and their
evaporation rate (bp pmso = 189 °C).

3.5.1. Membrane elaboration process without crosslinking

DMSO solutions (10 wt%, and 2 wt% in the case of (PPFSgo-s-
PBuAy.20)140x) of the fully or partially sulfonated copolymers were
prepared. (PPFSg go-s-PBuAg 20)140x made by FRP in the emulsion was
used at 2 wt% solution due to its high molar mass. For all the co-
polymers, the solutions were stirred until complete solubilization of the
copolymers. They were then cast in a silicon mold and placed in the
convection oven at 80 °C for 2 h and then at 120 °C overnight.

The partially sulfonated (sPPFSg 33-b-PBuAg 7)40x BCP resulted in a
very sticky membrane and was therefore difficult to unmold without
tearing the membrane apart (Fig. 5 a). The sulfonated statistical
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copolymers by NMP and FRP in emulsion, (PPFS g7-s-PBuAg 13)19x and
(PPFSy 80-s-PBuAg 20)140x respectively, resulted in free-standing mem-
branes (Fig. 5 b & c). However, all the membranes swelled a lot and then
solubilize when immersed in water, which is an issue for PEMWE ap-
plications (Fig. 5 d).

Crosslinking reactions were foreseen to enhance the mechanical
properties of the membranes and decrease their swelling during subse-
quent use. Two different types of in-situ crosslinking were investigated.
Either covalent crosslinking was performed via para fluoro-thiol modi-
fication on the PPFS units using the dithiol 2,2-(ethylenedioxy)dieth-
anethiol, or ionic crosslinking by mixing the sulfonated anionic
copolymers with polybenzimidazole (PBI-OO) [20]. Preliminary tests
using the (PPFSj g7-s-PBuAg 13)19x with a degree of sulfonation DS =
57%, i.e. ([SPPFSg 49-PPFS 33]-s-PBuA 13) were performed to optimise
the amount of crosslinker. In fact, a subtle balance must be found to
enhance the mechanical properties and reduce the swelling capacity of
the membrane.

3.5.2. Covalent crosslinking

To crosslink the PPFS/PBuA copolymers, the para fluoro-thiol
modification was performed as it has already proven to be an efficient
reaction process for the sulfonation of the copolymers. A crosslinker,
2,2-(ethylenedioxy)diethanethiol with two reactive functional thiol
groups was introduced to allow the creation of bridges between the
polymer chains [24] using DBU in DMSO at room temperature (Fig. 6 A).

Different compositions were tested by calculating a molar ratio [2,2-
(ethylenedioxy)diethanethiol] /[PFS units] of 3, 6 and 12 mol% with a
polymer content of 10 wt% in DMSO. The crosslinked membranes were
then characterized by DSC and elongational rheology. From the DSC
thermograms, we notice a slight increase of Tg with the increase of the
mol% of added crosslinker (Fig. 6 B). Indeed, as the mol% of the
crosslinker increases, the more crosslinking occurs and the more energy
the polymer needs to reach the rubbery state.

Elongational rheology experiments were performed on the cova-
lently crosslinked membranes. To do so, a rectangular piece of the
membrane was placed at 100 °C on two counter-rotating drums at 0.1
s~1 at a 360° angle rotation. The temperature was applied for the film to
stick to the drums (Fig. SI 6) [25,26].

When looking at the rheology curves of all the samples, we noticed
that the membranes without added covalent crosslinker and with 3 mol
% of added covalent crosslinker behaved the same way to the stress
applied. Indeed, the increase of viscosity is followed by a decrease of the
extensional viscosity associated to the rupture of the film (Fig. 6 C). On
the contrary, an upward deviation of the viscosity curves is observed for
the copolymer with 6 mol% of added covalent crosslinker, this deviation
is more noticeable with 12 mol%. This behaviour is called strain-
hardening and is characteristic of the occurrence of a chemical cross-
linking [26,27].

In fact, when the 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, the polymers’ viscosity
increases until the rupture of the chains when applying a strain to the
material. From the rheology results, we notice that the covalent cross-
linking of sulfonated (PPFS gy-s-PBuAy 13)19x Was effective at 6 and 12
mol% of added covalent crosslinker. There is a correlation between the
DSC and rheology results. They both show that to covalently crosslink
the copolymers efficiently, the amount of 2,2-(ethylenedioxy)dieth-
anethiol to be added to the mixture should be above 12 mol%.

3.5.3. Ionic crosslinking

Similarly, ionic crosslinking was performed on partially sulfonated
(PPFS( g7-s-PBuAg 13)19x- To perform ionic crosslinking, one needs ion-
ically charged crosslinker and polymer to create ion-pair interactions
between them. Polybenzimidazole (PBI-OO) was used as a polymer base
(Fig. 6 D). It presents good thermal and mechanical stabilities, with an
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Fig. 5. (a) Pristine membranes from sulfonated (PPFSg 33-b-PBuAg¢7)40x; (b) (PPFSqg7-s-PBuAg 13)10x; (€) (PPFSggo-s-PBuAg 20)140x; (d) Swollen sulfonated

(PPFSg g7-s-PBuAy 13)19x membrane in water.

initial weight loss observed by TGA at temperatures above 600 °C [28].

Different PBI-OO crosslinking weight ratios were tested (2, 4 and 8
wt%). The membranes were made by solubilization in DMSO with a
copolymer content of 10 wt%. The final dried membranes were
immersed into an acid solution to promote the ionic crosslinking in-
teractions. The Tg of the membrane was increased from 32 °C to 82 °C at
the highest wt% of added crosslinker (8 wt%) (Fig. 6 E). An influence of
the crosslinking with PBI-OO on the Tg is noticeable from 2 wt% of
added crosslinker with a Tg increasing from 32 to 77 °C.

The rheology curves displayed a steady increase of the extensional
viscosity of all the samples until rupture to strain regardless of the wt%
of added ionic crosslinker (Fig. 6 F). This observation suggests the
occurrence of strain-hardening of the membranes as it was the case for
the covalent crosslinking. This behaviour occurs regardless of the added
amounts of ionic crosslinker. In this sense, only 2 wt% of PBI-OO are
necessary to ionically crosslink the partially sulfonated (PPFSggy-s-
PBuAg.13)19x copolymer.

3.6. Water uptake, ion exchange capacity and conductivity of the
membranes

3.6.1. Water uptake

Beside the proton-conductivity and ion exchange capacity, water
uptake is a critical factor in determining the performance of a mem-
brane. Indeed, the proton-conductivity is dictated by the water content
and diffusion in the membrane. Nevertheless, too much absorbed water
can negatively impact the mechanical properties of the membranes
leading to a loss of their mechanical integrity. In fact, the water uptake
parameter is dependent on the degree of sulfonation of the polymer as
the presence of too many ion groups (IEC > 2-2.5 meq/g) causes an
extreme swelling of the membranes. Water will act as a plasticizer and
lower the Tg of the membranes [29]. Water uptake of the crosslinked
partially sulfonated (PPFSygy-s-PBuAg 13)19x membranes was deter-
mined by comparing the weights of the dry and hydrated membranes.
Following the detailed procedure in the experimental section, cross-
linked membranes were placed in a vial containing deionised water for
24 h (Fig. SI 7 I & II). As already mentioned in the previous section,
non-crosslinked membranes of PPFS/PBuA were excessively swollen
and were disrupted after 24 h in water. Covalently crosslinked mem-
branes having 3 and 6 mol% crosslinker behaved the same way as the
pristine membranes. They swelled a lot and then were disrupted in water
which rendered the water uptake determination impossible. In the case
of 12 mol% of added crosslinker, the membranes 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

133

ionically crosslinked membranes were all stable in water with water
uptake values around 45 wt%, and hydration number of 23-25
(Table 3), comparable to the Nafion®117 ones with a water uptake of
~30 wt% and a hydration number of 18 [30].

All the copolymers ionically crosslinked with PBI-OO gave a similar
water uptake around 45 wt%. The covalent crosslinking reaction of the
partially sulfonated ([SPPFSg 49-PPFSg 35]-s-PBuAg 13)19x copolymer was
successfully demonstrated by rheology. However, the water uptake of
these membranes was above 1000%, which is more than 30 times higher
than Nafion®’s. On top of this, the covalently crosslinked membranes
appeared to be too fragile as PEM for application in water electrolysis.
On the contrary, ionic crosslinking with the PBI-OO performed better in
terms of mechanical properties and stability in water, regardless of the
added PBI-OO amounts. For that reason, ionic crosslinking by blending
the copolymers with PBI-OO was selected as the most suitable cross-
linking technique to finally tailor the membranes. As the percentage of
added ionic crosslinker didn’t have a severe impact on the properties of
the membrane (2, 4 or 8 wt%), the chosen amount was 2 wt%. Indeed,
using the lowest amount of crosslinker possible will allow to have more
anionic groups available for the proton conduction. All the following
characterizations were performed on the PBI-OO (2 wt%) crosslinked
sulfonated membranes.

3.6.2. Proton conductivity

Factors influencing the conductivity are mainly the morphology
(ion-channel structuring) of the membrane, the water uptake (content of
water), and the degree of sulfonation (DS) of the polymers characterized
by the IEC (Flg SI 9) ([SPPFSOV49-PPFSO.38]-S-PBUA0.13)19K showed IEC
= 1.06 meq/g, higher than the reference that we are using Nafion®117
(IEC = 0.93 meq/g) (Table 4). A similar IEC was obtained for the other
two copolymers (SPPFSQ_go—S—PBuAO.zo)l4()]( and ([SPPFSovzz—PPFSO.H]—b—
PBuAg 67)40x, showing 0.3 meq/g and 0.35 meq/g, respectively. The
lower IEC of the sulfonated ([SPPFSO_zz-PPFSO_ll]-b-PBuA0,67)40K is
explained by the low amounts of sPPFS that is 3 times less than
([SPPFSO_49-PPFSO_38] -S-PBUAQ_13)19K. The low IEC of sulfonated
(sPPFSg go-s-PBuAg 20)140x could be linked to high molar mass of the
polymer making it difficult to access the sulfonated groups in the bulk of
the 2 wt% crosslinked membrane during the 24h at room temperature.
The difference between the experimental and theoretical IECs may be
due to the environment making the sulfonate groups inaccessible. It
could be the result of the polyelectrolyte effect of the BCP and/or hy-
drophobic environment in the case of statistical copolymers.

The conductivity of the membranes was determined by Electro-
chemical Impedance Spectroscopy (EIS). The membrane made with the
BCP ([sPPFSg 22-PPFSg 11]1-b-PBuAg67)40k, gave the best proton-
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Fig. 6. (A) Molecular structures of partially sulfonated PPFS-s-PBuA membrane and its crosslinked homologue with 2,2-(ethylenedioxy)diethanethiol; (B) DSC

thermograms of sulfonated (PPFSy gy-s-PBuAg 13)19x membrane and the membrane

with added covalent crosslinkers; (C) Extensional viscosity versus extensional

strain at 100 °C of partially sulfonated (PPFSq g7-s-PBuAg 13)19x ([SPPFSq 49-PPFS( 35]-s-PBuAg 13) membrane with 0, 2, 6 & 12 mol% of 2,2-(ethylenedioxy)dieth-
anethiol as covalent crosslinker (CCL); (D) Representation of the crosslinked site of the copolymer with PBI-OO; (E) DSC graphs of sulfonated (PPFS g7-s-PBuAg 13)19k
membrane and the membrane with added ionic crosslinkers; (F) Extensional viscosity versus strain of partially sulfonated (PPFSg g7-s-PBuAg 13)19x ([SPPFSq 49-
PPFS 35]-s-PBuAg 13) with added of 0, 2, 4 & 8 wt% of PBI-OO ionic crosslinker (ICL).

conductivity from all studied membranes (6 = 179 mS/cm) (Table 4).
The membrane made with ([sPPFSg 49-PPFS 3g]-s-PBuAg.13)19x had a
conductivity of 94 mS/cm and (sPPFSg go-s-PBuAg 20)140x had the lowest
conductivity of all three membranes, 6 = 16 mS/cm. The BCP was ex-
pected to conduct the best due to its higher IEC value, even if it has the
lowest amount of sPPFS (22 mol%). This could be explained by the in-
fluence of the morphology of the diblock-copolymer and then its self-
assembly behaviour on the conductive performances of the materials.
The low conductivity value of sulfonated (sPPFSg.go-s-PBuAg.20)140x
compared to the other membranes could not be explained at this stage,

and further work is needed to improve the membrane formulation.
Compared to the conductivity of the reference Nafion®117 with ¢ = 12
mS/cm, we were able to achieve a similar conductivity for (sPPFS go-s-
PBuAp.20)140x and greater conductivities for ([SPPFSg 49-PPFS 3g]-s-
PBUA0.13)19K and ([SPPFSO.ZQ—PPFSO.H]—b—PBuA0‘67)40K L'lSiI'lg the PPFS/
PBuA copolymer system.

These results reveal the importance of the material nano-
structuration in the proton conduction. Indeed, with the crosslinked
sulfonated (PPFSg 33-b-PBuAg 67)40xk, AFM analysis also demonstrated
the formation of out-of-the-plane cylinders with a pitch of 100 nm
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Table 3
Water uptake values of crosslinked partially sulfonated ([SPPFSg 49-PPFSq 35]-s-
PBuAg.13)19k-

Type of crosslinking Crosslinker (%) Water uptake (wt%) A" [Hy0/S03H]

CCL 3 mol% - -
6 mol% - -
12 mol% 1076 563
ICL 2 wt% 44 23
4 wt% 48 25.2
8 wt% 45 23.6

@ Hydration number: number of water molecules per sulfonic acid functional
group, A = Water uptake/(IECexp x 100 X MWyater) [311.

(Scheme 2, Fig. SI 8). A similar morphology was observed without
crosslinking (Fig. 1). Moreover, the DSC analysis reveals two distinct Tg
domains characteristic of the phase separation of the BCP (Fig. 4 c).
Interesting are the solubility parameters of sPPFS (23.6 Mpa'/2), PBuA
(17.3 Mpal/ 2) and the crosslinker PBI-OO (24.6 Mpal/ 2. They clearly
predict an affinity and miscibility of PBI-OO into sPPFS due to electro-
static interactions and close solubility parameter values, respectively.
Herein, the low amount of the ionic crosslinker PBI-OO (~2 wt%)
combines with its high difference of solubility parameter with the PBuA
matrix, PBI-OO can neither disturb the self-assembly nor the nano-
segregation morphology. If such nanostructures are percolating across
the membrane, water will be attracted and conducted to the hydrophilic

Table 4
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sPPFS nano-domains structured in HCC. The protons will follow the
water dynamic that in our case consists of following a straight path from
one end of the membrane to the other, improving the overall transfer of
protons compared to a random organization of the material (Scheme 2)
[32]. It is worth noting that gyroid or lamellar phases could be suitable
to increase the volume of the conductive moieties of the diblock
copolymer self-assembly. However, those phases negatively impact the
mechanical properties of the membranes. A solution to maintain both
the good conductivity and the mechanical properties could be the use of
a PBuA-b-sPPFS-b-PBuA triblock copolymer. This type of copolymer
would allow the creation of bridges between the hydrophobic domains
and then enhance the mechanical properties of the membranes.

4. Conclusion

The influence of the microstructure of PPFS/PBuA copolymers for
proton-conducting membrane for PEMWE applications was investi-
gated. For this purpose, a diblock-copolymer self-assembled in HCC
structure was synthetized by NMP-controlled radical polymerization. In
addition, statistical copolymers of PPFS/PBuA were synthetized in two
ways: (i) NMP in solution (DMF) and (ii) free-radical polymerization in
emulsion. The latter method resulted in an aqueous formulation with a
higher molar mass copolymer. The copolymers were then fully or
partially sulfonated by the efficient technique of soft para fluoro-thiol
modification using sodium-3-mecapto-1-propanesulfonate according to
a click-reaction. Partial sulfonation was carried out to achieve a high IEC

IEC and conductivity of the sulfonated PPFS/PBuA crosslinked proton conductive membranes.

Polymer DS (%) sPPFS (mol%) IEC IEC Membrane thickness (pm) Conductivity (mS/cm)
Theoretical (meq/g) Experimental (meq/g)
(PPFSy.33-b-PBuAg 67) 40K 68 22 0.66 0.35 16 179
(NMP/solution)
(PPFS.g7-s-PBuAg 13)19K 57 49 2.15 1.06 86 94
(NMP/solution)
(PPFS0,50-s-PBUAg 20)140K 100 80 2.76 0.3 6 16
(FRP/Emulsion)
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Scheme 2. (A) Representation of sPPFS-b-PbuA BCP and its self-assembly at the nanometre scale in Hexagonally Compact Cylinders (HCC) of sPPFS in a PBuA matrix
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Side view of the schematic sPPFS-b-PBuA crosslinked membrane with the representation of water dynamics; (D) Representation of the cluster network occurring in

Nafion® for the proton-conduction.
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and produce water-insoluble polymers and preserve some hydropho-
bicity. Full sulfonation was performed on the copolymer with the higher
molar mass, as it is the most mechanically stable. In addition, the
membranes were ionically crosslinked using at least 2 wt% of PBI-OO. In
this way, stable films were prepared, highlighting high IEC = 1.06 meq/
g and conductivity 6 = 179 mS/cm. The ionic crosslinking improved the
mechanical stability of the membranes in water and reduced the water
uptake to about 45%. The conductivity of the membranes was measured
by EIS in 0.5 N HySO4, with BCP showing the best conductivity with ¢ =
179 mS/cm, which is more than 10 times higher than the reference
Nafion® 117 with the experimental conditions of the present study.

The use of amphiphilic diblock-copolymers modified by an elegant
para fluoro-thiol reaction under mild conditions, allowing self-assembly
in 100 nm diameter out-of-the-plane cylinders by AFM and SAXS char-
acterizations, paves the way to design efficient proton-conducting nano-
channels across the membranes. This new concept offers the opportunity
to rethink the Nafion® paradigm for proton transport and water dy-
namic in the polymeric membrane but also be transposed to other thiol
functional molecules for applied energy materials.
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Figure SI 2. Structure and 'H NMR spectrum (300 MHz, room temperature, CDCl3) of
(PPFSp.33-b-PBUAp.67)a0k synthetized by NMP controlled radical polymerization. The spectrum
shows the absence of residual monomer.
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Figure SI 3. Structure and *H NMR spectrum (300 MHz, room temperature, CDCl3) of
(PPFSo.87-s-PBUAo.13)19¢ synthetized by NMP controlled radical polymerization. The spectrum
shows the absence of residual monomer.
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Figure Sl 4. Structure and *H NMR spectrum (300 MHz, room temperature, CDCls) of purified
(PPFSo.80-s-PBUA.20) 140k Synthetized by free radical polymerization in emulsion. The spectrum
shows the absence of residual monomer.
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 Covalent
 crosslinking

Figure SI 7. (I) Membranes of (A) partially sulfonated (PPFSo.s7-s-PBuUAo.13)19x ([SPPFSo.49-
PPFSo.358]-s-PBuAo.13) with 0 mol% of added covalent crosslinker (CCL);

(B) ([sPPFSo.49-PPFSg.38]-s-PBuAop.13) with 3 mol% of added CCL;
(C) ([sPPFSo.49-PPFSg.38]-s-PBUA.13) with 6 mol% of added CCL;
(D) ([sPPFSo.49-PPFSo.38]-s-PBuAg.13) with 12 mol% of added CCL;

Behaviour of the membranes in deionised water (E) at t = 0h and (F) at t = 24h
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() Membranes of (G) partially sulfonated (PPFSo.s7-s-PBuAo.13)19k ([SPPFSo.49-PPFSo.38]-s-
PBuAy.13) with 0 mol% of added ionic crosslinker (ICL);

(H) ([sPPFSo.49-PPFSg.33]-s-PBuAo.13) with 2 wt% of added ICL;
(J) ([sPPFSo.49-PPFSg 38]-s-PBuAo.13) with 4 wt% of added ICL;
(K) ([sPPFSo.49-PPFSo.38]-s-PBuAg.13) with 8 mol% of added ICL;

(L) Behaviour of the membranes in deionised water at t =24h.
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Figure SI 8. Peak Force mode AFM height images of sulfonated (PPFSo.33-b-PBuAo.s7)aok
crosslinked with PBI-O0 (2wt%)
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Figure SI 9. Theoretical IEC as function of the molar composition of sPPFS for a PPFS/PBuUA
copolymer system.
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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 PBuUA but lower than PPFS (Tg PBuUA = -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 HCI solution, then twice with 1M
K2COs 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 *H NMR spectrum of the monomer were attributed (Figure 7). The
chemical shifts of the vinylic protons (-CH and -CH;) 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 -CHj3) are located between 0.7 and 2 ppm.
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Figure 7. Structure and *H NMR spectrum (300 MHz, room temperature, CDCls) 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 *H 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 -CH3) alongside the remaining protons of the macromolecule (-CH, -CH,
and -CHs) are located between 0.5 and 3.2 ppm. The composition of each polymer in the
copolymer was also determined by H 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 (PPFSo,77-S-P|V|Ao,23).
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Figure 8. Structure and *H NMR spectrum (300 MHz, room temperature, CDCls3) of the
purified PPFSg.77-s-PMAg 23 copolymer.

-

The copolymer was fully sulfonated with sodium-3-mecapto-1-propanesulfonate
(SMPS) following the para-fluoro thiol modification of the fluorine in para position of PFS
units. The sulfonation and membrane elaboration procedures are the same as for the
previous PPFS/PBUA polymer system. The characterization techniques and conditions are
also the same as before. The '°F spectra of the modified polymer displays two different
fluorine environments. After full modification, there is no more fluorine in para position, and
the signal of fluorine in meta positions is shifted due to the presence of the sulfur in para
position (6 2Fortho = -142 ppm: 8 2Fmeta = -135 ppm) (Figure 9). As a reminder, the chemical
shifts of the fluorine of the non-modified copolymer are: & 2Fortho = -143 ppm; & 2Fmeta = -161
ppm; and & 1Fyara = -154 ppm.
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Figure 9. (A) Structure and '°F NMR spectra of PPFSp.77-s-PMAo 23 (300 MHz, room

NaO:;S

temperature, CDCl3) (B) Structure and °F NMR spectra of fully sulfonated PPFSo.77-s-PMAo .23

(300 MHz, room temperature, DMSO-ds).

The copolymer was characterized by DSC (Figure 10). Before sulfonation, the material

presents a glass transition temperature Tg = 95°C, which decreases to -3°C after sulfonation.
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Figure 10. DSC graphs of PPFSg.77-s-PMAg .23 showing the glass transition temperatures of the

copolymer before (Tg = 95°C) and after sulfonation (Tg = -3°C).
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Chapter 4. para fluoro-thiol clicked diblock-copolymer self-assembly: Towards a new
paradigm for highly proton-conductive membranes

Membranes of the fully sulfonated PPFSo.77-s-PMAo.23 were made by performing ionic

.

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

Figure 11. Membrane of fully sulfonated PPFS¢.77-s-PMAo 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 meqg/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 PPFSp.77-s-PMAg 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 PPFSo.77-s-PMAo 23 proton conducting

DS IEC IEC Water A Membrane Conductivity
Polymer (%) Theoretical Experimental uptake thickness (mS/cm)
(mea/g)  (mea/g) (%)  [H0/SOHl  (um)
PPFSo.77-
s- 100 2.54 1.2 42 19.4 10 690
PMAo.23
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: PPFSo77-s-PMAg23. Membranes of fully

sulfonated PPFSo77-s-PMAo 23 gave a conductivity of 690 mS/cm, higher than the one of
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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.

[41] S. Noppalit, A. Simula, N. Ballard, X. Callies, J. M. Asua, L. Billon, Renewable Terpene
Derivative as a Biosourced Elastomeric Building Block in the Design of Functional Acrylic
Copolymers, Biomacromolecules. 20 (2019) 2241-2251.
https://doi.org/10.1021/acs.biomac.9b00185.
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Declaration of my independent performance chapter 4: Para fluoro-
thiol clicked diblock-copolymer self-assembly: Towards a new
paradigm for highly proton-conductive membranes

For the most part, | performed the majority of the practical work, this specifically included:

- The synthesis of the PPFS/PBUA statistical and block-copolymers by controlled radical

polymerization (CRP) and free radical polymerization in emulsion (FRP).

- The synthesis of the menthyl acrylate bio-sourced monomer. The purification of the

monomer was performed with the guidance of and experienced colleague.

- The sulfonation of the all copolymers by para-thiol modification with sodium-3-mecapto-1-

propanesulfonate.

- The membrane elaboration procedure from the formulation step using both covalent and

ionic cross-linkers to the obtention of the final membrane.

- 'H-NMR analysis to determine the monomer conversions and polymer compositions, and

19F NMR to assess the para-thiol modification.

- Size Exclusion Chromatography (SEC) to obtain information on the polymer’s molar masses

and dispersity.
- Differential Scanning Calorimetry (DSC) for the thermal properties of the materials

- Atomic force microscopy (AFM) to observe the self-assembly of the BCP before and after

sulfonation.

- Elongation rheology measurements to observe the behaviour of the membranes containing

specific amounts of cross-linkers under strain.
- Water uptake of the membranes.

- The sample preparation for the Small-angle X-ray scattering (SAXS) analysis. The samples
were characterized in another lab (Centre de Recherche Paul Pascal (CRPP) in Bordeaux)

because the apparatus is not available in our lab.
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- lon Exchange Capacity. lon Exchange Capacity (IEC) and Electrochemical Impedance
Spectroscopy (EIS) were performed in the ICVT lab in Stuttgart. The sample preparation was
made by me, the resulting data were given to me by the lab, and the interpretations of the

results were made by me.

Unless specified otherwise, the data collected, were analysed by me. The vast majority of
the peer-reviewed technical article was written by me; specifically, | conceived and wrote
the original draft of the manuscript and took the lead in harmonizing and incorporating

suggested changes from my co-authors.
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Chapter 5. Life Cycle Assessment of the proton-conductive membrane

1. Introduction and state-of-the-art

Included in the United Nations (UN) sustainable goals, global warming is an active
and urgent issue. Carbon dioxide emissions have increased of 50% in the past 30 years,
leading to an increase in temperature above 1°C at the surface of the planet, severely
impacting the world’s climate. With the signature of the Paris agreement® (COP21-2015),
countries agreed to aim to provide responses to the global warming issue by implementing
financial and technological solutions to the problem. Life cycle assessment (LCA) is a way to
support this initiative. LCA is defined as a tool to assess the environmental performance of a
product. And can be considered in every stage of the manufacture of the product. Indeed,
the LCA can cover the production of raw materials used to make the final product, the use,
and finally the disposal or valorisation of a product or service. Hence, LCA is mainly
performed with the aim for continuous improvement, as it provides a quantitative
information of each stage involved in the whole life cycle of the product/service, Figure 1.
The steps with the highest environmental impacts can be detected and opportunities for
improving them could be associated. LCA can also be used to compare two or more
products. Although the LCA is focused on the environmental impact, social and economic

impacts can be included in the studies as well.

Raw - v

. Manufacture
materials

Life Cycle of
End of life Transport
a product
Use Distribution

Figure 1. Life cycle of a product.

LCA and its derivatives are destined to everyone from undergraduate, to PhD, to

industry professionals. Although LCA helps with the comprehension of environmental issues
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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.?

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

sources.>®

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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Chapter 5. Life Cycle Assessment of the proton-conductive membrane

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.” 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.® 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.> ° 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 (1SO): 1ISO 14040:2006(E)*! and 1SO 14044:2006(E)*?, 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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Figure 2. Life cycle assessment methodology.

In the goal and scope section are defined the aim of the study, the system
boundaries, the functional unit of the study, the data and processes included in the study
and the reasons for their inclusion. It is a guide to follow throughout the process to keep

track on the study as well as the guide for the audience the study is intended for.

The LCI section gathers all the data necessary that are within the system boundaries
to perform the LCA. The main system boundaries in LCA studies are cradle-to-grave, cradle-
to-gate, cradle-to-cradle, and gate-to-gate. Once the boundaries set, the data can be
categorized in background and foreground data. In the foreground data are the data that are
directly linked to the product and the background data, the data that are involved in the
production of generic material (i.e., energy, transport). The collected data are interpreted to
calculate the different impacts and acquire accurate results. At this stage, an emphasis
should be put on the simplicity of what is reported for a better understanding of the

audience. A flow chart is the typical format that is used to present the system.

In the LCIA section the data collected in the inventory are correlated to the
environmental impacts using impacts categories. The later are chosen by the study maker in
accordance with the relevance to the LCA study. This stage will provide necessary matter for
the interpretation phase of the study. As much as this step facilitates the knowledge and
understanding about the environmental impact of the inputs and outputs, it also allows

improving the inventory analysis.

The last stage of interpretation has the aim to analyse the obtained results in

correlation with the goal and scope definition. In this last stage, conclusions are reached, the
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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 I1SO 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
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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 1cm? of membrane that has a proton-conductivity above 100 mS/cm at 80°C
and an lon 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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its raw material extraction and acquisition until its end of production, Figure 3. Studying the
impact of the membrane in the use stage of the PEM electrolyser would have been too
complicated to implement for the LCA studies at this stage. The final configuration including
the inputs for all the parts of the eSCALED electrolyser for hydrogen production were not
certain yet. Trying to implement them would have added greater uncertainties to the study.
In other words, results could be altered by a lack of factual knowledge about the behaviour
of the membrane during the use phase once installed in the artificial leaf. This will be limiting
when it comes to meaningful information to the study. If we were to include the use phase

in this studs, future decisions for upcoming developments would be with poor accuracy.
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Figure 3. System boundaries of the membrane development.

3.2.3. Data sources and collection

The foreground and background data such as the lab data used to perform the study
were primarily acquired by the PhD candidate. Project partners and technology providers as
they are representative of the current manufacturing practices of the device also
participated in the data collection. Although all partners of the eSCALED project contributed
with their expertise, the primary partners involved in this study were the University of Pau
and Adour countries, the University of Stuttgart, and the Eurecat Technological centre. The
additional data that could not be found with the previous methods were recovered from the

literature, patents, and the Ecoinvent v3.3 database included in the SimaPro software.

163



Chapter 5. Life Cycle Assessment of the proton-conductive membrane

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 I1ISO 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.’® 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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4.3. Unitary process description

The Process of manufacturing the membrane related to this study can be described
as: the synthesis of the copolymers and their purification (block or statistical), the
sulfonation of the polymers, their blending with a cross-linker to increase the mechanical

properties of the membranes and lastly, the membrane elaboration, Figure 4.
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Figure 4. Process flow diagram of a membrane production.

4.4. Description of life cycle inventory data

Inventory data for the principal materials and processes are shown in Table 1, with
values related to the functional units (FU), and their units. FRP stands for Free Radical
Polymerization and CRP for Controlled Radical Polymerization. The monomers used were
pentafluorostyrene (PFS), butyl acrylate (BuA), and menthyl acrylate (MA). The detailed

experimental procedures are described in chapters 3 and 4 of this manuscript.
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Table 1. Life cycle inventory data of the membrane processes.

Stage

Comments

Synthesis of homopolymer of poly(pentafluorostyrene) (PPFS) by CRP and FRP

CRP-PPFS

FRP-PPFS

CRP-block-
copolymer
synthesis

CRP- statistical
copolymer
synthesis

FRP-statistical
copolymer
synthesis

Monomer is PFS; Initiator is SG1;
Solvent is Methanol (polymer
precipitation and purification).

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).

Monomer is BUA; Macro-initiator is
CRP-PPFS; Solvents are DMF
(synthesis) and Methanol (polymer
precipitation and purification).

Monomers are PFS and BuA;
Initiator is SG1; Solvent are DMF
and Methanol.

Monomers are PFS and BuA;
Initiator is sodium persulfate; The
additional reagents are sodium
dodecyl sulfate, sodium phosphate,
and sodium chloride (NaCl).

Synthesis of menthyl acrylate (MIA) monomer and PFS/MA copolymer by CRP

Synthesis of MA

CRP- statistical

copolymer
synthesis
(With MA)

Sulfonation
process

Membrane
elaboration

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.

Monomers are PFS and MA;
Initiator is SG1; Solvents are DMF
and Methanol.

The sulfonating reagents are
Sodium-3-mercapto-1-
propanesulfonate and DBU;
Solvents are DMF and water (used
for the dialysis of the sulfonated
polymer).
Polybenzimidazole (PBI) is used as
a cross-linking agent in the

Value .
Inputs (per FU) Unit
Monomer 1 g
Initiator 0.0105 g
Solvent 40
Energy* 7.31 kw.h?
Monomer 1 g
Initiator 0.004 g
Additional 3.105 g
reagents
water 10 g
Energy 9.59 kw.h?
Synthesis of copolymers of PFS and BuA by CRP and FRP
Monomer 3.45 g
Macro-initiator 0.7 g
Solvent 42 g
Energy 11.15 kw.h?
Monomers 2.7 g
Initiator 0.054 g
Solvent 50
Energy 7.77 kw.h?
Monomers 1.33 g
Initiator 0.0092 g
Additional 507 g
reagents
water 50
Energy 21.69 kw.h?
Reagents 2.79 g
Solvents 3150 g
Energy 0.081 kw.h?
Monomers 1.56 g
Initiator 0.027 g
Solvent 23.5
Energy 11.6 kw.h?
Sulfonation processes of copolymers and membrane elaboration
Copolymer 1 g
Sulfonating 0.9 g
reagents
solvent 3000 g
Energy 21 kw.h?
Sulfonated
1 g
Copolymer
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PBI 0.02 g procedure; Solvents are DMSO
solvent 34 g used to make the membranes, and
HCl soluti -link th
Energy )8 KW hL solution used to cross-link the
polymers.

*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.'* 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 CO;z eq
Stratospheric Ozone Depletion SOD kg CFC-11 eq
lonizing 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 NOyx eq
Terrestrial acidification TA kg SO; 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 toxicity® HT kg 1,4-DCB eq
Land use LU mZa crop eq
Mineral resource scarcity MRS kg Cu eq
Fossil resource scarcity FRS kg oil eq
Water consumption WC m?3

*DCB = dichlorobenzene

YIncluding 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.!! 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.

100.

90. -

80. -

70. 4

60. -

40.

30. A

20. -

10. 4

GWP  s0D TA FE ME FEco MEco HCT HnCT  FRS wc

u Pentafluorostyrene (monomer) ® SG1 (initiator)
= Methanol M Energy - heating
® Energy - stirring Energy - drying

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.?® Their impact is hence linked to this characteristic.

100.

90. -

80. -

70. -

60.

40. -

30. -

20. -

10. ~

GWP  SOD TA FE ME FEco MEco HCT  HnCT FRS wcC

H Pentafluorostyrene (monomer) ® Sodium persulfate
Sodium dodecyl sulfate H Water

® Sodium phosphate Sodium chloride
Energy - heating Energy - stirring
Energy - drying

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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8 8
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W CRP-PPFS-b-PBUA W CRP-PPFS-stat-PBuUA FRP-PPFS-stat-PBuA

Figure 8. Impact comparison of 1g of CRP-PPFS-b-PBuA, CRP-PPFS-stat-PBuA, and FRP-PPFS-
stat-PBUA.

Looking at each individual process, we can see that the most impact (close to 90%)
comes from PPFS in the case of CRP-PPFS-b-PBuUA (Appendix 1), and PFS in the other cases
(Appendix 2 & Appendix 3). Additionally, the impact of the electricity used to dry the
polymer is more important in the case of FRP-PPFS-stat-PBuA (Appendix 3). This could
explain the overall higher impact of FRP-PPFS-stat-PBuA when comparing the three
processes. Furthermore, less PFS monomer is used for the synthesis of the block copolymer

CRP-PPFS-b-PBUA, resulting in the lowest overall impact of CRP-PPFS-b-PBuA.

5.3.3. LCIA of sulfonated PPFS/PBuA copolymers

For the sulfonation, the copolymers were mixed with the sulfonating agent (sodium-
3-mecrapto-1-propane sulfonate) in presence of a base, in DMF. The advantage of this
technique is the mild conditions in which the reaction is made. Although no additional
impact is brought from the energy inputs as the reaction is done at room temperature, we
use large amounts of water for this procedure for the purification of the sulfonated
copolymers that is done by dialysis. Nevertheless, the sulfonation step did not bring any
change to the comparison of the impacts than what was obtained previously, as the
sulfonation procedure is the same for all the copolymer systems. FRP-PPFS-stat-PBuA
displayed the most impact of all the systems and CRP-PPFS-b-PBuUA the lowest impact, Figure
9.
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Figure 9. Impact comparison of 1g of sulfonated CRP-PPFS-b-PBuUA, CRP-PPFS-stat-PBuUA, and
FRP-PPFS-stat-PBUA.

5.3.4. LCIA of sulfonated PPFS/PMA copolymer and comparison with the PPFS/PBUA system

The procedure to add a second monomer for the flexibility of the membrane was
repeated but this time using menthyl acrylate. The monomer was synthetized using
menthol, an organic compound derived from mint. On top of providing the flexibility
property, menthol is bio-sourced as it is extracted from the natural mint. For this process,
mint was assumed to be synthetized as menthol for the simulation. We can see from the
obtained graphs that once again, the sulfonated FRP-PPFS-stat-PBuA has the most impact

among all the sulfonated copolymers and CRP-PPFS-b-PBuUA the lowest impact, Figure 10.
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 sulfonated FRP-PPFS-stat-PBuA M sulfonated CRP-PPFS-stat-PMA

Figure 10. Impact comparison of 1g of sulfonated CRP-PPFS-b-PBuUA, CRP-PPFS-stat-PBuA,
FRP-PPFS-stat-PBuA, and CRP-PPFS-stat-PMA.
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Expecting CRP-PPFS-stat-PMA to have the least impact due to the bio-sourced aspect,
we took a closer look at the sulfonated copolymer on its own (Figure 11 A) and the menthyl
acrylate monomer (Figure 11 B). Like it was the case for the other copolymers, PFS’s impact
is close to 90% on all the impact categories except the stratospheric ozone depletion impact
where it is at 75%. On this specific impact category, the monomer menthyl acrylate has 15%
impact, the highest for this compound in the process. By looking at the monomer’s process
in detail, the impact is mostly fed by acryloyl chloride, dichloromethane, and the brine
solution used for washing during the experiment. The impact of mint that was used in
replacement to menthol has close to no impact in comparison to the other inputs. The
impact of the brine solution comes from the amount used (50 g for the functional unit) and
the impact of acryloyl chloride and dichloromethane come from the fact that they are

considered to be dangerous chemicals.*® 7
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R 50. 60. 1
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GWP SOD TA FE ME FEco MEco HCT HnCT FRS WC 10. 1
0.
® Pentafluorostyrene (monomer) ®m Menthyl acrylate (monomer) GWP SOD TA FE ME FEco MEco HCT HnCT FRS WC
SG1 (initiator) H N,N-dimethylformamide ) .
# Methanol Water  Menthol W Triethylamine
Energy - heating Energy - stirring W Dichloromethane M Acryloyl chloride
Energy - drying u Sodium chloride, brine solution Electricity - stirring

Figure 11. Impact analysis of the synthesis of 1g of CRP-PPFS-stat-PMA (A), Impact analysis
of the synthesis of 1g of menthyl acrylate (B).
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5.3.5. LCIA of the proton-conducting membranes

Finally, the membranes were made by blending the sulfonated copolymers with PBI
in DMSO, with few dips in acid solution to provide the conductive properties (cf. chapter 4).
The impacts of each membrane follow the same trend as the synthesis of the copolymers
and their sulfonation. From highest to lowest impact, we have: FRP-PPFS-stat-PBuUA, CRP-
PPFS-stat-PBuA, CRP-PPFS-stat-PMA, and CRP-PPFS-b-PBuA, Figure 12. This result is also the

effect of the equality of the procedure for each material.
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Figure 12. Impact comparison of the membranes of CRP-PPFS-b-PBuA, CRP-PPFS-stat-PBuA,
FRP-PPFS-stat-PBuA, and CRP-PPFS-stat-PMA.
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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).'® 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-PBuUA, 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
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Appendix 1. Impact analysis of the synthesis of 1g of CRP-PPFS-b-PBuA.
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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-PBuUA.
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Appendix 4. Values of impact categories for the synthesis of 1 g of CRP-PPFS.

Impact
category

GWP
SOD
TA
FE
ME
FEco
MEco
HCT
HnCT
FRS
WC

Unit

kg CO; eq
kg CFC-11 eq

kg SO, eq
kg P eq
kg N eq

kg 1,4-DCB

kg 1,4-DCB

kg 1,4-DCB

kg 1,4-DCB
kg oil eq

m3

Total

69.71
3.08E-05
3.32E-01
6.11E-02
4.21E-03

5.29
6.92
3.91

85.47

19.29
9.60E-01

Pentafluorostyrene
(monomer)

66.20
2.91E-05
3.17E-01
5.77E-02
3.97E-03

5.01
6.56
3.70

81.97

18.39
9.05E-01

SG1 (initiator)

2.51E-02
8.15E-08
1.12E-04
1.89E-05
2.56E-06
1.56E-03
1.98E-03
1.35E-03
2.36E-02
6.17E-03
3.71E-04

Methanol

2.74E-02
1.42E-08
6.40E-05
4.65E-06
2.48E-07
5.56E-04
8.01E-04
4.17E-04
1.78E-02
3.01E-02
1.75E-04

Energy
(heating)

5.25E-01
2.54E-07
2.38E-03
5.09E-04
3.56E-05
4.23E-02
5.41E-02
3.19E-02
5.25E-01
1.30E-01
8.27E-03

Energy
(stirring)

7.09E-03
3.43E-09
3.22E-05
6.88E-06
4.81E-07
5.72E-04
7.32E-04
4.32E-04
7.09E-03
1.76E-03
1.12E-04

Energy
(drying)

2.93
1.42E-06
1.33E-02
2.84E-03
1.98E-04
2.36E-01
3.02E-01
1.78E-01

2.93
7.27E-01
4.61E-02
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Appendix 5. Values of impact categories for the synthesis of 1 g of FRP-PPFS.

Impact
category

GWP

SOD

TA

FE

ME

FEco

MEco

HCT

HNnCT

FRS

wcC

Unit

kg CO;
€q
kg CFC-
1l eq
kg SO,
€q

kg P eq

kg N eq

kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg oil
eq

m3

Total

70.75

3.13E-05

3.37E-01

6.21E-02

4.28E-03

5.38

7.03

3.98

86.52

19.52

0.98

Pentafluorostyrene
(monomer)

66.20
2.91E-05
3.17E-01
5.77E-02
3.97E-03

5.01

6.56

3.70
81.97
18.39

9.05E-01

Sodium
persulfate

6.53E-06
3.59E-12
4.16E-08
3.39E-09
2.73E-10
3.51E-07
4.98E-07
4.50E-07
1.11E-05
2.08E-06

2.37E-07

Sodium
dodecyl
sulfate

8.62E-03
1.32E-08
3.69E-05
2.40E-06
5.69E-06
3.09E-04
3.44E-04
2.64E-04
7.57E-03
3.45E-03

3.91E-04

Water

9.92E-
06
8.07E-
12
4.44E-
08
7.24E-
09
5.60E-
10
3.88E-
07
5.43E-
07
1.60E-
06
1.01E-
05
2.56E-
06
1.04E-
05

Sodium
phosphate

1.55E-05
4.00E-12
1.09E-07
1.22E-08
4.13E-10
9.99E-07
1.46E-06
5.59E-06
2.65E-05
3.61E-06

8.42E-07

Sodium
chloride

5.56E-04

2.47E-10

2.96E-06

5.83E-07

1.20E-07

5.81E-05

8.29E-05

5.56E-05

1.95E-03

1.25E-04

1.32E-05

Energy
(heating)

4.12E-01
1.99E-07
1.87E-03
4.00E-04
2.79E-05
3.32E-02
4.25E-02
2.51E-02
4.12E-01
1.02E-01

6.49E-03

Energy
(stirring)

1.13E-02
5.49E-09
5.15E-05
1.10E-05
7.69E-07
9.15E-04
1.17E-03
6.91E-04
1.13E-02
2.82E-03

1.79E-04

Energy
(drying)

4.11
1.99E-06
1.87E-02
3.99E-03
2.79E-04
3.32E-01
4.24E-01
2.50E-01

4.11

1.02

6.48E-02
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Chapter 5. Life Cycle Assessment of the proton-conductive membrane

Appendix 6. Values of impact categories for the synthesis of 1 g of CRP-PPFS-b-PBUA.

Impact CRP-PPFS Butyl SG1 N,N- Ener Ener Ener
cat: or Unit Total (macro- acrylate (initiator) dimethylfor Methanol Water (heatiiy) (stirriﬁy) (dr i:y)
gory initiator) (monomer) mamide & & ying

GWP kg CO; 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 ke C;qc-ll 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 SO, 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 klgjé,; 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 klgj(l:'; 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 klgj(l:'; 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 klgj(l:; 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 m?3 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-PBuUA.

Impact
category
GWP

SOD

TA
FE
ME

FEco

MEco

HCT

HNnCT

FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg oil eq
m3

Total
138.55
6.13E-05

6.61E-01
1.21E-01
8.34E-03

10.51

13.73

7.76

170.63

38.40
1.90

Pentafluorostyrene

134.72
5.91E-05

6.44E-01
1.18E-01
8.08E-03

10.20

13.34

7.53

166.81

37.43
1.84

Butyl acrylate

2.76E-03
5.92E-10

9.64E-06
5.82E-07
3.64E-08

4.39E-05

6.32E-05

6.26E-05

1.38E-03

1.28E-03
1.05E-04

SG1
1.29E-01
4.19E-07

5.76E-04
9.71E-05
1.32E-05

8.01E-03

1.02E-02

6.93E-03

1.22E-01

3.17E-02
1.91E-03

Methanol

2.74E-02
1.42E-08

6.40E-05
4.65E-06
2.48E-07

5.56E-04

8.01E-04

4.17E-04

1.78E-02

3.01E-02
1.75E-04

Water
9.92E-06
8.07E-12

4.44E-08
7.24E-09
5.60E-10

3.88E-07

5.43E-07

1.60E-06

1.01E-05

2.56E-06
1.04E-05

Energy
(heating)
7.37E-01

3.57E-07

3.35E-03
7.16E-04
5.00E-05

5.95E-02
7.61E-02
4.49E-02

7.37E-01

1.83E-01
1.16E-02

Energy
(stirring)
9.92E-03

4.81E-09

4.50E-05
9.64E-06
6.73E-07

8.00E-04
1.02E-03
6.04E-04

9.93E-03

2.47E-03
1.56E-04

Energy
(drying)
2.93

1.42E-06

1.33E-02
2.84E-03
1.98E-04

2.36E-01
3.02E-01
1.78E-01

2.93

7.27E-01
4.61E-02
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Chapter 5. Life Cycle Assessment of the proton-conductive membrane

Appendix 8. Values of impact categories for the synthesis of 1 g of FRP-PPFS-stat-PBuUA.

Impact
category

GWP

SOD

TA

FE

ME

FEco

MEco

HCT

HNnCT

FRS
wcC

Unit

kg CO;
€q
kg CFC-
11 eq
kg SO,
€q

kg P eq

kg N
eq
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg oil
eq
m3

Total

76.46

3.40E-
05
3.63E-
01
6.77E-
02
4.67E-
03

5.84

7.62

4.32

92.24

20.94
1.07

Pentafluor
ostyrene

66.20

2.91E-05

3.17E-01

5.77E-02

3.97E-03

5.01

6.56

3.70

81.97

18.39
9.05E-01

Butyl
acrylate

1.35E-03
2.91E-10
4.73E-06
2.86E-07
1.79E-08
2.15E-05
3.10E-05
3.08E-05
6.80E-04

6.29E-04
5.16E-05

Sodium
persulfate

1.50E-05
8.25E-12
9.57E-08
7.79E-09
6.29E-10
8.07E-07
1.15E-06
1.04E-06
2.55E-05

4.79E-06
5.46E-07

Sodium
phosphate

1.23E-05
3.19E-12
8.68E-08
9.71E-09
3.28E-10
7.98E-07
1.17E-06
4.47E-06
2.12E-05

2.88E-06
6.75E-07

Sodium
Dodecyl
sulfate

5.69E-03
8.73E-09
2.43E-05
1.58E-06
3.76E-06
2.04E-04
2.27E-04
1.74E-04
4.99E-03

2.27E-03
2.58E-04

Water

4.96E-05

4.04E-11

2.22E-07

3.62E-08

2.80E-09

1.94E-06

2.72E-06

7.98E-06

5.07E-05

1.28E-05
5.19E-05

Sodium
chloride

9.27E-04

4.12E-10

4.94E-06

9.72E-07

1.99E-07

9.68E-05

1.38E-04

9.27E-05

3.25E-03

2.08E-04
2.20E-05

Energy
(heating)

3.66E-01
1.77E-07
1.66E-03
3.55E-04
2.48E-05
2.95E-02
3.77E-02
2.23E-02
3.66E-01

9.09E-02
5.76E-03

Energy
(stirring)

1.84E-02
8.92E-09
8.36E-05
1.79E-05
1.25E-06
1.49E-03
1.90E-03
1.12E-03
1.84E-02

4.58E-03
2.90E-04

Energy
(drying)

9.87
4.78E-06
4.48E-02
9.58E-03
6.69E-04
7.96E-01

1.02
6.01E-01

9.87

2.45
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 Unit Total Pentafluorostyrene Menthyl SG1 N,N-dlme.thyl Methanol Water Ener.gy Er?er.gy Ene.r gy
category acrylate -formamide (heating)  (stirring)  (drying)
GWP kgquOz 73.76 67.39 8.05E-01 6.44E-02 1.31E-03 1.37E-02 2'32E_ 2.52 3.40E-02 2.92
SOD kg CFC- 3.99E- 2.96E-05 7.46E-06 2.10E-07 6.21E-10 7.10E-09 2.42E- 1.22E-06  1.65E-08 1.42E-06
11 eq 05 12
TA kgeZOz 3'315 3.22E-01 3.91E-03 2.88E-04 5.00E-06 3.20E-05 1'32E- 1.15E-02  1.54E-04 1.33E-02
6.48E- 2.17E-
FE kg P eq 02 5.88E-02 6.03E-04 4.86E-05 4.77E-07 2.32E-06 09 2.45E-03  3.30E-05 2.84E-03
ME k:c;qu 4'32E- 4.04E-03 4.04E-05 6.58E-06 1.53E-06 1.24E-07 1'61335 1.71E-04  2.31E-06 1.98E-04
FEco ki(l:'; 5.61 5.10 5.97E-02 4.01E-03 3.95E-05 2.78E-04 1.33E— 2.04E-01  2.74E-03  2.36E-01
MEco ki(l:'; 7.33 6.68 8.11E-02 5.09E-03 5.49E-05 4.01E-04 l'giE_ 2.61E-01  3.51E-03 3.02E-01
HCT kfl’;(l:'; 4.16 3.77 5.50E-02 3.47E-03 4.12E-05 2.09E-04 4'335 1.54E-01  2.07E-03  1.78E-01
HNnCT klgj(l:; 90.41 83.45 1.41 6.08E-02 1.18E-03 8.91E-03 3'825 2.52 3.40E-02 2.92
kg oil 7.67E-
FRS . 20.30 18.72 1.86E-01 1.59E-02 7.93E-04 1.51E-02 07 6.28E-01  8.46E-03  7.27E-01
wcC m?3 1.02 9.21E-01 1.12E-02 9.54E-04 2.09E-05 8.73E-05 3'(1)25_ 3.98E-02  5.36E-04 4.61E-02

189



Chapter 5. Life Cycle Assessment of the proton-conductive membrane

Appendix 10. Values of impact categories for the synthesis of 1 g of sulfonated CRP-PPFS-b-PBuA.

Sodium 3-
Impact Unit Total CRP-PPFS-b-PBUA  Mereapto Triethyl — ~ NN- Water Energy Energy
category propane amine dimethylformamide (stirring) (drying)
sulfonate
GWP kg CO; eq 64.71 54.12 6.88E-01 1.23E-03 3.72E-03 2.98E-03 3.06E-02 9.87
SOD ke C(:qC-ll 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 SOz 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
wcC m?3 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

GWP
SOD

TA
FE
ME
FEco
MEco
HCT
HnCT
FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg oil eq
m3

Total

149.15
6.65E-05

7.10E-01
1.31E-01
9.06E-03
11.36
14.83
8.40
181.22
41.04
2.07

CRP-PPFS-
stat-PBuA

138.55
6.13E-05

6.61E-01
1.21E-01
8.34E-03
10.51
13.73
7.76
170.63
38.40
1.90

Sodium 3-
mercapto
propane
sulfonate
6.88E-01

3.32E-07

3.13E-03
6.61E-04
4.61E-05
5.48E-02
7.02E-02
4.15E-02
6.84E-01
1.74E-01
1.10E-02

Triethyl
amine

1.23E-03
1.97E-10

3.52E-06
4.45E-07
4.05E-07
2.28E-05
3.34E-05
2.92E-05
7.50E-04
7.05E-04
1.58E-05

N,N-
dimethylformamide

3.72E-03
1.76E-09

1.42E-05
1.35E-06
4.33E-06
1.12E-04
1.56E-04
1.17E-04
3.33E-03
2.25E-03
5.91E-05

Water

2.98E-03
2.42E-09

1.33E-05
2.17E-06
1.68E-07
1.16E-04
1.63E-04
4.79E-04
3.04E-03
7.67E-04
3.11E-03

Energy
(stirring)

3.06E-02
1.48E-08

1.39E-04
2.97E-05
2.08E-06
2.47E-03
3.16E-03
1.86E-03
3.06E-02
7.61E-03
4.83E-04

Energy
(drying)

9.87
4.78E-06

4.48E-02
9.58E-03
6.69E-04
7.96E-01
1.02
6.01E-01
9.87
2.45
1.56E-01
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Chapter 5. Life Cycle Assessment of the proton-conductive membrane

Appendix 12. Values of impact categories for the synthesis of 1 g of sulfonated FRP-PPFS-stat-PBuA.

Impact
category

GWP
SOD

TA
FE
ME
FEco
MEco
HCT
HnCT
FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg oil eq
m3

Total

87.54
3.94E-05

4.13E-01

7.84E-02

5.42E-03
6.73
8.76
5.00

103.30
23.70

1.24

FRP-PPFS-
stat-PBuUA

76.46
3.40E-05

3.63E-01
6.77E-02
4.67E-03
5.84
7.62
4.32
92.24
20.94
1.07

Sodium 3-
mercapto
propane
sulfonate
1.16

5.62E-07

5.29E-03
1.12E-03
7.82E-05
9.29E-02
1.19E-01
7.04E-02
1.16
2.94E-01
1.86E-02

Triethyl
amine

2.07E-03
3.33E-10

5.95E-06
7.52E-07
6.85E-07
3.86E-05
5.64E-05
4.94E-05
1.27E-03
1.19E-03
2.67E-05

N,N-
dimethylformamide

3.72E-03
1.76E-09

1.42E-05
1.35E-06
4.33E-06
1.12E-04
1.56E-04
1.17E-04
3.33E-03
2.25E-03
5.91E-05

Water

2.98E-03
2.42E-09

1.33E-05
2.17E-06
1.68E-07
1.16E-04
1.63E-04
4.79E-04
3.04E-03
7.67E-04
3.11E-03

Energy
(stirring)

3.06E-02
1.48E-08

1.39E-04
2.97E-05
2.08E-06
2.47E-03
3.16E-03
1.86E-03
3.06E-02
7.61E-03
4.83E-04

Energy
(drying)

9.87
4.78E-06

4.48E-02
9.58E-03
6.69E-04
7.96E-01
1.02
6.01E-01
9.87
2.45
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

GWP
SOD

TA
FE
ME
FEco
MEco
HCT
HnCT
FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg oil eq
m3

Total

84.83
4.53E-05

4.02E-01
7.55E-02
5.22E-03
6.50
8.47
4.83
101.48
23.06
1.20

CRP-PPFS-
stat-PMA

73.76
3.99E-05

3.51E-01
6.48E-02
4.46E-03
5.61
7.33
4.16
90.41
20.30
1.02

N,N-
dimethylformamide

3.72E-03
1.76E-09

1.42E-05
1.35E-06
4.33E-06
1.12E-04
1.56E-04
1.17E-04
3.33E-03
2.25E-03
5.91E-05

Triethyl
amine

2.07E-03
3.33E-10

5.95E-06
7.52E-07
6.85E-07
3.86E-05
5.64E-05
4.94E-05
1.27E-03
1.19E-03
2.67E-05

Sodium 3-
mercapto
propane
sulfonate
1.16

5.62E-07

5.29E-03
1.12E-03
7.82E-05
9.29E-02
1.19E-01
7.04E-02
1.16
2.94E-01
1.86E-02

Water

2.98E-03
2.42E-09

1.33E-05
2.17E-06
1.68E-07
1.16E-04
1.63E-04
4.79E-04
3.04E-03
7.67E-04
3.11E-03

Energy
(stirring)

3.06E-02
1.48E-08

1.39E-04
2.97E-05
2.08E-06
2.47E-03
3.16E-03
1.86E-03
3.06E-02
7.61E-03
4.83E-04

Energy
(drying)

9.87
4.78E-06

4.48E-02
9.58E-03
6.69E-04
7.96E-01
1.02
6.01E-01
9.87
2.45
1.56E-01

193



Chapter 5. Life Cycle Assessment of the proton-conductive membrane

Appendix 14. Values of impact categories of a sulfonated CRP-PPFS-b-PBUA membrane.

Impact
category
GWP

SOD

TA
FE
ME

FEco

MEco

HCT

HNnCT

FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg 1,4-
DCB
kg oil eq
m3

Total
78.70
3.61E-05

3.68E-01
7.18E-02
4.98E-03

6.11

7.92

4.56

89.71

20.98
1.15

sulfonated CRP-
PPFS-b-PBUA

64.71
2.93E-05

3.05E-01
5.82E-02
4.03E-03

4.98

6.48

3.70

75.73

17.49
9.26E-01

Polybenzimidazole

(PBI)
7.80E-01

4.05E-07

3.53E-03
7.51E-04
5.96E-05

6.24E-02
7.98E-02
4.72E-02

7.78E-01

1.97E-01
1.23E-02

Dimethyl
sulfoxide
1.45E-02

6.69E-09

4.79E-05
4.90E-06
3.08E-07

4.67E-04
6.71E-04
4.63E-04

1.49E-02

1.23E-02
2.71E-04

Hydrochloric acid
1.18E-03
7.44E-10

3.97E-06
5.30E-07
4.64E-08

3.45E-05
4.86E-05
4.54E-05

1.03E-03

6.51E-04
2.40E-05

Water
1.98E-05
1.61E-11

8.87E-08
1.45E-08
1.12E-09

7.77E-07

1.09E-06

3.19E-06

2.03E-05

5.11E-06
2.07E-05

Energy
(stirring)
3.40E-02

1.65E-08

1.54E-04
3.30E-05
2.31E-06

2.74E-03
3.51E-03
2.07E-03

3.40E-02

8.46E-03
5.36E-04

Energy
(drying)
13.16

6.37E-06

5.97E-02
1.28E-02
8.92E-04

1.06
1.36
8.01E-01

13.16

3.27
2.07E-01
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Appendix 15. Values of impact categories of a sulfonated CRP-PPFS-stat-PBUA membrane.

Impact
category

GWP
SOD

TA
FE
ME
FEco
MEco
HCT
HnCT
FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg oil eq
m3

Total

163.14
7.33E-05

7.73E-01
1.45E-01
1.00E-02
12.49
16.27
9.25
195.21
44.53
2.29

sulfonated
CRP-PPFS-
stat-PBuA

149.15
6.65E-05

7.10E-01
1.31E-01
9.06E-03
11.36
14.83
8.40
181.22
41.04
2.07

Polybenzimidazole
(PBI)

7.80E-01
4.05E-07

3.53E-03
7.51E-04
5.96E-05
6.24E-02
7.98E-02
4.72E-02
7.78E-01
1.97E-01
1.23E-02

Dimethyl
sulfoxide

1.45E-02
6.69E-09

4.79E-05
4.90E-06
3.08E-07
4.67E-04
6.71E-04
4.63E-04
1.49E-02
1.23E-02
2.71E-04

Hydrochloric
acid

1.18E-03
7.44E-10

3.97E-06
5.30E-07
4.64E-08
3.45E-05
4.86E-05
4.54E-05
1.03E-03
6.51E-04
2.40E-05

Water

1.98E-05
1.61E-11

8.87E-08
1.45E-08
1.12E-09
7.77€-07
1.09E-06
3.19E-06
2.03E-05
5.11E-06
2.07E-05

Energy
(stirring)

3.40E-02
1.65E-08

1.54E-04
3.30E-05
2.31E-06
2.74E-03
3.51E-03
2.07E-03
3.40E-02
8.46E-03
5.36E-04

Energy
(drying)

13.16
6.37E-06

5.97E-02
1.28E-02
8.92E-04
1.06
1.36
8.01E-01
13.16
3.27
2.07E-01
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Chapter 5. Life Cycle Assessment of the proton-conductive membrane

Appendix 16. Values of impact categories of a sulfonated FRP-PPFS-stat-PBUA membrane.

Impact
category

GWP
SOD

TA
FE
ME
FEco
MEco
HCT
HnCT
FRS
WC

Unit

kg CO; eq
kg CFC-11
eq
kg SO, eq
kg P eq
kg N eq
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg 1,4-DCB
kg oil eq
m3

Total

100.90
4.59E-05

4.74E-01
9.14E-02
6.33E-03
7.81
10.13
5.81
116.67
27.03
1.45

sulfonated

FRP-PPFS-
stat-PBuA
87.54

3.94E-05

4.13E-01

7.84E-02

5.42E-03
6.73
8.76
5.00

103.30
23.70

1.24

Polybenzimidazole
(PBI)

1.56E-01
8.10E-08

7.07E-04
1.50E-04
1.19E-05
1.25E-02
1.60E-02
9.44E-03
1.56E-01
3.94E-02
2.46E-03

Dimethyl
sulfoxide

1.45E-02
6.69E-09

4.79E-05
4.90E-06
3.08E-07
4.67E-04
6.71E-04
4.63E-04
1.49E-02
1.23E-02
2.71E-04

Hydrochloric
acid

1.21E-03
7.68E-10

4.10E-06
5.47E-07
4.79E-08
3.56E-05
5.02E-05
4.69E-05
1.07E-03
6.72E-04
2.48E-05

Water

1.98E-05
1.61E-11

8.87E-08
1.45E-08
1.12E-09
7.77€-07
1.09E-06
3.19E-06
2.03E-05
5.11E-06
2.07E-05

Energy
(stirring)

3.40E-02
1.65E-08

1.54E-04
3.30E-05
2.31E-06
2.74E-03
3.51E-03
2.07E-03
3.40E-02
8.46E-03
5.36E-04

Energy
(drying)

13.16
6.37E-06

5.97E-02
1.28E-02
8.92E-04
1.06
1.36
8.01E-01
13.16
3.27
2.07E-01

196



Appendix 17. Values of impact categories of a sulfonated CRP-PPFS-stat-PMA membrane.

sulfonated

M Toal s POVl Dmenl ooy e Ges
gory stat-PMA g ying
GWP kg CO; eq 98.82 84.83 7.80E-01 1.45E-02 1.18E-03 1.98E-05 3.40E-02 13.16
SOD ke C;:-ll 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 SOz 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 ngé,I:- 7.63 6.50 6.24E-02 4.67E-04 3.45E-05 7.77E-07 2.74E-03 1.06
MEco ng(li'I:- 9.91 8.47 7.98E-02 6.71E-04 4.86E-05 1.09E-06 3.51E-03 1.36
HCT ng(li'I:- 5.68 4.83 4.72E-02 4.63E-04 4.54E-05 3.19E-06 2.07E-03 8.01E-01
HNnCT ngé';- 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 m? 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
membranes! 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.?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.*

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 sulfonation®, phosphonation® 7, and grafting® 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.° 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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Chapter 6. Final discussion of results and outlook

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.).19 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 25™ of March 2022). The determination of the
monomer’s conversions and polymer’s compositions was performed by *H NMR. Six BCPs

with different molar compositions were synthesized.

On the 'H 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 -
OCH3, and between 0.9 and 1.8 ppm for the -CHs and -CH; 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 Sl 3).

The dispersity values & of the BCPs obtained by SEC ranged from 1.09 to 1.88 are for
the most part in accordance with the literature.? Ideally in controlled radical polymerization,
the low dispersity values (B < 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 Acp of PBUA that is 3.8 times higher than PPFS’s.

Since PPFS and PBuUA are chemically different and immiscible (solubility parameter 6
of 16.1 Mpa'? and 17.3 Mpa'/?, 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 @ 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.

-b-PBuA

%PPFS . |

16 33 50 54 86 90

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, B = 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 (PPFSo.16-b-PBUAo.s4)31k, @ better phase separation was obtained with a
decrease in the pitch distance from 45 to 38 nm for BCP1’ (PPFSo.24-b-PBuUAo.76). In the case of

BCP4 (PPFSo.s4-b-PBuAo.as)s7k, the pitch distance remained of 45 nm and the change in
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Chapter 6. Final discussion of results and outlook

morphology of BCP4’ (PPFSoso-b-PBuAos1) 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 -CH;) are located between 1.8 and 2.9 ppm
on the 'H NMR spectrum. Protons of PBUA side chains (-CHs and -CH,) are located between 1
and 1.8 ppm and -OCH; 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.

(PPFSp.s7-stat-PBufo.13)19x synthesized by NMP gave a low dispersity value B of 1.16
and (PPFSo.so-stat-PBulo20)1a0k 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 (PPFSo.33-b-
PBuUAo.s7)a0k 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.* 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.!® 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 *°F NMR (Chapter
4, Table 2).

On the °F NMR spectra, non-modified polymers have 3 signals for the fluorine at
each position of the aromatic ring: & 2Fortho -143 ppm; & 2Fmeta -161 ppm; & 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 (&
2Fortho = -141 ppm: & 2Fmeta = -134 ppm). The °F 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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Figure 2. (1) Sulfonation reaction of PPFS-b-PBUA with SMPS. (1) *°F NMR spectra of (a)
(PPFSo.33-b-PBUA0.67)a0k in CDCl3, (b) Partially sulfonated (PPFSo.33-b-PBUAg.67)a0k in DMSO-ds,
DS = 68% and (c) Fully sulfonated (PPFSg 33-b-PBuAo.67)a0k in DMSO-ds, DS = 100%.
Figure 3 from Chapter 4.

The sulfonated copolymers were characterized by DSC. A decrease of Tg was
observed and is due to the presence of the alkane chain of SMPS introducing some mobility
and flexibility to the polymer. For the BCP the Tg of sPPFS block decreased from 104 to 60°C
(Chapter 4, Figure 4), and from 64 to 32°C and 89 to 61°C for the statistical copolymers made
by NMP and FRP respectively.

Self-assembly of the sulfonated (sPPFSo33-b-PBuUAos7)aok BCP was successful with
nanodomains size increased from the original BCP, from 45 to 100 nm, (Figure 3). This
increase was attributed to the addition of the sulfonated compound, increasing the volume
fraction of the block (Mprs unit = 194.1 g/mol; Msppes unit = 351.98 g/mol). With an HCC
structuration, the membranes were organized into 100 nm wide out-of-the-plane cylinders
efficient to attain the goal of having proton-conducting nano-channels across the
membranes. Most of the work concerning block copolymers has been made with triblock or
diblock copolymers. The diblock copolymers were usually made of a first block of sulfonated
polystyrene and a second block of an alternating copolymer.1* 1> 16 |n these articles is also

reported an increase in pitch of the nanodomains and in some cases a shift in morphology
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after sulfonation of the copolymers following the BCP phase diagram. Lamellar morphologies
were mostly studied. Similarly to our PPFS/PBUA system, sPS-b-PMMA diblock copolymer
was reported in the literature, a series of morphologies were synthesized (HCC, HPL, LAM).
For their system, an increase in conductivity was noticed when the degree of sulfonation

was increase but also the volume fraction of the conductive domain.?

B)

A)

1.8 nm

Intensity (a.u.)

B 1100m

PPFS, 55-b-PBUA, ¢, g -136nm

[SPPFS, ,,-PPFS, 4,]-b-PBUA, o ‘
| 1 1 1 1 1 1

0.00 001 002 003 004 005 006 007 0.08
q (A1)

Height 200.0 nm
[SPPFSg 5,-PPFS, 1,]-b-PBUA, 4

Figure 3. SAXS patterns of (PPFSo.33-b-PBUAo.s7)aok BCP before and after sulfonation (A); Peak
Force mode AFM height images showing morphology transition before and after sulfonation
of the BCP (B). Figure 1 from Chapter 4.

3. Membrane elaboration and properties
3.1. Membrane elaboration process

The membranes were prepared by dissolving the sulfonated copolymers in DMSO
and subsequent oven drying (80°C for 2 hours and 120°C overnight). The challenge was the
formulation of the membranes to obtain mechanically stable membranes with equivalent
proton conductive properties as Nafion®. 10 wt% polymer content solutions were prepared
of the sulfonated BCP ([sPPFSo.22-PPFSo.11]-b-PBuAos7) and statistical copolymer made by
NMP ([sPPFSo.49-PPFSo3s]-s-PBuUAg13). The solution of the sulfonated statistical copolymer

made by FRP in emulsion (sPPFSo.g0-s-PBUAo.20) was at 2 wt% polymer content to prevent
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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 ([sPPFSo.49-PPFSo.38]-s-PBuAo.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).Y” 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 ([sPPFSo.49-PPFSo.35]-s-PBuAo.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-O0) 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-OO0 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-O0) (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 ([sSPPFSo.49-PPFSo.38]-s-PBuUA.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 A 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

lon 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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Chapter 6. Final discussion of results and outlook

number of sulfonic groups available for conduction. ([SPPFSo.49-PPFSo.38]-s-PBuAo.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 (sPPFSo.s0-s-PBuAo.20) and ([sPPFSo.22-PPFSo.11]-b-PBuAos7) of 0.3 meq/g and
0.35 meq/g, respectively. The lower IEC of ([sPPFSo.22-PPFSo.11]-b-PBuAos7) was explained by
the low amounts of sPPFS (22 %). The IEC of (sPPFSo.s0-s-PBuAo.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 ([sPPFSo.22-
PPFSo.11]-b-PBuAos7) have demonstrated a very good conductivity. Compared to the
statistical copolymers, a high conductivity in 0.5N H2SO04 of 179 mS/cm was achieved. This is
more than 10 times higher than the reference Nafion® 117 (o = 12 mS/cm). Moreover, the
statistical copolymer made by NMP ([sPPFSo.49-PPFSo.35]-s-PBuUfo.13) had a better conductivity
than the one made by FRP (sPPFSo.s0-s-PBuAo.20) 0 = 94 and 16 mS/cm, respectively, Table 1.

This proved that although the high molar mass of the copolymer made by FRP
(sPPFSo.80-s-PBUAo.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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Self-assembly of sulfonated sPPFS-b-
PBuUA (side view) and water dynamics
in the membrane

Scheme 1. Representation of the cluster network occurring in Nafion® for the proton-
conduction (A); Representation of sPPFS-b-PbuA channels organised in Hexagonally
Compacted Cylinders (HCC) of sPPFS in a PBUA matrix with the representation of water
dynamics (B).

4. Life cycle assessment (LCA) of the membranes

Finally, a LCA study was performed to assess the environmental impact of the
membrane manufacture (Chapter 5). LCA is defined as a tool to assess the environmental
performance of a product. It is the compilation and evaluation of inputs, outputs, and
potential environmental impacts of products through their life cycle. This study was made by
following a very meticulous methodology provided by the International Organization for
Standardization (ISO): ISO 14040:2006(E) and 1SO 14044:2006(E). This methodology follows 4
steps: goal and scope definition of the study, life cycle inventory (LCl), life cycle impact
assessment (LCIA) and interpretation of the study. In the goal and scope section, the aim of
the study is defined and the boundaries of the study as well. The LCI step consists of
gathering all the necessary data within the system boundaries to make the study. In the LCIA
section, the data collected in the LCI step are correlated to the environmental impact using
impact categories. The last interpretation stage is the presentation of the results and their
discussion.

The work aimed to give an overview of the LCA study of the membrane of the
artificial photosynthesis eSCALED device. The study is destined to the eSCALED project

partners in a smaller scale, and the scientific community and the public in the bigger picture.
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Chapter 6. Final discussion of results and outlook

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 *H NMR, a yield of 73% was obtained. On the 'H NMR
spectrum, the chemical shifts of the vinylic protons (-CH and -CH;) 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, -CH; and -CH3s) are located between 0.7 and 2 ppm
(Chapter 4, Figure 7).

PPFS-stat-PMA was synthesized by NMP controlled radical polymerization. On the 'H
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 -CH;) alongside the remaining protons of the
macromolecule (-CH, -CH; and -CH3s) are located between 0.5 and 3.2 ppm. The copolymer is
composed of 77 mol% of PPFS and 23 mol% of PMA (PPFSo.77-s-PMAo.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, (SPPFSo77-s-PMAo.23) was
ionically crosslinked with 2 wt% PBI-O0. 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 (o 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/PBuUA membranes, Table 1.
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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

ps spprs  EC IEC  Membrane . tivity
Polymer (%) (mol%) Theo Exp thickness (mS/cm)
) ' (meq/g) (meq/g) (um)
(PPFSo.33-b-PBUA¢ 67) a0k
22 . . 1 17
(NMP / solution) 68 0.66 0.35 6 9
(PPFSo.57-s-PBUAg.13)19k
7 4 2.1 1. 4
(NMP / solution) > 9 > 06 86 9
(PPFSo.50-s-PBUA¢.20)140
(FRP / Emulsion) 100 80 2.76 0.3 6 16
PPFS077-5-PMAoz3 100 77 2.54 1.2 10 690

(NMP / solution)

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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