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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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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 t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>