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Introduction

Energy generation is one of the most serious challenges for mankind. Indeed, energy is the fuel of
life and human daily routine is entirely dependent on it as the life without energy is almost impossible. For
this reason, governments all over the world started to search stable resources of energy for the survival and
development of humanity. Wood, coal, oil, natural gas, and nuclear energy are the major classical or
nonrenewable sources of energy. Nonrenewable sources help mankind to develop its life, however, they
cause countless adverse environmental and health problems [1,2]. Air contamination, water pollution, water
scarcity, acid rains, and ozone depletion are some of the most serious environmental problems caused by
using classical resources of energy. Moreover, health problems (such as cardiovascular diseases, various
types of cancers, and respiratory problems) should not be ignored. However, the most dangerous problem
for human and our future generations is the global warming owing to the emission of greenhouse gasses
including carbon monoxide (CO), carbon dioxide (CO-), and methane [3,4]. As a result, efforts for finding
new alternatives for sustainable energy sources increase continuously. Up to now, a wide range of
renewable energy sources have been developed and already utilized, such as solar, wind, tidal, hydropower,
geothermal, and fuel cell technology [5,6]. Among them fuel cells attract a lot of attention of researchers
and governors as the sustainable source of energy production [7-10].

Fuel cell is an electrochemical device which is able to generate electrical energy from the chemical
reaction. There are several types of fuel cells, namely alkaline fuel cell, direct methanol fuel cell, phosphoric
acid fuel cell, molten carbonate fuel cell, solid oxide fuel cell, and polymer electrolyte membrane fuel cell
(PEMFC). Each mentioned fuel cell type has its own characteristics depending on the electrolyte type,
operation conditions, and technological elements. PEMFC is the most common type of fuel cell due to its
remarkable properties, including quick start up, acceptable efficiency, and good power density. Hydrogen
and oxygen are consumed in PEMFC as the fuel and oxidizer, respectively, and water, heat, and electricity
are the only products of the reaction. Consequently, PEMFC is considered as a source of green energy.
Each PEMFC consists of different parts, such as polymer electrolyte membrane (PEM), gas diffusion layer,
catalyst, field flow channel, current collector, catalyst, end plate, and bolts. The most vital part is PEM
[7,11-13].

In fact, PEM has the responsibility of the conduction of protons from anode to cathode to ensure a
desirable proton conductivity. Nafion® is the most commonly used polymer. This polymer has some
remarkable features, including great proton conductivity, tunable mechanical, thermal and chemical
stability. Nonetheless, the use of Nafion® is not possible in wide range of temperatures as at the
temperatures higher than 80 °C, the proton conductivity is significantly reduced because of the water
evaporation. Therefore, protons are unable to be transported from anodic compartment to the cathodic one.

Moreover, for the PEMFC operation at low temperature (< 80 °C), the use of very high purity hydrogen is
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essential, otherwise, the catalyst will be poisoned by CO [14]. Besides, by rising the operating temperature,
the rate of reaction kinetic increases. Thus, PEMFC operating at high temperature (> 80 °C) is favorable.
The PEMFC able to be used at elevated temperature is called high temperature PEMFC (HT-PEMFC). In
HT-PEMFC the presence of water for proton conducting is not necessary and, thus, its performance is
independent on humidity and allows using less pure hydrogen as the fuel that is more economically
interesting. Besides, some other fuels (such as biogas, natural gas, and methanol) can be also used. In

addition, higher temperature will promote the reaction between hydrogen and oxygen [7,12,15-18].

Currently, ionic liquids (ILs) are widely used in different applications (e.g. metal extraction,
membrane separation process, greenhouse gas recovery, industrial waste recycling, and hydrogen
purification) [19,20]. These organic salts are usually liquid at the temperature lower than 100 °C owing to
the fact that they contain organic cations and organic or inorganic anions without no strong interactions
between them. Nowadays, a number of ILs (i.e. protic ionic liquids, task specific ionic liquids, basic ionic
liquids, neutral ionic liquids, switchable polarity solvent ILs, energetic ionic liquids, bio ionic liquids,
supported ionic liquids, metallic ionic liquids, chiral ionic liquids, and poly ionic liquids) is synthesized
owing to the excellent features, including good thermal and chemical stability, high proton conductivity,
non-flammability, low vapor pressure, low toxicity, and great electrochemical stability. Thus, ILs can be
used as a conductive medium in PEM. Generally, owing to the presence of a mobile hydrogen ion in
structure of protic ionic liquids, their use in HT-PEMFC is more common as they are able to transport easily
protons through the polymer film at high temperature. Therefore, the use of such PEM at low hydration
level is possible. However, IL-based PEM still suffers from the IL leaching during the process. Actually,
the proton conductivity and efficiency of modified PEM decreases over the time because of the IL leaching.
Some methods were proposed to overcome the IL leaching, namely crosslinking, the addition of

nanoparticles (NPs), and the use of inorganic or organic fillers [7,12,21-24].

The aim of this PhD thesis was the synthesis of the thermally stable and conductive ILs and use
them as an additive to prepare proton conductive membranes for PEMFC application at elevated
temperature. Various ILs containing different cations and anions were synthesized and characterized.
Moreover, three polymers (i.e. cellulose acetate propionate, cellulose acetate butyrate, and polyamide-6)
were utilized as the polymer matrix. The physical, chemical, electrochemical, transport, morphological, and

thermal properties of fabricated membranes were investigated.

This PhD thesis is a joint project between Nicolaus Copernicus University in Torun (NCU)
(Poland) and University of Rouen Normandie (URN) (France). As a result, some parts of this project were
done at the Faculty of Chemistry of NCU (from 01.10.2020 to 06.04.2022 and from 07.10.2023 to

06.04.2024) and some of them were carried out in the Polymers, Biopolymers, Surfaces (PBS) research
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unit (UMR CNRS 6270) at URN (from 07.04.2022 to 06.10.2023). Furthermore, the financial support for
this project was provided by NCU, Normandy region (HERMES project, 2020-2023), and the Graduate
School of research XL-Chem (ANR-18-EURE-0020 XL-Chem).

The present manuscript is divided into five chapters. The first chapter is “State of the Art” part
presenting the energy generation, fuel cell, and the use of IL-based composite membrane for PEMFC

application.

The “Materials and Characterization Methods™ chapter is devoted to the used chemical materials
(e.g. polymers, solvents, ILs, and other chemical reagents), the techniques used for the membrane

preparation, and IL synthesis. Also, the analyses and characterization methods are described.

The third chapter “lonic Liquids: Synthesis and Characterization” gives information about
synthesis of novel protic ionic liquids by acid-base neutralization reaction. Several new imidazolium- and
hydroxylammonium-based ionic liquids were synthesized and the influence of anion and cation nature on

their thermal stability and ionic conductivity was investigated and correlated with the IL structure.

The fourth chapter “Polyamide 6-based Membrane” focuses on the preparation of porous
polyamide-6 membrane by nonsolvent-induced phase separation technique. In this chapter, the physical,
morphological, and transport properties of polyamide-6 membranes with different gelation time are

evaluated.

The fifth chapter “lonic Liquid-based Membranes” is dedicated to fabrication of IL-based
membranes by a phase inversion method. In this chapter, the chemical, physical, thermal, and mechanical
properties of fabricated composite membrane are presented and discussed. Also, the ionic conductivity of

IL-based membranes at elevated temperature and under anhydrous conditions is analyzed.

The “General Conclusion and Prospects” section is devoted to the summary of the obtained results

and provides some suggestions for the future study.
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1.1. Fuel Cells

Nowadays, the energy generation is one of the most vital concerns of human life [25-27]. The energy
is considered as the fuel of the life. Thus, governors and politicians have already invested huge budget to
find a source of sustainable energy production [8,28]. Up to now, the majority of energy all over the world
has been generated from nonrenewable sources, including wood, coal, oil, natural gas, and nuclear energy.
However, their use has negative influence on our ecosystem, namely air contamination, water pollution,
water scarcity, acid rain, and ozone depletion [8,9,11,28]. Equally important is the fact that they can cause
major health problems, including cardiovascular diseases, various types of cancers, and respiratory
problems [9-11,29,30]. In addition, global warming owing to the emission of greenhouse gases (such as CO,
CO,, and methane), thus accelerating all these negative effects [8,11,28,29]. Therefore, the necessity of
renewable alternative sources of energy generation becomes urgent. Generally, there are different ways to
generate green energy (for example, solar, wind, tidal, biomass, and hydropower) [10,28,29]. One of the

promising ways to generate green energy is fuel cells technology as the only by-product is water [7,9,11,31].

Fuel cell technology attracts attention owing to the possibility to convert chemical energy of
reaction into electricity. In 1839, a Welsh scientist William Robert Grove could accidentally prepare the
first fuel cell by reversing the electrolysis of water [32,33]. His fuel cell, also known as the "Grove cell",
contained two platinum electrodes immersed into the dilute sulfuric acid electrolyte and sealed by two tubes
containing oxygen and hydrogen and electrodes. He observed that water was produced and its level rose
[32,33]. Moreover, Grove cell was able to generate small electrical current (12 A and 1.8 V). He could also
combine several sets of cells (he named such a system as “gas battery”) and increase the electrical current
[32-34].

The basic principles of the chemistry and electricity of the fuel cell were discussed [32]. Different
theories were proposed (e.g. contact and chemical theories) for explaining the process and over the years
the understanding of fuel cell technology was improved and various types of fuel cells were discovered [32-
35]. Today, there are various types of fuel cells with different electrolytes, operating conditions, design and
technology parameters, namely molten carbonate fuel cell (MCFC), solid oxide fuel cell (SOFC),
phosphoric acid fuel cell (PAFC), direct methanol fuel cell (DMFC), alkaline fuel cell (AFC), and PEMFC
(Fig. 1.1).

1.1.1. Polymer Electrolyte Membrane Fuel Cells

Among the different types of fuel cells, the widespread use of PEMFCs in both laboratory and
industry scales can be explained by their remarkable features, such as great power density, good efficiency,

and quick and easy startup [12,36,37]. Furthermore, PEMFCs are utilized in different fields including
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automotive industry, portable electronic devices, and power generation (backup source) [13,38]. There are
some car companies (such as Honda, Hyundai, and Toyota) which are introduced PEMFCs on the
commercial scale [39]. These cars are also known as hydrogen-based cars or zero emission cars [39,40]. The
interest of the production of such cars increases as they are safe and environmentally friendly. Indeed,
PEMFC has high potential to be employed in drones, military, and space science since it is able to work at
the wide temperature range (low, moderate, and high) and it has also quick dynamic response [41]. By
providing pure hydrogen as the fuel and oxygen as the oxidizer agent, electricity, water, and heat are
generated (Fig. 1.2).
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Figure 1.1. Schematic demonstration of different types of fuel cells (From “A Review on lonic Liquids-
Based Membranes for Middle and High Temperature Polymer Electrolyte Membrane Fuel Cells (PEM
FCs)” by Ebrahimi, M.; Kujawski, W.; Fatyeyeva, K.; Kujawa, J., 2021, International journal of molecular
sciences, 22, 5430, under the license CC BY 4.0) [7].
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Figure 1.2. Schematic representation of PEMFC (From “A Review on lonic Liquids-Based Membranes for
Middle and High Temperature Polymer Electrolyte Membrane Fuel Cells (PEM FCs)” by Ebrahimi, M.;
Kujawski, W.; Fatyeyeva, K.; Kujawa, J., 2021, International journal of molecular sciences, 22, 5430, under
the license CC BY 4.0) [7].

Each hydrogen molecule at anode splits into two hydrogen ions (protons) and electrons owing to
the presence of catalyst which is typically platinum (Pt) since it has better catalytic performance, high
stability to work in different operating conditions, and also great resistance against corrosion [7,13,42]. The
hydrogen ions pass through the membrane to participate in oxygen reduction reaction and electrons enter

to electrical cycle to generate electricity and arrive to cathode [7,12]. The hydrogen oxidation reaction (i.e.

H, — 2H" +2e") does not need to absorb or release energy [43]:
H, >2H" +2e" 11

During the oxygen reduction reaction at the cathode (i.e. 0.50, +2H" +2e” — H,0), water is

produced. This reduction reaction is producing heat and is considered as the exothermic reaction [43]:

0.50,+2H* +2¢" - H,0 12

By combining these two reactions, the overall reaction (i.e. H, +0.50, - H,0O) is noted to be

an exothermic reaction [43]:

H,+0.50, - H,0 13

10
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Unlike internal combustion engines, PEMFC is a very promising candidate to generate energy as
the sustainable energy production source [7,44]. Usually, each PEMFC has various parts, such as PEM, gas
diffusion layer (GDL), field flow channel (FFC), catalyst, current collector, gasket, end plate, and fittings
(Fig. 1.3). Each component has its own requirements [45]. Membrane electrode assembly (MEA) (PEM
with electrodes and catalyst layers) is known to be the main body of PEMFC [46]. Three-layer, five-layer,
and seven-layer MEA can be used [12,46]. In three-layer MEA, PEM (which is also called catalyst coated
membrane (CCM)) is sandwiched between anodic and cathodic catalyst layers. For preparing five-layer
MEA, CCM should be inserted between two GDLs [12]. In case of seven-layer MEA, five-layers MEA

should be placed between two gaskets.

Membrane electrode assembly

Membrane

Catalyst ; 3
\. 3 ; iz Fittings

Gas diffusion layer.

\. ‘ 4 et
Gasket ?
.
%o End plate
|
) | Current collector

Field flow channel
Gasket
I GDL

Catalyst
Membrane

Figure 1.3. Schematic illustration of MEA in a single cell PEMFC.
1.2. Polymer Electrolyte Membrane

The most vital part of each PEMFC is PEM (Fig. 1.2). A high ion conduction of PEM is an essential
matter. In general, there are two main mechanisms of proton conduction through the PEM — vehicle and
Grotthuss mechanisms [47-49]. Humidity and operating temperature are two criteria parameters influencing
the proton conduction mechanism. In case of vehicle mechanism, the proton conduction takes place at low
and moderate temperature range under fully hydrated conditions [50]. The presence of water molecules is

necessary as they are responsible for protons transporting through the membrane (Fig. 1.4a). However, by

11
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rising the operating temperature, the water molecules begin to evaporate, provoking a significant decrease
of proton conductivity [18]. The dominant mechanism of proton conduction at high operating temperature
and non-humid conditions is the Grotthuss mechanism (Fig. 1.4b) [18,51,52]. In fact, in this case water is
not responsible for ions transporting because the protons are jumping from one to another reactive center.

This mechanism is also known as the proton hopping mechanism [51,52].

/ a. Vehicle mechanism b. Grotthuss mechanism \

Figure 1.4. Schematic illustration of different proton transport mechanisms.

Up to now, perfluoro-sulfonated polymers (PFSP) (such as Nafion®, Flemion®, and Hyflon®) are
the most common polymers used for the PEM fabrication since they possess good mechanical resistance,
high proton conductivity, and excellent chemical and electrochemical stability [53]. Despite the fact that
PFSPs, particularly Nafion®, show good proton conductivity at low temperature, their performance is
extremely dependent on humidity (hydration level) as the proton conduction is carried out due to the vehicle
mechanism (Fig. 1.4a) [53,54]. Therefore, at elevated temperature (over 80 °C), the proton conductivity of
Nafion® membrane decreases noticeably owing to the water evaporation. Indeed, Nafion® as PEM has a
good performance in the temperature range between 60 and 80 °C [53,54]. Moreover, owing to the low glass
transition temperature of Nafion® (T4~ 130 °C and Tg, ~ 240 °C), the mechanical stability of this polymer

is reduced at elevated temperature [54,55].

It is noted that working at high temperature under a non-humid condition has several advantages —
the fast kinetics of the chemical reactions, the possibility to use hydrogen with lower purity, and utilization
of other gases (that makes PEMFC operation cheaper) [12]. Furthermore, high temperature utilization

allows avoiding the catalyst poisoning by CO gas [7,12].
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The PEMFC used at high temperature is called high temperature PEMFC (HT-PEMFC) and its
performance does not depend on the humidity level [7]. In fact, HT-PEMFC can be used in a wide range of
temperature and relative humidity (RH). A numerous research studies were performed to find possible
alternatives for Nafion®[17]. Several ways were proposed to improve the proton conductivity of PEM at
high temperatures, namely modifying the Nafion® membrane by addition of different fillers, the use of
sulfonated polymers (e.g. sulfonated poly (ether ketone) (SPEK), sulfonated poly (ether ether ketone)
(SPEEK), sulfonated polyimide (SPI), and sulfonated poly sulfone (SPS)) [7,12,17,56-65]. Even if such
membranes showed acceptable improvement regarding proton conductivity, they still need humidity for
proton transporting through PEM. Therefore, to prepare membranes with high proton conductivity at
elevated temperature under aqueous free environment and good mechanical, thermal, chemical, and
electrochemical stabilities, the use of inorganic compounds, NPs, phosphoric acid (PA), and ILs can be
proposed [7,12]. A comparative summary of the mentioned methods to improve PEM performance for HT-
PEMFC application is presented in Table 1.1.

1.2.1. Nanoparticles-based Nafion® Membranes

One of the approaches to improve the proton conductivity of Nafion®-based membranes is an
addition of NPs because they can provide a number of channels and networks for the proton transferring
through the membrane [60,66]. It is worth noting that introducing NPs into the Nafion® matrix can also
improve the membrane thermal stability [60]. Research findings reveal that the addition of NPs can diminish
the water evaporation at the temperature higher than 80 °C [66]. A wide range of NPs has been used to
prepare PEM, including titanium dioxide (TiO), graphene oxide (GO), silicon dioxide (SiO,), and
zirconium dioxide (ZrO,) [59-61,66]. Amjadi and coworkers [60] introduced TiO, nanoparticles into Nafion®
in order to preparing composite membrane for HT-PEMFC application. They fabricated TiO2/Nafion®
composite membrane via in-situ sol-gel and casting techniques. The results showed that the water uptake
(WU) of TiO2/Nafion® composite membrane with 3 wt.% of TiO, was almost 50% higher than that of
unmodified membrane. Differential scanning calorimetry (DSC) results also demonstrated that the addition
of TiO; particles led to the Tq rising — in case of the composite membrane with 10 wt.% of TiO; it was 25
°C higher than that of the pure Nafion® membrane. Despite the fact that the pure Nafion® membrane showed
a higher current density (500 mA-cm-?) than the current density of composite samples (300 mA-cm2) at 70
°C and 0.4 V, the TiO2/Nafion® composite revealed higher current density at 110 °C. In another research,
Cozzy et al. [67] incorporated TiO, particles functionalized by propylsulfonic acid into the Nafion®
membrane. The membrane proton conductivity was evaluated from 40 to 140 °C. The results revealed that
the composite membrane containing 10 wt.% of propylsulfonic-functionalized TiO, showed a better proton
conductivity of 0.08 S-cm™ at 140 °C than that of the pure Nafion® membrane (0.039 S-cm?). Besides, the
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pure Nafion® membrane showed the current density of 202 mA.cm™2 at 110 °C and 0.2 V while the
functionalized TiO2/Nafion® membrane demonstrated a higher current density of 316 mA-cm2 at the same
operating condition. Amjadi and coworkers [61] incorporated SiO; particles into commercial Nafion® 117
via sol-gel method in order to use this composite membrane in HT-PEMFC. It was found that WU of the
modified SiO2/Nafion® 117 membrane containing 7 wt.% SiO, was 30% higher than that of unmodified
Nafion® 117. Besides, the addition of SiO; particles to the Nafion® 117 membrane enhanced the T, value
of composite membranes in comparison with the pure membrane. It was observed that the proton
conductivity of pristine membrane at 23 °C and 30 + 5% RH (11.21 mS-cm™) was higher than that of
composite membranes with different doping levels. However, the fuel cell performance of SiO,/Nafion®
117 composite membranes was improved as compared with the pristine membrane by increasing the
temperature up to 110 °C. In another research, Ibrahim et al. [66] prepared composite membrane based on
GO and Nafion® with different thicknesses (30, 40, and 50 pm) by solution casting method. It was found
that the GO/Nafion® composite membrane showed better mechanical stability than the stability of pure
Nafion® membrane (higher stress at the same strain). Moreover, the composite membranes demonstrated
higher WU than that of pure membranes and the highest value was noted for GO/Nafion® membrane with
the thickness of 30 um (32.86 * 3.62 %). Furthermore, the composite membrane showed better fuel cell
performance as compared with unmodified Nafion® membranes — the maximum value of power density
and current density (0.7 W-cm and 1.6 A-cm?, respectively) was observed for GO/Nafion® composite

membrane with the thickness of 30 pm.

It can be seen that the addition of NPs to the Nafion® membrane is a promising method to prepare
the composite PEM for HT-PEMFC because NPs can enhance WU of composite membranes owing to the
filler hydrophilic character and possible physical and chemical interactions between NPs and Nafion®
[12,60,61]. Moreover, NPs can improve the proton conductivity of composite membranes since they can
introduce new conductive networks in the membrane [59-61,67]. Also, such modified membranes show
good fuel cell performance and proton conductivity under the humid condition [12,59,66]. However, owing
to the presence of humidity, the water evaporation is the main drawback causing ionic conductivity

reduction at elevated temperatures [12,59].
1.2.2. Membranes Containing Phosphoric Acid (PA)

Another approach to fabricate a thermally stable PEM for HT-PEMFC with high conductivity is
introducing of PA [12,68]. PA can transport protons through the membrane at the temperature higher than
80 °C since it has low volatility and is stable at elevated temperatures [68,69]. However, the addition of PA
may decrease the PEM mechanical stability [69]. Hence, the balance between proton conductivity and

mechanical stability should be adjusted. The PA possible leaching from PEM should be also taken into
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account because it reduces the proton conductivity [12]. Li and coworkers [70] prepared new composite
membranes containing nitrogen heterocycle (NH)/PA/brominated poly(arylene ether ketone) (BrPAEK).
At the beginning, NH/BrPAEK membrane was first prepared by phase inversion technique and then the
membrane sample was immersed into the PA solution. The conductivity measurement performed in the
temperature range from 100 to 170 °C revealed that the modified NH/PA/BrPAEK membrane showed a
conductivity value of 0.091 S-cmat 170 °C. Moreover, the composite membrane demonstrated high value
of PA uptake (53 — 339%). Moreover, it was observed that the PA leaching decreased by an addition of
nitrogen heterocyclic compound. In another work, Bai et al. [71] prepared composite membrane containing
poly(1-vinylimidazole)/PA/polysulfone (PS) by phase inversion method. Initially, poly(1-vinylimidazole)
was grafted onto PS and the membrane was soaked into the PA solution. It was found that the grafted
poly(1-vinylimidazole) provided a number of sites for PA adsorption. The resultant poly(1-
vinylimidazole)/PA/PS composite film is characterized by acceptable proton conductivity of 127 mS-cm-t
at 160 °C. Furthermore, this membrane showed good mechanical tensile strength of 7.94 MPa. Che et al.
[72] fabricated composite membrane based on SPEEK/PA/polyurethane (PU) by phase inversion method.
Pure PU was charged by SPEEK and then the membrane was prepared. The obtained SPEEK/PU membrane
was submerged in PA solution. The resultant SPEEK/PA/PU composite membrane showed better thermal
stability (180 °C) than PA/PU membrane (110 °C). The SPEEK/PA/PU composite membrane revealed
acceptable tensile strength of 2.7 MPa even though pure PU, SPEEK, SPEEK/PU membranes showed better
mechanical properties. Moreover, the resultant composite polymer membrane demonstrated a proton

conductivity of 0.3 mS-cm at 160 °C under dry conditions.

It was shown that the PA addition can improve the performance of non-fluorinated-based
membranes at high temperature and non-humid condition, but this type of membrane suffers from
mechanical stability reduction [12,73]. Furthermore, the PA leaching is the main drawback of this method.
In order to overcome these limitations, it was proposed to mix the polymers or to add fillers or to prepare a

cross-linked membrane [12].
1.2.3. Inorganic Compounds/Non-fluorinated-based Membrane

Another way to improve the physical and chemical properties of non-fluorinated-based PEM at
elevated temperatures is utilizing of inorganic particles [7]. Such method increases the number of functional
networks resulting in the proton conductivity rising [12,74]. Furthermore, such functional networks can also
increase the PA retention ability owing to the chemical interactions between PA and inorganic particles
[12,75]. Kuo and Lin investigated the influence of the presence of two different mesoporous silicates (i.e.
MCM-41 and SBA-15) in polybenzimidazole (PBI) membranes [74]. The modified MCM-4/PBI and SBA-

15/PBI membranes demonstrated better mechanical properties and PA retention ability than those of the
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pristine PBI membrane. The highest stress at break was found for MCM-41/PBI membrane with 20 wt.%
of MCM-41 (45.55 + 2.12 MPa) while the highest Young's modulus was noted for SBA-15/PBI membrane
containing 10 wt.% SBA-15 (13.73 £ 0.68 MPa). It was also found that the PA doping level increased by
introducing the fillers as compared with pure PBI membrane — the maximum value (2.9 = 0.1 g PA/g
membrane) was observed for MCM-41/PBI composite membrane with 10 wt.% of MCM-41. Moreover,
the best fuel cell performance was noted for MCM-41(10 wt.%)/PBI composite film with the power density
of 310 mW-cm?. In another research, Moradi and coworkers [76] prepared a new composite
Fe,TiOs/PA/PBI membrane. The influence of Fe,TiOs content on the physicochemical properties of
composite membrane was evaluated. The mechanical properties of Fe;TiOs/PBI composite membranes
before and after the PA doping were higher than those of pure PBI membrane. The highest tensile strength
and Young's modulus were measured for undoped composite membrane with 4 wt.% of filler (120 MPa
and 1.8 GPa, respectively). The Fe,TiOs/PA/PBI composite film containing 4 wt.% of nanoparticle showed
the maximum proton conductivity of 78 mS-cm at 180 °C. Also, this membrane revealed the best fuel cell
performance with power and current density of 0.43 W-cm? and 0.85 A-cm? at 180 °C, respectively. Bai et
al. [77] fabricated new conductive and mechanical stable membrane based on graphitic carbon nitride
(CN)/PA/polyethersulfone (PES)-poly(vinyl pyrrolidone) (PVP) by phase inversion method. CN was added
to the composite polymer solution via facile blending technique. The proton conductivity was measured for
membrane samples in the temperature range from 120 to 180 °C. The results showed that introducing CN
enhanced the PA doping level, thus leading to rising of the membrane proton conductivity around 36%
(104 mS-cm™ at 160 °C). The highest value of proton conductivity was observed for CN/PA/PES-PVP
composite membrane containing 0.5 wt.% of CN at 180 °C. Mechanical stability of composite membrane
was also improved by CN adding. The tensile strength of the composite membrane increased by
approximately 60% in comparison with unmodified PES-PVP membrane owing to strengthening of
interactions between CN and polymers. Moreover, the composite membrane showed a great power density
of 512 mW-cm at 160 °C.

The incorporation of inorganic compounds allows increasing the acid retention ability owing to the
physical interactions between filler and acid [74,77]. Also, inorganic particles ensure a number of networks,
thus, improving the proton conductivity. Nonetheless, the addition of large amount of inorganic particles
can provoke the appearance of some aggregations [76,77]. These formed clusters have negative effect on
transferring the protons through the PEM and, as the consequence, a decrease of proton conductivity is
noted [12,76,77].
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Table 1.1. Summary information related to the performance of composite membranes elaborated by different techniques.

o . Max. proton
Modification method Membrane composition

conductivity (mS-cmt)

Operating

temperature (°C)

Observations

Ref.

TiO»/Nafion® 2.11

Modification of Nafion®

membranes with NPs

25,70, and 110

Composite membranes were fabricated by
in-situ sol—-gel and casting methods.

The WU value of composite membrane
was 50% higher than that of pure Nafion®
membrane.

Addition of TiO; resulted in increasing
thermal stability of composite membrane
as compared with the pure one.

Although pure membrane showed higher
current density at 70 °C as compared to
composite samples, at 110 °C an opposite

behavior was observed.

[60]

TiOz-propylsulfonic
acid/Nafion®

80

40to 140

The composite membrane showed higher
proton conductivity than the conductivity
of pure Nafion® membrane at 140 °C.
The composite membrane demonstrated
higher current density (316 mA-cm2 at
110 °C and 0.2 V) in comparison with the
current density measured for pure

membrane (202 mA-cm2),

[67]

SiO,/Nafion® 117 7.11

23,70, and 110

It was found that the WU of composite
membrane was 50% higher than the WU

value of the pristine membrane.

[61]
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The proton conductivity of pristine
membrane at RT was higher than the
conductivity of composite samples.

The composite membrane showed better
fuel cell performance at 110 °C as

compared with the pristine membrane.

GO/Nafion®

80 to 120

Membranes with different thickness (30,
40, and 50 um) were prepared.

The composite membrane with the
thickness of 30 pum showed the highest
WU of 32.86 £ 3.62 % and the highest
power density and current density at 100
°Cand 0.25V (0.7 W-cmand 1.6

A-cm?, respectively).

[66]

NH/PA/BrPAEK
The use of PA-based

membranes

91

100 to 170

The increase of the NH amount led to
rising the proton conductivity.

There was a linear relationship between
temperature and proton conductivity.

The introduction of NH led to the
increasing PA retention ability.

The PA uptake increased up to 339.9% by

enhancing the content of NH.

[70]

poly(1-
vinylimidazole)/PA/PS

141

120 to 180

The composite membranes were prepared

by a phase inversion technique.

[71]
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The presence of poly(1-vinylimidazole)
increased the membrane capacity to the
PA adsorption.

The composite membrane demonstrated
high tensile strength of 7.94 MPa.

SPEEK/PA/PU

0.3

80 to 160

SPEEK/PA/PU composite films showed
better thermal stability as compared with
PA/PU membrane.

The addition of PA led to decreasing
mechanical stability of resultant

composite membranes.

[72]

MCM-4/PBI

_ . _ SBA-15/PBI
Introduction of inorganic

compounds in non-

fluorinated membrane

160

The MCM-4/PBI composite membrane
showed the highest stress at break of
4555 + 2.12 MPa.

The SBA-15/PBI membrane
demonstrated the maximum value of
Young’s modulus (13.73 + 0.68 MPa).
The MCM-4/PBI composite membrane
showed the highest power density of 310
mwW-cm2,

[74]

Fe>TiOs/PBI

78

2510180

The Fe,TiOs/PBI composite membrane
with 4 wt.% of filler showed the highest
tensile strength and Young's modulus of
120 MPa and 1.8 GPa, respectively.

[76]
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CN/PA/PES-PVP

104

120 to 180

CN/PA/PES-PVP composite membrane
containing 0.5 wt.% of CN showed the

best proton conductivity at 180 °C.

The mechanical stability of composite

membranes was higher than that of [77]
pristine PES-PVP membrane.

The composite membrane demonstrated

high power density of 512 mW-cm™ at

160 °C.
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1.3. lonic Liquids: Structure and Properties

Nowadays, ILs attract great attention of researchers and industrial companies, therefore, the number
of published articles and books increases [78-81]. ILs refer to salts which consist of organic cations and
inorganic or organic anions [82,83]. These salts are usually in a liquid state at the temperature lower than
100 °C. The word “IL” was originally applied for molten salts, however, now is also used for salts with the
melting temperature below 100 °C [22,24,83]. The main reason why ILs are usually liquid is the different
size of cations (Fig. 1.5) and anions (Fig. 1.6). As a result, the physical and chemical interactions between
them are usually weak [21,22,83]. ILs possess features that make them unique, such as negligible volatility,
great ionic conductivity, excellent thermal resistance, low melting and glass transition temperature, non-
flammability, and good chemical stability [22,24,83,84]. Hence, ILs can be considered as an excellent

alternative for solvents that cause numerous environmental problems [21,83,85].

ILs are considered as “green solvents” [22]. However, their toxicity should not be ignored — it was
found that ILs with different natures (such as sulphonium, phosphonium, benzimidazolium, pyrrolidinium,
and pyridinium) have negative environmental influence [22,24]. Due to all these characteristics, ILs are used
in various fields including gas separation, metal extraction, drug delivery, and wastewater treatment
[7,22,24,86]. However, the main application of ILs is in electrochemical systems (fuel cells and batteries)
owing to their high proton conductivity and thermal stability [87]. Due to these properties, they can serve
as proton conductive medium instead of water in order to prevent conductivity decrease at high

temperatures [7].

Various types of ILs are identified, namely task specific ionic liquids (TS-ILs), room temperature
ionic liquids (RT-ILs), neutral ionic liquids (N-1Ls), supported ionic liquids (S-ILs), bio-ionic liquids (bio-
ILs), basic ionic liquids (B-ILs), chiral ionic liquids (C-ILs), energetic ionic liquids (E-ILs), switchable
polarity solvent ILs (SPS-ILs), protic ionic liquids (Pr-ILs), aprotic ionic liquids (A-ILs), metallic ionic
liquids (M-ILs), and poly ionic liquids (P-ILs) [7,22,24,88-97]. Indeed, such variety of ILs (around 108) is
due to numerous possible combination of cation and anion. Among all types of ILs, TS-ILs are the most
popular, since they may contain different functional groups in their structure which make them desirable
for different applications [22,24]. These ILs are also called functionalized ILs (F-ILs) [7]. However, their
synthesis can have several steps and is rather time-consuming process [7,22]. Some general information

concerning various types of ILs is gathered in Table 1.2
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Table 1.2. General information about different kinds of ILs and their properties.

Type of ionic liquid Abbreviation Summary and property Possible application Ref.
Chiral ionic liquids C-ILs This kind of ILs is usually synthesized by asymmetric Liquid chiral chromatography, stereo selective
synthesis or chiral pool and they can contain polar, axial or polymerization, synthesis of potential active chiral 22]
central chirality. Owing to their nature, the process of their compounds, liquids crystal, NMR chiral
synthesis is difficult and expensive. discrimination, solvent, electrolyte, and catalyst.
Switchable polarity solvent  SPS-ILs SPS-ILs are usually synthesized by proton transfer reaction. Solvent recovery and solute separation.
ionic liquids They have acceptable resistance against wet condition for [91]
synthesis and operation.
Protic ionic liquids Pr-1Ls Pr-1Ls can be quickly synthesized by transferring hydrogen Alkaline batteries, fuel cells, dehydration,
ion (H*) from a Brgnsted acid to a Brgnsted base. The process  choromatogeraphy (both liquid and gas), and
of proton-transfer is boosted by using strong bases or acids or  hydrolysis. [88]
both of them. These ILs have good proton conductivity,
fluidity, and low melting point.
Bio-ionic liquids Bio-1Ls Bio-ILs are often produced by sustainable bio-precursors; Biodiesel production, renewable diesel and jet fuel,
therefore, they are environmentally friendly, bio-degradable, chemical compounds production (like herbicides).
biocompatible, and non-toxic. They have high thermal [04]
stability and viscosity. Besides, their solubility in other liquids
(water and organic solvents) is strictly depended on the cation
nature.
Poly ionic liquids P-ILs P-1Ls are also known as polymerized ionic liquids. In spite of ~ Polymer electrolytes for batteries, fuel cells, carbon
the high charge density of P-ILs, they usually have wide glass  electrodes, sensors, organic transistors, super [96]

transition temperature range.

capacitors, catalysts, photoresists, and corrosion

inhibitors.
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Energetic ionic liquids E-ILs E-ILs have low melting point, high thermal stability and Explosives (e.g. trinitrotoluene), pyrotechnics, and
density, and they are considered as environmentally friendly propellants. [97]
materials.

Neutral ionic liquids N-ILs The electrostatic interactions between anions and cations are Solvent, and organic transformation.
typically very weak. As a result, N-ILs have low melting point [22]

and viscosity.

Metallic ionic liquids M-ILs This type of IL contains metal halides (e.g., [AICI5], [CuCls], Catalyst, solvent, organometallic chemistry hydration
[SnCls], and [AlzBr7]). M-ILs are highly viscous in process, and recycling of nuclear waste. [90]
comparison with other types of ILs. M-ILs are typically stable
under moisture and ambient conditions.
Basic ionic liquids B-ILs B-ILs are considered as eco-friendly, flexible, non-volatile, Organic transformation (e.g., Michael addition, aldol
active and selective catalysts; thus, B-ILs are good alternative  condensation, Knoevenagel condensation, Henry
for conventional bases (e.g., KOH, NaOH, and NaHCO3). reaction, oximation, and Michael reaction), catalyst, [89]
Unlike traditional bases, B-ILs do not suffer from and solvent.
environmental issue, waste production, and corrosion.
Supported ionic liquids S-ILs The use of S-1Ls increases because of high cost of pure ILs. Solvent, catalyst, reactor systems, and separation
These ILs are usually used on silica support, thus, requiring process. [92]

lower IL amount. The application of S-ILs can accelerate ILs

use on industrial and commercial scale.
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1.3.1. Synthesis of ILs

There are different methods used to synthesize ILs (i.e. acid-base neutralization, metathesis, and
alkylation reactions), which are based on the IL type and application requirements [22,95,98]. ILs are usually

classified into two categories: primary ILs and secondary ILs [7,95].

The primary ILs are typically synthesized by protonation or alkylation of a base by an acid or a
haloalkane [7,99]. Primary ILs usually contain halide-based anions (i.e. CI-, Br, I, and F) (Fig. 1.7). The
alkylation reaction possesses some benefits such as the moderate operating temperature and the reasonable
cost of reagents [99]. However, the synthesis difficulties are more pronounced owing to the reactivity of
halide-based anions (CI- < Br < I) [7,99]. For instance, performing the alkylation reaction with 1-
chloropropane (haloalkane) requires more time as compared with 1-bromopropane under the similar
operating conditions as chloride is less reactive than bromide [99,100]. Moreover, haloalkane containing
bromide and iodide requires lower reaction temperature owing to their high reactivity [7]. For example, the
required temperature for 1-bromobutane and iodomethane is 35 and 0 °C, respectively [99]. In case of
haloalkanes with iodide, the temperature should be precisely controlled in order to avoid secondary
reactions [7,99]. In general, the reaction is performed in ice bath and the reaction mixture is protected from
sunlight since these reagents are photoactive. The use of fluorine-based haloalkanes for synthesis of primary
ILs is not practical owing to the fact that the covalent bond between fluorine and carbon is very strong
[7,99]. Bao and coworkers synthesized a primary ILs (1-hexyl-3-methylimidazolium chloride
([HMIM][CI]) by alkylation reaction [101]. 1-methylimidazole and 1-chlorohexane were utilized as the base
and haloalkane, respectively. The alkylation reaction was carried out in the presence of cyclohexane as the
solvent in a round-bottom flask at 60 °C for 72 h. Then, the resultant IL was washed with ethyl acetate for
removing solvent and unreacted compounds. Finally, the pure IL was dried in the oven at 70 °C for 24 h.
Fang et al. [102] synthesized two primary ILs (i.e. 1-vinyl-3-butylimidazolium bromide [VBIM][Br] and 1-
vinyl-3-methylimidazolium iodide [VMIM][1]) by alkylation reaction between 1-vinylimidazole (base) and
1-bromobutane and methyl iodide (haloalkanes). The operating temperature and required time for
synthesizing [VMIM][I] (0 °C and 6 h) were less than those for [VBIM][Br] (35 °C and 12 h). [VBIM][Br]
and [VMIM][I] were washed by ethyl ether and dried at RT for a day in the final synthesis step. Besides,
the synthesized primary ILs can be further used for the synthesis of secondary ILs with more complex
chemical structure. There are two main ways to synthesize secondary ILs: metathesis reaction and acid-

base neutralization [7].
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Figure 1.7. Example of alkylation for obtaining primary ILs (Adopted from “Ionic liquids synthesis—
methodologies” by Ferraz, R.; Prudencio, C.; Vieira, M.; Fernandes, R.; Noronha, J.P.; Petrovski, Z., 2015,
Organic Chemistry Current Research, 4, under the license CCBYNCND 3.0. Copyright 2015 Longdom)
[100].

In order to synthesize secondary ILs metathesis reaction is usually used (Fig. 1.8). Indeed, this
method is one of the most common and practical ways [99,100]. In general, to prepare halide free ILs, the
reaction is carried out between a metallic salt and primary ILs (Fig. 1.8). In this method, phase transfer

process allows obtaining pure ILs without any impurities [99].

X R Y
| + Solvent [ +
R—T_‘R + M+Y- -_— R—IT]—R + M+x.
R R

M = Metal from group | or silver
Y = Anion different from X

Figure 1.8. Metathesis reaction of the synthesis of secondary ILs (Adopted from “Tonic liquids synthesis—
methodologies” by Ferraz, R.; Prudencio, C.; Vieira, M.; Fernandes, R.; Noronha, J.P.; Petrovski, Z., 2015,
Organic Chemistry Current Research, 4, under the license CCBYNCND 3.0. Copyright 2015 Longdom)
[100].

Hooshyari and coworkers [103] synthesized a primary IL (1,6-di(3-methylimidazolium)hexane bis
bromide) by alkylation reaction between a base (1-methylimidazole) and haloalkane (1,6-dibromopropane).
Subsequently, a secondary IL (1,6-di(3-methylimidazolium)hexane bis(hexafluorophosphate)) was
obtained by a metathesis reaction between synthesized primary IL and a salt (potassium
hexafluorophosphate). In another research, Lin et al. [104] synthesized a secondary IL (1-vinyl-3-
butylimidazolium bis(trifluoromethylsulfonyl)imide [VBIM][NTf;]) by two steps synthesis. At the
begining, an alkylation reaction was conducted between n-vinylimidazole and 1-bromobutane (haloalkane)

to synthesize a primary IL (1-vinyl-3-butylimidazolium bromide [VBIM][Br]). Then, the metathesis
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reaction was carried out between bistrifluoromethanesulfonimide lithium (salt) and the synthesized primary
IL ([VBIM][Br]) to synthesis [VBIM][NTf].

The acid-base neutralization is also used to obtain secondary ILs (Fig. 1.9) [95]. In this case, a
simple neutralization between a Brgnsted acid and a Brgnsted base allows obtaining IL. The reaction is
conducted between an acid and a base in the presence of solvent or it can be also performed after alkylation

reaction between a primary ILs and an acid [99,100].

X R Y
|+ Solvent |+
R—N—R + HY =—>= R—N—R 4+ H'X
| |
R R

Y = Anion different from X

Figure 1.9. Acid-base neutralization reaction for the synthesis of secondary ILs (Adopted from “Ionic
liquids synthesis—methodologies” by Ferraz, R.; Prudencio, C.; Vieira, M.; Fernandes, R.; Noronha, J.P.;
Petrovski, Z., 2015, Organic Chemistry Current Research, 4, under the license CCBYNCND 3.0. Copyright
2015 Longdom) [100].

Maiti et al. [105] synthesized a secondary IL (2,3-dimethyl-1-butyl imidazolium dihydrogen
phosphate [MBulM][H2PO.]) in two steps. In the first step, an alkylation reaction was conducted between
1,2-dimethyl imidazole and 1-bromobutane (haloalkane) to synthesize a primary IL (2,3-dimethyl-1-butyl
imidazolium bromide). In the second stage, the acid-base neutralization reaction was carried out between
phosphoric acid and the synthesized 2,3-dimethyl-1-butyl imidazolium bromide (primary IL) to obtain
[MBuUIM][H2PO4]. Lin and coworkers [23] synthesized a secondary IL (1-methylimidazolium
trifluoromethanesulfonate [MIM][TFS]) by neutralization technique. For this purpose, 1-methylimidazole
(as the Brgnsted base) was added to the vessel with solvent (ethyl acetate) under stirring. Then, the
trifluoromethanesulfonic acid (as the Brgnsted acid) was added drop by drop (the temperature should be

maintained at 0 °C). Finally, the obtained IL was washed with solvent and then was dried in the oven.

Although both reactions (i.e. acid-base neutralization and metathesis reaction) are used, their
drawbacks should be taken into consideration. In metathesis reaction, the halides are very reactive during
metathesis reaction, therefore, they can react with other components and produce non desirable products
[100]. Furthermore, the number of available commercial metal salts is not sufficient [100]. Moreover, the
temperature sensitivity of the acid-base neutralization reaction is rather high as temperature increase

provokes appearance of different impurities [7,100].
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1.3.2. ILs Application

Nowadays, ILs are used for both academic and industrial purposes (including metal extraction,
electrochemistry, engineering chemistry, gas separation, solvent, physical chemistry, analytical chemistry,
biological aid, engineering, and fuel cells) owing to their remarkable properties [12,22,24]. Here, only their

application in fuel cells will be discussed.

Elumalai and Dharmalingam [106] used 1-methyl-3-(3-trimethoxysilylpropyl)imidazolium
chloride ([MTIM][CI])-titanate nanotubes (TNT) to prepare composite membranes based on quaternary
ammonium functionalized polysulfone (QAPSU) for AFC application. It was found that the addition of
[MTIM][CI] and TNT led to enhancing the water content, ion exchange capacity (IEC), and hydroxyl
conductivity of composite membranes. The composite membrane with 5 wt.% of [MTIM][CI]-TNT showed
the maximum value of water uptake and IEC (15.97 % and 1.93 meq-g, respectively). Furthermore, this
composite membrane demonstrated the highest power density and conductivity (302 mW-cm and 20.8
mS-cm?, respectively). In another research [MTIM][CI]-Santa Barbara amorphous-15 (SBA-15) was used
to prepare composite membranes based on quaternary polysulfone (QPSU) [107]. The composite membrane
containing 3 wt.% of [MTIM][CI]-SBA-15 showed the maximum value of water absorption and IEC (15.87
% and 1.86 meq-g, respectively). Additionally, this composite membrane demonstrated the highest open
circuit potential (OCP), power density and conductivity — 0.87 V, 278 mW-cm? and 18.9 mS-cm™,
respectively [107].

ILs are also widely used in microbial fuel cell (MFC) [108,109]. Hernadndez-Fernandez et al. [108]
used two ILs (methyltrioctil ammonium chloride [MTOA][CI] and 1-octyl-3-methylimidazolium
hexafluorophosphate [OMIM][PFe]) to fabricate supported ionic liquid membrane (SILM) based on the
polyvinylchloride (PVC). It was observed that the proton conductivity of membrane increased considerably
by adding ILs. The highest power value (450 mW-cm) was observed for SILM with [MTOA][CI].
Moreover, the chemical organic demand removal (CODg) of the composite membrane containing
[MTOA][CI] was 80%. In another study, Herndndez-Fernandez et al. [109] used different cations and anions
(1-octyl-3-methylimidazolium [OMIM], 1-butyl-3-methylimidazolium [BMIM], methyl
trioctyl ammonium [MTOA], tetrafluoroborate [BF4], hexafluorophosphate [PFe¢],
bis((trifluoromethyl)sulfonyl)imide [NTF;], and chloride [CI]) for preparing SILM based on the Nylon®
membrane. The SILM with [MTOA][CI] showed the highest CODr of 89.1%. Besides, the SILM with
[OMIM][PFs] demonstrated the maximum power value (215 mW-cm-).

ILs are also utilized in PEMFC application in a wide temperature range (from 25 to 170 °C) owing

to their great thermal stability, low volatility as well as excellent ionic conductivity [110-112]. The
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composite membrane based on ILs are able to conduct hydrogen ions (protons) from anodic section to
cathodic one at elevated temperature without presence of humidity by Grotthuss mechanism. However, the
way of the IL introduction into the polymer film is very important as it has a strong influence on the physical
and chemical properties of the resultant composite membrane [113]. Generally, there are some techniques
to introduce ILs into the polymer film such as spin-coating (SC), layer by layer self-assembly (LbLSA),
freeze drying (FD), and vacuum-assisted flocculation (VAF), IL incorporation into the polymer solution,
swelling the polymer film (dense or porous) into the IL solution, and crosslinking but the last three are the

most commonly used methods (Table 1.3).
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Table 1.3. Common methods of IL introduction for the fabrication of composite membranes.

Method

Operation

Membrane composition temperature (°C)

Highest proton
conductivity (S-cm™)

Observations

Ref.

Incorporation of IL in
polymer solution

[BMI][HSO.]/SPEEK
[IM][HSO4]/SPEEK 25 and 80
[MI][HSO4])/SPEEK

150-10°®

Different amount of ILs was added to
polymer solution (0, 5, 10, and 15
wt.%).

The surface roughness of membranes
decreased by adding ILs.

The composite polymer film with 5
wt.% of [MI][HSO,] demonstrated
the highest ionic conductivity.

[114]

Phosphonated IL-SBA-15/SPEEK 60 to 140

10.2:10°3

Various concentration of IL-SBA was
added to polymer solution (0, 2, 4, 6,
and 8 wt.%).

The WU of membranes increased by
adding IL-SBA.

The composite polymer film with 6
wt.% of IL-SBA demonstrated the
highest proton conductivity.

[115]

[BAIM][TFSI/PI 25 t0 160

1.0-102

Composite polymer films containing
30, 40, 50, and 60 wt.% of
[BAIM][TFSI] were fabricated.

The composite membranes showed
excellent thermal stability up to ~ 350
°C

IL revealed great ionic conductivity
of 5.6-102 S-cm* at 140 °C.

The membrane with 30 wt.% of
[BAIM][TFSI] demonstrated the
good tensile strength of 72.5 MPa.

[116]

Impregnation of the
polymer with 1L

[MIM][TFSI]/Matrimid®
[EIM][TFSI]/Matrimid®
[PIM][TFSI]/Matrimid®
[BIM][TFSI]/Matrimid®

25 to 150

1-10°®

It was found that there was a linear
correlation between temperature and
ionic conductivity.

The modified membrane containing
[MIM][TFSI] showed the highest
conductivity at 150 °C.

The modified membranes
demonstrated excellent thermal
stability from 260 to 290 °C.

[117]
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The mechanical stability of modified
polymer films was better than that of
unmodified Matrimid® membrane.

[VIM][TFS]/PI
[AIM][TFS]/PI
[MIM][TFS]/PI
[PVIM][TFS]/PI
[VIM][TFES)/[PVIM][TFS]/PI

30 to 150

1.0-10*

The composite polymer film with
[VIM][TFS)/[PVIM][TFS] exhibited
the maximum values of Young’s
modulus and elongation at break
(1371 MPa and 271%, respectively).
The greatest loading content was
obtained for
[VIM][TFSJ/[PVIM][TFS]/PI
polymer film (276 + 16 wt.%).

The composite membranes showed
remarkable thermal stability up to 300
°C.

[118]

[MIM][TFS]/Polyoxadiazole/PVP

40 to 120

1.3-103

Increasing temperature from 40 to
120 °C led to the enhancement of the
conductivity of composite film.

The polyoxadiazole-based membrane
showed a great degree of
impregnation of 297%.

The polymer films exhibited tunable
thermal stability of ~ 350 °C.

The resultant membranes were also
mechanically stable.

[119]

Crosslinking

P[VBIM]CI/NbPBI
P[MPIM]Br/NbPBI
P[TPAM]BI/NbPBI

110 to 170

7.4-10

In-situ free radical polymerization
technique was used for PIL synthesis.
FTIR spectra showed that PILs were
chemically cross-linked to the
polymer backbone.

It was found that there was a linear
correlation between temperature and
ionic conductivity.

The composite membrane containing
P[MPIM]Br has the best ionic
conductivity at 170 °C.

The composite polymer membranes
demonstrated tunable thermal
stability (~ 220 and 250 °C).

[120]
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[APMIM][Br]-
GO/[MIM][TFS])/PSAN

100 to 160

1.48-10

Composite polymer films containing
0.3,0.7,1, and 1.2 wt.% of
[APMIM][Br]-GO and 40 wt.% of
[MIM][TFS] were fabricated.

The polymer film with 1 wt.% of
[APMIM][Br]-GO showed the
highest ionic conductivity at 160 °C.
It was observed that the mechanical
features of membranes decreased by
adding [APMIM][Br]-GO.

It was found that the addition of
[APMIM][Br]-GO resulted in
reducing the PIL leakage from the
PEM.

[23]

PIL(PBI-BF4)/PBI
PIL(PBI-BF.)/PA/PBI

110 to 170

0.117

Composite polymer films with 0, 10,
20, 30, and 40 wt.% of IL were
fabricated.

To rise the ionic conductivity, some
membranes were submerged into the
PA solution.

The polymer film with 40 wt.% of IL
showed the highest value of ionic
conductivity at 170 °C.

The rise of PIL amount caused
reducing the mechanical properties of
composite membranes.

[121]
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1.3.3. Incorporation of IL in Polymer Matrix

1.3.3.1. Dissolving of IL in Polymer Solution

IL incorporation in the polymer solution is the most common way to prepare composite 1L-based
polymer membrane. In this case, IL is dissolved or dispersed in the polymer solution containing solvent
and polymer (Fig. 1.10). The IL addition into the polymer solution before the membrane casting leads to
forming an ion gel solution and the physical and chemical features of this ion gel solution are dependent on
the ratio of IL and polymer in the solution. Another important factor is the compatibility between IL and
polymer. Despite the fact that the ionic conductivity and thermal stability of composite membrane prepared
by this method are improved, the reduction of mechanical stability is the main limitation of this technique.
Therefore, there is a trade-off between the membrane conductivity improvement and mechanical stability.
This means that by increasing the IL amount, the proton conductivity increases while the mechanical

properties of the resultant membrane are reduced at the same time [113].

W Gee Solvent evaporation ‘

Polymer solution IL Composite solution Composite membrane

Figure 1.10. Scheme of membrane preparation by IL incorporation into polymer solution (From “Different
Approaches for the Preparation of Composite lonic Liquid-Based Membranes for Proton Exchange
Membrane Fuel Cell Applications—Recent Advancements” by Ebrahimi, M.; Fatyeyeva, K.; Kujawski, W.,
2023, Membranes, 13, 593, under the license CC BY 4.0) [113].

da Trindade et al. [114] fabricated composite membranes by incorporating ILs (5, 10, 15 wt.%) in
the SPEEK polymer solution. They used imidazolium-based ILs with different cations (imidazolium [IM],
1-methylimidazolium [MI], 1-butyl-3-methylimidazolium [BMI]) and hydrogen sulfate as the anion
([HSO4]). To prepare the composite membranes, the polymer and ILs were initially dissolved in N, N-
methylpyrrolidone (NMP). The composite solution was stirred at 80 °C until obtaining the homogeneous
solution. After casting of the resultant composite solution on the glass plate the membranes were dried at
80 °C under vacuum. The ionic conductivity of pristine and composite membranes was measured at low
and moderate temperatures (25 and 80 °C). It was observed that the proton conductivity at 80 °C was higher

than that at 25 °C. The composite membrane with 5 wt.% of [MI][HSO,] showed the maximum conductivity
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of 150 mS-cm™ at 80 °C. The polymer and ILs demonstrated good compatibility as the IL addition led to
obtaining membranes with smoother surface as compared with pristine membrane. However, the composite
membranes were not thermally stable. Elumalai et al. [115] introduced phosphonated IL containing SBA-
15 into SPEEK polymer solution in NMP. The influence of the IL content (2, 4, 6, and 8 wt.%) on the
membrane properties was studied. The composite solution was stirred 48 h and sonicated during 30 min till
obtaining homogeneous solution before casting and drying. It was found that the WU of composite
membrane was enhanced by addition of modified phosphonated IL thanks to increasing the number of gaps
and voids in the membrane structure. The mechanical stability of composite membranes was higher than
that of pure SPEEK membrane. Indeed, by increasing the IL concentration from 2 to 6 wt.%, the tensile
strength increased, while further IL addition up to 8 wt.% caused the reduction of tensile strength. The
highest value of tensile strength (23 MPa) was noted for composite membrane with 6 wt.% of modified IL.
Besides, the proton conductivity of resultant membranes was investigated in the operating temperature
range from 60 to 140 °C and the maximum value (10.2 S-cm™) was obtained for composite membrane
containing 6 wt.% of modified phosphonated IL at 140 °C. Rogalsky et al. [116] fabricated composite
membranes by  incorporating  2-butylaminoimidazolinium  bis(trifluoromethylsulfonyl)imide
([BAIM][TFSI]) (30, 40, 50, and 60 wt.%) in the Matrimid® polymer solution in methylene chloride. During
the membrane preparation, the polymer was initially dissolved in methylene chloride by stirring. Then,
various contents of [BAIM][TFSI] were introduced to the polymer solution. Finally, the membrane was
cast on the glass plate and dried at RT and 60 °C for 24 and 12 h, respectively, in order to remove residual
solvent. The ionic conductivity test performed for pure IL demonstrated acceptable conductivity (~ 102
S-cm? at 140 °C). Moreover, TGA analysis showed that IL and composite membranes are thermally stable
up to 350 °C. The mechanical stability of composite membrane (72.5 MPa) containing 30 wt.% of IL was
better than that of the pure membrane (37 MPa). However, by adding further amount of IL (from 30 to 60
wt.%), the mechanical stability of composite membrane was considerably reduced (16 MPa). The ionic
conductivity of composite membranes was found between ~ 10 to 10 S-cm™ at the temperature range
from 25 to 160 °C.

1.3.3.2. Polymer Impregnation with IL

In this case, IL is introduced into the polymer by the membrane swelling in the IL-based solution
(Fig. 1.11). The polymer film can have both porous (micro- and nanoporous) and dense morphology and
can be prepared by ordinary phase inversion technique or other methods (i.e. sintering, stretching, or track-
etching). Furthermore, different polymers (both homopolymers and copolymers) can be used [113]. IL is
trapped in the polymer structure by weak electrostatic interactions. The IL amount is rather limited as it is

influenced by the number of available gaps, cavities, and free volume (pore) of the pure polymer membrane.
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The physical and chemical affinity between polymer chain and IL also have a crucial role. Although this
method is usual for preparing PEM on the lab scale, it is not a common way for preparing membranes on

the commercial scale owing to the IL leakage during the process [113].

IL

v

Pristine polymer
membrane

Impregnation step Composite membrane

Figure 1.11. Scheme of membrane preparation by polymer impregnation with IL (From “Different
Approaches for the Preparation of Composite lonic Liquid-Based Membranes for Proton Exchange
Membrane Fuel Cell Applications—Recent Advancements” by Ebrahimi, M.; Fatyeyeva, K.; Kujawski, W.,
2023, Membranes, 13, 593, under the license CC BY 4.0) [113].

Fatyeyeva et al. [117] prepared composite membranes based on Matrimid® and different ILs (1-
methylimidazolium bis(trifluoromethylsulfonyl)imide [MIM][TFSI], 1-ethylimidazolium
bis(trifluoromethylsulfonyl)imide [EIM][TFSI], 1-propylimidazolium bis(trifluoromethylsulfonyl)imide
[PIM][TFSI], and 1-butylimidazolium bis(trifluoromethylsulfonyl)imide [BIM][TFSI]). The pure porous
Matrimid® membrane was immersed into the IL-based solution for 24 h at 60 °C for the IL impregnation.
Then, the temperature of the solution was reduced till RT and membranes were dried. The ionic
conductivity of composite membranes was measured in the temperature range between 25 and 150 °C and
a linear correlation between temperature and ionic conductivity was observed. The composite membranes
demonstrated high proton conductivity at elevated temperature (~ 1.0 mS-cm at 150 °C). Moreover, the
composite membranes were thermally stable up to 280 °C. It was found that the mechanical stability of
modified membranes are better than that of pure Matrimid® membrane. Kobzar et al. [118] fabricated
composite membranes based on the polyimide membrane modified by various ILs with the same anion
(trifluoromethane sulfonate [TFS]) and different cations (vinyl imidazolium [VIM], allyl imidazolium
[AIM], methacrylate imidazolium [MIM], and polymerized vinyl imidazolium [PVIM]). The pure
membrane was swelled in the solution containing IL and water. The content of IL loading into the
membrane structure was different (between 146 and 276 wt.%) owing to the physical and chemical affinity

between polymer chains and ILs. Also, the composite membranes demonstrated excellent mechanical
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properties, such as Young’s modulus (1371 MPa) and elongation at break (271%). Besides, the composite
membranes were thermally stable up to 300 °C. The composite membranes showed great ionic conductivity
of ~ 10t mS-cm™ at 150 °C. In another research, Kobzar et al. [119] fabricated a novel supported ionic
liquid membrane based on polyoxadiazole modified by 1-methyl imidazolium trifluoromethane sulfonate
(IMIM][TFS]). To prepare a membrane with high capacity of IL retention, a composite polymer solution
containing polyoxadiazole and PVP (50/50, v/v) was prepared. Then, the cast composite membrane was
immersed into the aqueous solution containing water and methanol to remove PVP, thus, creating
numerous gaps and cavities. The dried resultant membrane was finally swelled in an aqueous solution of
[MIM][TFS], followed by drying (this step was repeated several times). Owing to the PVP removal, a large
amount of [MIM][TFS] was loaded into the membrane (up to 297%). The ionic conductivity test performed
from 40 to 120 °C revealed the highest value of 1.3-10° S-cm™ at 120 °C. Moreover, the membrane was
thermally stable up to 350 °C. Furthermore, the composite membrane showed great Young’s modulus and
elongation at break of 21.4 MPa and 174%, respectively [119].

1.3.3.3. Crosslinking of IL

Because of the absence of chemical bonds between IL and polymer chain during the IL
incorporation in the polymer solution and polymer impregnation with IL, the IL leaching from polymer is
observed. Therefore, such membranes are not stable and their ionic conductivity reduces with time. This
problem can be solved by the chemical crosslinking of IL and polymer chain which leads to membrane
strengthening and IL retention. However, as IL is fixed, its mobility is reduced that influences the IL proton

conductivity. The general scheme of IL-based membrane preparation by crosslinking is shown in Fig. 1.12.

/\/VVV AAA

Cross-linker/initiator agent

M\A/V Cross-linked composite

membrane

Polymer solution IL

Figure 1.12. Scheme of membrane preparation by crosslinking (From “Different Approaches for the
Preparation of Composite lonic Liquid-Based Membranes for Proton Exchange Membrane Fuel Cell
Applications—Recent Advancements” by Ebrahimi, M.; Fatyeyeva, K.; Kujawski, W., 2023, Membranes,
13, 593, under the license CC BY 4.0) [113].
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Liu et al. [120] prepared composite membranes containing PIL/norbornene (Nb)-type PBI with
cross-linked PILs. PILs with different cations ([VBIM], [MPIM], and [TPAM]) and anions ([Br] and [CI])
were used. To fabricate membrane, PILs, polymer, and azobis-(isobutyronitrile) were dissolved in the
dimethylacetamide (DMACc). The composite polymer solution was cast on the hot plate at 60 °C and then
placed in the oven (110 °C) to remove the solvent. FTIR analysis showed that PILs were chemically cross-
linked into the membrane. Besides, the membrane resistance evaluated in DMACc revealed that cross-linked
membranes demonstrated excellent resistance against solvent and composite membrane with P[TPAM]Br
showed the best performance (58.2%). The composite membrane containing P[MPIM]Br showed the
highest proton conductivity of 0.74 S-cm™ at 170 °C. Moreover, the composite membranes showed a great
thermal stability between 220 and 250 °C. P[TPAM]Br/Nb-PBI composite membrane demonstrated the
greatest power density of 385 mW-cm at 160 °C. Lin and coworkers [23] fabricated composite membrane
based on poly(styrene/acrylonitrile) (PSAN). Two ILs were wused: 1-methylimidazolium
trifluoromethanesulfonate  [MIM][TFS] and 1-(3-aminopropyl)-3-methylimidazolium  bromide
functionalized graphene oxide [APMIM][Br]-GO. PSAN and IL were dissolved and stirred in the presence
of photo initiator (benzoin isobutyl ether). The homogenous composite solution was cast on the glass plate
to form the membrane. The cast polymer was exposed to UV during 1.5 h to form new bonds between IL
and polymer chain (cross linking step). It was found that the addition of [APMIM][Br]-GO allows
significant improvement of the proton conductivity — 14.8 mS-cm™ at 160 °C, while the proton conductivity
of membrane without [APMIM][Br]-GO is 1.4 mS-cm™ at the same operating condition. The results of
mechanical test showed that the addition of [APMIM][Br]-GO (from 0 to 1.2 wt.%) to the composite
membrane resulted in improving tensile strength and tensile modulus, whereas elongation at break
decreased. Additionally, the resultant membranes (modified and unmodified membranes) showed excellent
thermal stability (up to 300 °C). The leaching test revealed that the leaching of [MIM][TFS] decreased
considerably by introducing [APMIM][Br]-GO owing to possible interactions between ILs together and
polymer chain (cross linking step). In another research, Chen et al. [121] prepared composite membrane
based on PBI and IL. At the beginning, polymer and IL (10, 20, 30, and 40 wt.%) were dissolved in DMAc
and stirred to obtain homogenous solution. Then, 3 wt.% of y-(2, 3-epoxypropoxy)propyltrimethoxysilane
(as the cross linker agent) were added to the composite solution and it was stirred again. The obtained
composite solution was cast and dried at 80 °C for 24 h. After this, the composite membrane was swelled
in an acidic solution of 1M H,SQO4 at 80 °C for 24 h and heated at 120 °C overnight. The resultant composite
membranes showed good proton conductivity at high temperature and composite containing 40 wt.% of IL
demonstrated the highest conductivity of 117 mS-cm™ at 170 °C. However, by further addition of IL (from
10 to 40 wt.%) the mechanical stability of membranes decreased. The composite membrane were also
thermally stable up to 300 °C.
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1.4. Research Motivation

Nowadays, PEMFC attracts a lot of attention since it is considered as the green source of energy
generation. Nafion® is the most commonly used polymer owing to its unique physical-chemical properties
namely high proton conductivity, excellent thermal, mechanical, and chemical stabilities. However, proper
performance of Nafion® in PEMFC is observed up to moderate temperature (~ 80 °C) and humid condition.
Indeed, the presence of water molecules is necessary for the proton transfer in Nafion® membrane as water
plays the role of proton carrier agent. The rise of temperature (higher than 80 °C) causes proton
conductivity reduction because of the water evaporation. As a result, Nafion® cannot be a suitable polymer
for HT-PEMFC application. There are some methods to prepare PEM for HT-PEMFC application such as
modification of Nafion® membranes with NPs, the use of PA-based membranes, introduction of inorganic
compounds in non-fluorinated membrane, and using IL-based membrane. The use of composite IL-based
membranes can be a promising way to overcome proton conductivity reduction at the temperature higher

than 80 °C in anhydrous condition, since in this case ILs can transport the protons.

The main goal of this PhD thesis is the synthesis of new Pr-ILs and the preparation of conductive
PEM for HT-PEMFC application. Therefore, eighteen new imidazolium- and hydroxylammonium-based
Pr-ILs containing various anions were synthesized via acid-base neutralization reaction. The chemical
structure of synthesized Pr-IL was confirmed and their thermal stability and ionic conductivity at the wide
temperature range (25 to 150 °C) under dry condition were evaluated. Then, composite membranes based
on cellulose acetate butyrate (CAB) and synthesized Pr-ILs were obtained. Composite membranes
containing cellulose acetate propionate (CAP) and commercial ILs were also fabricated. The
morphological, mechanical, chemical, and thermal stabilities of CAB/Pr-I1Ls and CAP/A-ILs composite
membranes were investigated. In addition, ionic conductivity of CAB/Pr-ILs composite membranes was
investigated by the electrochemical impedance spectroscopy (EIS) in a wide range of temperature (25 to
130 °C) under non-humid condition. The obtained membrane performance was correlated with the
membrane composition. Porous polyamide-6 (PA6) membranes were prepared and their physical,
morphological, and transport properties were evaluated. The results demonstrated that PA6 membranes

may be considered as the promising SILM candidate.
This PhD study possesses the following novelties:

= synthesis of new Pr-ILs containing excellent thermal stability and ionic conductivity;
= a deep discussion about the correlation between IL nature and its thermochemical

properties;
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= a research work about the use of CAB polymer in PEMFC application at elevated
temperature;

= elaboration of a new conductive PEM based on a non-conductive polymer (CAB) by
utilization of only ILs.
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This chapter provides information about the utilized chemical compounds (both commercial and
synthesized). The experimental protocols for synthesis and preparation of ILs and membranes are also

given. Furthermore, details regarding the characterization techniques are presented.
2.1. Materials

2.1.1. Polymers

In this work, three types of polymers were utilized to prepare polymer membranes: polyamide-6
(PAB6) (Fig. 2.1a), cellulose acetate propionate (CAP) (Fig. 2.1.b), and cellulose acetate butyrate (CAB)
(Fig. 2.1c).

PA6 (also known as polycaprolactam) was purchased from ZWCH STILON S.A. (Gorzéw
Wielkopolski, Poland). Some of its properties are presented below: chemical formula: (CeHi11NO)n,
appearance: pellet, color: white, molecular weight (Mw): 26800 g-mol~, specific weight: 1.4 g-cm -,
density (d): 1.084 g-mL™, melting point: 230 °C, autoignition temperature: 434 °C, and stability: stable
(incompatible with strong acids).

CAP was provided by Eastman (Kingsport, Tennessee, USA). Here, some features of CAP are
given: chemical formula: (C7H114049)n, appearance: powder, color: white, Mw: 75000 g-mol, specific
gravity: 1.22, d: 1.23 g-mL™, melting point: 188-210 °C, autoignition temperature: 432 °C, moisture
content: 3.0 max%, and acetyl, propionyl, and hydroxyl (group) contents: 1.3, 48.0, and 1.7 wt.%,

respectively.

CAB was also received from Eastman (Kingsport, Tennessee, USA). Some of its properties are
presented below: chemical formula: (CssH130040)n, appearance: powder, color: white, Mw: 30000 g-mol~,

melting point: 130 °C.
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Figure 2.1. Chemical structure of a) polyamide-6, b) cellulose acetate propionate, and c) cellulose acetate

butyrate.
2.1.2. Solvents and Chemical Reagents

Following solvents were used:

= formic acid, chemical formula: CH,0O, purity: 99%, Mw: 46.03 g-mol, d: 1.22 g-mL™,
melting point: 8.3 °C, boiling point: 100-107 °C, company: Chempur, Piekary Slaskie,

Poland;
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acetic acid, chemical formula: CH4O, purity: 99%, Mw: 60.052 g-mol-, d: 1.05 g-mL™,
melting point: 16.6 °C, boiling point: 118 °C, company: Chempur, Piekary Slaskie,
Poland;

chloroform, chemical formula: CHClIs, purity: 99.8%, Mw: 119.38 g-mol?, d: 1.49 g-mL™,
melting point: -63.5 °C, boiling point: 61.2 °C, company: Fisher Scientific, Hampton, New
Hampshire, United States;

acetone, chemical formula: C3HsO, purity: 99%, Mw: 58.08 g-mol, d: 0.784 g-mL",
melting point: -95 °C, boiling point: 56 °C, company: Fisher Scientific, Hampton, New
Hampshire, United States;

diethyl ether, chemical formula: CsH100, purity: 99.5%, Mw: 74.12 g-mol*, d: 0.713
g-mL~, melting point: -116.3 °C, boiling point: 34.6 °C, company: Fisher Scientific,
Hampton, New Hampshire, United States;

dimethylformamide, chemical formula: CsH/NO, purity: 99.5%, Mw: 73.09 g-mol-, d:
0.944 g-mL, boiling point: 153 °C, company: Fisher Scientific company, Hampton, New
Hampshire, United States.

Other chemical reagents were utilized:

1-methylimidazole, chemical formula: C4HsNo, purity: 99%, Mw: 82.1 g-mol-, d: 1.69
g-mL, melting point: -6 °C, boiling point: 195-197 °C, flash point: 97°, company: Alfa
Aesar, Haverhill, Massachusetts, United States;

1-(n-butyl)imidazole, chemical formula: C;H12N2, purity: 99%, Mw: 124.19 g-mol-, d:
0.948 g-mL, boiling point: 257 °C, flash point: 145°, company: Thermo Scientific
corporation, Waltham, Massachusetts, United States;

trifluoromethanesulfonic acid, chemical formula: CF;SO3H, purity: +99%, Mw: 150.07
g-mol?t, d: 1.031 g-mL*?, company: Thermo Scientific corporation, Waltham,
Massachusetts, United States;

trifluoroacetic acid, chemical formula: CF;CO,H, purity: +99%, Mw: 114.02 g-mol, d:
1.535 g-mL™, boiling point: 72.0 °C, company: Acros Organics BVBA, Thermo Fisher
Scientific, New Jersey, United States;

sulfuric acid, chemical formula: H,SOa, purity: 95%, Mw: 98.07 g-mol, d: 1.83 g-mL™,
melting point: 10 °C, boiling point: 337 °C, company: Thermo Scientific corporation,
Waltham, Massachusetts, United States;

45



Chapter 2. Materials and Methods

= di-n-butyl phosphate, chemical formula: (CH3;CH,CH,CH-0).P(O)OH, purity: 96%, Mw:
210.21 g-mol, d: 1.058 g-mL1, melting point: -13 °C, boiling point: 250 °C, flash point
(FP): 157°, company: Alfa Aesar company, Haverhill, Massachusetts, United States;

= his(2-ethylhexyl)phosphate, chemical formula: (CHs(CH.)s:CH(C2Hs)CH20),P(O)(OH),
purity: 95%, Mw: 322.42 g-mol, d: 0.965 g-mL-1, melting point: -50 °C, boiling point:
48 °C (at 2mmt), FP: 171°, company: Alfa Aesar company, Haverhill, Massachusetts,
United States;

= 2-(dimethylamino)ethanol, chemical formula: (CH3).NCH,CH,OH, purity: 99%, Mw:
89.14 g-mol, d: 0.886 g-mL™, melting point: -60 °C, boiling point: 134-136 °C, FP: 40°,
company: Alfa Aesar company, Haverhill, Massachusetts, United States;

= 3-dimethylamino-1-propanol, chemical formula: (CH3),N(CH_)3OH, purity: +99%, Mw:
103.16 g-mol-, d: 0.88 g-mL™, melting point: -35 °C, boiling point: 162-164 °C, FP: 54°,
company: Alfa Aesar company, Haverhill, Massachusetts, United States;

= chlorotrimethylsilane, chemical formula: (CH3)sSiCl, purity: 98%, Mw: 108.64 g-mol-,
d: 0.85 g-mL™%, boiling point: 57 °C, FP: 18°, company: Acros Organics BVBA, Thermo
Fisher Scientific, New Jersey, United States;

= calcium chloride, chemical formula: CaCl,, Mw: 110.98 g-mol, d: 0.944 g-mL, melting
point: 775 °C, boiling point: 1935 °C, density: 2.15 g-mL™, company: Sigma-Aldrich,
Poznan, Poland;

= ethanol, chemical formula: C,H¢O, purity: 96%, Mw: 46.07 g-mol-, d: 0.789 g-mL™,
melting point: -114.1 °C, boiling point: 78.37 °C, company: VWR International, Radnor,
Pennsylvania, United States;

» methanol, chemical formula: CHsOH, purity: 99.9%, Mw: 32.04 g-mol, d: 0.792 g-mL™,
melting point: -97.6 °C, boiling point: 64.7 °C, company: Fisher Scientific company,

Hampton, New Hampshire, United States.

Deionized water was obtained by Milli-Q system (18.2 MQ-cm, Millipore®, Fontenay-sous-Bois,

France). For cooling the chemical reactors, liquid nitrogen was used.
2.1.3. Hydrophobization of Petri dish Glass

In general, the hydrophilic polymer membranes sticking to the glass is a common problem. In fact,
since numerous hydroxyl groups (—OH) are present in the CAP and CAB structures (Figs. 2.1b and 2.1c),
hydrogen bonds may be formed between the polymer membrane and Petri dish, thus making difficult
membrane peeling. One of the effective way to overcome this problem is to hydrophobize the glass plate

(Fig. 2.2). In this study, chlorotrimethylsilane (TMSCI) was utilized for hydrophobization. In the first step,
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the adequate amount of concentrated sulfuric acid was poured in the Petri dish for 30 min. Subsequently,
acid was removed and Petri dish was washed with deionized water and then placed in the oven for 1 h at 80
°C. The dried Petri dish was submerged in the solution containing dimethylformamide (DMF) and TMSCI
(320 mL and 38 g, respectively) for 24 h. Finally, the hydrophobized Petri dish was washed with deionized
water and placed in the oven for 1 h at 80 °C. It was observed that after hydrophobization, the polymer

membranes were peeled off without any difficulty.

TMSCI + DMF

S S Lk

I

Figure 2.2. Hydrophobization of the Petri dish.
2.2. lonic Liquids

Three commercial A-ILs were purchased whereas eighteen Pr-ILs were synthesized.
2.2.1. Commercial ILs

All commercial ILs were purchased from SOLVIONIC (Chemin des Silos, Toulouse, France):

= 1-(4-sulfobutyl)-3-methylimidazolium trifluoromethanesulfonate ([SMIM][TFS]) (Fig.
2.3a), chemical formula: CoH1sF306S2N3, purity: 98%, appearance: liquid, color: colorless,
Mw: 368.35 g-mol, H.0 < 0.2%;

= 1-(4-sulfobutyl)-3-methylimidazolium hydrogen sulfate ([SMIM][HS]) (Fig. 2.3b),
chemical formula: CsH1607S2N,, purity: 98%, appearance: liquid, color: colorless, Mw:
316.35 g-mol?, H20 < 1%);

= 1-(4-sulfobutyl)-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
(ISMIM][TESI]) (Fig. 2.3c), chemical formula: C10H15FsO7S3Ns3, purity: 98%, appearance:
liquid, color: colorless, Mw: 499.43 g-mol-, H,0O < 0.2%.
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Figure 2.3. Chemical structure of a) [SMIM][TFS], b) [SMIM][HS], and c) [SMIM][TFSI].

2.2.2. Synthesized ILs

Several imidazolium- (Fig. 2.4) and hydroxylammonium- (Fig. 2.5) based Pr-ILs were synthesized
by an acid-base neutralization method. For this purpose, acid and base were used in equimolar amounts.

The details about synthesis of Pr-ILs are gathered in Chapter 4.
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Figure 2.4. Chemical structure of imidazolium-based Pr-ILs.
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Figure 2.5. Chemical structure of hydroxylammonium-based Pr-ILs.
2.3. Membrane Fabrication

2.3.1. PA6 Membrane

The original protocol for preparation of PA6 membrane was proposed by Ceynowa and Adamczak
[122]. Initially, PAG pellets were dissolved in the solution containing formic acid (43 mL) and acetic acid
(8 mL) to obtain a 13.5 wt.% solution. The solution was stirred vigorously for 24 h at 25 + 3 °C to obtain
homogenous polymer solution. In the next step, 8.3 g of calcium chloride was dissolved in 17.5 mL of water
(to improve PA6 mechanical properties) [122]. Subsequently, the aqueous solution of CaCl, was slowly
added to the polymer solution. The obtained solution was stirred for another 24 h at 25 £ 3 °C and then
filtered to remove impurities. The PA6 membrane was prepared via phase inversion method induced by
non-solvent in which the resultant polymer solution was cast on the hydrophobic glass by automatic film

applicator (Erichsen Gmbh Co., Hemer, Germany). The slit of casting knife and casting rate were 0.2 mm

50



Chapter 2. Materials and Methods

and 10 mm-sec™, respectively. During next crucial step (Fig. 2.6) glass plate with the cast polymer solution
was exposed to air for a certain time. This time is known as gelation time and membranes with different
gelation times (0 (Mo), 2 (M), 4 (M4), and 10 (M) min) were prepared. After the delay stage, the
membrane with the glass plate was submerged into the coagulation bath (containing deionized water) till
the polymer film formation (Fig. 2.6). The resultant PA6 membrane was washed in the deionized water for
24 h for removing the solvent traces and then dried at 100 °C for 24 h. The fabricated PA6 membrane was

opaque, flexible, and white in color.

Solvent evaporation

Casting
PA6 solution Delay stage
Immersion
s University in Torun, Nicolaus Copernicus Uniy
s University in 7 * Copernicus Uniy *
ey Solvent \_ \
i University pernicus Uni _ ‘\ \ —
University opernicus Un R ‘\\N
\»7 \
iy / z ..as Copernicus Us \w Solvent
ersity in Torun, Nicolaus Copernicus U Membrane formation Water bath

PA6 membrane

Figure 2.6. PA6 membrane preparation by phase inversion technique.

2.3.2. Composite CAP/IL- and CAB/IL-based Membranes

The composite CAP/IL- and CAB/IL-based membranes were fabricated by a phase inversion
method induced by the solvent evaporation. For this purpose, CAP (or CAB) powder was added to the
vessel containing acetone/chloroform (50/50, w/w) to obtain 10 wt.% polymer solution and the solution
was stirred for 12 h at 25 + 3 °C (Fig. 2.7). Then, IL was added to obtained solution and stirred for 16 h at
25 + 3 °C until obtaining homogenous composite solution. Subsequently, the composite solution was
sonicated for 30 min and left without movement for another 24 h to remove air bubbles from solution. The
solution was cast on the hydrophobized Petri dish and covered with the lid till complete solvent evaporation.
In order to remove the solvent traces, the membrane was placed in an oven for 24 h at 80 °C. The scheme
of the composite CAP/IL- and CAB/IL-based membranes fabrication is depicted in Fig. 2.7. The thickness

of membrane samples was measured by a micrometer device (Sylvac, Switzerland). Prior to perform the

51



Chapter 2. Materials and Methods

thickness measurement, the membranes should be dried at appropriate temperature (~ 80 °C). To evaluate

the quality of membrane formation, the measurement was repeated on 30 different places of polymer film.

£

CAP(or CAB) IL

Keeping for
24 h

L Chloroform/Acetone

- Mixing for 12 h -Mixing for 16 h

Sonication for
30 min

@
a0

el = = ==

Pouring composite solution on
Placing membrane in the oven Petri dish
for 24 h at 80 °C

CAP (or CAB)/IL composite
membrane

Figure 2.7. Fabrication of CAP (or CAB)/IL-based membrane.
2.4. Physical-Chemical Characterization Methods

2.4.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

The *H NMR and *°F NMR spectra were recorded by Bruker Avance DRX 300 MHz spectrometer
(Bruker, Wissembourg, France) with gradient amplifier at the operating temperature of 25 °C. This
spectrometer takes advantage of a 5 mm triple-resonance TXI (*H and °F) probe containing shielded z-
gradient. Dimethyl sulfoxide (DMSO-ds) was used as the solvent for performing the NMR experiments.
The peak at the chemical shift of 2.50 ppm is for DMSO-ds in *H NMR spectra.

The utilized internal standards for *°F NMR were fluorotrichloromethane or hexafluorobenzene.
Different operation conditions of experiments were defined for *H NMR and °F NMR experiments: scan:
64, recycle delay time: 2.5 s, domain points: 65536 for 'H NMR spectra and scan: 32, recycle delay time:
10 s, domain points: 65536 for °F NMR spectra. The sample concentration was in the range of 3.33 to 20

mg-mL-1. MestReNova sofware (version 5.3.0-4399) was used for the analysis.
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2.4.2. Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR analysis was performed in attenuated total reflection (ATR) mode. Nicolet Avatar iS50
spectrometer (Thermo Fischer, Waltham, Massachusetts, United States) was used with a germanium
crystal. The FTIR-ATR spectra were recorded in the range from 4000 to 500 cm™. The spectra were
measured using 128 scans with the resolution of 2 cm™. Omnic® software (version 5.2a) was used for the

analysis.
2.4.3. Thermogravimetric Analysis (TGA)

TGA 209 F1 apparatus (Netzsch, Germany) was used and the analysis was performed in both
dynamic and static (isothermal) modes. TGA test was carried out under nitrogen atmosphere with the N
flow rate of 20 mL-min. The dynamic TGA measurements were performed at the temperature range from
25 to 800 °C and heating rate of 10 °C-min. The static measurements were conducted at a specified
temperature (80, 100, and 120 °C) for 24 h. Degradation temperature (Tqeg) (Tdeg COrresponds to the most
intensive weight loss) as well as temperatures of 5 and 10% of weight loss (Ts and T10%) were determined

using Proteus® software (version 8.0.0 19107.3).
2.4.4. Differential Scanning Calorimetry (DSC)

DSC analysis was carried out by the DSC 200 F3; apparatus (Netzsch, Germany). The indium
standard was used for temperature and energy calibration. All tests were carried out under N, atmosphere
for preventing oxidative degradation. The certain amount (between 5 and 10 mg) of sample (IL or
membrane) was placed in an aluminum pan and sealed. An empty sealed aluminum pan was used as the
reference. The DSC analysis of membranes was conducted by heating/cooling cycle performed twice with
the rate of 10 °C-min! from of -70 to 200 °C and for Pr-ILs — the analysis was carried out by
heating/cooling/heating cycle at 10 °C-min from -150 to 250 °C. Proteus® software (version 6.1.0) was

used for the data analysis.

2.4.5. Scanning Electron Microscopy (SEM) Coupled with Energy-Dispersive X-Ray
(EDX) Spectroscopy

SEM microscope (LEO 1430 VP, LEO Electron Microscopy Ltd. Cambrigde, England) equipped
by EDX spectrometer (Quantax 200, Bruker AXS Microanalysis GmBH, Germany) and EDX detector
(XFlash 4010, Bruker AXS Microanalysis GmBH, Germany) was used at 10 kV. SEM images of the
membrane surface and cross-section were analyzed. The liquid nitrogen was utilized for membrane

fracturing prior to measurements.
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2.4.6. Atomic Force Microscopy (AFM)

A microscope equipped by scanning probe microscopy (SPM) probe of the NanoScope
MultiModetype (Veeco Metrology, Inc., Santa Barbara, CA, USA) in tapping mode was used for
determining the surface roughness of membrane samples. In order to analyze the AFM results, Nanoscope
software (version 6.11) (Bruker Optoc GmbH, Ettlingen, Germany) was used. Average roughness (R.) and
root mean square (Rq) values were determined. Average roughness is typically used to detect general

variations in the whole profile height specifications and is calculated as follows [123]:

fy [f(x,y)|dxdy, 2.1
0

where f(X,y) is surface relative to the center plane and L is surface dimension.

To represent the standard deviation of profile height, root mean square is used [123]:

R — Z(Zi_zave)2 2:2
q Np !

where Zi, Zae, and N, are the current height value, average height, and number of points in a given area,

respectively.
2.4.7. Swelling Degree

The membrane swelling degree was measured taking into account the membrane dimension. The
circle-like membrane sample was initially immersed in the water for 24 h and its dimension (i.e. wet
dimension) was measured. Then, the membrane was placed in the oven for another 24 h at 80 °C and the
membrane dimension was measured once again. Swelling degree (single-dimensional, area, and volume) is

calculated as follows [111,114]:

Single - dimensional % =[t;t°j-1oo, 23
0
Swelling Area (%) = (Mj-loo, 2.4
A
Swelling Volume (%) = [V\;V(’jioo, 2.5
0
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where t, Aw, and V are thickness, surface area, and volume of membrane in wet state, respectively, and to,
Ao, Vo are the membrane thickness, surface area, and volume in dry state. The measurements were repeated

three times for each membrane sample for the measurement accuracy.
2.4.8. Water Uptake (WU)

The standard protocol for measuring WU consists of several steps. Firstly, the membrane was dried
at the temperature of 80 °C during 6 h. Subsequently, the dried membrane was weighed (Wary). In the next
step, the membrane was swelled in the water for 24 h and the sample was again weighed (Wuwe) after
removing extra water from the membrane surface by a tissue. The measurements were repeated three times

for the accuracy. The WU is calculated using the following equation [124,125]:
W, —W
WU (%)= | —= 9 1.100 2.6
Wiry

2.4.9. Contact Angle (CA) Measurements

CA measurements were carried out by two techniques (sessile drop; and captive bubble) using
contact angle meter (Goniometer, Optical Tensiometer, Theta Flex, Biolin Scientific, Gothenburge,

Sweden).

The sessile drop method is the most used technique to evaluate the wettability of solid materials
and it can be carried out in both dynamic and static modes [126]. For this purpose, a liquid drop (i.e. water,
glycerol, and diiodomethane) is deposited on the solid surface. An angle is formed between a liquid and
solid phases (Fig. 2.8a). There exist different theories to determine and explain the CA and among them

Young’s, Wenzel’s, and Cassie—Baxter’s theories are the most common [127].

In our case, Young’s equation can be applied but this equation can be only used for smooth surfaces

[127,128]:
sg _ 8l
cosé, = % 2.7
v

where Oy is contact angle, y*9, v*', and v'9 are interface tension of solid/gas, solid/liquid, and liquid/gas
phases, respectively. For hydrophilic surfaces, the 0y value is lower than 90° and the liquid is spread on the
solid surface, thus making it whereas for hydrophobic surfaces, the value of 0v is higher than 90° and the

liquid is not able to wet the solid surface:
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The Wenzel’s theory is another important theory to calculate the CA considering surface roughness.
Indeed, the Wenzel’s equation (Eg. 2.8) is similar to Young’s equation (Eg. 2.7). The only difference
between them is the presence of roughness factor (r) in Wenzel’s equation. The roughness factor is
described as the actual area of the membrane surface divided by the apparent geometry area. This factor
always is higher than one owing to the fact that the apparent geometry area is lower than the actual area of

the membrane surface [127,129].

r sg 8l
cosé, = (7/—5/): I cos &, 2.8
As a result, the roughness factor will reduce hydrophilicity when the value of 0y is higher than 90°,

while when the value of 0y is lower 90°, the roughness factor will enhance hydrophilicity.

Cassie and Baxter modified the Wenzel’s theory for hydrophobic surfaces by introducing the
horizontal projection area fraction of the solid-liquid interface () to the Wenzel’s equation [127]:

0SB = rcosé, +p+1, 2.9

Another technique to measure the CA value is the captive bubble method (Fig. 2.8b). This method
is used in the case of super hydrophilic and porous membranes when measurement by the sessile drop
method is not possible as the water drop is immediately absorbed by the surface [126,130]. The air bubble
is formed on the immersed sample by using J-type needle (Fig. 2.8b). The CA determination is based on

the Young’s equation (Eq. 2.7).

In order to evaluate the CA values of membrane samples, One Attention software (version 4.02)
was used. The measurements (both by sessile drop and captive bubble methods) were carried out at 24 + 3

°C. Measurements were repeated 5-6 times to estimate the measurement accuracy.

——e—— b .

Figure 2.8. lllustration of CA measurements with sessile drop (a) and the captive bubble (b) techniques.

56



Chapter 2. Materials and Methods

2.4.10. Average Pore Size and Porosity Measurements

The pore size (average, maximum, and minimum pore size) was determined by Porometer 3G
Micro (Quantachrome Instruments, Boynton Beach, FL, USA). The average, maximum, and minimum pore
size was obtained by applying modified bubble point method [131-133]. The principle of this technique is
based on the measurement of the necessary pressure for passing an inert gas (such as nitrogen) through the
wet porous film [134]. Before starting the test, the membrane should be immersed in a liquid with a very
low surface tension (in our case Porefil was used with the surface tension of 16.6 mN-m-?) in order to fill
all membrane pores with liquid [131,133,135]. The experiment is divided into two runs: 1. wet run; 2. dry
run. During the wet run, nitrogen gas removes the liquid from the pores by applying the increasing pressure
to the membrane which opens the pores from the biggest to the smallest ones (Fig. 2.9a). During dry run,
the inert gas passes continuously through the membrane in order to measure the gas flow as a function of
pressure. Moreover, the pore size distribution of the membrane can be estimated by plotting the pore size

curve as a function of the differential flow (Fig. 2.9b).

The measurement of pore size is performed by increasing the pressure. For measurement accuracy,
the test was repeated twice for each porous membrane. In order to calculate the pore radius, Laplace
equation is used [131,133]:

20
r = —Ccosé, 2.10

p Ap
where r, is the pore radius, ¢ is the surface tension of air-liquid interface, Ap is the applied pressure, and 6
is the wetting angle with membrane solid matrix. When liquid wets completely the polymer membrane,
cos® = 1. It can be seen that there exists an opposite correlation between the pore radius (pore size) and

applied pressure (Eq. 2.10).
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Figure 2.9. Bubble point method: a) gas flux measured during wet and dry runs; b) pore size distribution.

To measure the membrane porosity, the membrane sample was firstly placed in the oven at 80 °C
for 6 h. Then it was weighted (Wary) and its dimension (diameter and thickness) was determined. After this
step, membrane was immersed in the deionized water for 24 h at 24 £ 3 °C. The extra water from the
membrane surface was removed by tissue and the membrane was weighted again (Wwet). The porosity (¢)
value was determined as follows [124,136]:

W, —W
& (%) = [W—A"U-loo, 2.11

water
where Wuet, Wary, pwater, A, and L are the membrane weight in wet state, the membrane weight in dry state,
water density, membrane surface area, and membrane thickness, respectively. The measurements for each

membrane was repeated three times.

2.4.11. Mechanical Tensile Tests

The mechanical properties of fabricated membranes were measured by the Shimadzo EZ-X
machine (SHIMADZU, Kyoto, Japan) based on the PN-C-89034:1981 standard. The membrane samples
with certain profile (length: 30 mm, width: 5 mm) were prepared. The prepared sample was fixed between
two clamps. The measurement started by stretching the sample between two clamps with a strain rate of 1
cm-min‘ till the sample breaking. The mechanical test was performed at 25 + 2 °C, and 40 + 2% of relative
humidity. Tensile strength, Young’s modulus, maximum force, elongation at break, stress at break, and
force at the break were determined by Trapeziumx software (version 1.5.4). For each membrane at least

five samples were tested [137,138].
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2.4.12. Filtration Test

To measure the hydrodynamic water flux through a porous membrane, a dead-end filtration setup
was used (Fig. 2.10). The experimental setup includes cell, air tank, mixer, rubber gasket (O-ring),
membrane, and water tank. The cylindrical cell with volume of 200 mL and the active surface area of 25.2
cm? was used. The membrane was fixed on the cell bottom. An O-ring gasket was utilized to seal the cell.
A volume of 5 L was used to have continuous filtration for a long-duration process. The membrane
hydrodynamic water flux was evaluated at three different operating pressures — 0.5, 1.0, and 2.0 bar by the

following equation [139]:

=2 2.12

where Jy, AV, A, and At are hydrodynamic water flux, volume of permeate, area of the used membrane,

and duration of filtration, respectively.

Compressed

Air Tank Membrane

Module

Membrane —» L

[

Permeate

Figure 2.10. Experimental filtration setup (From “Fabrication of Polyamide-6 membranes—The effect of
gelation time towards their morphological, physical and transport properties” by Ebrahimi, M.; Kujawski,
W.; Fatyeyeva, K., 2022, Membranes, 12, 315, under the license CC BY 4.0) [139].

The membrane hydrodynamic permeability (L,) was calculated by Hagen Poiseuille equation (Eq.
2.13). A high L, value is characterized for the membrane with large pores, while a low L, value reveals the

small membrane pores [131].

3 _pemt® Ap

v

) 2.13
8nr |
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and
2
r
L= 22 2.14
8yl
By merging Eq. 2.13 and 2.14, the L, value may be expressed as:
J
Lp = X, 2.15
Ap

where L, is the membrane hydrodynamic permeability, Ap is the operating pressure, p is the fluid density,
¢ is the membrane porosity, r is the radius of pore, 1 is the viscosity of the medium, | is the membrane

thickness, and t is the tortuosity factor,.

The rejection rate of porous membranes was also determined. For this purpose, an aqueous solution
of polyethylene glycol (PEG) with the molecular weight of 20000 g-mol* was prepared. The porous
membranes were compressed at 3 bar for 2 h prior to start each measurement. The cell was filled with the
PEG solution and the filtration was performed under determined operating pressure (2 bar). The filtration
was carried out under vigorous stirring (1000 rpm) in order to decrease the concentration polarization

influence. The rejection rate (R) is calculated by following equation [139]:

C
R (%) = {1——"}-100, 2.16
C
where C, and Cs are the PEG concentration in the downstream and upstream compartments, respectively.

An UV-VIS Spectrometer Lambda 25 apparatus was utilized to measure the PEG concentration in solution.

2.4.13. lonic Conductivity Measurement

The electrochemical impedance spectroscopy (EIS) was used to evaluation of ionic conductivity of
Pr-ILs and composite membranes. For this purpose M, Materials Mates 7620 impedance analyzer (ltaly)
was used. The measurements were carried out at the temperature range between 25 and 150 °C and
frequency range from 0.1 Hz to 5 MHz. Impedance results were represented by Nyquist plot (Fig. 2.11).
The resistance of the each sample was measured from the intersection of circle with the horizontal axis
(Fig. 2.11). In the case of liquid (i.e. IL), the liquid (between 2 and 3 mL) was poured in a cylindrical glass
cell which is connected to the thermostat (Lauda, Kénigshofen, Germany). Two Pt parallel electrodes were
placed in the cell in order to measure the liquid resistance. In case of the polymer films, four Pt electrodes

were placed on the sample surface. Two internal electrodes are used for measuring the applied current and
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two external electrodes — to measure the potential. The conductivity was determined for each sample during
two heating/cooling cycles and after the isothermal step during 24 h at the highest possible temperature.
Scope® (version 4.1.0.4) and Zview® (version 2.9c) softwares were used for the analysis. The ionic

conductivity was calculated by following equation [140,141]:

d 217

1
o= —- ,
R e-l

where o, R, d, €, and | are ionic conductivity, the sample resistance, distance between electrodes, membrane

width, and membrane thickness, respectively.

Also, the apparent activation energy of transport was measured by Arrhenius equation [117-

119,142]:

-E
o= 0, exp( RTaj, 2.18

where 6, oo, Ea, R, and T are ionic conductivity, pre-exponential factor, activation energy, universal gas

constant, and absolute temperature, respectively.

-15000

-10000 [ /

T

Zlmagmary (Q)

T

-5000 L= S /

0 5000 10000 15000
Zreal (Q)

Figure 2.11. The Nyquist plot of the [BIM][BUPH] at various operating temperatures.
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2.4.14. Leaching Test

In order to evaluate the stability of ILs in the composite membranes, leaching test was carried out
for composite membranes. For this purpose, the membrane was initially dried at 80 °C for 24 h and weighted
(Wo). Then, the membrane was immersed into the deionized water for 24 h and then dried for another 24 h
at 80 °C. The dried membrane was again weighted (W;). The leaching test was performed for composite
membranes at 25 and 80 °C. Following equation was used to calculate the IL quantity leached from the
composite membrane [143-146]:

Weight Loss (%) = WOWWi -100 2.19
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Chapter 3. lonic Liquids: Synthesis and Characterization

This chapter is devoted to the description of synthesis of several Pr-1Ls containing various cations
and anions by acid-base neutralization reaction. The influence of anion and cation nature on the thermal
property and ionic conductivity of ILs is evaluated. In fact, owing to the huge diversity of the number of
available anions and cations, numerous types of ILs can be synthesized with various chemical structures
and different thermal, chemical, and physical properties [147,148]. Up to now, a number of researches have
been carried out [117,147,149,150]. However, there is still a debate regarding the main factors influencing
the ILs properties (i.e. anion and cation type, chain length, substituent number, pK. and pKy values, and
functionalization). In order to have a better vision and understanding of the correlation between these

factors and IL thermochemical properties, deeper investigations are needed.

Eighteen Pr-ILs containing different imidazolium- (i.e. 1-methylimidazolium ([MIM]) and 1-(n-
butyl)imidazolium ([BIM]) and hydroxylammonium- (2-hydroxy-N,N-dimethylethanaminium ([DETA])
and 3-hydroxy-N,N-dimethylpropan-1-aminium ([DEPA])) based cations and various anions (such as
[TFS], [TFA], [BUPH], [EHPH], and [HS]) have been synthesized. The chemical structure of obtained Pr-
ILs was confirmed by performing FTIR and NMR (*H and '°F) analyses. TGA (in both dynamic and static
modes) and DSC analyses were carried out to evaluate thermal properties of synthesized Pr-ILs. In addition,
ionic conductivity of Pr-ILs was measured (in dynamic and isothermal modes) in the wide temperature

range by using EIS.
3.1. ILs synthesis

Acid-base neutralization reaction for Pr-1Ls synthesis was used in this study [117-119,149,150]. The
neutralization reaction was carried out in one step. To investigate an influence of the chemical structure of
the synthesized Pr-ILs on their thermochemical properties, two different types of cations (i.e. imidazolium-
(Fig. 3.1) and hydroxylammonium-based (Fig. 3.2) cations) with different length of alkyl and hydroxyl
chains were used. Moreover, various anions (i.e. perfluorinated-, phosphate-, and sulfate-based anions)
were utilized. Diethyl ether was used as the solvent. After the neutralization reaction, the solvent was
removed and resultant Pr-ILs was washed three times (with diethyl ether) to remove the unreacted products.
The acid-base neutralization reaction is an exothermic reaction. For this reason, the synthesis was done in
bath (i.e. methanol or water) for controlling the temperature at 5-10 °C. In the final step, each Pr-I1L was
dried at the certain temperature and under vacuum condition. Some physical characteristics of synthesized
Pr-ILs are gathered in Table 3.1. All synthesized Pr-1Ls (except [MIM][TFS], [MIM][TFA], [BIM][TFA],
and [DETA][TFA]) are liquid at room temperature.
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Figure 3.1. Reaction scheme of the synthesis of imidazolium-based Pr-ILs.
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Figure 3.2. Reaction scheme of the synthesis of hydroxylammonium-based Pr-ILs.
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Table 3.1. General specification of the synthesized Pr-ILs.

Pr-1L Base Acid Abbreviation State at RT Color
1-methylimidazolium trifluoromethanesulfonic ] .
) [MIM][TFS] solid white
triflouromethanesulfonate acid
1-methylimidazolium . L ) .
] trifluoroacetic acid [MIM][TFA] solid white
triflouroacetate
1-methylimidazolium hydrogen o o o
1-methylimidazole sulfuric acid [MIM][HS] liquid yellow
sulfate
1-methylimidazolium di-n-butyl ] o
di-n-butyl phosphate [MIM][BUPH] liquid colorless
phosphate
1-methylimidazolium bis(2- ) o
bis(2-ethylhexyl)phosphate [MIM][EHPH] liquid colorless
ethylhexyl)phosphate
1-(n-butyl)imidazolium trifluoromethanesulfonic o
) ) [BIM][TFS] liquid brown
triflouromethanesulfonate acid
1-(n-butyl)imidazolium ] L ) .
] trifluoroacetic acid [BIM][TFA] solid white
triflouroacetate
1-(n-butyl)imidazolium o o o
1-(n-butyl)imidazole sulfuric acid [BIM][HS] liquid orange
hydrogen sulfate
1-(n-butyl)imidazolium di-n- ] L
di-n-butyl phosphate [BIM][BUPH] liquid colorless
butyl phosphate
1-(n-butyl)imidazolium bis(2- ) L
bis(2-ethylhexyl)phosphate [BIM][EHPH] liquid colorless

ethylhexyl)phosphate
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2-hydroxy-n, n-
dimethylethanaminium
triflouromethanesulfonate
2-hydroxy-n, n-
dimethylethanaminium
triflouroacetate
2-hydroxy-n, n-
dimethylethanaminium di-n-
butyl phosphate
2-hydroxy-n, n-
dimethylethanaminium bis(2-
ethylhexyl)phosphate

2-(dimethylamino)
ethanol

trifluoromethanesulfonic

acid

trifluoroacetic acid

di-n-butyl phosphate

bis(2-ethylhexyl)phosphate

[DETA][TFS]

[DETA][TFA]

[DETA][BUPH]

[DETA][EHPH]

liquid

solid

liquid

liquid

brown

brown

orange

orange

3-hydroxy-n, n-
dimethylpropan-1-aminium
triflouromethanesulfonate
3-hydroxy-n, n-
dimethylpropan-1-aminium
triflouroacetate
3-hydroxy-n, n-
dimethylpropan-1-aminium di-
n-butyl phosphate
3-hydroxy-n, n-
dimethylpropan-1-aminium

bis(2-ethylhexyl)phosphate

3-dimethylamino-1-

propanol

trifluoromethanesulfonic

acid

trifluoroacetic acid

di-n-butyl phosphate

bis(2-ethylhexyl)phosphate

[DEPA][TFS]

[DEPA][TFA]

[DEPA][BUPH]

[DEPA][EHPH]

liquid

Liquid

liquid

liquid

orange

brown

brown

orange
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3.2. Spectral Behavior

To verify the chemical structure of synthesized Pr-ILs the NMR analysis (*H and *°F) was carried
out. *H NMR spectrum of [MIM][TFS] is shown in Fig. 3.3a. Five peaks can be seen. The peak observed
at the chemical shift of 2.50 ppm corresponds to the solvent (DMSO-ds) used as the reference. The second
peak at 3.86 ppm is a singlet peak corresponding to 3 hydrogens (a) of methyl group attached to the
imidazole ring. Two other peaks are observed (triplet peaks) at the chemical shift of 7.64 and 7.66 ppm,
respectively. These peaks correspond to two hydrogens (b and c) on the imidazole ring. The last peak is
located at 9.01 ppm is a singlet peak correlated with a hydrogen (d) on the imidazole ring. Indeed, this peak
is the most electronegative peak since the hydrogen is located between two nitrogen atoms. The °F NMR
spectrum of [MIM][TFS] (Fig. 3.3b) reveals only one singlet peak at the chemical shift of -77.86 ppm,

assigned to 3 fluorine atoms (e) in trifluoromethanesulfonate anion.

[MIM][TFA] *H NMR (DMSO-ds, 300 MHz, 5, ppm): 9.06 (s, 1H), 7.65 (t, 1H), 7.69 (t, 1H), and
3.87 (s, 3H) (Fig. S1a). F NMR (DMSO-ds, 300 MHz, &, ppm): -73.71 (s, 3F, —~CFs) (Fig. S1b).

[MIM][HS] *H NMR (DMSO-ds, 300 MHz, &, ppm):11.24 (s, 2H), 9.01 (s, 1H), 7.68 (t, 1H), 7.61
(t, 1H), and 3.87 (s, 3H) (Fig. S2).

[MIM][BUPH] *H NMR (DMSO-de, 300 MHz, 8, ppm): 13.26 (s, 1H), 8.9 (s, 1H), 7.67 (t, 1H),
7.56 (t, 1H), 3.87 (s, 3H), 3.81 (m, 4H), 1.52 (m, 4H), 1.29 (m, 4H), and 0.85 (t, 6H) (Fig. S3).

[MIM][EHPH] *H NMR (DMSO-ds, 300 MHz, 8, ppm): 9.64 (s, 1H), 8.93 (s, 1H), 7.60 (t, 1H),
7.51 (t, 1H), 3.80 (s, 3H), 3.65 (m, 4H), 1.39 (m, 2H), 1.27 (m, 4H), 1.25 (m, 4H), 1.22 (m, 4H), 1.17 (m,
4H), 0.79 (m, 6H), and 0.77 (m, 6H) (Fig. S4).

[BIM][TFS] *H NMR (DMSO-ds, 300 MHz, &, ppm): 9.07 (s, 1H), 7.74 (t, 1H), 7.65 (t, 1H), 4.18
(t, 2H), 1.76 (m, 2H), 1.22 (m, 2H), and 0.87 (m, 3H) (Fig. S5a). *°*F NMR (DMSO-dg, 300 MHz, §, ppm):
_73.91 (s, 3F, —CFs) (Fig. S5b).

[BIM][TEA] *H NMR (DMSO-ds, 300 MHz, 3, ppm): 9.13 (s, 1H), 7.79 (¢, 1H), 7.68 (t, 1H), 4.19
(t, 2H), 1.79 (m, 2H), 1.24 (m, 2H), and 0.90 (t, 3H) (Fig. S6a). **F NMR (DMSO-ds, 300 MHz, &, ppm):
-73.68 (s, 3F, —CFs) (Fig. S6b).

[BIM][HS] *H NMR (DMSO-ds, 300 MHz, &, ppm): 12.18 (s, 2H), 9.11 (s, 1H), 7.78 (t, 1H), 7.63
(t, 1H), 4.21 (t, 2H), 1.74 (m, 2H), 1.18 (m, 2H), and 0.84 (t, 3H) (Fig. S7).
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Figure 3.3. (a) *H NMR and (b) °F NMR spectra of [MIM][TFS].

[BIM][BUPH] *H NMR (DMSO-ds, 300 MHz, 5, ppm): 13.38 (s, 1H), 8.54 (s, 1H), 7.54 (t, 1H),
7.30 (t, 1H), 4.10 (t, 4H), 3.69 (m, 2H), 1.75 (m, 4H), 1.49 (m, 4H), 1.31 (m, 2H), 1.20 (m, 2H), 0.85 (t,

3H), and 0.83 (s, 6H) (Fig. S8).
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[BIM][EHPH] *H NMR (DMSO-ds, 300 MHz, &, ppm): 8.85 (s, 1H), 7.68 (t, 1H), 7.48 (t, 1H),
4.15 (m, 2H), 3.68 (M, 4H), 1.76 (m, 2H), 1.44 (m, 4H), 1.38 (m, 2H), 1.36 (m, 2H), 1.33 (m, 4H), 1.31 (m,
4H), 1.28 (m, 4H), 1.24 (m, 6H), 0.86 (m, 3H), and 0.83 (m, 6H) (Fig. S9).

[DETA][TFS] 'H NMR (DMSO-ds, 300 MHz, §, ppm): 9.18 (s, 1H), 5.23 (s, 1H), 3.68 (t, 2H),
3.12 (t, 2H), 2.76 (s, 6H) (Fig. S10a). °F NMR (DMSO-ds, 300 MHz, 8, ppm): -73.70 (s, 3F, —CFs) (Fig.
S10b).

[DETA][TFA] *H NMR (DMSO-ds, 300 MHz, 8, ppm): 9.92 (s, 1H), 5.07 (s, 1H), 3.68 (t, 2H),
3.15 (t, 2H), 2.78 (s, 6H) (Fig. S11a). °F NMR (DMSO-ds, 300 MHz, &, ppm): -73.84 (s, 3F, —CFs) (Fig.
S11b).

[DETA][BUPH] 'H NMR (DMSO-ds, 300 MHz, &, ppm): 10.53 (s, 1H), 8.29 (s, 1H), 3.71 (m,
4H), 3.63 (t, 2H), 3.03 (t, 2H), 2.68 (s, 6H), 1.44 (m, 4H), 1.26 (M, 4H), and 0.80 (t, 6H) (Fig. S12).

[DETA]J[EHPH] *H NMR (DMSO-ds, 300 MHz, 5, ppm): 10.80 (s, 1H), 5.65 (s, 1H), 3.66 (t, 2H),
3.60 (M, 4H), 3.05 (t, 2H), 2.70 (s, 6H), 1.37 (m, 2H), 1.28 (m, 4H), 1.26 (m, 4H), 1.24 (m, 4H), 1.18 (m,
4H), 0.80 (m, 6H), and 0.78 (t, 6H) (Fig. S13).

[DEPA][TFS] *H NMR (DMSO-ds, 300 MHz, &, ppm): 10.31 (s, 1H), 4.88 (s, 1H), 3.47 (t, 2H),
3.10 (t, 2H), 2.77 (s, 6H), 1.78 (s, 2H) (Fig. S144). °F NMR (DMSO-ds, 300 MHz, 5, ppm): -78.03 (s, 3F,
—CFs) (Fig. S14b).

[DEPA][TFA] *H NMR (DMSO-ds, 300 MHz, 8, ppm): 9.09 (s, 1H), 4.61 (s, 1H), 3.48 (t, 2H),
3.10 (m, 2H), 2.77 (s, 6H), 1.75 (5, 2H) (Fig. S15a). °F NMR (DMSO-ds, 300 MHz, 5, ppm): -73.91 (s, 3F,
_CF3) (Fig. S15h).

[DEPA][BUPH] tH NMR (DMSO-ds, 300 MHz, §, ppm): 11.61 (s, 1H), 7.00 (s, 1H), 3.79 (m, 4H),
3.53 (t, 2H), 3.09 (t, 2H), 2.76 (s, 6H), 1.85 (m, 2H), 1.57 (m, 4H), 1.40 (m, 4H), and 0.94 (t, 6H) (Fig.
S16).

[DEPA][EHPH] *H NMR (DMSO-ds, 300 MHz, &, ppm): 11.44 (s, 1H), 6.19 (s, 1H), 3.70 (m, 2H),
3.53 (t, 4H), 3.10 (t, 2H), 2.76 (s, 6H), 1.85 (m, 2H), 1.47 (m, 2H), 1.43 (m, 4H), 1.40 (m, 4H), 1.36 (m,
4H), 1.30 (m,4H), 0.92 (t, 6H), and 0.90 (t, 6H) (Fig. S17).

The FTIR spectra of imidazolium- and hydroxylammonium-based Pr-1Ls are shown in Figs. 3.4
and 3.5, respectively. The assignments of characteristic bands of these synthesized Pr-1Ls are gathered in
Tables 3.2 and 3.3. The band at ~ 3265-3460 cm which is observed for all Pr-ILs is assigned to N-H

vibration bands (NH"), confirming the salt formation and proton transferring in acid-base neutralization
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reaction (Figs. 3.4, 3.5) [151]. Bands at the region between ~ 2900 and 3150 cm™ are assigned to C—H
stretching vibration band of —CH groups [119]. The C=0 stretching vibration band of ester group presented
in acetate based Pr-ILs is observed at ~ 1670 cm™ (Figs. 3.4¢,d and 3.5¢,d) [149]. In addition, two bands at
~ 1585 and ~ 1550 cm™ are, respectively, ascribed to C=N and C=C (skeletal) bonds of the imidazole ring
of imidazolium-based Pr-ILs (Fig. 3.4a-j) [151]. Peak at ~ 1460 cm™* belongs to —~CH. bending (Figs. 3.4
and 3.5) [151]. Bands between ~ 1240 and 1100 cm* are assigned to S=O stretching vibration bands (Figs.
3.4a,b,e,f and 3.5a,b) [119]. Moreover, bands between ~ 1200 and 1150 cm™ are assigned to P=0 stretching
vibration bands of phosphate-based Pr-1Ls (Figs. 3.4g-j and 3.5e-h) [150,151]. The peak observed at the
wavenumber of ~ 1170 cm is attributed to C—O symmetric stretching vibration band of —COO— ester
group in acetate based Pr-1Ls (Figs. 3.4c,d and 3.5¢,d) [151]. A peak at the wavenumber of ~ 1030 cm is
ascribed with C—F stretching vibration band in the structure of perfluorinated Pr-1Ls (Figs. 3.4a-d and 3.5a-
d) [149]. Moreover, a band at ~ 1020 cm™ is attributed to P-O—C bond in phosphoric ester group for
phosphate-based Pr-ILs (Figs. 3.4g-j and 3.5e-h) [150]. Besides, the peak of C—S stretching vibration band
can be seen at ~ 750-650 cm* (Figs. 3.4a,b and 3.5a,b) [151].

The NMR (both 'H and '°F) and FTIR spectra confirmed the purity and chemical structure of
synthesized Pr-ILs.
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Figure 3.4. FTIR spectra of imidazolium-based Pr-ILs: a) [MIM][TFS]; b) [BIM][TFS]; c) [MIM][TFA];
d) [BIM][TFA]; e) [MIM][HS]; f) [BIM][HS]; g) [MIM][BUPH]; h) [BIM][BUPH]; i) [MIM][EHPH]; j)
[BIM][EHPH].
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Table 3.2. Assignments of vibrational modes for imidazolium-based Pr-ILs.

Band Wavenumber (cm™)

assignments [MIMI[TES]  [MIM][TFA] _ [MIM][HS]  [MIM][BUPH] [MIM][EHPH]  [BIM][TFS] [BIM][TFA] [BIM][HS] [BIM][BUPH] [BIM][EHPH]

*N-H stretching 3300 3519 3302 3435 3468 3503 3488 3299 3417 3451

C—H stretching 3110, 3155 3072, 3138 3063, 3135 2874, 2956 2930, 2959 2965, 3145 2964, 3132 3076, 3147 2873, 2957 2860, 2959

O—H stretching

(acid)

C=0 stretching

vibration (ester - 1667 _ _ _ _ 1668 - _ _

group)
C=N imidazole

- - 2631 - — - — 2632 - -

. 1585 1585 1580 1586 1587 1579 1582 1585 1582 1580
ring

C=C skeletal

(imidazole ring)

1550 1552 1545 1553 1552 1550 1550 1551 1547 1548

CH; bending 1440 1413 1464 1464 1460 1463 1413 1445 1464 1460
S=0 stretching 1145, 1224 - 1086, 1154 — — 1160, 1242 - 1086, 1153 — —

P=0 stretching — — _ 1148, 1220 1150, 1217 — _ — 1202 1157, 1224
C—O symmetric

stretching (ester - 1125 _ _ _ _ 1173 _ _ _
group)

C—F stretching 1023 1031 _ _ _ 1027 1040 _ _ _
P-O-C

(phosphoric _ _ _ 1025 1019 _ _ _ 1026 1018

ester)

C—S stretching 755 _ _ _ _ 759 _ _ _ _
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Table 3.3. Assignments of vibrational modes for hydroxylammonium-based Pr-ILs.

Band Wavenumber (cm)

assignments [DETA][TFS] [DETA][TFA] [DETA][BUPH] [DETA][EHPH] [DEPA][TFS] |[DEPA][TFA] [DEPA][BUPH] [DEPA]EHPH]
*N-H stretching 3450 3356 3286 3266 3462 3380 3306 3339
C—H stretching 2990, 3094 2963 2934, 2961 2928, 2959 2963, 3075 2963, 3039 2937, 2959 2930, 2957
C=0 stretching

vibration (ester - 1673 _ _ _ 1671 _ _
group)

CH> bending 1475 1475 1465 1463 1471 1469 1465 1463
S=0 stretching 1154, 1225 — — _ 1156, 1223 — - -
P=0 stretching — — 1148, 1217 1146, 1215 — — 1146, 1205 1146, 1201
C-0 symmetric

stretching (ester - 1171 — _ - 1170 — _
group)

C—F stretching 1023 1060 — _ 1025 1058 _ _
pro=¢ _ _ 978 1021 _ _ 1027 1031

(phosphoric ester)
C-S stretching 635 — — _ 633 — _ _

76



Chapter 3. lonic Liquids: Synthesis and Characterization

3.3. Thermal Properties

As the synthesized Pr-ILs are intended to be used in fuel cell application, therefore, their thermal
stability is rather important. To study the influence of chemical structure on the thermal properties of Pr-
ILs, the TGA analysis was carried out in dynamic and isothermal modes (Figs. 3.6 and 3.7). The isothermal
mode was chosen to evaluate the performance of Pr-ILs during the long-term process. For this purpose, the
TGA analysis at different temperatures (i.e. 150, 120, 100, and 80 °C) during 24 h was carried out. The
main thermal parameters of synthesized Pr-ILs are gathered in Table 3.4. The TGA and DTG curves (Figs.
3.6a,b and 3.7a,b) demonstrate that the thermal stability of synthesized Pr-ILs has a stronger dependence
on the anion nature than on the cation nature. It can be seen that Pr-ILs containing trifluoromethanesulfonate
anion (i.e. [MIM][TFS], [BIM][TFS], [DETA][TFS], and [DEPA][TFS]) are more thermally stable (Tgeg ~
415-435 °C) than other Pr-1Ls (i.e. trifluoroacetate-, phosphate-, and sulfate-based ILs). Such observation
can be explained by super acidity property of trifluoromethansulfonic acid (pKa ~ -14). This value is much
lower than the pKa value of sulfuric acid, trifluoroacetic acid, bis(2-ethylhexyl)phosphate, and di-n-butyl
phosphate (~ -3, 0.23, 1.47, and 1.53, respectively) [152-154]. In fact, there is a direct correlation between
thermal stability of ILs and the acidity of utilized Brgnsted acid [147,149]. Sulfate-based Pr-1Ls also showed
a great thermal stability of ~ 370—375 °C owing to high acidity of sulfuric acid (pKa ~ -3) [155]. It can be
seen that acetate-based Pr-1Ls showed the lowest thermal stability of ~ 200—215 °C as compared with
phosphate-based Pr-1Ls in spite of the fact that trifluoroacetic acid is a stronger acid than di-n-butyl
phosphate and bis(2-ethylhexyl)phosphate. Similar results were also reported in literature [147]. The low
thermal stability of acetate-based ILs may be explained by the high hydrophilicity of the acetate group
[147]. The presence of two symmetrical alkyl chains in the anion structure of phosphate-based Pr-ILs
increases the fluidity of these Pr-ILs, thus leading to improvement of the thermal stability as compared with
the stability of trifluoroacetate-based Pr-ILs [150]. Pr-ILs containing di-n-butyl phosphate and bis(2-
ethylhexyl)phosphate anions reveal practically similar thermal stability ( ~ 250—280 °C) notwithstanding
the fact that bis(2-ethylhexyl)phosphate is a stronger acid than di-n-butyl phosphate. However, it was
revealed that Pr-ILs with bis(2-ethylhexyl)phosphate are more thermally stable in static mode than those
with di-n-butyl phosphate. For instance, the weight loss of [DETA][EHPH] and [DEPA][EHPH] at 120 °C
for 24 h was ~ 9 and 13%, respectively, while it was ~ 16 and 23% for [DETA][BUPH] and
[DEPA][BUPH], respectively, confirming the better thermal behavior of bis(2-ethylhexyl)phosphate in
comparison with phosphate during long-term operation. Similar results were obtained by Rogalsky et al.
showing that [EHPH]-based Pr-1L showed higher thermal stability than the stability of [BUPH]-based ILs
[150]. So, the order of anion thermal stability is the following: [TFS] > [HS] > [EHPH] > [BUPH] > [TFA].
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The nature of cation can also influence the thermal behavior of ILs (Fi. 3.6 and 3.7) [117,149].
Prykhodko and coworkers [149] synthesized different types of imidazolium-based Pr-ILs containing various
anions and cations. It was shown that for the same cation, increasing the alkyl chain length leads to a slight
rise in the Pr-ILs thermal stability. However, it was confirmed that the influence of anion is much stronger
than that of cation [149]. On the contrary, Fatyeyeva et al. [117] studied four Pr-ILs containing the same
anion (i.e. bis(trifluoromethylsulfonyl)imide) and imidazolium-based cations with different alkyl chain
lengths (i.e. methyl, ethyl, propyl, and butyl). The TGA results revealed that the rise of alkyl chain leads to
decreasing the thermal stability of synthesized Pr-ILs. [MIM][TFSI] showed the highest thermal stability
in comparison with Pr-1Ls containing ethylimidazolium, propylimidazolium, and butylimidazolium cations
[117]. Thus, one can conclude that in order to find a clear correlation between the cation nature and IL
thermal stability, further research is required. In our case, two different types of cation were used:
imidazolium-based cations ([MIM] and [BIM]) and hydroxylammonium-based cations ([DETA] and
[DEPA]). It can be seen that cations with different alkyl or hydroxyl chain length were utilized. The
obtained results showed that despite the fact that imidazolium-based Pr-ILs are known as thermally stable
Pr-ILs, there is no significant difference in thermal stability of imidazolium- and hydroxylammonium-based
cations with the same anion (Fig. 3.6 and 3.7 and Table 3.4) (~ 415-434 °C, ~ 369-375 °C, ~ 257-277 °C,
~242-267 °C, and ~ 202-216 °C for [TFS]-, [HS]-, [EHPH]-, [BUPH]-, and [TFA]-based Pr-ILs). However,
from environmental point of view, hydroxylammonium-based Pr-ILs are more interesting as they can be

biodegradable and recyclable owing to their aliphatic nature and linear structure.

The obtained results showed that there is no clear correlation between alkyl (or hydroxyl) chain
length and thermal stability. In some cases the rise of alkyl (or hydroxyl) chain length provokes an increase
of the thermal stability, while opposite behavior is observed for some other Pr-ILs. The isothermal tests
demonstrate that [TFS]-based Pr-ILs (i.e. [MIM][TFS], [BIM][TFS], [DETA][TFS], and [DEPA][TFS])
have the highest thermal stability among all Pr-ILs. The weight loss after 24 h at 150 °C for [TFS]-based
Pr-ILs is ~ 0—3% and this loss can be due to the humidity evaporation. These results prove the great potential
of [TFS]-based Pr-1Ls for high temperature industrial applications and long-term process (e.g. HT-PEMFC)
[147,149]. Even though sulfate-based Pr-ILs ([MIM][HS] and [BIM][HS]) showed a good isotherm
performance at 120 °C for 24 h (only ~ 1% of weight loss), they were not thermally stable at 150 °C for 24
h (~ 9—11% of weight loss). Also, phosphate-based Pr-ILs showed a good performance at 100 °C during
24 h (between 5—10% of weight loss). The weakest isothermal behavior was noted for [TFA]-based Pr-1Ls
(i.e. [MIM][TFA], [BIM][TFA], [DETA][TFA], and [DEPA][TFA]) as they were not thermally stable at
120, 100, and even 80 °C during continuous test of 24 h owing to the presence of hydrophilic acetate group
[147].
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The evaluation of thermal stability as a function of Pr-ILs structure is plotted on Fig. 3.8. The Pr-
ILs can be divided into four groups: super thermally stable (i.e. [TFS]-based Pr-ILs), high thermally stable
(i.e. [HS]-based Pr-ILs), moderate thermally stable (i.e. [BUPH] and [EHPH]-based Pr-ILs), and low
thermally stable (i.e. [TFA]-based Pr-1Ls). The most promising Pr-1Ls for fuel cell application are [TFS]-
based Pr-ILs.

The DSC measurements were performed in order to study possible thermal transition of synthesized
Pr-1Ls. The measurements were performed in the temperature region based on the Pr-ILs thermal stability.
An example of measurements is presented in Fig. 3.9 for [DETA][TFS] and obtained results are gathered
in Table 3.4. As one can see, some of the Pr-ILs (i.e. [MIM][TFS], [BIM][TFS], [DETA][TFS], and
[MIM][TFA]) have two or more melting Tr, and crystallization T, confirming their polymorphic character
(Table 3.4). Presence of cations and anions of different size and different spatial shape (orientation) may
explain such results. For several Pr-ILs, Tand T, were not detected in the studied temperature region, i.e.
from -150 to 80 °C for [TFA]-based Pr-ILs, from -150 to 100 °C for phosphate-based Pr-ILs, from -150 to
120 °C for sulfate-based Pr-ILs, and from -150 to 200 °C for [TFS]-based Pr-ILs. It can be seen that the
nature of Pr-ILs has only an influence on the Ty value — [TFS]-based Pr-ILs are characterized by higher Tq
than the T, value of sulfate-, phosphate-, and acetate-based Pr-ILs owing to the strong acidity feature of
trifluoromethansulfonic acid [147,149]. Besides, the effect of cation structure on the Ty value can be
observed as the rise of alkyl chain length of cation causes the slight increase of the T4 value owing to the
fluidity rising (Table 3.4) [149].
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Table 3.4. Thermal parameters of synthesized Pr-ILs.

Weight loss (%) after 24 h at

Pr-IL structure T5% (°C)  T10% (°C) Taeg (°C) Tq (°C) Tm (°C) T: (°C)
150°C  120°C 100°C 80°C

[MIM][TFS] 359 376 420 - 86; 111 77; 101 0 - - -
[MIM][TFA] 168 178 202 _ 10: 71 _48: 28 - 100 100 28
[MIM][HS] 281 321 375 -75 - - 9 1 - -
[MIM][BUPH] 194 217 242 93 — — — 22 12 —
[MIM][EHPH] 227 242 257 -99 — - - 5 1 -
[BIM][TFS] 374 390 434 - -16; 17 -41;-16 1 - - -
[BIM][TFA] 156 169 205 _ 53 30 - 100 64 9
[BIM][HS] 276 321 369 60 _ _ 11 1 - -
[BIM][BUPH] 162 184 245 -68 - - - 24 19 -
[BIM][EHPH] 194 222 257 94 — — - 16 8 -
[DETA][TFS] 323 355 419 - -23;23 -46; -19 2 — — —
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Figure 3.6. Thermal behavior of synthesized imidazolium-based Pr-1Ls: a) dynamic TGA; b) DTG; c)
isothermal at 150 °C; d) isothermal at 120 °C; e) isothermal at 100 °C; f) isothermal at 80 °C.
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Figure 3.9. DSC heating/cooling/heating thermograms of [DETA][TFS].

3.4. lonic Conductivity

The ionic conductivity is an important parameter for fuel cell application [150]. The ionic
conductivity of ILs is strongly dependent on the degree of ion (i.e. cations and anions) mobility [117,150].
Therefore, the ionic conductivity of all synthesized Pr-ILs was investigated in a wide temperature range
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based on the Pr-ILs thermal stability — for trifluoromethanesulfonate- and sulfate-based Pr-1Ls from 25 to
150 °C, for phosphate-based Pr-1Ls from 25 to 120 °C, and for trifluoroacetate-based Pr-1Ls from 25 to 80
°C (Table 3.5). To investigate the ionic conductivity stability, the measurements were performed during
two cycles of heating/cooling (Fig. 3.10a). Also, the static measurements were performed at the highest

operating temperature during 24 h (Fig. 3.11).

The results showed that the temperature increase leads to the increase of the ionic conductivity
owing to the rising of the ionic mobility of cations and anions (Fig. 3.10 and Table 3.5). This result is in
accordance with the literature data [7,116-119,150]. The ionic conductivity values of Pr-ILs during different
heating/cooling cycles are rather close revealing the conductivity stability (Fig. 3.10a). However, it can be
seen that the nature of Pr-1L plays a crucial role on the ionic conductivity (Table 3.5) [118]. In any case, the
anion nature has a dominant influence on the Pr-IL ionic conductivity. The highest ionic conductivity values
were measured for trifluoromethanesulfonate-based Pr-ILs (~ 34.5-63.7 mS-cm™ at 150 °C). Indeed, the
IL conductivity strongly depends on the acidity of utilized Brgnsted acid. Trifluoromethanesulfonic acid is
considered as a super acid with a very low pKa value (~ -14), thus Pr-ILs synthesized using this acid reveal
the highest ionic conductivity at high temperature [152]. Sulfate-based Pr-ILs (i.e. [MIM][HS] and
[BIM][HS]) show a good ionic conductivity of ~ 17.3—41.0 mS-cm™ at 150 °C as sulfuric acid is the second
strongest acid (pKa ~ -3) among all used acids for Pr-ILs synthesis [155]. Acetate-based Pr-1Ls reveal a
good ionic conductivity (~ 2.4-28.6 mS-cm™) in the temperature range of 25 to 80 °C, showing that their
performance is rather close to the conductivity level of trifluoromethanesulfonate- and sulfate-based Pr-ILs
in this temperature range (Table 3.5). However, owing to the low thermal stability of acetate-based Pr-ILs,
they are not able to be used at temperatures higher than 80 °C [147]. Therefore, rising temperature at more
than 80 °C leads to the thermal decomposition of acetate-based Pr-ILs and, thus, the ionic conductivity
reduction (Table 3.5). Phosphate-based Pr-ILs are characterized by the lowest ionic conductivity in
comparison with other Pr-ILs — 0.13-2.5 mS-cm™ at 120 °C (Table 3.5). The presence of long alkyl chains
in the anion structure (i.e. [BUPH] and [EHPH]) increases the viscosity for these Pr-ILs and, thus, reduces
the ionic mobility [150]. Indeed, the ionic mobility increases by rising the temperature [117,150]. Besides, it
is found that the ionic conductivity of [BUPH]-based Pr-ILs is higher than that of [EHPH]-based Pr-1Ls at
the same temperature. The similar observation was reported by Rogalsky et al. in case of imidazolium-
based Pr-ILs [150]. In fact, [EHPH] anion has longer alkyl chain (i.e. lower ionic mobility) as compared
with [BUPH] anion [150]. Based on the obtained results, the following ionic conductivity order of studied
anions can be proposed: [TFS] > [HS] > [TFA] > [BUPH] > [EHPH].

Despite the fact that anion nature has the dominant influence on the ionic conductivity, the cation

nature also influences the ionic conductivity of Pr-ILs. The alkyl chain length has a crucial influence on the
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IL ionic conductivity as the shorter alkyl chain length results in ionic conductivity increasing owing to the

ionic mobility rising [117]. The ionic conductivity results revealed that for both types of cation

(imidazolium- and hydroxyammonium-based Pr-ILs), the ionic conductivity is slightly enhanced by
increasing the alkyl chain length from [TFS]-, to [TFA]-, and to [HS]-based Pr-ILs. However, such
correlation was not observed for phosphate-based Pr-ILs (i.e. [BUPH]- and [EHPH]-based Pr-ILs), for
which the measured values are rather close (Table 3.5). In case of hydroxylammonium-based Pr-ILs,

[DEPA] cation has only one carbon atom more than [DETA] cation and in case of imidazolium-based Pr-

ILs, [BIM] has three carbon atoms more than [MIM] cation. Therefore, a significant difference of the ionic

mobility is not observed. Following order of cation

ionic conductivity can be proposed based on the

obtained results: [MIM] > [BIM] and [DETA] > [DEPA].

To evaluate the performance of synthesized Pr-

ILs, isothermal measurements were performed (Fig.

3.11). Among all tested Pr-ILs, [TFS]- (Fig. 3.11a) and [HS]-based (Fig. 3.11b) Pr-ILs demonstrated a
stable ionic conductivity at 150 and 120 °C during 24 h, respectively, showing their great potential for high

temperature-based application.

Arrhenius equation (Eq. 2.18) was used to determine the activation energy of transport during both

heating (Ea neating) and cooling (Ea cooling) Cycles [117]. The obtained E, values are between ~ 21 kJ-mol- and

~ 31 kJ-mol* (Table 3.5). In general, the proton conduction is explained by two mechanisms: Einstein

transport (vehicle mechanism) and proton hopping (Grotthuss mechanism) [7,142]. Based on the literature,

the Grotthuss mechanism is the dominant proton conduction mechanism when E, > 14 kJ-mol- [118,142].

Thus, taking into account E;, values for all synthesized Pr-ILs (Table 3.5), the Grotthuss mechanism can be

considered to be a dominant mechanism for ion conductivity of all synthesized Pr-ILs.
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Figure 3.10. lonic conductivity of [DETA][TFS]

heating/cooling cycles; b) Arrhenius plot.
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Figure 3.11. lonic conductivity as a function of time: a) [TFS]-based Pr-ILs at 150 °C; b) [HS]-based Pr-
ILs at 150 °C; c¢) [TFA]-based Pr-1Ls at 80 °C; d) [BUPH]-based Pr-ILs at 120 °C; e) [EHPH]-based Pr-

ILs at 120 °C.
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Table 3.5. lonic conductivity (o) and activation energy (Ea) of synthesized Pr-ILs.

) 6 (mS-cm?) Ea (kJ-mol?)
Operating temperature
Pr-1L at minimum at maximum ) )
range (°C) heating cooling
temperature temperature
[DETA][TFS] 3.6 63.7 23.8 24.3
25-150
[DEPA][TFS] 2.8 57.8 25.2 25.1
[MIM][TFS] 110 - 150 34.2 57.8 17.8 17.8
[BIM][TFS] 1.6 345 25.8 255
[MIM][HS] 25-150 0.75 41.0 33.3 335
[BIM][HS] 0.09 17.30 44.0 43.9
[DETA][TFA] 3.20 19.30 28.7 28.0
25-80
[DEPA][TFA] 2.40 15.50 30.8 29.5
[MIM][TFA] 60 —90 15.30 28.60 21.6 21.0
[BIM][TFA] 50-90 4.00 11.90 28.2 27.5
[DETA][BUPH] 0.16 2.00 20.6 21.3
[DETA][EHPH] 0.02 0.42 27.4 27.6
[DEPA][BUPH] 0.16 2.50 23.4 22.5
[DEPA][EHPH] 0.03 0.52 28.3 28.3
25-120
[MIM][BUPH] 0.17 2.46 22.3 22.6
[MIM][EHPH] 0.006 0.13 26.7 21.7
[BIM][BUPH] 0.09 2.22 27.6 27.0
[BIM][EHPH] 0.008 0.30 30.5 30.1
[DETA][TFS)/
25-150 3.30 59.60 24.7 24.0
[DEPA][TFS]
[MIM][TFS]/
50 —150 7.60 47.90 20.9 21.0
[BIM][TFS]
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3.5. ILs Mixture

As it was noted, [TFS]-based Pr-ILs were characterized by the highest ionic conductivity (~
34.5-63.7 mS-cm? at 150 °C) and thermal stability (~ 419434 °C). Hence, in order to increase more
conductivity, the mixture of ILs was prepared. For imidazolium-based ILs, [MIM][TFS] and [BIM][TFS]
were chosen. In case of hydroxylammonium-based ILs, [DETA][TFS] and [DEPA][TFS] were studied. In
each case a 50/50 (w/w) mixture was prepared at 120 °C during 24 h. The dynamic TGA curves (Fig.
3.12a,b and Fig. 3.8 and Table 3.4) showed that obtained mixtures are thermally stable in the temperature
range of 413—430 °C. Also, the isothermal curves (Fig. 3.12c and Table 3.4) reveal only a negligible weight
loss (~ 2—4%) at 150 °C during 24 h. This result confirms the interest of using ILs for high temperature-
based process (e.g. PEMFC). It can be seen that the thermal stability of imidazolium-based mixture is
slightly higher than that of hydroxylammonium-based ILs (Table 3.4). In fact, imidazolium-based Pr-ILs
are known to be more stable due to the presence of imidazole ring in their structure. The ionic conductivity
measurements (Fig. 3.12d,e) confirm high ionic conductivity values (~ 47.9-59.6 mS-cm™ at 150 °C)
obtained for two mixed ILs. Moreover, the conductivity measurements in static mode (Fig. 3.12f) reveal a
stable ionic conductivity at 150 °C during 24 h, confirming the possibility of using these IL mixture in long-
term applications. However, it was found that the mixed Pr-1Ls showed the same thermal stability and ionic
conductivity as pure Pr-ILs (Table 3.4 and Table 3.5). These results testify the absence of new physical
(electrostatic) or chemical bonds in the mixed Pr-ILs. Performed FTIR analysis (Fig. 3.13) did not
demonstrate any considerable shift in the bands, thus confirming the absence of new electrostatic

interactions.
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Figure 3.12. The

ionic conductivity and thermal

behavior of [MIM][TFS)/[BIM][TFS] and

[DETA][TFS]/[DEPA][TFS] mixtures: a) TGA curves; b) DTG curves; c¢) isotherm at 150 °C; d) ionic

conductivity as a function of temperature; e) Arrhenius plot; f) ionic conductivity in isothermal mode at

150 °C.
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Figure 3.13. FTIR spectra of Pr-ILs mixture: a) imidazolium-based Pr-ILs; b) hydroxylammonium-based
Pr-1Ls.

3.6. Conclusion

Several new Pr-ILs with different nature (i.e. imidazolium- and hydroxylammonium-based Pr-1Ls)
were synthesized via acid-base neutralization reaction. In order to confirm the chemical structure of
obtained Pr-ILs, NMR (*H and *°F) and FTIR analyses were performed. TGA (static and dynamic modes)
and DSC analyses were carried out to evaluate the thermal behavior of synthesized Pr-ILs. Moreover, the

ionic conductivity (isothermal and dynamic modes) of Pr-1Ls was measured by EIS.
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It was found that the chemical nature of anion and cation can influence the thermal stability of Pr-
ILs, however, the influence of anion nature is more pronounced. Among different types of anions ([TFA],
[HS], [BUPH], and [EHPH]), [TFS]-based Pr-1Ls showed the highest thermal stability (Tgeq ~ 415435 °C)
owing to the strong acid property of trifluoromethansulfonic acid. Also, [TFS]-based Pr-ILs showed the
best thermal stability in static TGA tests by only ~ 0—3% of weight loss at 150 °C during 24 h. Indeed, there
is adirect link between acidity of acid and thermal stability of IL (i.e. stronger acid, higher thermal stability).
Therefore, the order of IL thermal stability based on the anion nature is as follows: [TFS] > [HS] > [EHPH]
> [BUPH] > [TFA]. Acetate-based Pr-1Ls showed the lowest thermal stability (Tgeg ~ 200-215 °C) due to
the hydrophilic property of acetate group in their structure. Sulfate-based Pr-ILs showed good thermal
stability up to ~ 370-375 °C while phosphate-based Pr-ILs demonstrated lower thermal stability (Tgeq ~
250-280 °C). Two cations of different nature (i.e. imidazolium- and hydroxylammonium-based cations)
were used for IL synthesis. Although, imidazolium-based ILs are well-known to be thermally stable ILs,
hydroxylammonium-based ILs showed almost the same thermal stability as compared with imidazolium-

based ones.

The ionic conductivity of obtained Pr-ILs was measured in dynamic and isothermal modes and it
was observed that the anion type has the dominant effect on the ionic conductivity value. [TFS]-based Pr-
ILs showed the highest values between ~ 34.5 and 63.7 mS-cm™ at 150 °C without presence of humidity
owing to the low pK, value of trifluoromethansulfonic acid (~ -14). The isothermal analysis showed the
ionic conductivity stability of [TFS]-based Pr-ILs at 150 °C during 24 h. Also, [HS]-based Pr-ILs revealed
good ionic conductivity, especially at 150 °C (~ 17.3-41.0 mS-cm™) due to the viscosity reduction (ion
mobility increase). The presence of long alkyl chains in the anion structure (i.e. [BUPH] and [EHPH])
increases the viscosity for these Pr-1Ls and, thus, reduces the ionic mobility — ~ 0.13-2.5 mS-cm™ at 120
°C. Moreover, [EHPH]-based Pr-ILs demonstrated lower ionic conductivity than the conductivity of
[BUPH]-based ILs owing to the lower ionic mobility because of the presence of longer alkyl chain in their
structure. [TFA]-based Pr-ILs showed a good ionic conductivity of ~ 28.6 mS-cm™ up to moderate
temperature (~ 80—90 °C) that is almost comparable with the conductivity of [TFS]-based Pr-1Ls at the
same temperature. However, acetate-based Pr-ILs are not thermally stable owing to the presence of
hydrophilic acetate group. So, the order of ionic conductivity according to the anion nature is as follows:
[TFS] > [HS] > [TFA] > [BUPH] > [EHPH]. It was found that by increasing the alkyl and hydroxyl chain
in cation structure, the ionic conductivity reduces due to the ionic mobility reduction. Following order of
cation ionic conductivity can be proposed: [MIM] > [BIM] and [DETA] > [DEPA]. The dominant transport

mechanism for all synthesized Pr-1Ls is proton hopping since Ez > 14 kJ-mol™.
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The obtained results prove that the [TFS]-based Pr-ILs are the ideal choice for high temperature
industrial applications and long-term processes (e.g. HT-PEMFC) owing to their excellent thermal stability

and ionic conductivity.
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In the present chapter, the fabrication and characterization of the porous membranes based on the
PAG are presented. The influence of the membrane elaboration parameters (namely, gelation time) on the
morphological and transport properties (i.e. hydrodynamic water flux, hydrodynamic permeability, and
retention test) of resultant membranes is studied. The obtained results of this chapter were published in the
Membranes journal (https://doi.org/10.3390/membranes12030315).

4.1. PA6 Membrane Elaboration

Nowadays, in order to improve the chemical, physical, thermal, and transport properties of
membranes, several modifications can be performed, such as the addition of nano materials (i.e.
nanoparticles, nanotubes, and nanofibers), surface modification by polymer immobilization, the use of
inorganic and organic materials, plasma treatment, and graft polymerization [139]. However, to have a
desirable membrane for selected application, several parameters that influenced the morphological and
transport properties should be taken in to account, namely the polymer nature, nature of solvent and non-
solvent, gelation time, coagulation medium composition, coagulation medium temperature, casting solution
composition, casting solution temperature, membrane casting rate, casting knife thickness, relative
humidity, and temperature of the atmosphere [139]. Up to now, several studies have been carried out to
investigate the influence of gelation time on the membrane properties [156-159]. Vandezande et al. [159]
investigated the influence of different phase inversion parameters (i.e. casting solution composition,
evaporation time, and coagulation medium composition) on the polyimide-based membrane properties for
nanofiltration application. 145 membranes with different phase inversion parameters were prepared. It was
found that by increasing the polyimide concentration from 15 to 25 wt.%, the complete rejection was
obtained (~ 100 %) although the permeation flux was reduced at the same time. The same trend was
observed for the evaporation time — by rising the evaporation time from 0 to 120 s, the rejection reached ~
100%, however, permeation rate reduces significantly. In fact, cross-section SEM images showed that the
rise of evaporation time led to decreasing the size and number of pores in the membrane structure. It was
also found that the membrane elaboration in the coagulation bath containing methanol caused the highest
flux as compared to the membrane obtained using other non-solvents, namely water, methanol, ethanol,
propanol, and isopropyl alcohol. In another research, Li and coworkers [157] studied the influence of
membrane thickness on the morphology of polyethersulfone and polyimide membranes. The SEM images
demonstrated that the membrane morphology was strongly influenced by membrane thickness as the
membrane morphology changed from the sponglike structure to fingerlike one by rising the membrane
thickness. Fan et al. [156] evaluated the effect of coagulation media on the physical property and permeation
performance of polyamide membranes. Different coagulation media (i.e. water, methanol, ethanol, n-

propanol, iso-propanol, n-butanol, and iso-butanol) were used. Membrane prepared in water bath showed
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the highest porosity (~ 86%) while membranes prepared in iso-propanol, and iso-butanol revealed the
highest Yonug’s modulus of 420 MPa. Furthermore, the optimum permeation rate (657 g-m2-h?) was
observed for polyamide membrane prepared in ethanol bath. See-Toh et al. [158] investigated the influence
of evaporation time and casting solution composition on the transport properties of polyimide membranes.
It was found that at the same evaporation time (i.e. 10 s), the flux reduced from 170 to 30 L-m2-h by
increasing the polymer concentration from 20 to 26 wt.%. Also, the rise of gelation time from 10 to 70 s at

the same polyimide concentration (22 wt.%) led to the flux reduction from 110 to 50 L-m-h,

In this section, porous PA6 membranes were prepared by a phase inversion method by varying
gelation time (i.e. 0, 2, 4, 10 min). The protocol of PA6 membrane preparation have been already presented
in the chapter 2 (Fig. 2.6 and Table 2.1). Several analysis were performed in order to discuss the

morphological and transport properties of resultant PA6 membranes.
4.2. Morphological Properties

In order to study the influence of the gelation times (0, 2, 4, and 10 min) on the membrane structure
both surface and cross-sectional images were taken (Figs. 4.1 and 4.2). Besides, the membrane porosity
was evaluated by the porosity, average pore size, and bubble point pressure (Table 4.1). The SEM images
of the membrane surface reveal a strong effect of the gelation time on the apparent morphology of PA6
membranes (Fig. 4.1). It can be observed that the apparent morphology of PA6 membrane was not changed
significantly from 0 to 2 min of gelation time — the pore size of M, sample is a little bit smaller than that of
Mo one. However, the M4 and M1, membranes are characterized by much smaller pore size — 0.468 + 0.023
pm and 0.234 £ 0.019 pum for M4 and My, respectively (Table 4.1). The cross-section SEM images allow
us to evaluate the inner structure of PA6 membranes (Fig. 4.2). It can be observed that both Mo and M>
membranes have rather symmetric porous structure. However, the rise of gelation time for more than 2 min
(i.e. M4 and Myg) provokes the change of the inner structure to asymmetric membrane (Figs. 4.2C and
4.2D). In addition, a skin top layer on the membrane surface (in contact with air) (which is present even for
the Mo membrane) becomes denser (i.e. smaller pores) with the gelation time increasing. Such observation
can be explained by the fact that with the rise of gelation time, larger amount of solvent (i.e. formic and
acetic acid) is evaporated during the delay stage [139]. As a result, changes in both skin layer and inner

structure (i.e. sub layer) of M1g membrane are more significant than those for the Mo membrane.
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Figure 4.1. SEM images with magnification of 1500X of PA6 membranes with various gelation time: A)
0 min; B) 2 min; C) 4 min; and D) 10 min.
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Figure 4.2. Cross-section SEM images (1000X) for PA6 membranes with different gelation time: A) 0 min;
B) 2 min; C) 4 min; and D) 10 min.
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Table 4.1. The effect of gelation time on porosity and average pore size of PA6-based membranes.

Membrane Gelation time (min) Porosity (%) Average pore size (um)*  Bubble point pressure (bar)*

Mo 0 72+2 0.710 £ 0.060 0.226
M: 2 59+1 0.563 + 0.036 0.442
M, 4 54+2 0.468 + 0.023 0.618
Mo 10 39+4 0.234+0.019 0.667

* The applied liquid was Porefil with a surface tension of 16 mN-m™.

The results of the surface topography and roughness of PA6 porous membranes are gathered in Fig.
4.3 and Table 4.2. A direct correlation between membrane surface roughness and gelation time can be seen
as the increase of gelation time from 0 to 10 min leads to the membrane surface roughness increasing (Ra
and Rq values) (Table 4.2). The surface roughness parameters (Ra and Rq) are quite similar for Mo and M
samples meaning no considerable changes in membrane roughness with the gelation time increasing from
0 to 2 min (Table 4.2). This result is in good agreement with the membrane morphology results (Figs. 4.1-
4.3) testifying to the fact that 2 min are not sufficient for the evaporation of high solvent quantity. However,
by further gelation time rising, the membrane morphology and surface roughness changed significantly
(Figs. 4.1 and 4.2 and Table 4.2). The PA6 membrane with the highest gelation time (i.e. M1o) showed the
highest R, and Rq values (189 = 53 nm and 240 = 59 nm, respectively). Indeed, longer time of exposure of
the cast polymer solution to the air for this sample provokes changing the gel structure owing to solvent

evaporation during the delay stage [139].

Table 4.2. Surface roughness of PA6 membranes for 5x5 um? scanned area.

Membrane Ra (nm) Rq (nm)
Mo 154 £ 22 200 + 34
M: 155+ 32 195+ 42
M4 166 £ 28 203 +31
Mio 189 £ 53 240 =59
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Figure 4.3. Surface morphology of PA6 membranes with different gelation time for 5x5 um? scanned area.

In order to see the influence of the gelation time on the membrane thickness, the thickness of PA6
porous membranes was measured in both wet and dry states (Fig. 4.4). For this purpose, membranes were
initially immersed in the deionized water for 24 h and the thickness was measured (Tw) after removing the
excess water from the membrane surface. Then, membranes were placed in an oven at 80 °C for 24 h and
their thickness was measured again (Tq). The obtained values of membrane thickness in both dry and wet
states are plotted in Fig. 4.4. The membrane thickness measured by the SEM analysis (Fig. 4.2) was added
for comparison. It can be seen that the membrane thickness values in both states (i.e. Tw and Tq) showed a
downward tendency with rising the gelation time. The rise of gelation time leads to reduction of apparent
pore size owing to the solvent evaporation during the delay stage. Thus, by increasing the gelation time,
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higher amount of solvent was evaporated. It is observed that T values for each sample are higher than Ty
ones as the membrane swelling takes place by the water molecules [139]. The membrane thickness measured
by SEM is close to the values measured in dry state proving the measurement accuracy. In order to have a
deeper insight into the membrane morphology, bubble point method was used to measure the membrane
pore size and pore size distribution. The bubble point pressure values are gathered in Table 4.1. This
pressure corresponds to the pressure, at which the first air bubble passes through a wet membrane. The high
pressure value indicates a membrane with small pore size while the low pressure value is characterized to
a membrane with large pore size [131,133,139]. Therefore, membranes possessing compact porous structure
will require higher pressure in comparison with porous membrane containing large pores. One can see that
by increasing the gelation time, the average pore size of PA6 membranes decreases — 0.710 and 0.234 um
are obtained for My and M membranes, respectively. These results confirm well the results of the SEM
analysis (Figs. 4.1 and 4.2) indicating that gelation time increasing provokes membrane denser morphology.
On the contrary, an opposite correlation between gelation time and membrane porosity can be seen — the
maximum and minimum values are reported for Mg and M1, membrane (72 and 39%, respectively) (Table
4.1). This result confirms that less porous membrane is obtained by the gelation time increase owing to a
longer solvent evaporation during the delay stage.

180 T
m Wet thickness mDry thickness = Measured by SEM (dry state)

Thickness (pum)

M M M M
0 2 Membrane ¢ 10

Figure 4.4. Wet and dry thickness of PA6 porous membranes.
4.3. Hydrophilic/Hydrophobic Balance

The membrane swelling degree was calculated as a function of gelation time (Table 4.3). It can be

seen that the increase of gelation time causes the decrease of swelling degree — the membrane with highest
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gelation time (i.e. Mo membrane) is characterized by the lowest swelling degree (single-dimensional, area,
and volume). Indeed, such result can be explained by changing the membrane morphology as the rising of
the gelation time results in the decrease of the apparent pore size of membranes (Figs. 4.1 and 4.2).

Therefore, Mo sample with larger pores reveals the highest swelling degree, while Mo sample with the most
compact porous structure demonstrates the lowest swelling degree.

Table 4.3. Swelling degree (single-dimensional, area, and volume) of porous PA6 membranes with
different gelation time.

Swelling degree (%0)

Gelation time Single-
Membrane (min) dimensional ~ Area(Eq.24)  Volume (Eq. 2.5)
(Eq. 2.3)
Mo 0 8+2 20+3 20 + 4
M2 6+1 14+2 20+ 4
M, 4 5+1 11+2 16+£3
Mio 10 3+1 8+2 11+2

The water uptake of porous PA6 membranes with different gelation times was measured (Fig. 4.5).
The results show that the increasing of gelation time results in the water uptake reduction — from ~ 62% for
Mo membrane to 39% for M1, membrane. The reason of such water uptake behavior is the reduction of

membrane pore size with the gelation time rising, thus, less water molecules can be absorbed by M1, sample
as compared with the Mg membrane.
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Figure 4.5. Water uptake of obtained PA6 membranes as a function of the gelation time.
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The CA value was measured by two different techniques: a sessile drop and a captive bubble. In
case of the sessile drop method, the water drop is placed on the surface of the PA6 membrane and the angle
between the membrane surface and drop is measured (Fig. 2.8a). However, once the drop is placed on the
membrane surface, it disappeared rapidly. The first reason of such result is the hydrophilic nature of PA6
polymer. The second reason is the membrane porous structure (Fig. 4.2). Therefore, the water drops are
absorbed by the membrane. In any case it can be revealed that the water CA increases by increasing the
gelation time (from Mo to My) owing to the pore size decreasing (Fig. 4.6a). It is known that CA is
influenced by two parameters: the membrane nature and the surface roughness [139,160-162]. The
membrane nature is the same since no additives or fillers were added and the only difference is the
membrane morphology and roughness (Figs. 4.1, 4.2 and Table 4.2). The water CA values were also
measured for wet membranes. For this purpose, the membrane was initially immersed in water and then the
CA value was measured. The water drops are still absorbed by the membrane, however, the absorption rate
is slower than that for dry samples. In any case, the increase of gelation time leads to rising the CA values
(Fig. 4.6Db).

In case of porous and hydrophilic membranes, it is better to measure the CA by captive bubble
method (Fig. 2.8b and 4.7). As one can seg, the slight increase of the CA value with the gelation time rising
is still observed. The CA values were plotted as a function of the membrane roughness (Fig. 4.8). One can
see that starting from 2 min of gelation time (i.e. minimum necessary time for the solvent evaporation) the

CA increase is observed.
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Figure 4.7. CA measurements of PA6 membranes by captive bubble method.
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Figure 4.8. Correlation between CA values (measured by captive bubble method) and surface roughness.

4.4. Mechanical Properties

In order to study the influence of the membrane morphology on its mechanical properties, the
tensile strength measurements were performed (Fig. 4.9). It is observed that rising the gelation time from 0
to 4 min, does not provoke the change in the membrane mechanical stability. This result may be explained
by the fact that the membrane morphology is changed slightly for these membranes (Fig. 4.1 and 4.2).
However, further increase of gelation time from 4 to 10 min causes the use of mechanical tensile strength

of ~ 28% (Fig. 4.9). In fact, this membrane is characterized by the smallest average pore size among other
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samples (Table 4.1) and the compact membrane structure (Fig. 4.2D) leading to increased mechanical

stability.
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Figure 4.9. Tensile strength of the PA6 membranes as a function of the gelation time.
4.5. Transport Properties

The transport properties (i.e. hydrodynamic water flux, hydrodynamic permeability, and retention)
of the obtained PA6 membranes with different gelation times were evaluated. The membrane hydrodynamic
water flux was measured using a dead-end experimental filtration setup (Fig. 2.10) and the measurement
were carried out at three different operation pressure values (0.5, 1.0, and 2.0 bar). Prior to measurement,
the membrane was initially compressed at 3 bar till the water flux through the membrane remained stable.
The PA6 membranes are characterized by a high initial hydrodynamic water flux — between 2000 and 3500
L-m=2-h't at 3 bar. The evaluation of the hydrodynamic water flux of each membrane at different operation
pressures versus time is shown in Fig. 4.10. It can be observed that the membrane hydrodynamic water flux
initially decreases and then remains stable. Such behavior is explained by the pores compactness owing to
the applied pressure. Subsequently, after the pore compression, the hydrodynamic water flux remained
stable. It can be seen that the rise of gelation time results in reduction of the membrane hydrodynamic water
flux (Fig. 4.10E). In general, the membrane morphology (porosity and average pore size) as well as
membrane hydrophilicity influence the membrane hydrodynamic water flux [124,139,163]. As it was shown
(Table 4.1) both porosity and average pore size decrease with gelation time increase. The SEM images also
showed that the membrane morphology is changed with the gelation time — denser membranes with smaller
pores are obtained with increasing the gelation time from 0 to 10 min (Figs. 4.1 and 4.2). Moreover, the CA

measurements (Fig. 4.6 and 4.7) revealed the decrease of the surface hydrophilicity of PA6 membranes
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with the gelation time increasing. Therefore, the hydrodynamic water flux of the My membrane is the

highest in comparison with the flux of other membranes (i.e. M2, M4, and Mag). In addition, there is a linear

correlation between the hydrodynamic water flux and operating pressure — the higher pressure is the higher

is the flux (Fig. 4.10E). The maximum and minimum values are obtained for Mo and M1o membranes — 28.6

and 12.9 L-m2-h"%, respectively.
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Figure 4.10. Hydrodynamic water flux at different operating pressures of PA6 membranes: A) Mo; B) My;

C) My; D) Myg; and E) as a function of driving force.
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The membrane hydrodynamic permeability coefficient L, is an important transport parameter. This
value is defined as the slope of the hydrodynamic water flux curve as a function of the applied pressure
(Eg. 2.13). As one can see from Fig. 4.11, a correlation between L, and membrane morphology can be
found. The L, value decreases by increasing the gelation time — the highest L, value is obtained for Mo
membrane and the lowest value is measured for Mo membrane (17.0 and 8.2 L-m2-h-t-bar, respectively).
The obtained results reveal that both porosity and pore radius of PA6 membranes are reduced, so the L,

reduction is observed by enhancing the gelation time.

The retention measurements were also performed for PA6 membranes. The results are shown in
Fig. 4.12. It can be observed that rising the gelation time led to the retention enhancement — the membrane
with the highest gelation time (i.e. M1g) demonstrated the highest retention value (~ 50%). The main reason
of such result is the average pore size decrease with the gelation time rise (Fig. 4.2 and Table 4.1).
Therefore, one can confirm that increasing the gelation time results in denser membrane structure (i.e.

smaller average pore size), thus, ensuring the higher membrane retention properties.
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Figure 4.11. Membrane hydrodynamic permeability coefficient Ly as a function of the gelation time.
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Figure 4.12. Influence of gelation time (A) and average pore size (B) on the membrane retention.

It can be seen that the water flux and L, values are rather low as compared to the literature data.
Zheng and coworkers [164] prepared IL grafted PA6 porous membranes via phase inversion method to
improve the water flux and heavy metal ion removal. The obtained results showed that by increasing the
concentration of IL from 2 to 8 wt.%, the water CA and pore size values decreased while the membrane
porosity increased. Also, composite PA6 membrane containing 2 wt.% of IL showed the highest water flux
of ~ 3400 L-m?2-ht which was 2.6 times higher than that of pure PA6 membrane owing to the higher
hydrophilicity and porosity of composite membrane. The IL grafted PA6 membranes demonstrated a better
heavy metal removal ability than the pure PA6 membrane owing to the great adsorption property of IL.
Shin et al. [165] prepared polyethersulfone/N-methyl-2-pyrrolidone microfiltration membranes modified by
2-methoxyethanol as an additive. It was found that the membrane containing 60 and 30 wt.% of 2-
methoxyethanol and N-methyl-2-pyrrolidone, respectively, showed the great water flux of 700 L-m2-h™,
Woo and coworkers [166] prepared poly(vinylidene fluoride)-based membrane and evaluate the influence
of membrane surface roughness on the permeate flux. It was observed that the membrane surface roughness

has an opposite influence on the permeate flux and the smoothest membrane showed the highest value of
146 L-m2-h,

Such results confirm that the resultant PA6 membranes are not characterized by satisfactory
transport properties (water flux and L) and they cannot be considered as a efficient membranes for filtration
processes. However, these membranes can be used as the supported ionic liquid membrane (SILM)
especially M1 membrane with the lowest pure water flux. Indeed, one of the promising ways to fabricate
the ion conductive membrane for PEMFC application is to prepare SILM. Fatyeyeva et al. [117] prepared
SILMs based on the porous polyimide membrane impregnated by imidazolium-based ILs. The
polyimide/IL membranes showed a great ionic conductivity of ~ 10 S-cm™ at 160 °C. In another work,

Dahi et al. [142] prepared SILM based on porous Matrimid® membrane and imidazolium-based ILs. The
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composite membranes showed the ionic conductivity of 2.0-102 S-cm™ at 115 °C. Kobzar and coworkers
[118] impregnated porous polyimide Matrimid® membrane with different polymerized ILs and the ionic
conductivity of 0.1 mS-cm™ at 150 °C.

4.6. Conclusion

Different porous PA6 membranes with various gelation times were fabricated by non-solvent
induced phase separation technique. SEM analysis showed that the change of the gelation time leads to
different membrane morphology — higher gelation time provokes the formation of the porous membranes
with smaller pores. Mg and Mg membranes showed the largest and smallest average pore size of 0.71 and
0.23 um, respectively. AFM analysis revealed that increasing of the gelation time provokes membrane
surface roughness increase and the highest surface roughness was observed for M1, membrane (R. and Rq
of ~ 189 £ 53 nm and 240 + 59 nm, respectively). Moreover, water CA increased with the gelation time
rising owing to the surface roughness enhancement, while water uptake and membrane porosity was
reduced owing to pore size reduction. M1, membrane also showed a better tensile strength (around 28%)
than that of My membrane due to the change of the structure during the gelation time. The obtained porous
PA6 membranes are not characterized by high water flux, L,, and retention values — ~ 12.9 L-m2-h!, 8.2
L-m2-ht-bar?, and 50%, respectively, for Mo membrane. Although, the prepared membranes do not
demonstrated sufficient transport properties, they have good potential to be used as a support for the SILM

preparation for PEMFC application.
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Composite membranes based on CAP/A-ILs and CAB/Pr-ILs were fabricated. The resultant
composite membranes were prepared by phase inversion method (casting followed by the solvent
evaporation). CAP and CAB polymers were chosen owing to their applications in various membrane
separation processes, such as pervaporation, reverse osmosis, and ultrafiltration. The physical and

morphological properties of lab-made composite membranes were evaluated.

This chapter is divided into two parts. The first section is devoted to CAP/A-ILs composite
membranes elaborated using commercial A-ILs. CAB/Pr-ILs composite membranes are presented in the
second part. The main goal of this research was to investigate the influence of the nature and concentration
of A-ILs and Pr-1Ls on the physical, chemical, thermal, and transport properties of composite membranes

and compare them with pure CAP and CAB membranes.

5.1. CAP/A-1Ls Composite Membranes

5.1.1. Membrane Elaboration

As explained in Chapter 2 (Fig. 2.7), the composite CAP/A-IL membranes were prepared by phase
inversion method. Three commercial A-ILs containing the same cation (1-(4-sulfobutyl)-3-
methylimidazolium [SMIM]) and different anions ([TFS], [HS], and [TFSI]) were used. The membranes
with various concentrations of A-ILs (i.e. 0, 9, 17, and 23 wt.%) were fabricated (Table 5.1 and Fig. 5.1) to
evaluate the influence of the A-IL content and nature on the properties of composite membranes and

compare them with the properties of pure CAP.

Table 5.1. The composition of composite membranes.

Membrane A-IL content (wt.%)*
Mo -
M 9
M, 17
M3 23

*Content of IL in membrane.

The first observations concern CAP/[SMIM][TFS] and CAP/[SMIM][TFSI] composite
membranes. The addition of A-ILs (i.e. [SMIM][TFS], [SMIM][HS], and [SMIM][TFSI]) and changing
their concentration from 9 to 23 wt.% (i.e. from M; to Ms) provokes the membrane transparency (Fig. 5.1)
as well as apparent mechanical stability (membrane flexibility) decrease. As to CAP/[SMIM][HS]

composite membrane, no significant changes in the membrane transparency and apparent mechanical
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stability are noticed. The reason of this result may be a better compatibility between [SMIM][HS] and
polymer as compared to two other A-ILs.
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Figure 5.1. Images of obtained pure CAP and CAP/A-IL-based membranes.

5.1.2. Physical-Chemical Characterization

5.1.2.1. Membrane Morphology
To evaluate the morphology of both pure CAP and composite CAP/A-ILs membranes, SEM

analysis was carried out (Figs. 5.2 and 5.3). A dense and homogenous structure of the pure CAP membrane
(i.e. Mg) can be noted. Such morphology is owing to good polymer dissolution in the solvent (i.e.
chloroform and acetone). The A-ILs introduction changes the membrane morphology from homogenous to
heterogeneous one. Furthermore, the number of observed gaps and cavities increases with the rise of the A-
ILs concentration of A-ILs from 9 to 23 wt.%. The main reason of this result is the incompatibility between

the polymer and A-ILs, thus the addition leads to the weakening of the polymer intermolecular and
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intramolercular links. The membrane thickness was measured during the SEM analysis and it was found
that the A-1Ls addition resulted in the thickness increasing of composite membranes as compared with the

pure CAP membrane. The rise of A-ILs content provokes further increase of the membranes thickness.

The carried EDX analysis allows to evaluate the presence of A-ILs. As one can see from Fig. 5.4,
the presence of characteristic elements of IL (i.e. S, N, and F) in the composite membrane bulk is detected,

confirming the dispersion of A-ILs within the membrane.
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Pure CAP

CAP/[SMIM][HS] CAP/[SMIM][TFS]

CAP/[SMIM]|[TFSI]

Figure 5.2. SEM images with magnification of 1000X of pure CAP and composite CAP/A-1Ls membranes.
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Pure CAP

CAP/[SMIM][HS] CAP/[SMIM]|[TFS]

CAP/[SMIM][TFSI|

Figure 5.3. Cross-section SEM images with magnification of 1500X
composite membranes.
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Figure 5.4. EDX spectra of composite membranes containing 17 wt.% of A-ILs: A) CAP/[SMIM][TFS];
B) CAP/[SMIM][HS]; and C) CAP/[SMIM][TFSI].

Surface topography and roughness of pure CAP and composite CAP/A-ILs membranes were
measured (Fig. 5.5 and Table 5.2). The results revealed a smooth surface for pure CAP membrane with the
surface roughness of ~ 2.8 nm. However, two different tendencies can be observed after the addition of A-
. CAP/[SMIM][TFS] and
CAP/[SMIM][TFSI]), it can be seen that the surface roughness increases significantly by rising the IL
concentration from 9 to 23 wt.% (Table 5.2). Composite membranes with 23 wt.% of [SMIM][TFS] and
[SMIM][TFSI] (i.e. M3s) demonstrated the maximum Ra value of ~
other hand, the surface roughness of CAP/[SMIM][HS] composite membranes is practically the same
whatever the [SMIM][HS] concentration (~ 20 nm) (Table 5.2). The reason of such behavior is the different
nature of used A-ILs. It should be noted that all studied A-ILs has the same cation ([SMIM]), but various
anions ([TFS], [HS], and [TFSI]). Two perfluorinated-based A-ILs (i.e. [SMIM][TFS] and [SMIM][TFSI])
have hydrophobic nature owing to the presence of hydrophobic anions containing the fluorine atoms. Thus,

ILs. As to composite membranes containing perfluorinated-based A-ILs (i.e

83 and 115 nm, respectively. On the

such A-1Ls cannot have good compatibility with CAP polymer, which is hydrophilic. Such incompatibility
is more pronounced at high concentrations of ILs. [SMIM][HS] has the hydrophilic nature due to a sulfate-
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based anion. Thus, [SMIM][HS] has a better compatibility with hydrophilic CAP leading to obtaining a
smoother surface as compared to two perfluorinated-based ILs (i.e. [SMIM][TFS] and [SMIM][TFSI]).

Table 5.2. Surface roughness and thickness of pure CAP and CAP/A-ILs membranes.

Membrane composition

Parameter CAP CAP/[SMIM][TFS] CAP/[SMIM][HS] CAP/[SMIM][TFSI]
Mo M1 M2 Ms M1 M2 M3 M1 M2 M3
Roughness Ra
( ) 8+1 350+4 48.1+11 82825 | 24711 176 +3 194 +6 128+5 519+6 1154+31
nm
Thickness
( ) 102+14 | 113+15 137+35 144+34 116 + 16 127+16 134+25 | 110+16 116+13 122 +19
pum
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Figure 5.5. Surface morphology of pure CAP and CAP/A-ILs membranes for 5x5 um? scanned area.

The thickness of pure CAP and CAP/A-1Ls composite membranes was measured after their drying
at 80 °C for 24 h (Table 5.2). Membrane thickness is an important parameter of the PEM efficiency as the
proton transport through the thin PEM is facilitated while it is rather long through thick membrane. It can
be seen that the thickness of pure CAP membrane is around 102 um and it increases when introducing A-
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ILs (Table 5.2). A direct correlation between the membrane thickness and the A-ILs concentration exists

and the rise of ILs concentration leads to the membrane thickness increase [167].
5.1.2.2. Polymer-ILs Interactions

The FTIR spectra of pure CAP, A-ILs, and composite membranes are shown in Fig. 5.6. The
assignments of characteristic bands of pure CAP and A-ILs are gathered in Table 5.3. Regarding CAP
spectrum, hydroxyl band was observed at ~ 3504 cm-. Bands at ~ 2946-2985 cm are assigned to C—H
stretching vibration band of —CH group. The C=0 stretching vibration band of ester group of CAP can be
seen at ~ 1745 cm*. Furthermore, two peaks at ~ 1466 and ~ 1353 cm™ are ascribed to CH, and C—H
bending, respectively. Two other peaks observed at ~ 1166 and ~ 1070 cm™ are attributed to C—O symmetric
stretching vibration bands of —COO— ester group [168-170].

In case of A-ILs (i.e. [SMIM][TFS], [SMIM][HS], and [SMIM][TFSI]), bands at ~ 3159-3114
cmtare characteristic to C—H stretching vibration band of ~CH group. Additionally, two bands at ~ 1700
and ~ 1570 cm™ are attributed to C=N and C=C (skeletal) bonds of the imidazole ring, respectively. Two
peaks at ~ 1460 and ~ 1350 cm™ belong to CH, and C—H bending, respectively. Bands at ~ 1224-1028 cm'!
are assigned to S=0O stretching vibration bands in the A-ILs structure. A peak at ~ 1050 cm! is attributed
to C—F stretching vibration band of [SMIM][TFS] and [SMIM][TFSI] (Fig. 5.6a). Besides, the peak of C—S
stretching vibration band was revealed at ~ 650 cm* [119,149,151].

Fig. 5.6b-d shows that all characteristic peaks of A-ILs can be found in spectra of composite
membranes, i.e C-S vibration at ~ 740-750 cm, C-F stretching vibration at ~ 1030-1055 cm, and S=O
vibration at ~ 1165-1225 cm™. However, the analysis of C-F and S=O bands in spectra of composite
membrane is rather difficult because of band overlapping with C—O band of ester groups of CAP. This

result confirms the A-ILs presence in the composite membranes.
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Table 5.3. Assignments of vibrational modes for pure CAP membrane and A-ILs.

Band assignments

Wavenumber (cm™)

CAP [SMIM][TFS]  [SMIM][HS]  [SMIM][TFSI]

O—H stretching 3504 - - -
C—H stretching 2946, 2985 3118, 3159 3114, 3159 3120, 3159
C=0 stretching vibration (ester group) 1745 - - -
C=N imidazole ring - 1704 1694 1702
C=C skeletal (imidazole ring) - 1572 1575 1572
CH_ bending 1466 1461 1459 1463
C—H bending 1353 1356 1333 1350
S=0 stretching - 1165, 1224 1028, 1167 1139, 1188
C-0 symmetric stretching (ester group) 1070, 1166 - - -
C—F stretching - 1025 - 1056
C-S stretching - 639 657 606

123



Transmittance

Transmittance

Chapter 5. lonic Liquid-based Membranes

|
4000

a
[-5] |
=
= I
=]
-,1‘; i Pure CAP, MO
- |
w e (AP F
[SMIM][TES] z : CAP/[SMIM][TFS], M1
~ W . r
[SMIM][HS] = o' ——— CAP/[SMIM][TF5], M2
[SMIM][TFSI] ——— CAP/[SMIM][TFS], M3
r + + + + + + i } } } } } }
500 1000 1500 2000 2500 3000 3500 4000 500 1000 500 2000 2500 3000 3500
Wavenumber (cm1) Wavenumber (cm™)
¢ d
n
—_— ——
— —
=
&
~——r 2 —
]
— b=
£
Pure CAP, MO z ' Pure CAP, MO
= W
—— CAP/[SMIM][HS], M1 - VL —— CAP/[SMIM][TFSI|, M1
= c’F 50 .
——— CAP/[SMIM][HS], M2
——— CAP/[SMIM][TFSI], M2
——— CAP/[SMIM][HS], M3
——— CAP/[SMIM][TFSI], M3
: : : : : : ! i i i ‘ ‘ ‘ !
1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 2500 3000 3500

500

Wavenumber (cm!) Wavenumber (cm™)

Figure 5.6. FTIR-ATR spectra of: a) A-ILs; b) CAP/[SMIM][TFS]; ¢) CAP/[SMIM][HS]; and d)
CAP/[SMIM][TFSI] membranes.

5.1.2.3. Water Contact Angle

The water CA of CAP and CAP/A-ILs membranes was measured by sessile drop technique and
obtained values are gathered in Table 5.4. It can be observed that CA value of pure CAP membrane is 79 £
1°, thus confirming the CAP hydrophilic nature owing to the presence of a number of hydroxyl groups in
its structure. The addition of A-ILs revealed two different water CA behavior. The presence and increasing
the concentration of [SMIM][TFS] and [SMIM][TFSI] A-ILs provoke the increase of water CA values (Fig.
5.7aand 5.7¢). Indeed, CA value depends on chemistry of material and surface roughness [139,160-162]. As
aresult, such increase can be caused by the presence of hydrophobic anions (i.e. [TFS] and [TFSI]). Another
reason is the continuous increase of the surface roughness of composite membranes (Fig. 5.7). As to
CAP/[SMIM][HS] composite membranes, water CA remains practically the same with the [SMIM][HS]
concentration increase (Fig. 5.7b). Besides, only the slight increase of the surface roughness is noted with
the introduction of [SMIM][HS]. The hydrophilic nature of this IL can reduce the effect of the surface
roughness increase on CA. Therefore, CA is not changed significantly (Fig. 5.7b).
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Table 5.4. Water contact angle values of pure CAP and composite CAP/A-ILs membranes.

Mo M1 M2 M3
IL content (wt.%) 0 9 17 23
Contact angle (°)
CAP/[SMIM][TFS] 8l1+4 84 +2 106 £5
CAP/[SMIM][HS]  79+1 79+3 82+3 83+3
CAP/[SMIM][TFSI] 87 +2 88+1 94+ 4
110 Ml 110 —+
a o b
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Figure 5.7. Correlation between water contact angle and surface roughness: a) CAP/[SMIM][TFS]; b)

CAP/[SMIM][HS]; and c) CAP/[SMIM][TFSI].

5.1.2.4. Thermal Properties
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Thermal stability is rather important parameter for PEM, especially for HT-PEMFC. Therefore,

TGA analysis in dynamic mode (Fig. 5.8) was performed to investigate the influence of chemical nature of

A-I1Ls on the thermal behavior of composite CAP-based membranes. At the beginning, the thermal stability

of pure A-ILs was studied. It can be seen from Fig. 5.8a that [SMIM][HS] is thermally stable up to ~ 363
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°C, while [SMIM][TFS] and [SMIM][TFSI] are less thermally stable probably owing to the moisture
presence. The main weight loss of [SMIM][TFS] and [SMIM][TFSI] (~ 406 and 421 °C, respectively) is
higher than that of [SMIM][HS] (~ 363 °C). In general, the influence of anion on the thermal stability of
ILs is more pronounced than that of cation [147,149]. The studied A-ILs have the same cation in their
structure but different anions. The sulfonic group is a hydrophilic group with super acidic property which
enhances the compatibility with the hydrophilic hydrogen sulfate anion of [SMIM][HS]. However, there is
no compatibility between cation hydrophilic sulfonic group and hydrophobic trifluoromethanesulfonate and
bis(trifluoromethanesulfonyl)imide anions of [SMIM][TFS] and [SMIM][TFSI]. Therefore, a weight loss
(around 20%) observed for these A-ILs is caused by the degradation of sulfonic acid group with temperature
increase (Fig. 5.8a). Moreover, the lower weight loss of [SMIM][TFSI] in comparison with [SMIM][TFS]
is noted owing to the presence of two hydrophobic trifluoromethanesulfonyl groups with more fluorine

atoms.

The TGA curve of pure CAP membrane reveals its thermal stability up to ~ 373 °C (Fig. 5.8b—
5.8d). Besides, for all studied composite membranes, three degradation steps can be noted, whatever the A-
ILs nature and concentration are (Fig. 5.8b-5.8d). The first step occures at the temperature between ~ 70
and 80 °C owing to the moisture presence. The second degradation step at 150 °C < T <210 °C is linked
to the degradation of ILs. Besides, the polymer also starts to degradate since A-ILs may dissolve the
polymer, thus reducing the polymer decomposition temperature. The third degradation step is observed in
the temperature range of ~ 335-367 °C owing to the CAP decomposition. It can be seen that that the main
degradation temperature of CAP/[SMIM][HS] is ~ 190-210 °C which is higher than the degradation
temperature of composite membrane containing [SMIM][TFS] and [SMIM][TFSI] (~ 152-167 °C). Such
result may be explained by the incompatibility between sulfonic acid group of cation and [TFS] and [TFSI]

anions containing hydrophobic fluorine atoms.
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5.1.2.5. Mechanical Properties

The mechanical stability, flexibility, and elasticity of polymer are very important factors that ensure
the membrane efficiency in separation processes. Therefore, mechanical behavior (i.e. Young’s modulus,
elongation at break, force at break, and maximum force) of the CAP-based membranes was investigated by
tensile test in order to evaluate the influence of IL concentration on the mechanical properties of composite
CAP/A-IL membranes. The values of Young’s modulus, elongation at break, force at break, and maximum
force of the pure CAP membrane are 977 £ 110 MPa, 24 +5 %, 29 £ 1 N, and 30 £ 2 N, respectively (Fig.
5.9). The results showed that the addition and increasing the concentration of [SMIM][TFS] and
[SMIM][TFSI] cause the decrease of Young’s modulus, elongation at break, force at break, and maximum
force values of composite membranes in comparison with pure CAP, while practically the same values are
obtained for the CAP/[SMIM][HS] composite membrane. Furthermore, the elongation at break of
CAP/[SMIM][HS] composite membranes (i.e. M1, M2, and Ms) is higher than that of pure CAP membrane.
Indeed, such different behavior may be explained by the nature of A-ILs. CAP polymer owing to the
presence of numerous hydroxyl groups has a hydrophilic nature. However, [SMIM][TFS] and
[SMIM][TFSI] are rather hydrophobic due to the presence of fluorine atoms. Therefore, the compatibility
between polymer and A-ILs is rather low that is why the mechanical stability and flexibility of
CAP/[SMIM][TFS] and CAP/[SMIM][TFSI] composite membranes decrease and they are more fragile as
compared with the pure CAP membrane. The hydrophilic nature of [SMIM][HS] may be explained by the
presence of hydrogen sulfate anion and sulfonic acid group on the cation. As a result, there is an acceptable
compatibility between CAP polymer and additive in the membrane matrix, which thus leading to a good
mechanical stability of the CAP/[SMIM][HS] composite membranes. Furthermore, the elongation at break
values of CAP/[SMIM][HS] composite membranes are higher than that of pure membrane (Fig. 5.9b)
confirming that [SMIM][HS] acts as the plasticizer of the CAP membrane.
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Figure 5.9. Influence of the A-ILs nature and concentration on the mechanical properties of CAP-based

membranes: a) Young’s modulus; b) elongation at break; c) force at break; and d) maximum force.

5.1.2.6. Leaching Phenomenon

The main drawback of IL-based membranes is the IL leakage from the composite membrane during

the membrane application. Such leaching provokes the membrane performance decrease. So, in order to

evaluate the stability of A-ILs-based composite membranes, the leaching test was performed at 24 + 3 °C

(section 2.4.14). The results are shown in Fig. 5.10. It can be seen that the weight loss of composite

membranes containing 9 wt.% of IL (M) is ~ 2-5% and it increases to ~ 13-15% for composite membranes

with 23 wt.% of IL (Ms). The leaching phenomenon takes place because of the lack of strong chemical

bonds between polymer chains and ILs. Indeed, there are only weak electrostatic interactions. The polymer

macromolecular chain movements can also push the excess amount of free ILs from the membrane.
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Figure 5.10. Evaluation of CAP-based membranes weight loss during the leaching measurements.
5.1.2.7. lonic Conductivity

As the composite membranes are intended to the fuel cell application, therefore, their ionic
conductivity was measured at 25 = 3 °C during 24 h under 100% RH (Fig. 5.11). The pure CAP membrane
is insulating (0.003 pS-cm™ at the same condition)as it does not contain any conductive groups. The
addition of ILs results in the significant increase of conductivity. Moreover, it increases with the
concentration of A-ILs rising from 9 to 23 wt.% (Fig. 5.11). The increase of IL concentration provokes the
increase of the ions number in the membrane, hence, the rise of the ionic conductivity. The similar trend
was observed in literature in case of SPEEK/PBI/IL composite membranes containing two different sulfate-
based ILs (3-triethylammonium hydrogen sulfate and 1-butylimidazole hydrogen sulfate) [171]. It was
found that by increasing the ILs concentration from 2.5 to 5 wt.%, the ionic conductivity of composite
membranes increased at 25 and 100% RH. The prepared SPEEK/PBI/IL composite membranes showed
good ionic conductivity of 18-74 mS-cm at 25 °C and 100% RH. da Trindade et al. [114] prepared
SPEEKI/IL composite membranes containing different ILs concentrations (5, 10, and 15 wt.%). The
prepared SPEEK/IL composite membranes showed great ionic conductivity of 43-120 mS-cm at 25 °C
and 100% RH. However, the increase of IL concentration (from 5 to 15 wt.%) leads to ionic conductivity

reduction owing to the IL agglomeration.

As it was shown in literature [142,150], the influence of anion nature on the membrane ionic
conductivity is more pronounced than that of cation. The composite membrane containing 23 wt.% of
[SMIM][TFS] reveals the highest ionic conductivity of 1.2-10° mS-cm™ at 25 °C and 100% RH. It can be

130



Chapter 5. lonic Liquid-based Membranes

observed that the ionic conductivity of [SMIM][TFS]- and [SMIM][TFSI]-based composite membranes is
higher than that of [SMIM][HS]-based CAP membrane (Fig. 5.11). In general, the acidity of the utilized
acid during the IL synthesis has a significant influence on the ionic conductivity of the obtained IL. The
pKa value of trifluoromethanesulfonic acid (pKa ~ -14) is lower than that of sulfuric acid (pKa ~-3), meaning
that trifluoromethanesulfonic acid is stronger than sulfuric acid [152,155]. As a result, the ionic conductivity
of CAP/[SMIM][TFS]- and [SMIM][TFSI]-based membranes is higher than that of CAP/[SMIM][HS]-
based membranes whatever the IL concentration is, i.e. 9, 17, and 23 wt.%. Moreover, the ionic conductivity
of CAP/[SMIM][TFS]-based membranes is higher than that of CAP/[SMIM][TFSI]-based membranes due

to the fact that the [TFSI] anion has larger size, so lower ionic mobility, i.e. lower conductivity.
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Figure 5.11. lonic conductivity of CAP/A-ILs composite membranes at 25 + 3 °C under 100% RH as a

function of the IL content and nature.

5.2. Conclusion

In this section, the influence of the A-ILs presence on the ionic conductivity, morphological,
physical, thermal, and mechanical properties of CAP-based membranes was evaluated. A-ILs were
incorporated in the polymer solution in order to prepare composite membrane. EDX and FTIR analyses
confirmed the presence of ILs within the composite membrane. SEM analysis revealed that the addition of
A-ILs caused formation of gaps and cavities in the membrane structure. The surface roughness of CAP
membranes increased in case of [TFS] and [TFSI]-based ILs, while it did not change in case of [HS]-based
IL owing to the good compatibility between polymer and [SMIM][HS]. Besides, the water CA values of
CAP/[SMIM][TFS] and CAP/[SMIM][TFSI] membranes are higher than those of the pure CAP membrane,

whereas in case of CAP/[SMIM][HS] membrane the water CA value is similar to the value of the pure
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membrane. The composite membranes showed less thermal stability as compared with pure CAP
membrane. CAP/[SMIM][TFS] and CAP/[SMIM][TFSI] membrane showed lower mechanical stability
values as compared with pure membrane while CAP/[SMIM][HS] membrane demonstrated almost the
same values as pure CAP membrane. Leaching test revealed that by increasing the IL concentration, the
leaching increases considerably owing to the weak electrostatic interactions between IL and polymer.
CAP/[SMIM][TFS] composite membrane showed the highest ionic conductivity of 1.2-10° mS-cm at 25
°C and 100% RH owing to the strong acid property of trifluoromethanesulfonic acid. The obtained results
showed that there is a tradeoff between the IL concentration in membranes and the thermochemical
properties of composite membranes. It was seen that the ionic conductivity of composite membranes
increased by rising the IL concentration while opposite trends were observed regarding thermal and
mechanical stability of membranes. Therefore, in order to obtain an ideal IL-based membrane, an optimum

concentration of IL should be introduced to the membrane.
5.3. CAB/Pr-ILs Composite Membranes

5.3.1. Membrane Elaboration

In the second part of this chapter CAB polymer is used for membrane fabrication. CAP and CAB
have the same chemical nature, and the only difference is the number of carbon atom — 3 for CAP (in
propionate) (Fig. 2.1b) and 4 for CAB (in butyrate) (Fig. 2.1c), therefore, CAB can have more electrostatic
interactions with ILs (i.e. having better compatibility between polymer and IL). Furthermore, synthesized
Pr-ILs with different chemical natures were used (the synthesis procedure was explained in Chapter 3) in

order to prepare composite membranes.

CAB/Pr-1Ls composite membranes were fabricated via phase inversion technique induced by the
solvent evaporation (Fig. 2.7). At the beginning, two imidazolium-based Pr-ILs (i.e. [MIM][TFS] and
[BIM][TFS]) were used for the preparation of composite membranes (Table 5.5). The choice of these Pr-
ILs is based on their stability at elevated temperature owing to the presence of [TFS] anion in their structure.
The pure CAB membrane (Mo) is transparent and flexible (Fig. 5.12), however, the addition of 5 wt.% of
Pr-IL ([MIM][TFS] or [BIM][TFS]) provokes the reduction of the apparent mechanical stability of obtained
membranes as compared with the pure membrane. The further increase of Pr-1L content from 5 to 9 and 17
wt.% leads to the detention of rather fragile membranes. Moreover, the transparency of composite
membrane with 5 wt.% of IL is lower than that of the pure CAB membrane (Fig. 5.12) and the increase of
the IL concentration, further decreases the membrane transparency. This result may be explained by the
incompatibility between polymer and Pr-ILs. CAB polymer (Fig. 2.1c) has a hydrophilic nature due to the
presence of many hydroxyl groups in its structure. However, [MIM][TFS] and [BIM][TFS] are hydrophobic
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owing to the presence of hydrophobic anion. As a result, such incompatibility between polymer and Pr-1Ls
provokes the presence of two separate phases and the decrease of the apparent mechanical stability and
flexibility of CAB/[MIM][TFS] and CAB/[BIM][TFS] composite membranes. As the membrane
mechanical stability and flexibility are very important for their use in PEMFC process, therefore various
methods were applined to obtain a mechanically stable composite membrane containing Pr-ILs with a

concentration higher than 9 wt.%.

Table 5.5. Composition of CAB/Pr-1Ls-based membranes.

Membrane Pr-1L Pr—(:llv_tgz)r;ient Meg::treane
Mo - - Flexible
M 5 Flexible
M2 [MIM][TFS] 9 Fragile
M3 17 Fragile
M 5 Flexible
M2 [BIM][TFS] 9 Fragile
M3 17 Fragile
*Content of Pr-IL in membrane.
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Figure 5.12. Images of obtained composite CAB/Pr-IL membranes.

5.3.1.1. Pr-1Ls Mixture

In order to increase the mechanical stability, it was decided to mix both Pr-ILs (50/50, w/w) to have
a membrane with 9 wt.% of IL. The membrane preparation technique was the same as previously (Fig. 2.7).

It was supposed that some new electrostatic interactions may appeared between both Pr-ILs and polymer

133



Chapter 5. lonic Liquid-based Membranes

chains, resulting in formation of the flexible composite membrane. However, the resultant membrane was
still rather fragile.

5.3.1.2. Porous CAB-based Membranes

In order to increase the content and preserve the mechanical stability of CAB, the SILM approach
was used. For this purpose a porous CAB membrane was elaborated. 2 g of CAB was dissolved in solution
containing 1,4-dioxane and acetone (3.2 and 3.6 mL, respectively). After certain time, 3.2 mL of formamide
was added to the polymer solution and it was stirred until a homogenous polymer solution was obtained.
The CAB-based solution was then cast on the glass plate. The polymer solution was cast with different slits
of casting knife (0.25 and 0.40 mm) and was exposed to the environment during different gelation time (2
and 5 min) at 24 + 3 °C. Subsequently, the glass plate with cast polymer solution was immersed in the water
coagulation bath (Fig. 5.13). The polymer film was peeled off from the glass plate after some minutes. The
obtained polymer films was submerged for 24 h in the deionized water for the solvent removal. The
membrane was dried in the oven at 80 °C for 24 h. However, the prepared porous membranes were not
enough flexible after drying. Therefore, prepared membranes with this method cannot be used for
preparation of composite membrane since a sufficient mechanical stability is a necessary parameter for fuel
cell application.

'Y £\

CAB Acetone Formamide Solvent evaporation

& €]
.> 1,4-dioxane aa

Casting the polymer Gelation fime
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Deionized water Immersion
Solvent‘\\\ 4
_ '\\ N
. C— @ \\' —
Fragile b \__ Solvent
membrane N
Water bath
Drying at 80 °C Membrane immersion for 24 h

Figure 5.13. Scheme of preparation of porous CAB membrane by phase inversion method.
5.3.1.3. Polymer Blending

In order to obtain conductive membranes, CAB was blended with poly(styrenesulfonic acid)
(PSSA). For this purpose, 0.25 g of CAB and 0.83 g of PSSA were dissolved together in DMSO and
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vigorously stirred during 12 h (Fig. 5.14). After, 9 wt.% of Pr-IL ([MIM][TFS], or [BIM][TFS], or mixture
of both (50/50)) were added to the polymer solution and stirred again for 16 h. The obtained composite
solution was cast on the Petri dish, covered and heated at 50 °C till drying and forming the polymer
membrane. However, the obtained membranes were also rigid and brittle. Therefore, to prepare a

mechanical stable and conductive membrane, other methods should be investigated.

4DV VY A

CAB PSSA Pr-IL g
o
DMSO
-Mixing for 12 h - Mixing for 16 h
Covering and heating Brittle composite
the Petri dish at 50 °C membrane

Figure 5.14. Scheme of preparation of composite CAB-PSSA/Pr-1Ls membrane.
5.3.1.4. Dense Membranes Using Blending/Washing Method

The fabrication of polymer membrane by blending/washing method was another attempt to prepare
mechanically stable composite membrane containing Pr-IL. In this case, CAB and PVP (75/25, w/w) were
dissolved in chloroform and acetone used as the solvent (blending stage) (Fig. 5.15). The polymer solution
was vigorously stirred during 12 h and then it was cast on the Petri dish. The Petri dish was covered at 24
+ 3 °C till the solvent evaporation. The dried membrane was immersed in the coagulation bath
(water/methanol, 50/50, v/v) at 70 °C for two days to remove PVP from the membrane (washing stage).
The obtained membrane was rinsed with deionized water and placed in the oven for 24 h at 80 °C. However,
the results were not satisfying as the obtained dried CAB membrane was still fragile (Fig. 5.15). The CAB-
PVP membrane (50/50, w/w) was also prepared. However, the membrane mechanically decomposed during
the washing step. In addition, the CAB composite membranes using CAB-PEG with different molecular
weights (Mw: 300, 600, and 20000 g-mol?) and compositions (75/25 and 50/50, w/w) were prepared.
However, the obtained membranes were not mechanically stable (fragile). Therefore, this method is not

appropriate for the preparation of a mechanically stable and conductive membrane.
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Figure 5.15. Scheme of preparation of composite CAB-PVP and CAB-PEG membranes.
5.3.1.5. New Pr-ILs

In order to improve the compatibility of CAB with Pr-ILs, new Pr-ILs were synthesized (Chapter
3). Pr-ILs with different anions (trifluoromethanesulfonate, trifluoroacetate, hydrogen sulfate, di-n-
butylphosphate, bis(2-ethylhexyl)phosphate) and cations (1-methylimidazolium, 1-(n-butyl)imidazolium,
2-hydroxy-n,n-dimethylethanaminium, and 3-hydroxy-n,n-dimethylpropan-1-aminium) were obtained and
their properties were discussed in Chapter 3. The procedure of fabrication of CAB/Pr-IL composite
membranes is schematically presented in Fig. 2.7. The composite CAB/Pr-IL membrane containing X wt.%
of Pr-IL labels as CAB/Pr-ILx. For example, CAB/[DEPA][BUPH]:; indicates composite
CAB/[DEPA][BUPH] membrane containing 17 wt.% of [DEPA][BUPH]. The physical state of prepared
composite CAB-based membranes is presented in Table 5.6.

The composite CAB/Pr-IL  membranes with 9 wt% of trifluoroacetate- and
trifluoromethanesulfonate-based Pr-ILs were not enough flexible (Fig. 5.16). This fact may be explained
by the incompatibility between polymer and mentioned Pr-1Ls owing to the hydrophobic nature of these
Pr-ILs. However, fabrication of flexible composite membranes with IL concentration higher than 9 wt.%
was possible using phosphate- and sulfate-based Pr-ILs (Figs. 5.16 and 5.17). This result testifies to the
good compatibility between phosphate- and sulfate-based Pr-1Ls and CAB. Besides, it should be mentioned
that it was possible to fabricate flexible composite membranes with the IL concentration up to ~ 44 (with
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phosphate-based ILs) and 33 (with sulfate-based ILs) wt.%. However, after some days of storage, Pr-ILs
started to leach out from the membrane (Fig. 5.18). This fact may be explained by the polymer

macromolecular chain movements that push out the IL excess from the membrane.

In conclusion, different methods used for the membrane preparation are gathered in Table 5.7. It
was possible to obtain flexible CAB-based membranes containing more than 9 wt.% of Pr-ILs by using
sulfate- and phosphate-based Pr-ILs. Therefore, these membranes where chosen for further

characterization.
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Figure 5.16. Images of obtained composite [DETA]-based CAB composite membranes.
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Figure 5.17. Image of obtained composite CAB/[DETA][BUPH]2s membrane.

Figure 5.18. ILs leaching phenomenon: A) composite CAB/[MIM][HS]ss; and B) composite
CAB/[DETA][BUPH]44 membrane.
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Table 5.6. Composition and physical state of composite CAB/Pr-ILs-based membranes.

Pr-1Ls concentration (wt.%0)"

ProiLs Base Acid 17 23 20 33 338 41 44 50
[DETA][TFS] trifluoromethanesulfonic acid - - - - - - - -
[DETA][TFA] trifluoroacetic acid - - -
2-(dimethylamino)ethanol
[DETA][BUPH] di-n-butylphosphate N N N L L L L F
[DETA][EHPH] bis-(2-ethylhexyl)phosphate N N N L L L L —
[DEPA][TFS] trifluoromethanesulfonic acid - - - - — — - —
[DEPA][TFA] trifluoroacetic acid - - - - — — - —
3-dimethylamino-1-propanol
[DEPA][BUPH] di-n-butylphosphate N N N L L L L L
[DEPA][EHPH] bis-(2-ethylhexyl)phosphate N N N L L L L —
[MIM][TFS] trifluoromethanesulfonic acid - - — — — — — —
[MIM][TFA] trifluoroacetic acid - - - - - - - -
[MIM][HS] 1-methylimidazole sulfuric acid L L L L - - - -
[MIM][BUPH] di-n-butylphosphate N N L - - - - -
[MIM][EHPH] bis-(2-ethylhexyl)phosphate N N L - - - - -

[BIM][TFS]

1-(n-butyl)imidazole

trifluoromethanesulfonic acid
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[BIM][TFA]

[BIM][HS]

[BIM][BUPH]

[BIM][EHPH]

trifluoroacetic acid

sulfuric acid

di-n-butylphosphate

bis-(2-ethylhexyl)phosphate

*Content of Pr-IL in membrane.

F: fragile, L: leaching, N: without leaching.
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Table 5.7. Summary of methods used for preparing flexible composite membranes.

Method Remark Membrane state
.- Mixing of [MIM][TFS] and [BIM][TFS] (5 + 5 wt.%) to prepare .
Pr-ILs mixing compoqsite [CAB/][I[VIIM%[TFS[]s-[BI]I[VI][T]F(S]s membra)ne Prep Fragile
Fabricating of porous membrane to use as a SILM
(gelation time and slit of casting knife):
Porous membrane o 2 m!n and 0.25 mm Frag!le
e 2minand 0.40 mm Fragile
e 5minand0.25 mm Fragile
e 5minand 0.40 mm Fragile
Preparing composite CAB-PSSA/Pr-1Ls membrane containing:
Polymer blending *  9wt%of [MIM][TFS] Fragile
. 9 wt.% of [BIM][TFS] Fragile
e 5wt% ofeach IL Fragi
ragile
Preparing dense CAB-PVP and CAB-PEG (Mw: 300, 600, and
20000 g-mol-t) membranes:
Blending/washing *  CAB/PVP:50/50 Decomposed
e CABJ/PEG: 50/50 Fragile
e CABJ/PEG: 75/25
Fragile
Synthesis of new Pr-ILs and preparing composite membranes: .
o acetate-based Fragile
Synthesis of new Pr-ILs e trifluoromethanesulfonate-based Fragile
e  sulfate-based Flexible
e  phosphate-based .
Flexible

5.3.2. Physical-Chemical Characterization

Even if the flexible composite CAB-based membranes containing phosphate- and sulfate-based Pr-
ILs were obtained, the IL leakage was observed. In case of sulfate-based composite membranes, it was
observed already at 17 wt.% of IL, while leaching was observed for 29-33 wt.% of phosphate-based
composite membranes. In addition to the IL leaching, the ionic conductivity of phosphate-based Pr-1Ls is
rather low (Figs. 3.11 and Table 3.5).

Therefore, a mixture of Pr-ILs was used. For this purpose, two Pr-ILs with the best conductive
performance among trifluoromethanesulfonate- and phosphate-based Pr-ILs were chosen: [DETA][TFS]
and [DEPA][BUPH]. [DETA][TFS] reveals great thermal stability and ionic conductivity, and good
compatibility of [DEPA][BUPH] and polymer makes it possible to have a mechanically stable and flexible
composite membrane with the IL concentration higher than 9 wt. %. Furthermore, it was possible to prepare
CAB-based composite membranes with the IL content up to 41 wt.% without leaching owing to electrostatic

interactions between Pr-ILs and polymer chains. Therefore, membranes with various concentrations of
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mixed Pr-ILs (i.e. [DETA][TFS]-[DEPA][BUPH]) were fabricated (Table 5.8 and Fig. 5.19) and their

properties were analyzed.

Table 5.8. Composition of CAB/[DETA][TFS]-[DEPA][BUPH] membranes.

Total content of Pr-1Ls [DETA][TFS] content  [DEPA][BUPH] content

Membrane (WE.9%)* (Wt.%)* (wt.%0)*
Mo - - B
My 23 8 15
M2 33 13 20
M3 41 18 23

*Content of Pr-IL in membrane.
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Figure 5.19. Images of obtained composite CAB/[DETA][TFS]-[DEPA][BUPH] membranes.

5.3.2.1. Membrane Morphology

The morphology of pure and composite membranes was characterized by the SEM analysis (Fig.
5.20). The obtained images confirm the dense structure of the pure CAB membrane (i.e. Mo) with a
homogenous morphology owing to the appropriate dissolution of CAB in solvent (i.e. chloroform and
acetone). It can be seen that the CAB/[DETA][TFS]-[DEPA][BUPH] composite membrane containing 23
wt.% of mixed Pr-ILs (i.e. M1) also possesses a homogenous morphology due to proper dispersion of Pr-

ILs in the polymer solution and the good compatibility between mixed Pr-ILs (especially [DEPA][BUPH])
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and CAB polymer. However, further increase of the Pr-ILs concentration to 33 wt.% (M, membrane)
provokes a change in the membrane morphology as few gaps and cavities may be observed especially in
top surface layer (Fig. 5.20). The amount and size of these gaps and cavities increase with the content of
the mixed Pr-1Ls (41 wt.% in M; membrane). Even if the phosphate-based Pr-IL (i.e. [DEPA][BUPH]) has
a good compatibility with CAB, high concentration of [DETA][TFS] (18 wt.% in M; membrane) increases
the formation of gaps and cavities owing to the repulsion interactions with polymer chains. In any case,
whatever the Pr-ILs concentration, the EDX analysis reveals good dispersion of Pr-ILs in the polymer
membrane (Fig. 5.20).
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Figure 5.20. The SEM images (surface and cross-section) and surface EDX spectra with magnification of
1500X for pure CAB and composite CAB/[DETA][TFS]-[DEPA][BUPH] membranes.
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The surface topography and roughness of both pure and composite CAB-based membranes is
shown in Fig. 5.21 and Table 5.9. Two roughness parameters (Ra. and Rq) and two scanned areas (5 x 5 and
10 x 10 um?) were chosen for surface topography evaluation. It can be seen that the surface roughness
values (both R, and Rg) of 10 x 10 um? scanned area are higher than those of 5 x 5 um? area testifying to
the rather heterogeneous surface. A smooth surface can be observed in case of pure CAB membrane (Mo).
The introduction of the Pr-ILs up to 33 wt.% slightly increases the membrane roughness. However, the
surface roughness of M3z membrane containing 41 wt.% of Pr-ILs considerably increases as compared to
the other membranes (Table 5.9). Such result may be explained by a higher [DETA][TFS] concentration
and by its poor compatibility with CAB, thus changing the membrane morphology from homogenous to

heterogeneous.

Table 5.9. Surface roughness of pure CAB and CAB/[DETA][TFS]-[DEPA][BUPH] membranes.

Scanned area (um?)

Membrane 5x5 10 x 10
Rq (nm) Ra (nm) Rq (nm) Ra (nm)
Mo 48+3.0 2510 39+£1.0 23x1.0
M1 3.0£1.0 22+1.0 6.9+£3.0 40x1.0
M 6.2+£20 49+£1.0 104£1.0 79+£1.0
M3 286+ 3.0 150x7.0 47.9+12.0 258+ 7.0
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Figure 5.21. Surface morphology of pure CAB and CAB/[DETA][TFS]-[DEPA][BUPH] membranes for
5 x 5 pm? scanned area.

5.3.2.2. Swelling Degree and Thickness

Membrane thickness is an important parameter that strongly influences the PEM performance.
Besides, the membrane thickness influences differently the ionic conductivity and mechanical stability of
PEM as the increase of the membrane thickness improves the membrane mechanical stability of but reduces
its ionic conductivity (Eg. 2.17). That is why tradeoff between the membrane mechanical stability and ionic
conductivity exists [140,141]. The thickness and swelling degree of pure CAB and CAB/[DETA][TFS]-
[DEPA][BUPH] composite membranes were measured and the obtained results are gathered in Table 5.10.
The thickness of pure CAB membrane (around 60 um) increases by introducing Pr-ILs. It was found that
there is a direct correlation between the membrane thickness and the IL concentration. In addition, the
increase of the IL concentration should increase the ionic conductivity of membrane owing to rising the
conductive channels. The higher membrane thickness will increase the proton pathway. The membrane
swelling degrees were calculated (Eq. 2.3-2.5) measuring the membrane thickness in wet state (after 1 h
and 24 h of the immersion in water at 24 + 3 °C). It can be seen that for pure CAB membrane the Sy value
(~ 6%) is slightly higher than the S: value (~ 5%). In fact, the slightly higher S,. value may be explained
by the fact that the immersion time is higher and water molecules have more time to penetrate into the
membrane. However, an opposite result is obtained for composite membranes (i.e. M1, Mz, and Ms), for

which the Sy4 value is lower (even negative) than the S; value. This fact may be explained by the Pr-ILs
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leaching from the membrane. This explanation is also confirmed by the membrane thickness decrease after
24 h of the water immersion (Table 5.10).

Table 5.10. Membrane thickness and swelling degree of CAB-membranes.

Thickness (num)

Swelling degree (%)

Membrane Dr Wet
y W* Wos* Si* Sog**
Mo 60+2 63 +2 64+3 5 6
M, 78+6 807 77+6 2 -2
M, 90+3 93+4 89+5 3 -1
M3 112 +2 114 +5 111+4 2 -1

*1 h immersion, **24 h immersion.
5.3.2.3. Polymer-ILs Interactions

The FTIR spectra of Pr-ILs (i.e. [DETA][TFS] and [DEPA][BUPHY]), pure CAB, and composite
membranes are shown in Fig. 5.22. Table 5.11 presents the assignments of characteristic bands of Pr-ILs,
pure and composite membranes. As to the CAB spectrum, hydroxyl band is observed at ~ 3484 cm* (Fig.
5.22b). Bands between ~ 2874 and 2957 cm are assigned to C—H stretching vibration band of —~CH group.
The C=0 stretching vibration band of ester group of CAB is seen at ~ 1759 cm™. Furthermore, two peaks
at ~ 1416 and ~ 1361 cm* are ascribed to CH, and C—H bending, respectively. The peaks observed at ~
1156 and 1045 cm™ are related to C—O symmetric stretching vibration bands of ~COO— ester group [168-
170].

Moreover, bands between ~ 2792 and 3098 cm™ ascribed to C—H stretching vibration band of —CH
group can be seen in case of pure Pr-1Ls (i.e. [DETA][TFS], and [DEPA][BUPH]) (Fig. 5.22a). Two peaks
at ~ 1470 and ~ 1390 cm belong to CH, and C—H bending, respectively. Bands at ~ 1154-1225 cm™ are
assigned to S=0 stretching vibration bands of [DETA][TFS]. Additionally, bands at ~ 1146-1205 cm™ are
assigned to P=0 stretching vibration bands of [DEPA]J[BUPH]. A peak at ~ 1023 cm™ is characteristic to
C—F stretching vibration band of [DETA][TFS]. Besides, in case of [DEPA][BUPH], the peak of P-O—C
stretching vibration band is revealed at ~ 1027 cm™. Two peaks observed at ~ 574 and 635 cm™ are related
to C—S stretching vibration band of [DETA][TFS] [119,149-151].

The spectra of composite membranes (Fig. 5.22b) show some characteristic peaks of Pr-ILs —at ~
1205 cm? (P=0), ~ 1029 cm™* (C—F), and ~ 572-635 cm (C—S). However, the peaks of S=0, and P-O—-C
bands cannot be detected because of the band overlapping of these peaks with the peaks of CAB polymer.

All these results confirm the presence of Pr-1Ls in the composite membranes.
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Figure 5.22. FTIR spectra of: a) Pr-1Ls; and b) composite membranes.
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Table 5.11. Assignments of vibrational modes for [DETA][TFS], [DEPA][BUPH], CAB and composite membranes.

Band assignments

Wavenumber (cm™)

[DETA][TFS] [DEPA][BUPH] Mo M1 M2 M3
O—H stretching - - 3484 3474 3476 3488
C—H stretching 2792-3098 2874-2957 2876-2964 2875-2964 2874-2964 2874-2964
C=0 stretching vibration
- - 1759 1755 1757 1758
(ester group)
CH; bending 1475 1465 1416 1417 1418 1417
C—H bending 1396 1380 1361 1364 1361 1363
S=0 stretching 1154, 1225 - -
1202 1205 1203
P=0 stretching - 1146,1205 -
C—0 symmetric stretching 1045, 1156
- - 1043, 1155 1044, 1154 1042, 1156
(ester group) _
C—F stretching 1023 - -
_ 1028 1026 1029
P—O—-C (phosphoric ester) - 1027
C-S stretching 574, 635 - - 572,635 574,636 576, 638
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5.3.2.4. Water Contact Angle

The water CA of CAB and CAB/[DETA][TFS]-[DEPA][BUPH] membranes was measured by
sessile drop technique (Fig. 5.23). It can be observed that the water CA value of pure CAB membrane (i.e.
Mo) is ~ 90 £ 1° (Fig. 5.23a). However, the introduction of the Pr-ILs (i.e. [DETA][TFS] and
[DEPA][BUPHY]) reduces the water CA value (Fig. 5.23a) confirming the increase of the membrane
wettability and hydrophilic character. The water CA values are ~ 87, 85, and 65° for M1, My, and Ms,
respectively. This fact may be explained by the hydrophilic nature of [DEPA][BUPH] (owing to the anion
phosphate group) which is a dominant IL as its amount is higher than that of [DETA][TFS] (Table 5.8). In
fact, CA is strongly dependent on the membrane chemistry and membrane surface roughness [139,160-162].
Even if the membrane surface roughness increases by rising the Pr-1Ls concentration (Table 5.9), CA values
are reduced since the influence of membrane nature is more pronounced. Rising the amount of Pr-1Ls in
the composite membrane may also lead to the surface energy increase contributing to reduction of water
CA (Fig. 5.23a). Besides, the water CA decreases over the time (Fig. 5.23b). Indeed, the increase of Pr-ILs
concentration (especially [DEPA][BUPH]) in the membrane enhances the solubility affinity of water and

Pr-ILs. That is why the CA shows a downward trend during the time.
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Figure 5.23. Water contact angle of CAB-based membranes: a) apparent CA; and b) CA as a function of
time.

5.3.2.5. Thermal Analysis

Thermal stability is another important parameter for fuel cell application, especially for HT-
PEMFC [116-118]. The TGA analysis in dynamic mode (Fig. 5.24) was performed (for Pr-ILs, pure CAB,
and composite membranes) to study the influence of the presence of mixed Pr-ILs (i.e. [DETA][TFS] and
[DEPA][BUPHY]) on the thermal behavior of the composite membranes. The TGA curves of pure ILs and

CAB membranes are given for comparison. As it was discussed in Chapter 3 (section 3.3), the thermal
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stability of ILs depends strongly on the acidity of utilized Bronsted acid. That is why stability of
[DETA][TFS] is higher (Tse = 323 °C) than that of [DEPA][BUPH] (Ts% = 174 °C). Both cations are
hydroxylammonium-based and the only difference is the number of carbon atoms in the hydroxyl chain —
three carbon atoms for [DEPA] and two — for [DETA].

The TGA curve of the pure CAB membrane reveals the thermal stability up to ~ 360 °C (Mo Fig.
5.24). However, the thermal stability of composite membranes is reduced by Pr-ILs introducing. Indeed,
ILs can dissolve polymer, thus facilitates the membrane thermal degradation. As one can see, the thermal
stability of composite membranes (Tqeg ~ 256—265 °C) is less than that of the pure CAB membrane (T geg ~
360 °C). Moreover, it can be seen that the increase of the Pr-1Ls concentration slightly decreases the thermal

stability of composite membranes (Tgeg: M1> M2> Ms).

The DSC results of Pr-ILs (i.e. [DETA][TFS] and [DEPA][BUPH]), pure and composite
membranes are gathered in Table 5.12. The T4 value at ~ 109 °C and no melting or crystallization for pure
CAB membrane, confirme the amorphous nature of this polymer. Moreover, no melting and crystallization
of Pr-ILs were observed on the DSC curves of composite membranes. Furthermore, the T4 value of CAB

decreases with the Pr-ILs concentration increase, revealing the plasticizing behavior of ILs.

Table 5.12. Thermal parameters of Pr-ILs and CAB-based membranes.

Sample Ts9 (°C) T10% (°C) Taeg (°C) T, (°C) Tm (°C) T:(°C)
[DETAJ[TFS] 323 355 419 - -23: 23 -46; 19
[DEPA][BUPH] 174 199 247 -87 B B
Mo 319 332 360 109 B B
M; 235 251 265 77 B B
M. 224 242 264 63 B B
Ms 209 227 256 46 B B
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Figure 5.24. Thermal behavior of Pr-ILs and CAB-based membranes: a) TGA curves; b) DTG curves.

5.3.2.6. Mechanical Properties

The mechanical stability of composite CAB/Pr-IL membranes was analyzed (Fig. 5.25). The
Young’s modulus, force at break, stress at break, and elongation at break values for the pure CAB
membrane are 594.0 + 51.0 MPa, 2.6 £ 0.5 N, 22.0 £ 2.0 MPa, and 10.0 = 2.0%, respectively. The
introduction of Pr-ILs (i.e. [DETA][TFS] and [DEPA][BUPH]) into the composite membranes decreases
the Young’s modulus, force at break, and stress at break values, while it increases the elongation at break
values as compared with the pure CAB membrane. Indeed, the good compatibility of [DEPA][BUPH]
(phosphate-based Pr-IL) with CAB polymer and its plasticization enhance the membrane flexibility.
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Figure 5.25. Influence of the Pr-ILs concentration on the mechanical properties of CAB-based membranes:

a) Young’s modulus; b) force at break; c) stress at break; and d) elongation at break.
5.3.2.7. IL Leaching

In order to evaluate the stability of Pr-ILs-based composite membranes, the leaching test was
carried out at 25 and 80 °C and fully hydrated condition. The obtained results are shown in Fig. 5.26 for
different membranes. It can be seen that the temperature rising from 25 to 80 °C considerably increased the
amount of leached IL. Such result can be explained by the increase of the IL mobility and the water
molecules diffusion. It is observed that the amount of weight loss of M1 membrane (containing 8 wt.% of
[DETA][TFS] and 15 wt.% of [DEPA][BUPH]) is ~ 4 and 7% (at 25 and 80 °C, respectively) and this value
increases to ~ 25 and 31% (at 25 and 80 °C, respectively) for Ms membrane (containing 18 wt.% of
[DETA][TFS] and 23 wt.% of [DEPA][BUPH]). Leaching takes place owing to the lack of strong chemical
bonds between polymer chains and ILs as there are only electrostatic (physical) interactions that are not
strong enough. Therefore, the IL excess can be released from the polymer matrix.
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Figure 5.26. IL leaching from the composite membranes at 25 and 80 °C.
5.3.2.8. Conductivity

lonic conductivity is the most important factor for successful use of PEMSs [116,118,119]. Dahi et
al. [142] prepared polyimide/IL-based composite membranes with three different phosphate-based ILs
([C.IM][DBP], [C4IM][DBP], and [C4M][BEHP]) for HT-PEMFC application. The
polyimide/[C:IM][DBP] and polyimide/[C4IM][DBP] composite membranes showed good ionic
conductivity of 0.61 and 4.8 mS-cm™ at 85 °C. The results showed that by increasing the temperature, the
ionic conductivity of composite membranes increased and the highest value was observed for [C4IM][DBP]
at 115 °C (20 mS-cm?). Polyimide/[C4IM][BEHP] composite membrane showed the lowest ionic
conductivity value of ~ 3.16-10° mS-cm™ at 115 °C. Kobar et al. [118] fabricated different SILMs by
impregnation of porous Matrimid® with some ILs ([VIM][TFS], [AIM][TFS], and
[VIM][TFS)/[PVIM][TFS])). Matrimid®/[VIM][TFS], Matrimid®/[AIM][TFS], and
Matrimid®/[VIM][TFS)/[PVIM][TFS] composite membranes showed ionic conductivity of 2.7-10%, 7.5-10°
3 and 9.9-10“* mS-cm™ at 50 °C, respectively. The temperature rise up to 100 °C increased significantly the
ionic conductivity of composite membranes (1.8-10%, 2.7-102, and 4.9-102 mS-cm? at 100 °C for
Matrimid®/[VIM][TFS], Matrimid®/[AIM][TFS], and Matrimid®/[VIM][TFS)/[PVIM][TFS] membranes,
respectively). Fatyeyeva et al. [117] prepared polyimide/IL composite membranes with different
imidazolium-based ILs ([MIM][TFSI], [EIM]][TFSI], [PIM][TFSI], and [BIM][TFSI]). The composite
membranes showed good ionic conductivity of ~102-10" and 1-10 mS-cm™ at 25 and 160 °C, respectively.

In general, PEM ionic conductivity depends on the ion mobility and the presence of conductive ions [117].
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The pure CAB membrane sample (i.e. Mo) is a non-conductive membrane. Therefore, the sufficient quantity
of IL should be introduced into membrane to ensure the ion conductivity. As one can see, introduction of
23 wt.% of [DETA][TFS]-[DEPA][BUPH] allows obtaining a conductive membrane (Fig. 5.27). The ionic
conductivity of CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes was measured in a
temperature range from 25 to 130 °C during two heating/cooling cycles (Fig. 5.28). As it can be seen from
Fig. 5.28, the ionic conductivity of M, membrane (as an example) at each temperature in different cycles is
almost the same. Such result confirms the ionic conductivity stability of CAB/[DETA][TFS]-
[DEPA][BUPH] composite membranes as the function of temperature. In addition, the isothermal
measurements of ionic conductivity were carried out at 100 °C for 24 h (Fig. 5.27b). It was found that by
rising the temperature from 25 to 120 °C, the ionic conductivity of composite membranes increased
considerably. In fact, the rise of temperature leads to the enhancement of the ionic mobility of Pr-ILs. The
same tendency was shown by other researchers [7,113,114,116-118,142]. However, it can be seen that by
increasing the temperature till 130 °C, the ionic conductivity of composite membranes reduces (Fig. 5.27a).
This result cannot be caused by the thermal degradation of composite membrane, since TGA curves showed
that composite membranes are thermally stable up to ~ 255-265 °C (Fig. 5.24 and Table 5.12). Indeed, by
rising the temperature the viscosity of Pr-ILs in the membrane decreases (i.e. higher mobility) leading to
Pr-ILs leaching from membrane. Such release provokes a decrease of the amount of conductive sites and
thus, the ionic conductivity. Moreover, it was found that the Pr-ILs concentration increase in the membrane
rises the ionic conductivity value and M3 membrane (containing 41 wt.% of Pr-ILs) showed the highest
ionic conductivity of 0.443 mS-cm™ at 120 °C under anhydrous condition, while M; membrane (containing
23 wt.% of Pr-ILs) showed the lowest value (0.134 mS-cm™) at the same operating condition (Fig. 5.27a).
Indeed, by increasing the concentration of ILs in the membrane, the number of conductive sites and
channels (i.e. conductive regions) for transferring the protons enhances. The ionic conductivity of
CAB/[DETA][TFS]-[DEPA][BUPH] composite membrane (Ms) is comparable with literature data
[117,118,142]. It can be seen that the ionic conductivity of Nafion® membrane at 25 °C (~ 0.1 S-cm™) [172]
is much higher than prepared CAB/ILs composite membrane (~ 10° S-cm™). However, the ionic
conductivity of Nafion® membrane decreases at temperature higher than 80 °C (~ 10® S-cm™) owing to the
dehydration phenomenon. This value is much lower as compared to Ms membrane (~ 10%#-102 S-cm™ at

120 °C under anhydrous condition).

In order to evaluate the ionic conductivity stability of composite membrane in long-term
applications, isothermal test was carried out at 100 °C under non-humid condition for 24 h. The obtained
results (Fig. 5.27b) demonstrated that all composite membranes (i.e. M1, My, and M3) showed stable ionic
conductivity for 24 h revealing the excellent potential of CAB/[DETA][TFS]-[DEPA][BUPH] composite
membranes for HT-PEMFC application. The activation energy (E.) calculated by Eq. 2.18 is 62.4, 45.4,
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and 38.5 kJ-mol for My, Mz, and Mg, respectively. As E,> 14 kJ-mol?, the proton conduction takes place
by Grotthuss mechanism [117-119,142]. Besides, the increase of the concentration of Pr-ILs from 23 to 41

wt.% causes a significant reduction of the E. value.
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Figure 5.27. lonic conductivity of CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes: a)
dynamic mode; and b) isothermal mode at 100 °C.
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Figure 5.28. lonic conductivity of M, composite membrane during heating/cooling cycles.

5.4. Conclusion

In this study, CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes were prepared by phase
inversion method induced by solvent evaporation. The EDX and FTIR analyses proved the presence of ILs
in the composite membrane. SEM analysis showed homogenous morphology for Mg and M; (23 wt.%)
membranes, but further IL concentration increase in the membrane (33 and 41 wt.%) led to decreasing the
membrane homogeneity. The membrane surface roughness firstly remained stable by addition of 23 wt.%
of mixed ILs ([DETA][TFS]-[DEPA][BUPH]) while further increase of the IL content provoked surface
roughness increase. The water CA of CAB membranes reduced by ILs addition owing to the hydrophilic
character of [DEPA][BUPH] as the dominant IL. The CAB/[DETA][TFS]-[DEPA][BUPH] composite
membranes showed a great thermal stability (Tqeg ~ 256-265 °C) even though Mo membrane showed higher
thermal stability (Tqeg ~ 360 °C). It was found that the increase of the ILs concentration from 23 to 41 wt.%
slightly decreases the thermal stability of composite membranes (Tgeg: M1 > M2 > Ms). The addition of
[DETA][TFS]-[DEPA][BUPH] into the composite membranes reduced the Young’s modulus, force at
break, and stress at break values, whereas it increased the elongation at break values as compared with the
pure CAB membrane. Also, leaching test revealed that the increase of both IL concentration (from 23 to 41
wt.%) and temperature (from 25 to 80 °C) caused enhancing the IL leakage from the composite membrane.
The measured ionic conductivity values of composite membranes during heating and cooling cycles
revealed the ionic conductivity stability of CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes.
M3 membrane showed the maximum ionic conductivity value of 0.443 mS-cm™ at 120 °C under non-humid
condition while further temperature increase up to 130 °C caused ionic conductivity reduction. Besides,

the isothermal conductivity test showed the great potential of composite membranes for HT-PEMFC
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application for long-term utilization. It was found that the proton conduction takes place by Grotthuss
mechanism since the E, > 14 kJ-mol* for composite membranes. The obtained results confirm that the
prepared CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes are promising candidates for using
in electrochemical applications, namely, electrodialysis and fuel cell.
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The main aim of the present PhD thesis is to fabricate chemically, thermally, and mechanically
stable membrane with high ionic conductivity for HT-PEMFC application as the green source of energy
generation. To obtain a conductive membranes with good physical-chemical properties and affordable
price, composite membranes should be designed. For this purpose, three polymers (PA6, CAP, and CAB)
were used as the basic polymer matrix. The presence of carbonyl, amine, and methylene groups in PA6 and
ester and hydroxyl groups in CAP and CAB can be considered as the reactive centers for electrostatic
interactions with IL. These polymers were chosen owing to their great physical, chemical, mechanical, and
thermal stability. These polymers are commercially available at reasonable price and they have film-
forming ability. Moreover, they have been already used in different separation processes — MF, UF, NF,
and RO (for PA6) and UF, RO, forward osmosis, and pervaporation (for CAP and CAB). Therefore, they
are proposed to be used in the HT-PEMFC application.

However, the chosen polymers are non-conductive, so they cannot be used alone as the ion
conductive PEM. Therefore, to ensure the ion conductivity, IL-based composite membranes were prepared
and studied. For this purpose, several Pr-ILs containing different cations (imidazolium- and
hydroxylammonium-based) and anions (trifluoromethansulfonate-, acetate-, sulfate-, and phosphate-based)
were synthesized by acid-base neutralization reaction. The chemical structure of synthesized Pr-ILs was
confirmed by NMR (*H and *°F) and FTIR analysis. In order to evaluate the thermal behavior of obtained
Pr-ILs, TGA (in static and dynamic modes) and DSC analysis was carried out. In addition, the ionic
conductivity (in isothermal and dynamic modes) of Pr-ILs was measured by EIS and the obtained results

were correlated with the IL chemical structure.

It is found that the chemical nature of anion and cation influences the thermal stability of Pr-ILs.
However, the influence of anion nature is more pronounced. Among different types of anions ([TFA], [HS],
[BUPH], and [EHPH]), [TFS]-based Pr-ILs reveal the highest thermal stability (Taeq ~ 415-435 °C) owing
to the strong acid property of trifluoromethanesulfonic acid. Also, [TFS]-based Pr-ILs are characterized by
the highest thermal stability during static TGA tests —only ~ 0—3% of weight loss is noted at 150 °C during
24 h. Indeed, there is a direct link between acidity of acid and thermal stability of IL — the stronger is the
acid, the higher is the thermal stability. Therefore, the order of IL thermal stability on the basis of the anion
nature is as follows: [TFS] > [HS] > [EHPH] > [BUPH] > [TFA]. Acetate-based Pr-1Ls show the lowest
thermal stability (T ~ 200-215 °C) owing to the hydrophilic property of acetate group. Two different
cations (i.e. imidazolium- and hydroxylammonium-based) were used for the IL synthesis. For the same

anion, the thermal stability of these two cations is rather similar.

The anion nature has dominant influence on the Pr-IL ionic conductivity measured in dynamic and
isothermal modes. [TFS]-based Pr-ILs showed the highest values (between ~ 34.5 and 63.7 mS-cm™ at 150
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°C in anhydrous condition) owing to the low pK, value of trifluoromethanesulfonic acid (~ -14). The
presence of long alkyl chains in the anion structure (for [BUPH] and [EHPH]) increases the viscosity for
these Pr-ILs and, thus, reduces the ionic mobility — ~ 0.13-2.5 mS-cm™ at 120 °C. Moreover, [EHPH]-
based Pr-ILs demonstrated lower ionic conductivity than [BUPH]-based ILs owing to the lower ionic
mobility because of the presence of longer alkyl chain. [TFA]-based Pr-ILs showed a good ionic
conductivity of ~ 28.6 mS-cm™ up to moderate temperature (~ 8090 °C), i.e. almost comparable with the
conductivity of [TFS]-based Pr-ILs in the same temperature range. However, acetate-based Pr-ILs are not
thermally stable owing to the presence of hydrophilic acetate group. So, the order of ionic conductivity
according to the anion nature is the following: [TFS] > [HS] > [TFA] > [BUPH] > [EHPH]. It is found that
the increase of the cation alkyl and hydroxyl chain reduces the ionic conductivity owing to the ionic
mobility reduction. According to the activation energy of conductivity, the main mechanism is the proton
hopping. The obtained results prove that the [TFS]-based Pr-ILs are very promising candidates for high
temperature industrial applications and long-term processes (e.g. HT-PEMFC) owing to their excellent
thermal stability and ionic conductivity. However, ILs cannot be used alone because of their physical state,
therefore, they should be added into the polymer matrix.

In the first attempt, porous PA6 membranes with various gelation times were prepared by non-
solvent induced phase separation technique. SEM analysis showed that the change of the gelation time leads
to changing the membrane morphology — higher gelation time provokes the formation of the porous
membranes with smaller pores. AFM analysis revealed that increasing the gelation time causes the
membrane surface roughness increase and the highest surface roughness was observed for M1o membrane
(Ra and Rq are ~ 189 £ 53 nm and 240 £ 59 nm, respectively). Moreover, by increasing the gelation time,
water CA increased due to the surface roughness enhancement, while WU and membrane porosity are
reduced owing to pore size reduction. M1 membrane also showed a higher tensile strength (around 28%)
than that of Mo membrane owing to change the membrane structure during the gelation time. The obtained
porous PA6 membranes are characterized by rather low water flux, Ly, and retention capacity — ~ 12.9
L-m2-h?, 8.2 L-m2-ht-bart, and 50%, respectively, for Mo membrane. Although, the prepared membranes
do not demonstrated sufficient transport properties for filtration process, they may be used as the support
for preparation of SILM for PEMFC application as the pores can be filled by IL and exchange to conductive
passages. However, leaching of IL is the main disadvantage of such porous membranes owing to the lack

of considerable electrostatic interactions between IL and polymer.

That is why dense IL-based composite membranes (with CAP and CAB polymers) were prepared.
In the case of CAP/IL membranes, SEM analysis showed that the addition of A-ILs caused formation of

gaps and cavities in the membrane structure. EDX and FTIR analyses confirmed the presence of ILs in the
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composite membrane. The surface roughness of CAP membranes increased by addition of [TFS]- and
[TFSI]-based ILs, while it remained unchanged in case of [HS]-based IL owing to the good compatibility
between polymer and [SMIM][HS]. Besides, the water CA values of CAP/[SMIM][TFS] and
CAP/[SMIM][TFSI] membranes were higher than of pure CAP membrane, whereas they stayed constant
in case of CAP/[SMIM][HS] membrane. The composite membranes showed lower thermal stability as
compared with pure CAP membrane. CAP/[SMIM][TFS] and CAP/[SMIM][TFSI] membranes showed
lower mechanical stability as compared with pure membrane, while the mechanical stability of
CAP/[SMIM][HS] membrane is close to the stability of pure CAP membrane. Increasing the IL
concentration provokes the leaching increase owing to the weak electrostatic interactions between IL and
polymer. CAP/[SMIM][TFS] composite membrane showed the highest ionic conductivity of 1.2-103
mS-cm? at 25 °C and 100% RH owing to the strong acid property of trifluoromethanesulfonic acid.
However, more promising results were obtained regarding CAB-based composite membranes because of
the higher concentration of IL loading in the CAB matrix (up to 41 wt.%).

CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes were prepared by a phase inversion
method induced by solvent evaporation. EDX and FTIR analyses proved the presence of ILs in the
composite membrane. SEM analysis showed homogenous morphology of My and M; (23 wt.%)
membranes, but further increase of IL concentration (33 and 41 wt.%) led to the formation of heterogeneity
in the membrane bulk. The membrane surface roughness firstly remained stable by addition of 23 wt.% of
mixed ILs ([DETA][TFS]-[DEPA][BUPH]) while further increase of IL content provoked the surface
roughness increase. The water CA of CAB membranes reduced by ILs addition owing to the hydrophilic
property of [DEPA][BUPH] as the dominant IL. The CAB/[DETA][TFS]-[DEPA][BUPH] composite
membranes showed a great thermal stability (Tqeq ~ 256265 °C) although Moy membrane showed higher
thermal stability (T4 ~ 360 °C). It was found that the increase of the ILs concentration from 23 to 41 wt.%
slightly decreases the thermal stability of composite membranes (Tge: M1 > M2 > Ms). The addition of
[DETA][TFS]-[DEPA][BUPH] into the composite membranes reduced the Young’s modulus, force at
break, and stress at break values, whereas it increased the elongation at break values as compared with the
pure CAB membrane. Also, leaching test revealed that the increase of both IL concentration (from 23 to 41
wt.%) and temperature (from 25 to 80 °C) caused higher IL leakage from the composite membrane. The
measured ionic conductivity values of composite membranes during heating and cooling cycles revealed
the ionic conductivity stability of CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes. Ms
membrane showed the maximum ionic conductivity value of 0.443 mS-cm* at 120 °C under anhydrous
condition, while further temperature increase up to 130 °C caused ionic conductivity reduction. The ionic
conductivity of Nafion® membrane at 25 °C (~ 0.1 S-cm?) is much higher than prepared
CAB/[DETA][TFS]-[DEPA][BUPH] composite membrane (~ 10° S-cm™). However, the ionic
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conductivity of Nafion® membrane significantly drops at temperature higher than 80 °C (~ 102 S-cm™)
because of the dehydration phenomenon and the conductivity of Mz membrane stays high (~ 104-102 S-cm-
Lat 120 °C under anhydrous condition). Furthermore, the isothermal conductivity test showed the great
potential of composite membranes for HT-PEMFC application for long-term utilization. It was found that
the proton conduction occurs according to the Grotthuss mechanism since the E. > 14 kJ-mol? for
composite membranes. The obtained results confirm that the prepared CAB/[DETA][TFS]-
[DEPA][BUPH] composite membranes are promising candidates for using in electrochemical applications,

namely, electrodialysis and fuel cell.

To conclude, according to the performed investigations, we can summarize the most important
results of this PhD thesis:

= the synthesis of new Pr-ILs with different cations and anions as well as the evaluation of the
influence of IL nature on its thermal stability and ionic conductivity;

= the preparation of porous PA6 membranes with different gelation time and investigation of their
morphological, mechanical, physical, and transport properties to find the best candidate for SILM
preparation;

= the fabrication of composite membranes containing CAP/A-ILs and CAB/Pr-ILs and evaluation of
their physical-chemical properties;

= the correlation between the IL and polymer nature and the thermal, mechanical, and morphological

properties as well as ionic conductivity of obtained composite membranes.

The obtained results, allows deeper understanding about the knowledge of IL-based composite
membrane preparation and improvement of their mechanical, thermal, morphological properties as well as
ionic conductivity. This knowledge is crucial for tailoring the PEM for HT-PEMFC application. Taking

into account these achievements, several prospects can be listed for future studies.

= CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes were prepared at the lab scale. Larger
scale will be necessary for industrial implementation. Therefore, the scale up should be performed
and membrane performance should be evaluated. However, to obtain a desirable membranes for
industrial applications, the thermal and mechanical stability as well as ionic conductivity of
membranes should be improved. For this purpose, membrane composition could be changed. For
instance, the introduction of third agent (nanoparticles, nanotubes, and/or nanofibers) into the
CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes could be proposed. The existence of
new electrostatic interactions between third agent, IL, and polymer may improve the physical-

chemical properties of composite membranes;
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= One of the main disadvantages of the prepared CAB/ILs membrane is the IL leaching from the
membrane because of the weak electrostatic interactions between ILs and polymer, thus, reducing
the ionic conductivity. Therefore, in order to diminish this problem, synthesis of polymerized IL
may be useful;

= several Pr-ILs containing different cations (i.e. [MIM][, [BIM], [DETA], and [DEPA]) and anions
(i.e. [TES], [TFA], [HS], [BUPH], and [EHPH]) were synthesized. However, only CAB-based
composite membranes containing [DETA][TFS] and [DEPA][BUPH] were prepared. It could be
proposed to prepare CAB-based composite membranes with other synthesized Pr-ILs and evaluate
their chemical, physical, and thermal stability as well as ionic conductivity;

= the effective life of synthesized Pr-ILs and CAB/[DETA][TFS]-[DEPA][BUPH] composite
membranes should be studied. The ionic conductivity and thermal stability of Pr-ILs and
CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes were evaluated in static mode during
24 h. However, the duration of an actual PEM utilization is longer than 24 h (> 1000 h);

= jtwas observed that the change of gelation time changes the morphological and physical properties
of PA6 membranes. It could be useful to prepare SILM based on PA6 membrane and [TFS]-based
Pr-ILs (with the highest thermal stability and ionic conductivity) to evaluate the possible influence

of gelation time on the thermal stability and ionic conductivity of SILM.
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Figure S1. (a) 'H NMR and (b) °F NMR spectra of [MIM][TFA].
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Figure S3. 'H NMR spectrum of [MIM][BUPH].
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Abstract

Proton exchange membrane fuel cell (PEMC) has attracted a lot of attention in the both, laboratories
and industries because PEMFC is considered as the green source of energy. Polymer electrolyte membrane
(PEM) is the most important part in PEMFC owing to the fact that it is responsible for carrying protons
between electrodes. Nafion® is the most commonly used polymer for PEM preparation because of its good
thermal, mechanical, and chemical stability as well as high ionic conductivity. This polymer has excellent
performance at low up to moderate temperatures under humidified condition. However, working at elevated
temperature (higher than 80 °C) is more desirable and under these conditions the ionic conductivity of
Nafion® membrane drops down significantly owing to the water evaporation. To obtain PEMs which can
be applied at higher temperatures under anhydrous conditions, ionic liquids (ILs) are used as the proton
carrier. The aim of this PhD thesis was to synthesis thermally stable and conductive ILs and use them as

the additive to prepare proton conductive membranes for PEMFC application at elevated temperature.

Several Pr-ILs containing different anions ([TFS]-, [TFA]-, [HS]-, [BUPH]-, and [EHPH]-based)
and cations ([DETA]-, [DEPA]-, [MIM]-, and [BIM]-based) were prepared by acid-base neutralization
reaction. The chemical structure of synthesized Pr-ILs was evaluated by NMR (*H and *°F) and FTIR
analysis. It was found that the IL nature has a strong influence on the thermal and electrochemical properties
of obtained ILs. In addition, the influence of anion nature on the thermal stability and ionic conductivity of
synthesized Pr-ILs is much more pronounced than cation nature. The dynamic TGA results showed that
there is a direct link between the acidity of acid and thermal stability of IL and [TFS]-based ILs
demonstrated the highest thermal stability (Tgey ~ 415435 °C) owing to the high acidity of
trifluoromethanesulfonic acid (pKa ~ -14). The following thermal stability order was proposed: [TFS] >
[HS] > [EHPH] > [BUPH] > [TFA]. The ionic conductivity measurements were carried out in two
heating/cooling cycles and no hysteresis was observed. Such results confirm the ionic conductivity of ILs.
Furthermore, it was observed that the anion nature has the dominant influence on the ionic conductivity of
synthesized Pr-ILs. [TFS]-based ILs showed the highest ionic conductivity values (~ 34.5-63.7 mS-cm™ at
150 °C) because trifluoromethanesulfonic acid is a stronger acid as compared to the other used acids for 1L
synthesis. According to the results, the following ionic conductivity order of studied anions can be
proposed: [TFS] > [HS] > [TFA] > [BUPH] > [EHPH]. The obtained results showed that synthesized Pr-
ILs have great potential to be used in PEMFC application. However, owing to the physical state of ILs, it
is not possible to use them alone as the electrolyte in PEMFC. In order to have ion conductive PEM,

composite membranes (polymer + IL) must be prepared.

CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes were prepared by a phase inversion

technique. Composite membranes containing 0, 23, 33, and 41 wt.% of ILs were prepared (Mo, M1, M, and

200



Abstract

Ms, respectively) by the phase inversion method. The presence of ILs in the membrane was confirmed by
FTIR and EDX analysis. SEM analysis showed a homogenous and dense structure of Mo and M;
membranes. However, in case of Mz and Ms membranes (containing 33 and 41 wt.% of Pr-ILs), some aps
and cavities were observed. AFM analysis revealed that the surface roughness of pure CAB membrane
increased by rising the concentration of ILs because of incompatibility between [DETA][TFS] and CAB
polymer. Thermal analysis revealed the lower thermal stability of composite membranes (Tgeg ~ 256265
°C) in comparison with pure CAB membrane (Tqeg ~ 360 °C). Composite membrane also showed lower Ty
values as compared with the pure CAB membrane, confirming the plasticizing behavior of ILs. The addition
of ILs led to reduction of the mechanical stability of composite membrane in comparison with pure CAB
membrane, while the membrane flexibility increased. Composite membranes showed good ionic
conductivity (0.1-1 mS-cm™ at 120 °C) and it was found that an increase of ILs concentration from 23 to
41 wt.% resulted in rising the membrane ionic conductivity owing to the increase of conductive regions.
Furthermore, membrane ionic conductivity increased by rising the operating temperature from 25 to 120
°C owing to the ionic mobility enhancement. Ms membrane showed the highest ionic conductivity of 0.443
mS-cm* at 120 °C under anhydrous condition. The stable ionic conductivity of composite membranes (My,
M., and M3) at 100 °C during 24 h reveals the excellent potential of CAB/[DETA][TFS]-[DEPA][BUPH]
composite membranes for HT-PEMFC application for long-term utilization. It was confirmed the proton
conduction takes place by Grotthuss mechanism since the calculated E, > 14 kJ-mol™. The results prove
that the fabricated CAB/[DETA][TFS]-[DEPA][BUPH] composite membranes are promising candidates

for using in electrochemical applications, namely fuel cell.
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Streszczenie

Ogniwa paliwowe z membrang protono-wymienng (PEMFC) cieszg si¢ duzym zainteresowaniem
zardbwno w laboratoriach, jak i przemysle, poniewaz PEMFC sa klasyfikowane jako "zielone zrodla
energii". Polimerowa membrana jonowymienna (PEM) jest najwazniejsza czeScia PEMFC, odpowiadajaca
za przenoszenie protondw pomiedzy elektrodami. Nafion® jest najczeSciej stosowanym polimerem do
przygotowania PEM ze wzgledu na swoje wlasciwosci, takie jak dobra stabilno$¢ termiczna, mechaniczna
i chemiczna oraz wysokie przewodnictwo jonowe. Polimer ten charakteryzuje si¢ doskonata wydajnoscia
w niskich i umiarkowanych temperaturach i w warunkach wysokiego nawilzenia. Bardziej pozadana jest
jednak praca w podwyzszonej temperaturze (powyzej 80 °C) z uwagi na wyzsze przewodnictwo
elektryczne membrany. Niestety, w takich warunkach przewodno$¢ jonowa membrany Nafion® znacznie
spada, glownie z powodu utraty pary wodnej. W celu rozwigzania tego problemu, do wytwarzania membran
PEM pracujacych w wyzszych temperaturach i w warunkach ograniczonej wilgotnosci, wykorzystuje si¢
ciecze jonowe (IL) jako nosnik protonow. Celem tej pracy doktorskiej byta synteza termostabilnych i
przewodzacych cieczy jonowych i1 wykorzystanie ich jako dodatku do przygotowania membran

przewodzacych protony do zastosowan w PEMFC, w podwyzszonej temperaturze.

Zsyntezowano protyczne ciecze jonowe (Pr-IL), zawierajace rozne aniony (na bazie [TFS], [TFA],
[HS], [BUPH] i [EHPH]) oraz kationy ([DETA], [DEPA], [MIM] i [BIM]). Pr-IL wytworzono w reakcji
neutralizacji kwasowo-zasadowej. Potwierdzenia struktury chemicznej zsyntetyzowanych Pr-IL dokonano
za pomocg analizy NMR (*H i °F) i FTIR. Stwierdzono, ze charakter IL ma silny wptyw na wlasciwosci
termiczne i elektrochemiczne otrzymanych IL. Ponadto zaobserwowano, ze wplyw anionu na stabilno$¢
termiczng i przewodno$¢ jonowg syntetyzowanych Pr-IL jest znacznie wigkszy niz wptyw kationu. Wyniki
analizy termograwimetrycznej (TGA) wykazaly bezposredni zwigzek pomigdzy kwasowoscig kwasu a
stabilno$cig termiczng IL. Stwierdzono, ze IL na bazie [TFS] wykazywaty najwyzsza stabilnos$¢ termiczng
(Taeg ~ 415435 °C) ze wzgledu na wysokg kwasowo$¢ TFS (pKa ~ -14). Stabilno$¢ termiczng mozna
uszeregowac nastepujaco: [TFS] > [HS] > [EHPH] > [BUPH] > [TFA]. Pomiar przewodnos$ci jonowe;j
prowadzono w dwoéch cyklach grzania/chtodzenia i zaobserwowano, Zze uzyskane wartosci w cyklach
grzania i chlodzenia dla IL sa sobie bliskie. Takie wyniki potwierdzaja przewodnictwo jonowe
zsyntezowanych IL. Ponadto zaobserwowano, ze rodzaj anionu ma dominujacy wptyw na przewodnictwo
jonowe syntetyzowanych Pr-IL. IL na bazie [TFS] wykazaty najwyzsze wartosci przewodnosci jonowej (~
34.5-63.7 mS-cm? w 150 °C), poniewaz kwas trifluorometanosulfonowy jest silniejszym kwasem w
poréwnaniu z innymi kwasami uzywanymi do syntezy IL. Na podstawie wynikoéw mozna zaproponowac
nastepujacy szereg przewodnictwa jonowego badanych anionéw: [TFS] > [HS] > [TFA] > [BUPH] >
[EHPH]. Uzyskane wyniki wykazaty, ze zsyntetyzowane Pr-IL maja duzy potencjat do zastosowania w

PEMEFC. Jednakze ze wzgledu na stan fizyczny IL nie jest mozliwe zastosowanie ich jako elektrolitu w
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PEMEFC. Aby uzyska¢ uktad przewodzacy jony, nalezy przygotowa¢ membrany kompozytowe (polimer

zawierajacy przewodzaca ciecz jonowa IL).

Membrany kompozytowe CAB/[DETA][TFS]-[DEPA][BUPH] przygotowano technika inwersji
faz. Membrany kompozytowe zawierajace 0, 23, 33 i 41% wag. zawartosci ILs (odpowiednio Mg, M1, M>
I M3) przygotowano metoda inwersji faz. Obecnos¢ ILs w strukturze btony potwierdzono analizami FTIR
i EDX. Analiza SEM wykazata jednorodng i gesta struktur¢ membran Mg i Mi. Jednakze w przypadku
membran M. i M3 (zawierajacych 33 i 41% mas. Pr-IL) zmniejsza si¢ homogeniczno$¢ struktury
membrany. Analiza AFM ujawnita, ze szorstko$¢ powierzchni czystej membrany CAB wzrosta wraz ze
wzrostem zawarto$ci IL, z powodu niskiej kompatybilnosci pomiedzy [DETA] [TFS] a polimerem CAB.
Analiza termiczna wykazata nizsza stabilnos$¢ termiczng membran kompozytowych (Tgeg ~ 256265 °C) w
porownaniu z czysta membrang CAB (Tgeg ~ 360 °C). Membrana kompozytowa wykazywata réwniez
nizsze wartosci Tg w poréwnaniu z czysta membrana CAB, co potwierdza plastyfikujacy wplyw IL. Proba
rozciggania wykazala, ze dodatek ILs spowodowal zmniejszenie stabilno$ci mechanicznej membrany
kompozytowej w poréwnaniu z czysta membrang CAB, przy jednoczesnym wzroscie elastycznosci
membrany. Membrany kompozytowe wykazaly dobrg przewodno$¢ jonowg (0.1-1 mS-cm?
w temperaturze 120 °C) i stwierdzono, ze wzrost st¢zenia ILs z 23 do 41% wag. powodowal wzrost
przewodno$ci jonowej membran kompozytowych dzigki wzrostowi ilosci obszaréw przewodzacych
w strukturze membrany. Ponadto, przewodno$¢ jonowa membrany wzrosta poprzez podniesienie
temperatury roboczej z 25 do 120 °C, dzigki zwiekszeniu ruchliwosci jonow. Membrana Mz wykazata
najwyzszg przewodno$¢ jonowg wynoszacg 0.443 mS-cm™ w temperaturze 120 °C bez obecnosci wilgoci.
Wykazano stabilng przewodno$¢ jonowg membran kompozytowych (M1, M2 i M3) w temperaturze 100 °C
podczas 24-godzinnego testu, potwierdzajac mozliwo$¢ wykorzystania membrany kompozytowej
CAB/[DETA][TFS]-[DEPA][BUPH] do dlugotrwatego uzytkowania w HT-PEMFC. Stwierdzono, ze
przewodzenie protondéw odbywa si¢ wedtug mechanizmu Grotthussa, gdyz obliczone E, > 14 kJ-mol™.
Wyniki potwierdzaja, ze wytworzone membrany kompozytowe CAB/[DETA][TFS]-[DEPA][BUPH]

moga by¢ praktycznie wykorzystane w elektrodializie i w ogniwach paliwowych.
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Resumé

La pile a combustible 8 membrane échangeuse de protons (PEMFC) suscite beaucoup d’intéréts
dans le milieu académique et dans I’industrie, puisqu’ elle est considérée comme une source d’énergie verte.
La membrane électrolytique polymére (PEM), responsable du transport des protons entres les électrodes,
est la partie la plus importante de la PEMFC. Le Nafion® est le polymere le plus couramment utilisé en tant
gue PEM du fait de ses bonnes stabilités thermique, mécanique et chimique ainsi qu'une conductivité
ionique élevée. Ce polymeére présente d’excellentes performances a des températures inférieures a 80 °C et
dans les conditions humidifiées. Cependant, pour augmenter la vitesse de la réaction et éviter
I’empoisonnement du Pt, 1’utilisation de la PEMFC a des températures élevées (supéricure a 80 °C) est
recommandée. En revanche, dans ces conditions, la conductivité ionique de Nafion® diminue
considérablement en raison de sa déshydratation Pour obtenir des PEMs pouvant étre utilisées a des
températures élevées et dans des conditions anhydres, des liquides ioniques (LIs) jouant le rdle de
conducteurs protoniques sont envisagés. L’objectif de cette thése était de synthétiser des nouveaux LlIs
thermiquement stables et conducteurs et de les utiliser comme agent de transport pour concevoir des

membranes conductrices de protons pour une application PEMFC a température élevée.

Plusieurs Lls protiques (LIs-Pr) contenant différents anions ([TFS]-, [TFA]-, [HS]-, [BUPH]- et
[EHPH]) et cations ([DETA]-, [DEPA]-, [MIM]- et [BIM]) ont été synthétisés via une réaction de
neutralisation acido-basique. La structure chimique des LIs-Pr synthétisés a été confirmée par les analyses
RMN (*H et *F) et IRTF. Il a été constaté que la nature du LI a une forte influence sur les propriétés
thermiques et électrochimiques des LIs obtenus. De plus, I’influence de la nature des anions sur la stabilité
thermique et la conductivité ionique des LIs-Pr synthétisés est bien plus importante que celle des cations.
Les résultats d’analyse thermogravimétrique ont montré qu’il existe un lien direct entre 1’acidité de 1’acide
utilisé et la stabilité thermique du LI — les Lls a base de [TFS] présentent les plus grandes stabilités
thermiques (Tgeg ~ 415—435 °C) étant donné ’acidité élevée de ’acide trifluorométhanesulfonique (pKa ~
-14). L’ordre de stabilité thermique obtenu était : [TFS] > [HS] > [EHPH] > [BUPH] > [TFA]. Les mesures
de conductivité ionique en fonction de la température ont montré des valeurs similaires lors lu chauffage et
du refroidissement confirmant I’absence d’hysteresis. La encore, il a ét¢ démontré que la nature de I’anion
a une influence majeure sur la conductivité ionique des LIs-Pr synthétisés. Les valeurs de conductivité
ionique les plus élevées (~ 34.5 a63.7 mS-cm™ a 150 °C) ont été obtenues pour les Lls a base de [TFS], du
fait du caractére plus acide de du TFS par rapport aux autres acides. D’aprés les données expérimentales,
I’ordre de conductivité ionique est le suivant : [TFS] > [HS] > [TFA] > [BUPH] > [EHPH]. L’ensemble
des résultats obtenus confirment que les LIs-Pr synthétisées ont un fort potentiel pour le développement des
PEMFC. Cependant, en raison de 1’ état physique des LIs (solide dans la plupart des cas), il n’est pas possible
de les utiliser comme électrolyte directement dans les PEMFC. Ce verrou peut-étre levé par la mise au point

de PEM a partir de membranes composites (polymére + L1) .
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Resumé

Les membranes composites a base de CAB/[DETA][TFS]-[DEPA][BUPH] (0, 23, 33 et 41 % en
poids de LI — Mo, M1, M2 et Ms, respectivement) ont été préparées par une technique d’inversion de phase.
La présence de LI dans la structure membranaire a été confirmée par les analyses IRTF et Rayons-X.
L’analyse MEB a révélé une structure homogéne et dense pour les membranes Mo et M. Cependant, dans
le cas des membranes M; et M3 (contenant respectivement 33 et 41 % en masse de LI), la présence de pores
a eté observée. Les résultats de microscopie a force atomique ont montré que la rugosité de surface de la
membrane CAB pure augmente avec I’augmentation de la concentration de LI en raison de 1’incompatibilité
entre [DETA][TFS] et le polymére CAB. L’analyse thermogravimétrique a permis de vérifier une stabilité
thermique inférieure pour les membranes composites (Taeq ~ 256265 °C) par rapport a la membrane CAB
pure (Tgeg ~ 360 °C). La membrane composite a également été caractérisée par des valeurs de Tg inférieures
par rapport aux valeurs obtenues pour la membrane CAB pure confirmant le comportement plastifiant des
LI. Par conséquent 1’ajout de LI entrainait une réduction de la stabilit¢é mécanique de la membrane
composite par rapport a la membrane CAB pure, tandis que la flexibilité de la membrane augmentait. Des
mesures d’impédance il résulte que les membranes composites possédent une bonne conductivité ionique
(0.1-1 mS-cm? a 120 °C). Comme attendu, I’augmentation de la proportion massique de LI de 23 a 41 %
dans la membrane a conduit & une augmentation de la conductivité ionique des membranes composites.
Aussi une augmentation de la conductivité ionique de la membrane liée a I’augmentation la température de
fonctionnement (de 25 a 120 °C) a été vérifiée en raison de I’amélioration de la mobilité ionique. La
membrane Ms a présenté la conductivité ionique la plus élevée — soit 0.443 mS-cm™ a 120 °C dans des
conditions anhydres. Les mesures effectuées en mode isotherme ont mis en évidence une conductivité
ionique stable des membranes composites (M1, Mz et M3) a 100 °C pendant 24 h ce qui laisse supposer une
capacité de ces membranes composites a base de CAB/[DETA][TFS]-[DEPA][BUPH] a pouvoir
fonctionner en PEMFC a haute température (> 80 °C) et de manicre durable. L’étude de conductivité menée
en température a permis de déterminer 1’énergie d’activation (E, > 14 kJ-mol?) qui semble indiquer que la
conduction protonique s’effectue selon le mécanisme de Grotthuss. Tous les résultats obtenus attestent que
les membranes composites a base de CAB/[DETA][TFS]-[DEPA][BUPH] sont des candidats prometteurs

pour une utilisation dans des applications électrochimiques, notamment dans les piles a combustible.
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