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Summary

Proton exchange membrane fuel cells (PEMFCs) offer a promising technology for
sustainable energy production due to their high efficiency and low environmental
impact. This alternative holds several advantages over conventional technologies,
such as their high electrical efficiency, low pollutant emissions, ease of installation
and rapid start-up. The core of a PEMFC is called the membrane electrode assembly
(MEA) that is composed of the proton exchange membrane (PEM) placed between
two electrodes. Nafion perfluorosulfonic acid ionomer is the most widely used
proton exchange membrane in PEMFC devices because of its excellent chemical
stability, high ionic conductivity and good mechanical strength. However, this is a
highly expensive membrane strongly dependent on humidity which requires the use
of external controlled humidity systems. The lack of water in these membranes
compromises the proton transport mechanisms leading to high ionic resistance
electrolytes with deficient fuel cell performance. For this reason, the development of
electrolytes with high ionic conductivity capable of working under non-humidified
conditions constitutes an interesting scientific challenge. Many efforts have been
made in order to develop proton exchange membranes capable of working under
anhydrous conditions. Particularly, ionic liquids (ILs) are attracting interest as
electrolytes for electrochemical applications due to their exceptional properties
such as negligible volatility, non-flammability, high thermal and electrochemical

stability and outstanding ionic conductivity even under anhydrous conditions.

In light of these facts, this thesis focuses on the development and application of
innovative polymeric membranes for proton exchange membrane fuel cells without

external humidification using ionic liquids as favorable proton exchange medium.

Firstly, in chapter 1 an overview of the current worldwide energy situation is

presented, emphasizing the use of the fuel cell technology as an advantageous
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alternative for energy production. The state of the art of proton exchange

membranes was reviewed to establish the basis for the present thesis.

The methods and equipment used in this work are described in chapter 2. The
fundamentals of the techniques used for the membrane characterization as well as
the description of the experimental set-up, including the membrane-electrodes

assembly and the protocol for fuel cell testing are included in this section.

In order to improve the low performance under non-humidified conditions reported
for commercial perfluorosulfonic membranes, an impregnation procedure with two
different protic ionic liquids 1-methyl-3-(4-sulfobutyl)-imidazolium
bis(trifluoromethylsulfonyl)-imide  ([HSO3-BMIm][Tf;N]) and  1-butyl-3-(4-
sulfobutyl)-imidazolium trifluoromethanesulfonate ([HSO3-BBIm][TfO]) was carried
out in chapter 3. Fuel cell performance and ionic resistance of these modified
membranes were studied and compared with the behavior of unmodified

perfluorinated membranes at different temperature and humidity conditions.

Having demonstrated the viability of protic ionic liquids as proton carriers under
non-humidified conditions, the next step analyzed the design of high performance
electrolytes under non-humidified conditions avoiding the use of expensive
perfluorinated polymers. For this purpose, membranes based exclusively on
polymerized protic ionic liquids were developed and studied in chapter 4. The first
membrane was based on the two polymerizable ionic liquids 1-(4-sulfobutyl)-3-
methylimidazolium 2-sulfoethylmethacrylate [HSO3-BMIm][SEM] and 1-(4-
sulfobutyl)-3-vinylimidazolium 2-sulfoethylmethacrylate [HSO3-BVIm][SEM]. In the
second case, composite membranes based on the polymerizable ionic liquid 1-(4-
sulfobutyl) 3-vinylimidazolium trifluoromethanesulfonate [HSO3-BVIm][TfO] and its
analogue non-polymerizable ionic liquid 1-(4-sulfobutyl)-3-methylimidazolium
trifluoromethanesulfonate [HSO3-BMIm][TfO] were synthesized at different
compositional range. The effects of water content and temperature on the ionic
conductivity were analyzed for both membranes. Moreover, the fuel cell

performance for triflate anion-based membranes at different compositional range is
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reported in this chapter. Molecular dynamics and ion transport properties of triflate
monomer and its polymerized form as well as sulfoethylmethacrylate membrane
are also included in this section allowing an understanding of the proton transport

mechanisms of these electrolytes.

Finally, chapter 5 deals with the development of membranes based on protic plastic
crystal and electrospun nanofibers. Similar to ILs, plastic crystals (PCs) are
promising solid electrolytes for fuel cell applications due to their negligible volatility
and high thermal and electrochemical stability. These materials have the advantages
of ionic liquids (high proton conductivity without humidification) and the benefits
of a solid state electrolyte. With this aim, composite membranes based on the protic
plastic crystal N-N-dimethylethylene diammonium triflate [DMEDAH][TFO] and
electrospun poly(vinylidene fluoride) (PVDF) nanofibers were developed for proton
exchange membrane fuel cells (PEMFCs) under non-humidified conditions.
Addition of 5 mol% of triflic acid and 5 mol% of the base N,N-
dimethylethylenediamine was carried out to study the effects on the ionic
conductivity and thermal behavior of the material. The effects of the plastic crystal
doping on the thermal behavior, ionic conductivity and fuel cell performance are
analyzed in this chapter.

Overall, this work contributes to the progress of the state of the art of PEMFC and
targets to the research of new electrolytes for this technology with improved
properties over the most widely used perfluorosulfonic membranes. Within this
objective, new membranes that incorporate protic ionic liquids and protic plastic
crystals have been developed and characterized and their behavior has been tested

in PEMFC devices.






Resumen

Las pilas de combustible de intercambio proténico (PEMFCs) son una prometedora
tecnologia para la produccion energética sostenible. Esta alternativa ofrece
numerosas ventajas frente a las tecnologias convencionales tales como alta
eficiencia energética, bajas emisiones de contaminantes, facilidad de instalacién y
rapido arranque. La parte fundamental de una PEMFC es el ensamblado membrana-
electrodos (MEA), el cual estd compuesto por una membrana intercambiadora de
protones (PEM) situada entre dos electrodos. El iondmero perfluorado conocido
como Nafion es la membrana mas utilizada en los dispositivos PEMFC debido a su
excelente estabilidad quimica, alta conductividad proténica y alta resistencia
mecanica. Sin embargo, esta membrana altamente costosa es muy dependiente del
contenido de agua para su correcto funcionamiento, lo cual implica el uso de
controladores de humedad externos. La falta de agua en estas membranas perjudica
los mecanismos de transporte protoénico conduciendo a electrolitos con alta
resistencia idnica y deficiente rendimiento en la celda de combustible. Por esta
razoén, el desarrollo de electrolitos con alta conductividad iénica capaces de
funcionar bajo condiciones no humidificadas constituye un interesante reto
cientifico. Numerosos esfuerzos han sido desarrollados con el objetivo de
desarrollar membranas de alto rendimiento bajo condiciones anhidras.
Particularmente, los liquidos i6nicos (LIs) estdn adquiriendo interés como
electrolitos para aplicaciones electroquimicas debido a sus excepcionales
propiedades como despreciable volatilidad, bajo riesgo de inflamabilidad, alta
estabilidad térmica y quimica y altas conductividades i6nicas incluso en condiciones
anhidras.

En vista de estas circunstancias, esta tesis se centra en el desarrollo y aplicacién de
membranas poliméricas innovadoras para PEMFCs sin humidificacién externa

empleando liquidos i6nicos como un medio favorable de transporte protoénico.

Xi



En primer lugar, en el capitulo 1 se presenta una revisién de la situacién energética
actual, enfatizando el uso de la tecnologia de pilas de combustible como una
alternativa ventajosa para la produccion energética sostenible. El estado del arte en
el campo de las membranas de intercambio proténico ha sido incluido para asentar
las bases de la presente tesis doctoral.

Los métodos y equipos usados en este trabajo han sido descritos en el capitulo 2.
Los fundamentos de las técnicas usadas en la caracterizacién de las membranas, asi
como la descripcién del equipo experimental incluyendo el ensamblado de la
membrana y los electrodos y el protocolo de funcionamiento de la pila de
combustible estan incluidos en esta seccion.

Con el objetivo de mejorar el bajo rendimiento en condiciones anhidras reportado
para las membranas comerciales perfluoradas, en el capitulo 3 se ha realizado una
impregnacién con los dos liquidos idénicos préticos 1-metil-3-(4-sulfobutil)-
imidazolio bis(trifluorometilsulfonil)-imida ([HSO3-BMIm][Tf2N]) y 1-butil-3-(4-
sulfobutil)-imidazolio trifluorometanosulfonato ([HSO3-BBIm][TfO]). El
rendimiento en la pila de combustible y la resistencia iénica de estas membranas
modificadas fue estudiado y comparado con el obtenido para las membranas sin
modificar a diferentes condiciones de temperatura y humedad.

Habiendo demostrado la viabilidad de los liquidos idnicos préticos como
transportadores de protones bajo condiciones no humidificadas, el siguiente paso
consisti6 en el disefio de electrolitos de alto rendimiento evitando el uso de costosos
polimeros perfluorados. Con este objetivo, en el capitulo 4 membranas basadas
exclusivamente en liquidos i6nicos proéticos polimerizados fueron. La primera
membrana estd basada en dos liquidos iénicos polimerizables 1-(4-sulfobutil)-3-
metilimidazolio 2-sulfoetilmetacrilato [HSO3-BMIm][SEM] y 1-(4-sulfobutil)-3-
vinilimidazolio 2-sulfoetilmetacrilato [HSO3-BVIm][SEM]. En el segundo caso,
membranas compuestas basadas en el liquido i6nico polimerizado 1-(4-sulfobutil)
3-vinilimidazolio trifluorometanosulfonato [HSO3-BVIm][TfO] y su analogo liquido
ionico no polimerizable 1-(4-sulfobutil)-3-metilimidazolio trifluorometanosulfonato

[HSO3-BMIm][TfO] fueron sintetizadas a diferentes rangos composicionales. Los
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efectos del contenido de agua y de la temperatura en la conductividad idnica fueron
analizados para ambas membranas. Ademads, en este capitulo se ha incluido el
rendimiento en la pila de combustible de las membranas de anidén triflato con
diferente composicién. Por otra parte, los estudios de la dinamica molecular del
monoémero basado en el anién triflato, su forma polimérica y la membrana basada
en el anidon sulfoetilmetacrilato incluidos en este capitulo permiten una
comprension de los mecanismos de transporte protdénico de estos electrolitos.
Finalmente, en el capitulo 5 se han desarrollado membranas basadas en cristales
plasticos proticos y nanofibras poliméricas. Similares a los Lls, los cristales plasticos
(PCs) son prometedores electrolitos sdlidos para pilas de combustible debido a su
baja volatilidad y alta estabilidad térmica y quimica. Estos materiales presentan las
ventajas de los liquidos i6nicos (alta conductividad proténica sin humidificacién) y
los beneficios de los electrolitos s6lidos. Con este objetivo, membranas compuestas
basadas en el cristal plastico proético N-N-dimetiletileno diamina triflato
[DMEDAH][TFO] y nanofibras de poli(vinilideno fluorado) (PVDF) han sido
desarrolladas para PEMFCs bajo condiciones sin humidificar. Con el objetivo de
analizar su influencia en la conductividad i6nica, comportamiento térmico y
rendimiento en la celda de combustible, se ha realizado una adiciéon de 5 mol% de
acido triflico y de 5 mol% de base N-N-dimetiletileno diamina.

En general, este trabajo contribuye al progreso en el estado del arte de las PEMFCs y
en la investigacién de nuevos electrolitos para esta tecnologia con ventajas
significativas frente a las ampliamente usadas membranas perfluoradas. Dentro de
este objetivo, nuevas membranas con liquidos iénicos proticos y cristales plasticos

préticos han sido desarrolladas, caracterizadas y testeadas en dispositivos PEMFCs.
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Chapter 1

INTRODUCTION

Abstract

This thesis aims at the development and characterization of innovative polymeric
membranes for proton exchange membrane fuel cells without external
humidification using ionic liquids as favorable proton exchange medium. This
preface chapter introduces an overview of the current worldwide energy situation,
fuel cell fundamentals and a review of the different proton exchange membranes
used in this technology. An introduction to ionic liquids as alternative electrolytes is
provided to set the foundations for the development of ionic liquid-based
membranes for fuel cell applications. Finally, the scope and outline of the thesis are

summarized.



Chapter 1

1.1. Current energy situation

Modern lifestyle requires a steady, secure and accessible supply of energy. The
global demand of energy is rapidly increasing with growing human population,
urbanization and modernization [1]. Global primary energy consumption in 2015
was 13147.3 million tons of equivalent oil. This means an increase of 1.0% respect
to the previous year and similar to the growth recorded in 2014 (1.1%) but below
its 10-year average increase of 1.9% [2]. During the 2008-2013 period there was an
important economic adjustment in developed countries, especially those belonging
to the European Union, due to the economic crisis. This situation was reflected in
the primary energy consumptions which declined in 2008 as it can be observed in
figure 1.1. After that moment the primary energy consumption progressively

increased up to the present values.
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Figure 1.1. Historical evolution of primary energy consumption by fuel type
Fossil fuels such as oil, gas and coal provide almost 86% of the energy demands. Oil

is the fuel mostly consumed, with 32.9% of the global energy consumption. This

means an increase of 1.9% in comparison to the figures of 2014. World natural gas
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consumption grew by 1.7% in 2015, a significant increase from the weak growth of
2014 but below the 10-year average increase of 2.3%. On the other hand, global coal
consumption fell in 2015 by 1.8%, below the 10-year average annual growth of
2.1%. Global nuclear output grew by 1.3%, being China the country that contributed
the most to this increase. Regarding renewable energy sources for power
generation, they continued increasing in 2015 reaching 2.8% of the global energy

consumption, 0.8% more than in the previous decade.

Figure 1.2 shows the fuel regional consumption in 2015. Oil is the dominant fuel in
Africa and America, whereas natural gas is the major consumed fuel in Europe &
Eurasia and the Middle East. Coal is the dominant fuel in the Asia Pacific region,
which represents 51% of the regional energy consumption. The Middle East based
its primary energy consumption on oil and gas, accounting for 98% of the energy

consumption.
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Figure 1.2. Distribution of primary energy consumption by fuel and region in 2015
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The energy dependence on fossil fuel could lead to an undesirable and
unsustainable situation due to the depletion of fossil fuel reserves, global warning

and military conflicts.

The fossil fuel reserves are finite. If we maintain our present energy consumption
trends the fossil fuel reserves will be compromised. To determine the depletion
level of the fossil fuel reserves it is necessary to analyze each type of fossil fuel
separately. Figure 1.3 shows the reserves-to-production (R/P) ratio of each type of
fuel, which is a widely used measure to assess natural energy and mineral
resources. The R/P ratio depicts the number of years that oil and mineral reserves
will sustain the current level of energy consumption. The R/P ratio is calculated by

dividing the proved reserved by the energy production in that year [3].

0il is the less abundant fossil fuel, sufficient to meet 50.7 years of global energy
production, being South and Central American reserves those with highest R/P
ratio, 117 years. Natural gas reserves are enough to meet 52.8 years of global energy
production and coal is by far the most abundant fossil fuel with world R/P ratio of
114 years. The Middle East has the highest R/P ratio for natural gas whereas Europe
& Eurasia and North America have the highest R/P ratio for coal, 273 and 276 years

respectively.
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Figure 1.3. Fossil fuel reserves to production (R/P) ratio at 2015

The price of crude oil is an important concern that should be taken into account.
Increasing demand especially from developing countries, geopolitical features in
Middle East and extreme weather factors are factors that have played a significant
role in the rapid rise of global oil prices [1]. Figure 1.4 shows the historical evolution
of crude oil prices. As it can be observed, Kippur war (1973), Iranian Revolution
(1979), Iran/Iraq War (1980) and First and Second Gulf Wars (1991 and 2003) have
influenced oil price. However, from 2005 onwards, the price trend of the crude oil
market changed significantly. After the Katrine Hurricane gasoline prices reached a
top record during September of 2005 and the oil production decreased due to
several political tensions in the Middle East, until it reached a price of 117 USD per

barrel in 2011.
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Figure 1.4. Historical evolution of crude oil prices (US $)

Another consequence of the massive burning of fossil fuels is the environmental
impact, especially the global warming caused by CO; emissions. Figure 1.5 suggests
a discernible human influence on CO; emissions. The global CO, emissions have
risen by 53.6% in the last ten years, from 23101.3 million tons in 1994 to 35498.7
million tons in 2014. With respect to 1974, the emissions have increased by 109.6%.
Developing countries have the strongest influence in this increase in CO, emissions,
being China the major contributing country, accounting for 27.5% of the global

emissions in 2014 [4].

Human influence on the climate system is unquestionable due to the anthropogenic
emissions of greenhouse gases. Recent climate changes have had several impacts on
human and natural systems, as well as several economical consequences. The report
published by the Intergovernmental Panel on Climate Change (IPCC) in 2014 points
out that the globally averaged combined land and ocean surface temperature show a
warming of 0.85 °C over the period 1880 to 2012. On the other hand, over the
period 1901-2010, the global mean sea level increased 0.19 m [5].
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Figure 1.5. Historical evolution of CO, emissions (MTons) by geographic region

Global utilization of fossil fuels for energy needs is leading to critical environmental,
human, political and economical concerns. This situation demands the search for

alternative energy sources such as renewable energy sources.

Renewable energy sources in power generation continued to increase in 2015,
reaching 2.8% of global energy consumption. Renewable power generating capacity
had its largest annual increase ever in 2015, with an estimated 147 GW of
renewable capacity added to the global energy capacity. The total global capacity at
the end of this year was 785 GW (1849 GW including hydropower). Wind and solar
photovoltaic (PV) saw record addition for the second consecutive year, together
accounting for 77% of the whole renewable power capacity added in 2015. At the
end of 2015 renewables constituted an estimated 28.9% of the world’s power
generating capacity. Figure 1.6 shows the technology distribution for renewable

electric power global capacity in 2015 (not including hydropower)[6].
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Figure 1.6. Renewable electric power global capacity

Nevertheless, it is worth mentioning that due to their intermittent character,
renewable energy sources cannot be effectively used until appropriate energy
storage technologies are developed. This means that it is necessary to store the
energy generated by renewable technologies to use it when needed. One of the most
desirable options is to convert this energy into hydrogen (renewable hydrogen

production).

There are two different routes for the production of renewable hydrogen: direct and
electrolytic [7]. In the electrolytic route the energy source is first converted into
electricity followed by the production of hydrogen via electrolysis of water. Direct
photoconversion into hydrogen can be achieved using a solar energy source through
photocatalytic, photoelectrochemical, photobiological or photovoltaic technologies

(figure 1.7).



Introduction

Photocalalytic F—

| Photoconversion | Photoelectrochemical —
Solar
|

] Thermal system ‘ Photobiological

Photovoltaic e

Thermo BE
chemical cycle

TurW’ Electrolyzer H Hydrogen |

] Geothermal H] Thermal cycle \

Figure 1.7. Renewable hydrogen production routes [7]

A worldwide shift from fossil fuels to renewable hydrogen technology would
eliminate many of the problems associated to fossil fuels dependency [8]. As
previously mentioned, hydrogen is an energy vector that is utilized to store and
transport energy. Chemical energy can be transformed to electrical energy by means

of electrochemical technologies such as fuel cells.
1.2. Fuel Cells

Fuel cells are electrochemical devices that convert directly chemical energy into
electrical energy through oxidation and reduction reactions. There are different
types of fuel cells depending on the fuel, electrolyte and operating temperature
(table 1.1). However, the most studied fuel cell for transport is the Proton Exchange
Membrane Fuel Cell (PEMFC) because of its adequate characteristics as fast and

easy start-up and durability.
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Table 1.1. Types of fuel cells

AFC (l; Elt\)lltl:)(;l PAFC MCFC SOFC
Fuel cell X (Phosphoric (Molten (Solid
(Alkaline) exchange . .
acid) carbonate) oxide)
membrane)
Operating <100 60-120 160-220 600-800  500-1000
temperature (°C)
Transportation, space, . .
L . Stationary Stationary power systems
Applications military and energy storage 4
power systems and transportation
systems
Power 5-150kW  5-250kw  S0kw-11MW 00K 100~ 250 kw
Ch: ier i
arge carrier in OH - u* 0,7 o*

electrolyte

PEMFC typically use hydrogen as inlet fuel, which is introduced in the negative
electrode (anode) where it is oxidized and dissociated into protons and electrons. In
the positive electrode (cathode) oxygen is reduced and dissociated into O2". Protons
pass through the proton exchange membrane (PEM) and electrons go to an external
circuit generating electricity. Subsequently, electrons, protons and Oy react in the

cathode forming water as the only byproduct (figure 1.8).
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Figure 1.8. PEMFC scheme

10



Introduction

The electrochemical reduction reaction of oxygen and the oxidation reaction of

hydrogen are the following:

Anode:H, —2H" +2e (1.1)

Cathode: 10, +2¢ +2H" - H,0 (1.2)
U2 2

Global: Hy + 1.0, — H,0 (1.3)

The core of a PEMFC is called the membrane electrode assembly (MEA) that is
composed of the proton exchange membrane (PEM) placed between two electrodes.
Proton exchange membranes have different functions, such as separation device of
the gaseous reactants, protons transport from the anode to the cathode, to
electrically insulate the electrons and as support for the catalyst [9]. Membranes

must meet the following requirements to be applied in PEMFCs [10]:

- High proton conductivity

- Outstanding mechanical strength and dimensional stability

- Chemical, electrochemical and thermal stability under the operating conditions

- Low fuel and oxygen crossover

- Easy conformation to form a membrane electrode assembly (MEA)

- Competitive cost

Nafion perfluorosulfonic acid ionomer, represented in figure 1.9, is the most widely
used membrane in PEMFC devices because of its excellent chemical stability, high
ionic conductivity and good mechanical strength [11, 12]. However, the conductivity
of Nafion drops at temperatures above 100 2C due to the evaporation of water that

is critical for proton conduction.

CF, CF,
\éch/ ){CF/ %
X I Y

O—CF. o] CF. o
Z\CF%Z\CFE/ 27/5{
OH

CF3

Figure 1.9. Chemical structure of Nafion
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The commercial development of fuel cells has made a strong progress in recent
years. The fuel cell industry grew to $2.2 billion in 2014, up from $1.2 billion in
2013. Moreover, more than 50000 fuel cells were shipped in 2014 (180 MW).
Regards to transportation, Hyundai started in 2014 the commercial introduction of
the fuel cell electric vehicle (FCEV), Toyota began FCEV sales in 2015 in the United
States of America and Honda will start it in 2016. Moreover, more than 90 hydrogen

fueling stations were announced worldwide [13].

Despite the fact that this technology is starting to be commercially available some
technical and economic issues still need to be solved. Several authors have focused
on the optimization of the stack design and the fuel cell configuration. Other aspects
that require improvement include the structure and composition of the catalyst
layer. For the electrolyte, many efforts have been focused to develop a PEM with
high conductivity at low relative humidity. It would permit working at higher
temperature helping the electrochemical process to be more efficient. Moreover,
catalyst CO poisoning and water management would be avoided. Table 1.2 lists the
2020 US Department of Energy (DOE) technical targets for proton exchange
membranes [14]. These targets incorporate the most important characteristics for
PEMs, i.e. high conductivity, good thermal, mechanical and chemical stability,

adequate durability and low cost.
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Table 1.2. Targets for PEMs according to US DOE for 2020

Characteristic Units 2015 status
Cost $.m™>2 17
Durability

Cycles until >15

Mechanical 23000

mA.cm2 H; crossover

Hours until >15

Chemical mA.cm crossover or 742
>20% loss in OCV

Maximum operating temperature eC 120
Maximum electrical resisteance ohm.cm? >5600
Maximum oxygen crossover mA.cm 2 2,4
Maximum hydrogen crossover mA.cm™ 1,1

Area specific proton resistance at:

Maximun operating temperature and water h 2 0,072 (120 2C, 40
partial pressure from 40-80 kPa ohim.cm kPa)

80 2C and water partial pressure from 25- 2

45 kPa ohm.cm 0,027 (25 kPa)
30 2C and water partial pressures up to 4 ohm.cm? 0,027 (4 kPa)

kPa

1.3. Proton exchange membranes for PEMFCs

Conventional proton exchange membranes have been widely investigated by many
researchers as electrolytes for fuel cell applications. As it was aforementioned,
Nafion is the most frequent polymer in PEMFCs because of its excellent mechanical
and thermal properties and outstanding conductivities when it is well hydrated.
However, using Nafion is not feasible at temperatures above 80 2C because of the
evaporation of water. It is indubitable that these membranes require improvements
in order to achieve a real implementation of this technology. It is still necessary the
development of a proton exchange membrane which satisfies all the requirements
namely, proton conductivity high enough at high temperature, durability,
mechanical and chemical stability and a reasonable cost. Consequently, other proton

exchange membranes are being studied for fuel cells as it is shown in table 1.3 [15].

13



Chapter 1

Table 1.3. Proton exchange membranes for fuel cells

Membrane Structure Advantages Disadvantages
-Fluorinated backbone
-Fluorocarbon side -Excellent chemical -Expensive
. chain and electrochemical -High methanol
Perfluorinated . .
-lonic clusters stability crossover
membranes - . . .
consisting of sulfonic -High proton -Dehydration
acid ions attached to conductivity above 80 2C
side chains
-Inexpensive
-Low crossover
-Fluorocarbon base -Good anti-free
Partially -Hydrocarbon or . I -Less durable
. . . . radical oxidation
fluorinated aromatic side chain : -Low
-Relatively strong
membranes grafted onto the performance
compared to
backbone .
perfluorinated
membranes
-Low cost
-Hydrocarbon or -Low crossover

Non-fluorinated
membranes

Acid-base
membranes

Ionic liquid
membranes

aromatic base, typically
modified with polar or
sulfonic groups

-Incorporation of acid
component into an
alkaline polymer base

-Formed from an
organic cation and an
organic/inorganic
anion

-Proton conductivity
comparable to Nafion

at a high water
uptake

-High thermal,
dimensional and

chemical stability
-Proton conductivity
comparable to Nafion

-Tunable

-High conductivity
-High chemical,
electrochemical and
thermal stability
-Non-volatile

-High swelling
-Inadequate
durability

-Durability

-Difficulty
constructing a
solid membrane
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Regarding perfluorinated membranes, several studies aim to the modification of
Nafion membranes towards improving their water retention. Zeng and co-workers
[16] developed Nafion membranes with silica for PEMFCs without humidification.
These membranes have conductivities of approximately 1.11 x 10-1 S.cm'! at 25 2(,
allowing an increase of approximately 30% in the fuel cell performance in

comparison to unmodified Nafion membranes.

To overcome the drawbacks of perfluorinated membranes, different alternatives
such as the use of partially fluorinated membranes are being studied by many
authors [17-23]. This technique allows the design of new advanced materials,
improving their mechanical and thermal properties relative to the individual
polymers. Besides, the cost of these membranes is reduced because of the smaller
amount of fluorinated polymer required due to the utilization of less expensive
polymers. However, the proton conductivity can be compromised.
Perfluoroalkylvinylether/polytetrafluoroethylene (PFA/PTFE) membranes were
developed by Muto et al. [24]. High conductivity of 1.7 x 101 S.cm'! at 60 °C was
obtained, and peak power densities of approximately 630 mW.cm2 at 60 2C with
humidified gases were reached. However, similarly to the fluorinated membranes,

these electrolytes need humidification for an optimal performance.

Non-fluorinated membranes might be alternative membranes for PEMFCs able to
replace the expensive fluorinated membranes that show high fuel crossover and
limited operating temperatures. However, similarly to fluorinated acid membranes,
these polymers require a proton conductor for their use in fuel cell devices.
Poly(arylene ether) materials are studied by many researchers because of their
availability, processability, varied chemical compositions and high stability in the
fuel cell environment [25-38]. Park and co-workers [39] have developed a new
concept of self-humidifying membrane based on the use of a sulfonated poly(arylene
ether sulfone) random polymer with a hydrophobic surface coating. The water
content in this membrane is regulated through nanometre cracks located in the

hydrophobic surface layer working as valves in order to retain water inside the
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polymer analogous to the water retention mechanisms of the cactus plant. It has
been proved that coated membranes have delayed the water desorption rate as well

as enhanced fuel cell performance in comparison with uncoated membranes.

Other encouraging non-fluorinated materials as PEMs are sulphonated polyimides
(SPIs) because of their excellent mechanical and thermal properties, as well as their
chemical stability and low crossover [40-44]. Cross-linkable sulphonated poly(ether
sulphone) showed a conductivity of 1.2 x 101 S.cm'! at room temperature and
power density of 900 mW.cm2 at 0.6 V in a PEMFC at 70 2C with humidified gases
[26]. SPEEK/amino-functionalised silica membranes showed 1.0 x 10-1 S.cm! at 120

2C and peak power densities of 246 mW.cm-2 at 120 2C with humidified gases [37].

Another promising alternative developed by many authors consists of blending
basic polymers with strong acids. These membrane electrolytes show high proton
conductivities even under non-humidified conditions. The basicity of these
polymers permits the formation of hydrogen bonds with the acid. H3P0O4 and H2S04
acids show effective proton conductivity, even in their anhydrous form, due to their
exceptional proton conduction mechanism; this mechanism utilises self-ionisation
and self-dehydration [45, 46]. Among the basic polymers, polybenzoimidazole (PBI)
has received significant attention due to its excellent thermal and chemical stability
[47-56]. However, high acid content results in high conductivities, but the
mechanical stability is reduced. Moreover, the loss of the acid component during the
operation limits the application of these membranes. PBI/H3P0O4 membranes were
developed by Li et al. [47], showing conductivities ranging from 2.5 x 10-2 - 6.8 x 10-2
S.cm! at 200 2C. These materials showed a peak power density of 1000 mW.cm2 in

a PEMFC at 200 °C without humidification.

Finally, it is worth mentioning that room temperature ionic liquids (ILs) are
attracting interest as electrolytes for electrochemical applications due to their
exceptional properties such as negligible volatility, non-flammability, high thermal
and electrochemical stability and outstanding ionic conductivity even under

anhydrous conditions.
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1.4. Room temperature ionic liquids (ILs)

Room temperature ionic liquids are organic salts with melting points below or equal
to room temperature. ILs are formed entirely by ions and differ from ionic solutions

in that ionic liquids do not contain a solvent (figure 1.10) [15].

lonic solution lonicLiquid

Figure 1.10. [onic liquid vs. ionic solution

Some ions that are frequently used in ionic liquids are shown in figure 1.11. Because
ionic liquids are formed entirely of ions, they can be combined to meet the desired
properties for specific applications [57]. Currently, there are more than 103 different
ionic liquids available, but it has been demonstrated that there are at least 106
simple ionic liquids that can be synthesized in the laboratory. There will be 1012

binary combinations of these and 1018 ternary systems possible [58-61].
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Figure 1.11. Cations and anions frequently used in ILs

The conductivities of ionic liquids at room temperature range from 1.0 x 104 - 1.8 x
102 S.cm1. Generally, conductivities of approximately 1.0 x 10-2 S.cm™ are typical of
ionic liquids based on dialkyl-substituted imidazolium cations. Ionic liquids based
on tetraalkylammonium, pyrrolidinium, piperidinium and pyridinium cations have

lower conductivities, ranging from 1.0 x 10-4to 5.0 x 10-3 S.cm1.

One possibility to classify these interesting compounds is into aprotic and protic
ionic liquids. Protic ionic liquids can be easily obtained by a proton transfer from a
Brgnsted acid to a Brgnsted base, leading to the presence of proton donor and
acceptor sites that can be used to build a hydrogen-bonded network. A benefit of
using protic ionic liquids is that cells can be operated at temperatures above 100 ¢C
under anhydrous conditions because the proton transport is independent of the
water content. The reactivity of this active and mobile proton located on the cation
makes them appropriate for use as electrolytes in fuel cell applications [62]. On the
other hand, aprotic ILs contain other substituent, typically alkyl groups, instead of

the mobile proton located in their analogous protic ionic liquid.
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To use ILs as electrolytes in PEMFCs they must be in a solid film state. One approach
towards achieving this property is mixing an ordinary polymer with the ionic
liquids. This technique results in an improvement of the transport properties of the
polymer electrolytes because the degree of ion dissociation, concentration of ionic
moieties and Tg of the membrane are modified. The mixture can be prepared by
polymerising various monomers in the presence of ionic liquids or by generating a
simple mixture of polymers with ionic liquids [80]. However, this technique often
results in compromise between the desirable RTIL properties and the mechanical
strength of the membranes [63, 64]. Another innovative technique used to generate
solid polymeric electrolytes from ionic liquids is the polymerization of ionic liquids
containing polimerizable groups. Polymerized ionic liquids constitute an important
innovation in the field of electrolyte membranes because they can be used directly
as polymeric solid membranes replacing conventional perfluorinated membranes.
The tunability of ionic liquids permits the synthesis of ionic liquid polymers with

different morphologies and specific properties for fuel cell applications [65-73].

Similar to ionic liquids, organic ionic plastic crystals (OIPCs) are a family of solid
state electrolytes with electrochemical applications. Their negligible volatility and
high thermal and electrochemical stability make them suitable solid electrolytes in
many electrochemical devices, such as lithium batteries, dye-sensitised solar cells
and fuel cells [74-78]. These materials have the advantages of ILs (high proton
conductivity without humidification) and the benefits of a solid state electrolyte,

making them promising new proton conductive electrolytes for fuel cells.

OIPCs are usually formed from a large symmetric organic cation and an inorganic
anion that is normally symmetrical or has a diffusive charge. These materials have
one or more solid-phase transitions before melting that are associated with the
beginning of rotational or translational motions of the ions. This translation leads to
a progressive transformation from an ordered crystalline phase to an increasingly
disordered structure. The conductivity of these materials is attributed to the

presence of defects or vacancies in the crystalline structure, the rotational and
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translational disorder of the cation and anion and the conformational disorder of
the ions [79]. These materials are referred to as “plastic crystals” due to their
softness; they are easily deformed under stress. This deformation occurs due to the
mobility of the slip planes, dislocations or vacancy migrations. These properties are
beneficial for fuel cell devices because they should suffer less from any loss of

contact with the electrodes due to volumetric changes [80].
1.5. Thesis scope and outline

This study focuses on the development of innovative proton exchange membranes
based on ionic liquids for fuel cells without external humidification. The work
covers the selection of suitable ionic liquids and describes the development,
characterization and performance of different ionic liquid-based proton exchange

membranes.

Chapter 2 describes the methods and equipment used in this work, including the
techniques necessary for the membrane characterization. Moreover, a general
description of the experimental set-up, the assembly between membrane and

electrodes and the protocol for fuel cell testing are explained.

Chapter 3 reports the development of membranes based on perfluorinated polymer
and protic ionic liquids for PEMFC fed with hydrogen under non-humidified
conditions. The selection and synthesis of suitable ionic liquids and the
development, characterization and performance of the composite membranes were

described.

Chapter 4 deals with the synthesis of membranes based on polymerized ionic
liquids used for the first time in this application. Two different families of ionic
liquids were designed and studied for this application (triflate and
sulfoethylmethacrylate anion-based ionic liquids). The synthesis of these ionic
liquids, the polymerization procedure and the characterization of the membranes
are explained in this chapter. Besides, triflate anion-based membranes were tested

in the fuel cell set-up at different operating conditions (temperature, membrane

20



Introduction

thickness and membrane composition through the incorporation of a non-
polymerizable ionic liquid). Moreover, molecular dynamics and ions transport
properties of these two membranes based on polymerized ionic liquids were

studied by means of dielectric relaxation studies.

Chapter 5 describes the synthesis of membranes based on protic plastic crystals
supported on polymeric nanofibers. For this purpose, a protic plastic crystal formed
by an diammonium cation and triflate anion was supported on poly(vinylidene
fluoride) (PVDF) nanofibers. With the aim of increasing the ionic conductivity and
the fuel cell performance, the plastic crystal was doped with triflic acid and N,N-
dimethylethylenediamine and its performance was compared with pure plastic

crystal membranes.

Finally, chapter 6 collects the general conclusions of this thesis and an overview of

the challenges and prospects for future research.
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Chapter 2

METHODS AND EQUIPMENT

Abstract

This chapter deals with the methods and equipment used in this work. The
fundamentals of the techniques used for the membrane characterization are
thoroughly explained. Moreover, a description of the experimental set-up, including
the membrane-electrodes assembly and the protocol for fuel cell testing are

included in this section.
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2.1. Characterization techniques
2.1.1. Electrochemical Impedance Spectroscopy (EIS)

There are several methods for diagnosing and analyzing PEM fuel -cells.
Electrochemical impedance spectroscopy (EIS) is a suitable and powerful diagnostic
testing method for fuel cells because it is non-destructive and provides useful
information about the fuel cell performance and its components without perturbing

the system from equilibrium [1-4]. This technique has the following advantages [5]:

e It provides microscopic information about the electrochemical system
e Itallows modeling the system through an equivalent circuit
e [t differentiates the individual contributions of each fuel cell component to

the overall performance and each internal process

Due to the versatile capabilities of EIS, it has been applied for the optimization of the
membrane electrode assembly structure and operation conditions, for the study of
the effects of contaminants on the fuel cell as well as to measure the membrane

resistance.

The EIS technique is used to measure the frequency dependence of the impedance of
a fuel cell by applying a small sinusoidal AC potential (or current) as a perturbation
signal to the fuel cell and measuring the current (or potential) response [6]. The
response to this potential will be a sinusoid at the same frequency but shifted in

phase.
The excitation signal expressed as a function of time is [7]:
E, =E,sin(wt) (2.1)

E: is the potential at time t, Eo is the amplitude of the signal and w is the radial

frequency. w and the frequency f are related by the following equation:
w=2nf (2.2)
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In a linear system the response signal I is shifted in phase (¢) and has a different

amplitude Ip
I, =1, sin(wt + ¢) (2.3)

An expression analogous to the Ohm’s Law allows us to calculate the impedance of

the system as:

E E,si
z=Ee__Eosin(@t) (2.4)
I, Iysin(wt+¢)

As a result, the impedance is expressed in terms of a magnitude Zo and a phase shift

o.
With Euler’s relationship:
exp(jp)=cos@+ jsing (2.5)

It is possible to express the impedance as a complex function. The potential and the

current response are described as:

E,=E,exp(jwt) (2.6)

I, =y exp(jot - ) 2.7)

The impedance is represented by a complex number:

Z(<p)=7=Zo exp(jp)=~Zy(cosp+ jsingp) (2.8)

The two most common graphics to represent the EIS data are the Bode and Nyquist
plots [8]. In the Bode graphic the impedance is plotted with log frequency on the X-
axis and both the absolute values of the impedance and the phase-shift on the Y-axis.
In the Nyquist plot the real part is plotted on the X-axis and the imaginary part is

plotted on the Y-axis.
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As it was aforementioned, EIS technique has the capacity to determine the
contribution of each individual component to the overall fuel cell performance and

the internal processes associated with charge transfer and mass transport [9, 10].

In the low frequency range of the spectra, for frequencies lower than 3 Hz, the mass
transport process can be observed. This diffusion process is related to an oxygen
concentration gradient in the cathode, including the gas diffusion layer and gas
channel. The frequency range between 3 Hz to 1 kHz is controlled by the charge
transfer reaction at the electrodes. The high frequency range of the spectrum, where
the impedance passes through a minimum, is determined by the electrolyte

resistance as it can be observed in figure 2.1.
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Figure 2.1. Electrolyte resistance (Bode plot)

In this work, electrochemical impedance spectroscopy was used to measure the
ionic resistance exerted by ionic liquid-based membranes using the electrochemical
station Zennium (Zahner). All impedance measurements were performed in

potentiostatic mode with amplitude of 10 mV in a frequency range of 1 Hz to 1MHz.
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The data were collected and analyzed with the “Thales” software from Zahner and

presented in the Bode plot.

The lonic conductivity was calculated with the equation:

g=L (29)

where o is the ionic conductivity (S.cm), L is the thickness of the membrane (cm),
A is the active area (cm?) and R is the membrane resistance (ohm) obtained from

the EIS analysis.

Two different procedures were designed and carried out: in-situ and ex-situ
measurements. In-situ measurements were performed following the procedure
reported by Wagner et al.[10]. Impedance spectra reported were measured between
the fuel cell cathode (working and sense electrode) and anode (counter and
reference electrode). The anode was used as reference and as counter electrode,
which is very stable and has negligible overpotential compared to the cathode.
Before each experiment, the cell was prepolarized for at least 15 min at the

measuring voltage to reach the steady-state operation [11].

Ex-situ procedure was selected to avoid the influence of the water produced during
the fuel cell reactions on the ionic conductivity. To achieve this, ionic conductivity
measurements were performed not during fuel cell tests but in an external
homemade cell specifically designed to this aim, which is a modification of a
conductivity cell reported in literature [12]. The design of the ionic conductivity cell

is shown in figure 2.2.
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Figure 2.2. Homemade conductivity cell

A stainless steel rod (2" diameter, 3” long) ended by a thinner stainless steel road
(3mm diameter, 2 cm long) is fitted with a Swagelok ferrule (Swagelok SS-810-SET)
and inserted into a %" perfluoroalkoxy (PFA) union (Swagelok PFA-820-6). Inside
the union a spring (Barnes Group, A480-029-062) is placed between the stainless
steel rod and a stainless steel spacer (1/2” diameter, 0.01” thickness). Another
stainless steel road fitted with the Swagelok ferrule is inserted into the other end of

the union. The electrolyte is located between the spacer and the rod.
2.1.2. Broadband dielectric spectroscopy (BDS)

The broadband dielectric spectroscopy (BDS) is a very powerful experimental tool
for understanding the molecular level dynamics in ion-containing liquids and
polymers [13-16]. This technique allows the measurement of the dielectric response
over 12 decades of frequency at different temperatures giving a valuable insight into
molecular mobility of a polymerized ionic liquid, below as well as above its glass
transition temperature (Tg)[17]. Additionally, dielectric measurements allow
recognition of the type of the charge transport mechanism in ionic conductors.
Namely, if conductivity of a system is controlled by the fast proton hopping through
the H-bond network (Grotthuss mechanism), close to the liquid-glass transition

region the examined ionic material exhibits decoupling of ionic conductivity from
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the structural relaxation [18]. It means that the ionic motions are still very fast
when the structural relaxation becomes frozen. This specific separation between the
time scale of charge and mass diffusion in the vicinity of Tg is manifested by the
characteristic crossover of the temperature dependence of conductivity (oq4c) or
conductivity relaxation times (t;) at T faster than 102 s from the Vogel-Fulcher-
Tammann-like (equation 2.10) at T>Tg to Arrhenius behavior (equation 2.11) at
T<Tg [19-21].

_EqVFT
0 = 0yexp [Ta_—TO] (2.10)
0 = gpexp [;_E; (2.11)

Generally, dielectric spectra can be presented in three frequency dependent
complex quantities: the complex permittivity £*(f) = &'(f) — ie"'(f), the complex
conductivity o¢*(f) =0'(f) +ic""(f) and the complex electric modulus
M*(f) = M'(f) + iM"(f), which are related to each other by to the following
equation:

M*(f)=;_i2nfso

e o) (212)

It should be noted that all these representations emphasize different facets of the
same process. Therefore, details that are not readily evident from one approach can

be discriminated from the spectra in the other two representations.

To better visualize the differences between M*(f), a*(f), and £*(f) formalisms, a
representative BDS spectrum of polymerized ionic liquid measured at 238 K is
shown in all three representations in figure 2.3. The imaginary part of the complex
modulus takes the form of a well-pronounced peak, called a conductivity relaxation
peak, in contrast to the £ (f) function that suddenly increases with a decreasing
frequency. On the other hand, the real part of the complex conductivity is
characterized, on the low frequency side, by a plateau (the value of which directly

yields the dc conductivity, o4c). In this context, it noteworthy that the dc-
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conductivity, usually defined as the product of the number of ions and their

mobility, is inversely proportional to the conductivity relaxation time t; (or t)

. . 1
determined from the frequency of M" peak maximum t,, = P [22].
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Figure 2.3. Dielectric relaxation spectrum at 238 K for polymerized ionic liquid
presented in three equivalent representations: electric modulus, dielectric
permittivity and conductivity

In this work, ambient pressure dielectric measurements were performed for the
protic ionic liquid monomer 1-(4-sulfobutyl) 3-vinylimidazolium
trifluoromethanesulfonate ([HSO3-BVIm][TfO]) and its polymer counterpart.
Dielectric measurements under high pressure conditions were carried out for a
membrane based on the two polymerizable protic ionic liquids 1-(4-sulfobutyl)-3-
methylimidazolium 2-sulfoethylmethacrylate [HSO3-BMIm][SEM] and 1-(4-
sulfobutyl) 3-vinylimidazolium 2-sulfoethylmethacrylate [HSO3z-BVIm][SEM] (50
wt%). The measurements were performed over a wide frequency range from 10-1 to
106 Hz using a Novo-Control GMBH Alpha dielectric spectrometer. For the isobaric
measurements, the sample was placed between two stainless steel electrodes of the
capacitor. The dielectric spectra were collected in a wide temperature range from

153 to 373 K. The temperature was controlled by the Novo-Control Quattro system,
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with the use of a nitrogen gas cryostat. Temperature stability was better than 0.1 K.
For the pressure dependent dielectric measurements the capacitor filled with the studied
samples was placed in the high-pressure chamber and compressed using the silicone oil.
Pressure was measured by the Nova Swiss tensiometric pressure meter with a resolution
of 0.1 MPa. The temperature was controlled within 0.1 K by means of a liquid flow

provided by a Weiss fridge.
2.1.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a technique in which the mass of a substance is
monitored as a function of temperature or time in a controlled atmosphere [23]. The
measurements are used primarily to determine the thermal and/or oxidative
stabilities of materials as well as their compositional properties. The technique can
analyze materials that exhibit either mass loss or gain due to decomposition,
oxidation or loss of volatile components such as water content [24-28]. It is
especially useful to characterize the behavior of polymeric materials, including
thermoplastics, thermosets, elastomers, composites, films, fibers, coatings and

paints [29].

In this work, special attention has been given to the degradation temperature and
the water content (W) of the samples. W, of polymeric membranes was determined
by the weight difference between the initial weight of the membrane at room
temperature and the weight of the membrane at 150 2C. On the other hand, the
degradation temperature used in this work was the onset temperature (T,) that
denotes the temperature at which the weight loss begins. T, is calculated as the
temperature at the intersection of the extrapolated base line with the tangent to the

curve taken at the point of maximum slope (figure 2.4)[11].

For this purpose, thermogravimetric analysis was carried out using a TGA-60H
Shimadzu thermobalance under nitrogen atmosphere at temperatures ranging from

room temperature to 500 2C with a heating rate of 10 2C.min..
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Figure 2.4. TGA curve. T, example
2.1.4. Karl-Fischer titration

Karl-Fischer titration allows to determine the water content of a sample by adding

an iodine solution as reagent until the following reaction is completed [30]:
H,0 + I, + [RNH]*SO;CH; + 2RN — [RNH]*SO,CH; + 2[RNH]*I- (2.13)

In coulometric Karl-Fischer titration, iodine (I2) is generated electrochemically from
iodide (I-). When iodine comes in contact with the water in the sample, water is
titrated according to equation 2.13. The amount of water in the sample is calculated
by measuring the electric current needed for the electrochemical generation of

iodine from iodide.

To determine the endpoint of the titration bivoltametric indication was used [31].
Using this indicator, a small current is applied between the electrodes and the
voltage required to maintain this current is measured. The voltage required to

maintain the current is of the order of 100 mV as long as an excess of water is
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present in the sample. When the endpoint of the titration is reached, free iodine is

available in the solution and the voltage drops to less than 100 mV.

In this work, the water content of ionic liquid samples was determined by Karl
Fischer coulometer (Metrohm 899) employing Coulomat AG (Sigma Aldrich) as an

analyte solution.
2.1.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry is a thermoanalytical technique in which the
difference in the amount of heat required to increase the temperature of a sample
and a reference sample is measured as a function of temperature. Whether less or
more heat must be added to the sample depends on whether the process is
exothermic or endothermic. DSC is a powerful technique to study phase transitions,
such as melting, glass transitions or exothermic decompositions (figure 2.5). The
result of a DSC experiment is a curve of heat flux versus temperature or versus time

[32,33].
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Figure 2.5. Example DSC thermal traces
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In this work, DSC technique was used for determining the melting point and solid-
solid phase transition of the plastic crystal N-N-dimethylethylene diammonium
triflate ([DMEDAH][TFO]). A Mettler Toledo differential scanning calorimeter was
used for thermal analysis between -95 °C to 120 2C at a heating rate of 5 2C.min-!
and a cooling rate of -2 2C.min-1. The reported traces are for the heating step. All
sample preparation and sealing of the pans was conducted inside an argon glove

box.

Glass transition temperature of triflate anion-based polymeric membranes was
measured in a TA Instruments Q2000. The samples were first heated to 150 2C with
a heating rate of 10 2C.min"! and kept isothermal for 5 min. The samples were then
cooled down to -75 2C with a cooling rate of 10 2C.min"! and kept isothermal for 5
min. Second run heating cycles were taken and analyzed for the detection of the

glass transition temperature of the polymers.

Using a stochastic temperature-modulated differential scanning calorimetry
(TMDSC) technique implemented by Mettler-Toledo, the dynamic behavior of the
glass-liquid transition of the polymerized ionic liquids was analyzed in the
frequency range from 4 mHz to 40 mHz in a single measurement at a heating rate of
0.5 Kmin'L. In these experiments, the temperature amplitude of the pulses of 0.5 K
was selected. The calorimetric segmental relaxation times t. =1/2nf were
determined from the temperature dependence of the real part of the complex heat
capacity C,'(T) obtained at different frequencies in the glass transition region. The
glass transition temperature Tg was determined for each frequency as the

temperature at half the step height of C,(T)[13].

2.1.6. Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

(ATR-FTIR)

Fourier Transform-Infrared Spectroscopy (FTIR) is an analytical technique used to
identify chemical compounds. The spectrum is obtained by passing IR radiation

through a sample and determining what fraction of the incident radiation is
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absorbed at a particular energy. The energy at which any peak in an absorption
spectrum appears corresponds to the frequency of a vibration of a part of a sample
molecule. FTIR is an effective analytical instrument to detect functional groups and
characterize covalent bonding information [34]. Among the FTIR techniques,
Attenuated Total Reflection mode has the advantage to manage a wide variety of

solid and liquid samples without a complex sample preparation [35].

In this work, polymeric samples were analyzed by Attenuated Total Reflection
Fourier Transform Infrared Spectroscopy (ATR-FTIR) to confirm the success of the
photopolymerization by the disappearance of the peaks or bands corresponding to
the polymerizable groups. Spectra were recorded on Bruker ALPHA-P equipment

from 350 cm to 4000 cm-! with a resolution of 2 cm1[11].

2.2. Experimental
2.2.1. Set-up general description

The experimental setup used for testing the fuel cell performance of the ionic liquid-
based membranes is represented in figure 2.6. The core of the experimental system
if the PEMFC. The cell has 5 cm? of active area containing serpentine channels and
equipped with a pneumatic actuator that ensures good contact pressure between
the internal components of the cell (quick CONNECT, Baltic Fuel Cells GmbH)[11, 36,
37]. Moreover, the cell is connected to a temperature controller. The anode is fed
with pure hydrogen (99.99%) while the cathode is fed with air. Flow rates are
measured by Bronkhorst High-Tech gas flow meters and controlled by IB32
Iberfluid flow controller. The gases pass through bubblers, which are filled with
distilled water in the case of working in wet conditions. The temperature of the
bubblers was around 10 2C below the cell temperature. To prevent condensation of
water on the gas streams the inlet pipes were heated. The total system pressure is

controlled by micrometric valves.
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The cell is connected to an external electronic load (ZS, H & H) to measure the fuel
cell performance. Besides, the electrochemical station Zennium (Zahner) was used

to measure the ionic resistance exerted by the electrolyte using electrochemical

?

impedance spectroscopy.
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Figure 2.6. Experimental set-up
2.2.2. Membrane Electrode Assembly (MEA)

The membrane electrode assembly design is essential for the fuel cell performance.
It is important to achieve a good contact between the membrane and the
electrolytes in order to maximize catalyst utilization and decrease the mass

transport losses.

There are different techniques to fabricate MEAs [38-40]. In this work, membrane

electrode assemblies were fabricated using gas diffusion electrodes (GDEs) with 3
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mg Pt.cm2 from Baltic Fuel Cell GmbH. To achieve this, GDEs were placed on both

sides of the membrane acting as the anode and the cathode.

Nafion and plastic crystal-based membranes were hot pressed with GDEs during 3
minutes at 135 2C with a pressure of 80 bar using a commercially available Carver
4386 press. In the case of polymerized ionic liquid, hot pressing was not necessary
due to the stickiness character of these membranes that improves the contact with

the electrodes.
2.2.3. Performance testing of the fuel cell

The potential of the PEMFC to perform electrical work is measured by voltage or
potential. The electrical work done by moving a charge Q (C) through an electrical

potential difference E (V) is:

W, =EQ (2.14)
If the charge is carried by electrons:

Q=nF (2.15)
where n is the number of moles of electrons transferred and F is Faraday’constant.

The maximum electrical work that a system can perform in a constant temperature
and pressure process is given by the negative of the Gibbs free energy difference for

the process:

Weiec = —AGrxn (2.16)
Combining equations (2.14), (2.15) and (2.16):

Ag = —nFE (2.17)

The Gibbs free energy sets the magnitude of the reversible voltage for an

electrochemical reaction. The hydrogen-oxygen fuel cell reaction has a Gibbs free-
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energy charge of -237 k].mol! under standard conditions for liquid water product.
The reversible voltage generated by a H;/0, fuel cell under standard-state

conditions is:

E = —20um — _ ‘237°°°’/m°’964006) =+1.23V (2.18)

nF .
(Zmolmolreactant)( ol

Where E%is the standard-state reversible voltage and Ag®. is the standard state free

energy change for the reaction [41].

However, the real fuel cell potential is lower than the theoretical one because of
different irreversible losses and it results in a complex function of the working
current density [42]. These losses, also called polarization or overpotential, are
originated primarily from activation polarization, ohmic polarization and mass
transport polarization [43]. One of the most typical representations of the fuel cell
performance is the polarization curve, where the cell voltage is represented versus

the current density (figure 2.7) [44].
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Figure 2.7. Polarization and power curves
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The first region corresponds to the activation losses that occur at low current
density. This potential loss is due to the slow kinetics of the electrochemical
reactions at the electrode surface. The second region of the polarization curve, the
ohmic region, is because of the resistance to the flow of ions in the electrolyte and
the flow of electrons through the electrodes and the external electrical circuit, being
the dominant ohmic loss the electrolyte. In the mass transport region there is slow
transport of reactants to the electrochemical reaction and slow removal of products
from the reaction sites causing concentration polarization especially at higher

current densities [44].

In this work, polarization curves were performed under potentiostatic control. The
system was stabilized for two hours in open circuit voltage. After this time, the

voltage was reduced in steps of 0.05 V once steady state was reached.
2.2.4. Verification of the experimental set-up

In order to verify a proper operation of the installed experimental setup, a
commercially available Nafion 212 membrane electrode assembly membrane with
0.3 mg Pt.cm2 was tested at different temperatures with humidified gases. The
pressure was fixed at 1.5 bar and hydrogen and air flow rates were 320 and 500

ml.min, respectively.

Figures 2.8 and 2.9 show the influence of temperature in the fuel cell performance
through polarization and power curves with humidified inlet gases for Nafion 212
membranes. As it can be observed, the temperature improves the fuel cell
performance up to 50 C. Beyond this point, the performance is slightly lower than
25 °C because of the dehydration of the membrane. As it was aforementioned, water
plays a key role in proton transport and high temperatures can compromise the fuel
cell performance. The highest performance was obtained at 50 2C reaching 0.91

A.cm2at 0.15 V and peak power density of 0.3 W.cm2,
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These results were in accordance with those reported in literature. In the
work published by Liu et al. [45] the fuel cell performance increased with
temperature up to 45 °C reaching peak power density about 400 mW.cm-2
for Nafion 212 membrane. Similar results were obtained by Fernandes and
Ticianelly [46]. In that work, the fuel cell performance increased with
temperature up to 70 °C, reaching about 1.7 A.cm2 at 0.3 V. It is worth
mentioning that the fuel cell performance reported is slightly higher than
the results published in this chapter probably due to both higher pressure (2
atm H, 3 atm air) and higher catalyst loading (0.4 mg Pt.cm2) used in the

experiments.
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Chapter 3

POLYMER/IONIC LIQUID COMPOSITE
MEMBRANES

Abstract

This chapter deals with the development of membranes based on perfluorinated
polymer and protic ionic liquids as electrolytes for proton exchange membranes fuel
cells fed with hydrogen (PEMFCs) without external humidification. For this purpose,
a perfluorinated polymer was impregnated with two protic ionic liquids as proton
carriers. Fuel cell performance and ionic resistance of these modified membranes
were studied and compared with the behavior of unmodified perfluorinated

membranes at different temperature and humidity conditions.
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3.1. Introduction

Perfluorosulfonic acid ionomer membranes (PFSI), such as Nafion (developed by
DuPont), are the most commonly used membranes in PEMFCs due to their excellent
chemical and electrochemical stabilities, as well as their high proton conductivity
[1-6]. Nafion has a hydrophobic fluorocarbon backbone that imparts structural
integrity and perfluoroether side chains that contain pendant sulfonic acid groups to
provide proton conductivity (figure 1.9). When the membrane is fully hydrated, the
hydrophobic regions are separated because water fills the hydrophilic regions,
forming ionic pathways in the proton exchange membrane (PEM). Protons can be
transported through water molecules by a hopping or Grotthuss mechanism
(protons hop from one water molecule to another forming hydronium ions H30+)
and a vehicular mechanism (diffusion of hydronium ions)[7, 8]. Moreover, an
additional hopping mechanism, in which protons are conducted along the sulfonic
acid groups hopping from one anion moiety to another, also contribute to proton
transport [9]. Because water is critical for proton transport, perfluorosulfonic acid
membranes are infeasible at temperatures above 100 2C due to water evaporation
[10, 11]. Higher temperatures are desirable because catalyst poisoning by absorbed
CO can be reduced and hydrogen with less purity can be used. Besides, increasing
the temperature the kinetics of the chemical reactions is accelerated [12-15]. Other
disadvantages of this type of membrane include their high fuel crossover and

excessive cost.

Many efforts were made in the development of PEM with high conductivity at low
relative humidity capable of working at high temperature with the aim of reducing
the cost and complexity of the system. Various studies have been carried out
employing hybrid inorganic-organic PEMs to overcome this issue [16]. Alternatively,
sulfonated hydrocarbon polymers such as poly (ether ketone) (PEK), poly (ether
ether ketone) (PEEK) and polyimide (PI), which are cheaper than the perfluorinated
ionomers and can be employed over a wide temperature range, have been

extensively studied as polymer electrolytes for PEMFCs. However, these polymers,
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as in the case of Nafion, require humidification to maintain high proton conductivity,
since water molecules play the role of proton carriers in such polymer electrolytes
[11]. Other promising membranes are acid-doped PBI which do not rely on
hydration for conductivity. However, the leaching out of the acid component from
the membrane during the operation represents a problem that must be solved.
Besides, due to the large uptake of liquid acid, these membranes display significant
anisotropic swelling and the mechanical properties of these membranes may

become critically poor [17].

Several studies have arisen in literature integrating the use of conventional
polymers and ionic liquids for their use as electrolytes in fuel cells [18-24]. In this
way, various authors have studied the modification of PFSI membranes trough the
incorporation of ionic liquids in their structure [25, 26]. Martinez de Yuso et al.
modified Nafion 112 membranes by means of the incorporation of different ionic
liquid cations for their application in fuel cells [27, 28]. It was found that depending
of the cation incorporated, methanol crossover can be reduced 60-300 times
compared to Nafion membranes. Moreover, gas crossover through all ionic liquid-
modified membranes was lower than that obtained with the unmodified membrane.
The results obtained in this work suggest that the reduction in both methanol and
gas crossover is mainly related to the water structuring degree inside the
membrane induced by cation incorporation [25]. In the work developed by Li and
coworkers [29] a composite membrane based on the ionic liquid 1-(3-
hydroxypropyl)-3-methylimidazolium tetrafluoroboride, Nafion and silica was
developed by the solvent-casting method for PEMFCs. The resulting membrane has
ionic conductivity of 39 mS.cm! and power density of 340 mW.cm? under
anhydrous conditions at 160 2C. Yang and coworkers developed [30] high
temperature proton exchange membranes based on Nafion 115, the ionic liquid
cation 1-butyl-3-methylimidazolium and phosphoric acid. These membranes were
able to obtain ionic conductivity of 10.9 mS.cm-! at 160 2C without humidification. In
another study carried out by Schmidt and coworkers [26] Nafion 117 membranes

were impregnated with different ionic liquids. It was observed that the conductivity
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of dry pristine Nafion 117 decreased with temperature from 0.95 mS.cm! at 40 °C to
0.01 mS.cm! at 122 °C. Nevertheless, the ionic conductivity of impregnated
membranes increased with temperature and exceeded values of pure dry Nafion for
temperatures higher than 80 °C, reaching values about 1 mS.cm? at 120 °C for
Nafion 117 impregnated with 1-hexyl-3-methylimidazolium
bis(trifluoromethylslfonyl)imide. Moreover, it was proved that ionic liquids act as
plasticizers within the Nafion membrane, reducing the elastic modules and resulting
in higher breaking strains. Herndndez-Fernandez et al. [31] developed proton
exchange membranes based on polyvinylidene chloride and the ionic liquids 1-
octyl-3-methylimidazolium hexafluorophosphate and methyl trioctil ammonium
chloride for microbial fuel cells. Ammonium-based ionic liquid membranes provided
a maximum power of 450 mW.m-3. It is worth noting that an increase in the amount
of ionic liquid involved an increase of the microbial fuel cell power, demonstrating

the role of ionic liquid in proton transport through the membrane.

Among ionic liquids, protic ionic liquids, which could be easily obtained through the
combination of a Brgnsted acid and a Brgnsted base, have the ability to transfer
protons from the acid to the base, leading to the presence of proton donor and
acceptor sites, which can be used to build up a hydrogen-bonded network [32]. A
benefit of using protic ionic liquids is that cells can be operated at temperatures

above 100 2C under anhydrous conditions.

Due to the potential improvements that derive from the use of protic ionic liquids in
fuel cells membranes, this chapter studies the performance of Nafion 112
membranes impregnated with two different types of protic imidazolium ionic
liquids: 1-methyl-3-(4-sulfobutyl)-imidazolium bis(trifluoromethylsulfonyl)-imide
([HSO3-BMIm][T£2N]) and 1-butyl-3-(4-sulfobutyl)-imidazolium
trifluoromethanesulfonate ([HSO3-BBIm][TfO]). These two protic ionic liquids were
specifically designed due to their chemical structure, which led to the desirable
properties required for this electrochemical application such as high thermal and

electrochemical stability and outstanding ionic conductivity. Electrical impedance
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spectroscopy (EIS) was used to determine the resistance exerted by the electrolyte

under the operating conditions [33].

3.2. Experimental methods
3.2.1. Materials

Hydrogen was purchased from Air Liquid with a purity of 99.99 %. The Nafion 112
membrane was supplied by lon Power. Gas diffusion electrodes (3 mg Pt.cm'2) were
provided by Baltic Fuel Cells. 1-butyl-3-(4-sulfobutyl)-imidazolium
trifluoromethanesulfonate  ([HSO3-BBIm][TfO]) (Sigma-Aldrich, 297%), 1-
methylimidazole (Sigma-Aldrich, 99%), 1,4-butane sultone (Acros Organics, =
99%), and bis(trifluoromethane)sulfonamide lithium salt (Sigma-Aldrich, 99%)
were commercially available and used without any further pre-treatment or pre-
purification, except acetonitrile (Sigma-Aldrich, ACS reagent, = 99.5%), which was
dried with suitable drying agents and distilled under argon prior to use. 1-metyl-3-
(4-sulfobutyl)-imidazolium bis(trifluoromethylsulfonyl)-imide ([HSO3-
BMIm][Tf;N]) was synthesized in the laboratory and it will be described in detail in

section 3.2.2..

1H and 13CNMR spectra of the obtained products were recorded in D,0 on a Bruker
ARX at 400.1621 and 100.6314 MHz respectively. Chemical shifts are reported in

parts per million (ppm, ©) and referenced to D20 (0= 4.77). ESI mass spectra were

recorded on a micrOTOF Focus spectrometer.
3.2.2. Design and synthesis of protic ionic liquids

Nafion 112 membranes were impregnated with [HSO3-BMIm][Tf;N] and [HSO3-
BBIm][TfO] (figure 3.1) for their application as electrolytes in PEMFC. As previously
mentioned, these protic ionic liquids were designed to meet the desirable properties

for fuel cell applications such as high thermal and electrochemical stability and high
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ionic conductivity. The imidazolium cation was chosen because it exhibits high
electrochemical stability [34]. In order to facilitate the proton transport, sulfonic
groups were incorporated to the cation as side chains acting as carriers. The two
anions used, Tf;N and TfO, exhibit high ionic conductivity that makes them suitable

for this application.
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Figure 3.1. Protic ionic liquid structures: a) [HSO3-BBIm][TfO]; b) [HSOs-
BMIm][Tf;N]

[HSO3-BBIm][TfO] ionic liquid was commercially available (Sigma-Aldrich, 297%).
[HSO3-BMIm][Tf;N] ionic liquid was synthesized by the Organic Chemistry Group
from the University of Vigo headed by Prof. Emilia Tojo, following the procedure
previously reported in literature (figure 3.2.) [35][6].
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Figure 3.2. [HSO3-BMIm][Tf;N] synthesis procedure
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A solution of 1-vinylimidazole (14.3 mL, 157.7 mmol) in dry acetonitrile (75 mL)
was introduced into a two-neck 250 mL round flask under inert atmosphere. The
mixture was cooled at 0 2C in an ice bath and 1,4-butane sultone (16.2 mL, 157.7
mmol) was added dropwise. The mixture was stirred at 85 2C for five days to afford
the corresponding zwitterion as a white precipitate that was isolated by filtration,
washed with diethyl ether (3 x 25 mL) and dried under high vacuum. Zwitterion was
obtained with more than 99 % purity and high yield (91%). Zwitterion (25.0 g,
114.6 mmol) was then dissolved in water (50 mL) and a stoichiometric amount of
concentrated hydrochloric acid was added at 0 2C. The reaction mixture was stirred
at room temperature for 12 h. The water was then removed under low pressure and
the obtained residue was washed with diethyl ether (3 x 25 mL) and dried under
vacuum to give [HSO3-BMIm][Cl] as a light yellow viscous liquid (yield 99%). Finally,
a solution of [HSO3-BMIm][Cl] (29.2 g, 114.6 mmol) in methanol (5 mL) was added
to a solution of bis(trifluoromethane)sulfonamide lithium salt (32.9 g, 114.6 mmol)
in acetonitrile (25 mL) and the mixture was stirred at room temperature for 5 h. The
mixture was kept at -20 2C for 12 h to afford a white precipitate that was filtered.
The filtrate was concentrated by rotary evaporation and dried by heating at 50 °C
under high vacuum for 12 h to yield [HSO3-BMIm][Tf;N] as a very viscous slightly
yellow liquid (93%). [HSO3-BMIm][Tf2N] structure was confirmed by comparison of
its 'H and 13C NMR data with those reported in literature [6,35].

3.2.3. Impregnation of perfluorinated membranes

Nafion 112 membranes were pretreated by immersion in hydrochloric acid at 60 2C
for one hour in order to protonate the sulfonic acid groups. Once protonated they
were impregnated with the ionic liquid and left under vacuum for 12 hours for a
correct incorporation of the ionic liquid and removal of air bubbles. Then, the
membranes were separated from the ionic liquid and the excess of the ionic liquid in

the membrane surface was wiped out with a tissue [6].
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3.2.4. Operation conditions

A membrane electrode assembly was fabricated sandwiching the membrane
between two gas diffusion electrodes and hot-pressed (Carver 4386) during 3
minutes at 135 2C with a pressure of 80 bar. The anode is fed with hydrogen with a
flow rate of 320 ml.min-!, while the cathode is fed with air at a rate of 500 ml.min-1.
The system pressure is fixed at 1.5 bar. Two different temperatures were set for
ionic-liquid modified membranes: 25 and 40 °C. In the case of perfluorinated

membranes the temperature range was from 25 to 80 2C.

3.3. Results and discussion

3.3.1. Thermal characterization of ionic liquids

Figure 3.3 shows TGA curves of the ionic liquids [HSOs-BBIm][TfO] and [HSOs-
BMIm][Tf;N] used for the impregnation of Nafion membranes. As it can be observed,
both ionic liquids have outstanding thermal stability. The degradation temperature
of [HSO3-BBIm][TfO] is 359.9 °C whereas [HSO3-BMIm][Tf;N] shifts its degradation

temperature to 425.1 2C.
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Figure 3.3. TGA curves of protic ionic liquids
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The water content of the ionic liquids was determined by Karl-Fischer technique.
Accordingly, [HSO3-BBIm][TfO] has an initial water content of 0.25 wt% and [HSO3-
BBIm][Tf;N] of 0.27 wt%. The ability of ionic liquids to absorb water from the
atmosphere is of great interest for fuel cell applications without inlet humidification.
It promotes the proton transport in the electrolyte through vehicular and Grotthuss

mechanisms.

3.3.2. Influence of temperature and humidity of inlet gases on the fuel cell
performance

Figures 3.4 and 3.5 show the influence of the temperature on the fuel cell
performance for ionic liquid-impregnated commercial membranes with humidified

and dry inlet gases, respectively.
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Figure 3.4. Influence of temperature. Humidified inlet gases
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Figure 3.5. Influence of temperature. Dry inlet gases

Polarization curves of Nafion 112 membrane with dry gases could not be obtained
due to the absence of moisture and therefore absence of proton transport
mechanisms. However, current density of 217 mA.cm2 was obtained at 25 2C for
Nafion 112 membranes impregnated with [HSO3-BBIm][TfO]. Although these values
are lower than the results obtained with traditional fully hydrated membranes it
should be noted that they have been obtained working with dry gases (no
humidification of the inlet gases). The reason why this membrane is able to generate
electric current in the absence of water in the system is the ability of protic ionic
liquids to conduct ions under these conditions due to the delocalization of the
proton in the cation [32]. In addition, the ionic liquid [HSO3-BBIm][TfO] is a highly
hydrophilic compound, capable of capturing water from the atmosphere allowing
the transport of protons across the water molecules through Vehicular and Grotthus
mechanism. The influence of the inlet gas humidification on the impregnated ionic

liquid membrane can be considered negligible.
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On the other hand, membranes impregnated with [HSO3-BMIm][Tf;N] led to poorer
results than the membranes impregnated with [HSO3-BBIm][TfO], especially at dry
conditions where current density could not be detected. The performance of the
impregnated membranes is influenced by the ionic liquid uptake, the interactions
between ionic liquids and polymer and the structuration of the ionic liquid in the
membrane. The ionic liquid uptake was evaluated by the weight difference between
the initial and the impregnated membrane. [HSO3-BBIm][TfO] and [HSOs-
BMIm][Tf;N] uptakes were 9.4 % and 1.6 % respectively. These results are in
agreement with those reported by Lee and coworkers [36] where the ionic liquid
with TfO anion was suitable to be used as electrolyte due to its better electrical

properties.

Table 3.1. Characteristics of Nafion 112 membranes impregnated with [HSOs-
BMIm][Tf,N] and [HSO3-BBIm][TfO]

e o ocV  1(0,15V)  Pmax R

(cgeél) Gases Ionic liquid V) (mA.cm?)  (mW.cm?) (((:r,liBQV))
25 wet - 0,926 286 68 95

40 wet - 0,929 376 93 94

25 dry  [HSOs-BMIm][Tf:N] 0,853 2 0,4 >10Q
40  dry [HSOs-BMIm][TfN] 0,851 1 0,27 >10Q
25  wet [HSOs-BMIm][TN] 0,752 53 9,2 306
40  wet [HSOs-BMIm][TfN] 0,762 45,2 11 336
25 dry  [HSOs-BBIm][TfO] 0,818 217 43,6 116
40 dry [HSOs-BBIm|[TfO] 0,741 38 9,7 500
25 wet  [HSOs-BBIm][TfO] 0,816 223 50 141
40  wet  [HSOs-BBIm][TfO] 0,763 49 12 447

Table 3.1 shows the resistance values of the Nafion 112 membrane impregnated
with the ionic liquids [HSO3-BMIm][Tf;N] and [HSO3-BBIm][TfO]. As it is well
expected, the resistance exerted by the membrane impregnated with [HSOs-
BBIm][TfO] is smaller than the resistance exerted by the membrane impregnated

with [HSO3-BMIm][Tf;N]. In addition, the resistance decreases when the
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temperature decreases from 40 2C to 25 9C justifying the better performance of the

membrane at the lowest temperatures mentioned above.

3.4. Conclusions

In this work, ionic liquid-impregnated membranes were developed as electrolytes in

fuel cells without external humidification.

In good agreement with already reported information, the membrane electrode
assembly formed by Nafion membranes and gas diffusion electrode is infeasible for
PEMFCs working without inlet humidification. Dehydration of the membrane and
the absence of proton transport mechanisms led to a high proton resistance that
decreases the fuel cell performance. However, Nafion membranes impregnated with
the ionic liquid [HSO3-BBIm][TfO] at 25 2C with dry inlet gases exhibited similar
performances to humidified Nafion 112 membranes, reaching a current density of
217 mA.cm? at 0.15V. Membranes impregnated with [HSO3-BMIm][Tf.N] led to
poorer results than the membranes impregnated with [HSO3-BBIm][TfO], especially
at dry conditions where current density could not be detected due to the lower ionic
liquid uptake and the electrical properties of this ionic liquid. Temperature did not
improve the fuel cell performance and the ionic resistance increased with
temperature due to the evaporation of the water embedded in the structure of ionic

liquids.

High performance of Nafion membranes impregnated with [HSO3-BBIm][TfO] was
obtained at 252C without external humidification avoiding the water management

systems and reducing the complexity of the fuel cell devices.
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Chapter 4

MEMBRANES BASED ON POLYMERIZED
IONIC LIQUIDS

Abstract

Polymeric ionic liquids are gaining interest as proton exchange membranes for
anhydrous fuel cell applications. In this chapter, two different membranes based on
polymerizable ionic liquids are developed. The first membrane is based on the use
of two ionic liquid monomers 1-(4-sulfobutyl)-3-methylimidazolium 2-
sulfoethylmethacrylate [HSO3-BMIm][SEM] and 1-(4-sulfobutyl) 3-vinylimidazolium
2-sulfoethylmethacrylate [HSO3-BVIm][SEM] (50/50 wt%). In the second studied
membrane, composite membranes based on the polymerizable ionic liquid 1-(4-
sulfobutyl) 3-vinylimidazolium trifluoromethanesulfonate [HSO3-BVIm][TfO] and its
analogue non-polymerizable ionic liquid 1-(4-sulfobutyl)-3-methylimidazolium
trifluoromethanesulfonate [HSO3-BMIm][TfO] are synthesized at different
compositional range. The effects of water content and temperature on the ionic
conductivity are analyzed for both membranes. Moreover, the fuel cell performance
for triflate anion-based membranes at different compositional range is reported in
this chapter. Molecular dynamics and ion transport properties of triflate monomer
and its polymerized form as well as sulfoethylmethacrylate membrane are also

included in this section.
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4.1. Introduction

As discussed in the previous chapter, there is a real need for developing innovative
electrolytes for proton exchange membrane fuel cells able to operate under non-
humidified conditions. Several recently published works deal with the use of ionic
liquids (ILs) as electrolytes in these electrochemical systems due to their interesting
characteristics. However, despite the promising properties of ionic liquids, the use

of these compounds in electrochemical devices is limited due to their liquid state.

There are different approaches to form solid membranes based on ionic liquids. One
strategy is the use of polymer networks containing ILs [1]. This technique results in
the improvement of the transport properties of the composite membrane because
the degree of ion dissociation, concentration of ionic moieties and glass transition
temperature (Tg) of the membrane are modified [2]. However, this technique often
results in a compromise between the desirable ionic liquid properties and the
mechanical strength of the membrane [3, 4]. In the study carried out by Lee and co-
workers [5] composite membranes based on sulfonated polyimide (SPI) and the
protic ionic liquid diethylmethylammonium trifluoromethanesulfonate [dema][TfO]
were synthesized for H,/0; fuel cell applications under non-humidified conditions.
The composite membranes up to 80 wt% [dema][TfO] exhibited good thermal
stability, high ionic conductivity and good mechanical strength. At 120 2C a current
density of 250 mA.cm2 was obtained with a peak power density of 63 mW.cm2 and

open circuit voltage (OCV) of 0.75 V.

In general, vinyl monomers are soluble in common ILs and they can be polymerized
via free radical polymerization. Therefore, the polymerization of
methylmethacrylate (CH;=C(CH3)COOCH3) in 1-ethyl-3-methyl imidazolium
bis(trifluromethanesulfone)imide ([Comim][Tf;N]) with a small amount of
crosslinker generated self-standing, flexible and transparent polymer gels in a wide
[C2mim][Tf2N] compositional range. These membranes showed ionic conductivity at
high IL content about 1.0 x 10-2 S.cm! at room temperature [6]. Van de Ven and co-

workers [7] developed a composite membrane based on PBI filled with 1-H-3-
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methylimidazolium bis(trifluoromethanesulfonyl)imide. Proton conductivity of
1.86 x 103 S.cm'! was obtained at 190 2C. The performance of these membranes
exceeded that of Nafion 117 at temperatures above 90 2C, reaching power densities

of 39 mW.cm2 at 150 2C with H,/0..

Another innovative approach to generate solid polymeric electrolytes from ionic
liquids is the polymerization of ionic liquid monomers. For this purpose, one simple,
energy efficient and intuitive method used to prepare polymerized ionic liquds is
photopolymerization [8-11]. Polymeric ionic liquids can be designed to form
different systems, such as polycationic ILs, polyanionic ILs, copolymers and
poly(zwitterion)s [12]. The most commonly used IL monomers have (meth)acryloyl,
styrenic and N-vinylimidazolium groups. Lemus et al. [13] have photopolymerized
different ionic liquids for their application in high temperature PEM fuel cells. The
polymerization of 1-H-3-vinylimidazolium bis(trifluoromethanesulfonyl) imide
ionic liquid in presence of 2.5 mol% divinylbenzene as reinforcement agent was the
trade-off between ion transport and mechanical properties. This polymer registered
an ionic conductivity value about 371 mS.cm! at 200 °C under anhydrous
conditions. Bui and co-workers [14] developed a polymeric ionic liquid composed of
a methacrylate polymerizable group, a polar tri(ethylene oxide) spacer, a
trifluoromethane sulfonic anion and a free imidazolium cation for its use in dye-
sensitized solar cells (DSSCs). This electrolyte was thermally stable up to 290 2C and
registered ionic conductivity about 2.7 x 10-3 S.cm-! at 702C, being very promising to
be used as electrolyte in DSSCs. Polymerized ionic liquids are also interesting
electrolytes for battery systems. In the work carried out by Hwang et al. [15] a
polypropylene (PP) membrane coated with polymerized ionic liquid was developed
as separator for Zinc-Air batteries. The anionic exchange polymer was synthesized
copolymerizing 1-[(4-ethenylphenyl)methyl]-3- butylimidazolium hydroxide (EBIH)
and butyl methacrylate (BMA) monomers by free radical polymerization and
coating the resulting copolymer on a commercially available PP membrane. Battery
test results revealed an increase of 281% in lifetime and 1.4% higher initial energy

efficiency.
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Polymerized ionic liquid block polymers are a new promising class of polymers that
combine the advantages of polymeric ionic liquids and block copolymers. They can
be synthesized from a variety of polymerization techniques. This versatility in their
synthesis permits the inclusion of several cations and anions, as well as a broad
range of molecular weights and compositions. The selection of these parameters
results in polymeric ionic liquid block copolymers in which the morphology and
ionic conductivity can be specifically designed depending on their final application
[16]. Thus, in the work developed by Meek and co-workers [17] a new sulfonated
polymerized ionic liquid diblock copolymer, formed by covalently attached
butylimidazolium cations (BIm*) in one block and covalently attached sulfonated
anions (SO3-) in the other block with both mobile counter
bis(trifluoromethylsulfonyl)imide anions (Tf,N-) and mobile counter lithium cations
(Li*) was synthesized and characterized. The sulfonated block copolymer, cast with
a solution of 1 M lithium bis(trifluoromethanesulfonyl)imide/1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl) imide, possessed a high anhydrous
ionic conductivity 1.5 mS.cm-! at 70 °C, demonstrating its suitability for a variety of

applications such us solid-state capacitors or electrodialysis.

It is worth noting that ionic conductivities of ILs are usually in the order of 1.0 x 10-2
S.cm! depending on their chemical nature. However, after polymerization
conductivities decrease down to 1.0 x 10¢ S.cm! due to the increase in glass
transition temperature and the decrease in the number of mobile ions and their
mobility [18-22]. In order to improve the ionic conductivity it is important to
maintain the fluidity of the electrolyte which can be reached by the incorporation of
non-polymerizable ionic liquid (also called free ionic liquid) in the polymeric
structure. In the study developed by Pdhako-Esko et al. [23] the non-polymerizable
ionic liquid 1-ethyl-3-methyl imidazolium tetrafluoroborate ([EMIM][BF4]) was
added to different methacrylate-types polymeric ionic liquids. An increase in
[EMIM][BF4] content led to an increase in the ionic conductivity of the materials.
The 40% vol/vol composites had conductivities of approximately 1.0 x 10-4 S.cm!

compared to the conductivities of 1.0 x 10> S.cm? for the corresponding neat
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polymeric ionic liquid. Above this [EMIM][BF.] content the materials were sticky
gels. Marcilla and co-workers [24] synthesized a new type of tailor-made polymer
electrolyte based on ionic liquids and polymeric ionic liquids analogues by mixing 1-
butyl-3-methylimidazolium bis(trifluoromethanesulfonimide) [bmim][Tf;N], 1-
butyl-3-methylimidazolium tetrafluoroborate [bmim][BFs] and 1-butyl-3-
methylimidazolium bromide [bmim][Br] with poly(1-vinyl-ethyl-imidazolium)
bearing [Tf,N],[BF4] and [Br-] as counter-anions. The chemical affinity between
polymerized ionic liquids and ionic liquids result in stable polymer electrolytes. The
ionic conductivity of all these electrolytes varied between 1.0 x 102 S.cm! and 1.0 x
10-5 S.cm'! at room temperature. At high IL contents the ionic conductivity reached
values close to the values of the IL compounds although the mechanical stability was
compromised. In the work developed by Zarca et al. [25] composite poly(ionic
liquid)-ionic liquid membranes based on an IL monomer, 1-vinyl-3-
butylimidazolium bistrifluoroimide ([C4vim][Tf:N]), copper (I) chloride (CuCl) and a
non-polymerizable IL, 1-butyl-3-methylimidazolium chloride ([Csmim][C]l] were
fabricated for gas separation applications. An enhancement of both gas permeability
and ideal gas pair selectivity were observed for CO2/N; and H2/N; separations in the
Cu-containing composite membranes with respect to the neat poly([C4vim][Tf,N]).
Chung and co-workers [26] developed composite membranes based on 1-vinyl-3-
butylimidazolium bis-(trifluoromethylsulfonyl)imide ([vbim][Tf,N]) and 1-butyl-3-
methylimidazolium bis-(trifluoromethylsulfonyl)imide ([bmim][Tf;N]) up to 60
wt% of the non-polymerizable ionic liquid for CO separation from flue gas. It was
found that the incorporation of [bmim][Tf;N] led to a decrease in the Tg and an
increase in the gas solubility, diffusivity and permeability but maintains the CO,/N;

permeability selectivity compared with the pristine poly([vbim][Tf2N]).

In this chapter, electrolytes consisting in polymerized ionic liquids are developed for
PEMFC applications without external humidification. For this purpose, two different
membrane structures are studied. The first membrane is based on the two
polymerizable ionic liquids 1-(4-sulfobutyl)-3-methylimidazolium 2-
sulfoethylmethacrylate [HSOs;-BMIm][SEM] (50wt%) and 1-(4-sulfobutyl)-3-
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vinylimidazolium 2-sulfoethylmethacrylate [HSO3-BVIm][SEM] (50/50 wt%). The
effects of temperature and water content on the ionic conductivity are analyzed.
Moreover, ion dynamics studies under high pressure conditions are developed to
investigate the charge transport mechanism in this electrolyte. On the other hand, in
the second studied membrane, the ionic liquid monomer 1-(4-sulfobutyl)-3-
vinylimidazolium trifluoromethanesulfonate [HSO3-BVIm][TfO] and its analogue
non-polymerizable ionic liquid 1-(4-sulfobutyl)-3-methylimidazolium
trifluoromethanesulfonate [HSO3-BMIm][TfO] are mixed at different compositional
range and photopolymerized. The effects of the addition of the non-polymerizable
ionic liquid, water content and temperature on the ionic conductivity and fuel cell
performance are reported. Molecular dynamics and ions transport properties of
[HSO3-BVIm][TfO] monomer and its polymerized form are also analyzed in this

section.

4.2. Experimental methods
4.2.1. Materials

Hydrogen was purchased from Air Liquid with a purity of 99.99 %. Gas diffusion
electrodes (3 mg Pt.cm2) were provided by Baltic Fuel Cells. 2-hydroxy-2-methyl
propiophenone (Sigma-Aldrich, 97%), 1-methylimidazole (Sigma-Aldrich, 99%), 1-
vinylimidazole (Sigma-Aldrich, 299%), 1,4-butane sultone (Sigma-Aldrich, 99%),
glycerol dimethacrylate (Sigma-Aldrich, 85%), 2-sulfoethyl methacrylate
(polysciences, > 90%) and trifluoromethanesulfonic acid (Sigma-Aldrich, 98%)
were commercially available and used without any further treatment. Acetonitrile
was dried and distilled prior to use. [HSO3-BVIm][TfO], [HSO3-BMIm][TfO], [HSO3-
BMIm][SEM] and [HSO3-BVIm][SEM] ionic liquids were synthesized in the

laboratory and the procedure will be described in detail in section 4.2.2..

1H and 13CNMR spectra of the obtained products were recorded in D,0 on a Bruker

ARX at 400.1621 and 100.6314 MHz respectively. Chemical shifts are reported in
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parts per million (ppm, ©) and referenced to D20 (0= 4.77). ESI mass spectra were

recorded on a micrOTOF Focus spectrometer.
4.2.2. Design and synthesis of the ionic liquids

The protic ionic liquids [HSO3-BVIm][TfO], [HSO3-BMIm][TfO], [HSO3-BMIm][SEM]
and [HSOs3-BVIm][SEM] were designed for their use as electrolytes in PEMFCs.
Imidazolium cation was selected because it exhibits high electrochemical stability.
In order to facilitate proton transport, sulfonic groups were incorporated to the
cation. [HSO3-BVIm][TfO] and [HSO3-BVIm][SEM] contain a vinyl group located in
the cation for the polymerization reaction. TfO anion exhibits high ionic
conductivity. On the other hand, SEM anion was chosen for comparison with TfO
because of its ability to polymerize resulting in a complex poly(cation)-poly(anion)
membrane. Both ionic liquids forming each membrane have similar chemical
structures in order to achieve a good chemical compatibility (figure 4.1). The
synthesis of the protic ionic liquids was carried out in collaboration with the Organic

Chemistry Group of the University of Vigo, headed by Prof. Emilia Tojo.

a) b)
\/N@ //o /N@ .
/S\ \/\/\S//
O/ OH o// o “"
cpg_%_o S
c) ° d)

Figure 4.1. Chemical structures of ionic liquids. a) [HSO3-BVIm][TfO]; b) [HSOs-
BMIm][TfO]; c) [HSO3-BVIm][SEM]; d) [HSO3-BMIm][SEM]
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Synthesis [HSO3-BMIm][TfO] and [HSO3-BVIm][TfO]

[HSO3-BVIm][TfO] and [HSO3-BMIm][TfO] were synthesized following the

procedure showed in figure 4.2.
(0] 0
R \Y%
\ N N /\ S0
N 0 N /\/\/ 3
/\N . . o\
I

l HCF3S03
a) R:CH=CH, R
b) R:CH3 \ /\ SO3H
N /\/\/
@ N
CF3S05°

Figure 4.2. Synthesis [HSO3-BVIm][TfO] (a) and [HSO3-BMIm][TfO] (b)

A solution of 1-vinylimidazole (or 1-methylimidazole) (157.7 mmol) in dry
acetonitrile (75 mL) was introduced into a two-neck 250 mL round flask under inert
atmosphere. The mixture was cooled at 0 2C in an ice bath and 1,4-butane sultone
(157.7 mmol) was added dropwise. The mixture was stirred at 85 2C for five days to
afford the corresponding zwitterion as a white precipitate that was isolated by
filtration, washed with diethyl ether (3 x 25 mL) and dried under high vacuum.
Zwitterion was obtained with more than 99 % purity and high yield (94%). Under
inert atmosphere a stoichiometric amount of trifluoromethanesulfonic acid was
added drop wise over a suspension of zwitterion (147.0 mmol) in acetonitrile (50
mL) at 0 2C and the mixture was stirred for 5 h at room temperature. The solvent
was removed at low pressure and the obtained IL was washed with diethyl ether
and dried by heating at 50 2C under high vacuum for 12 h. Ionic liquids were
obtained in quantitative yield (99 %) as a pale-yellow viscous liquids. 'H NMR (400
MHz, D20, ppm): 6 1.69 [m, 2H, NCH2CH>], 1.97 [m, 2H, N(CHz).CH:], 2.88 [t, 2H, =
7.7 Hz, N(CH2)3CH:], 4.22 [t, 2H, J= 7.1 Hz, NCH], 5.34 [dd, 1H, J;= 2.8 Hz, /.= 8.7 Hz,
NCH=CH-], 5.72 [dd, 1H, J;= 2.8 Hz, J;= 15.6 Hz, NCH=CH,], 7.05 [dd, 1H, J;= 8.7 Hz,
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Jo= 15.6 Hz, NCH=CH,], 7.52 [m, 1H, Ar], 7.70 [m, 1H, Ar], 8.99 [s, 1H, H-2]. 13C NMR
(100.6 MHz, D,0, ppm): § 20.6, 27.7, 49.0, 49.8, 109.0, 119.3, 119.4 [q, Jcr= 317.4 Hz],
122.5, 1279, 134.0. Electrospray MS (micrOTOF Focus) m/z (%) 232.1
[(CoH15N203S) + 1]* (4), 231.07964 ([(CoH1sN203S)]* requires 231.07979, 100)
[27][28].

Synthesis of [HSO3-BMIm][SEM] and [HSO3-BVIm][SEM]

[HSO3-BMIm][SEM] and [HSO3-BVIm][SEM] were synthesized following the

procedure showed in figure 4.3.
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Figure 4.3. Synthesis of [HSO3-BVIm][SEM] (a) [HSO3-BMIm][SEM] (b)

1-methylimidazole (12.5 mmol, 1.00 eq.) was dissolved in CH3CN (8 mL) and cooled
down to 0°C with an ice bath. 1,4-butanesultone (12.5 mmol, 1.00 eq.) was added
dropwise and the mixture was stirred at 02C for 10 minutes. Then, it was stirred at
85 2C under reflux for 3 days. It was then cooled down to -20 2C and the resulting
precipitate was filtered and dried under high vacuum. 1-(4-sulfobutyl)-3-
methylimidazolium was obtained as a white solid (84% yield). 2-sulfoethyl
methacrylate (9.5 mmol, 1.00 eq.) was dissolved in CH3CN and added over 1-
butylsulfonate-3-methylimidazolium (10.5 mmol, 1.10 eq.). The mixture was stirred

at room temperature overnight and filtered to remove the unreacted excess of the
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zwitterion. The organic phase was collected and the solvent was evaporated under
reduced pressure at room temperature, in order to avoid product decomposition.
The resulting ionic liquid was dried under high vacuum to obtain 1-(4-sulfobutyl)-3-
methylimidazolium 2-sulfoethylmethacrylate as a viscous ionic liquid (99% yield).
H NMR (400 MHz, D,0) & 8.59 (s, 1H, H-2), 7.35 (d, ] = 1.5 Hz, 1H, H-4*), 7.29 (d, ] =
1.2 Hz, 1H, H-5%), 6.01 (d, ] = 0.9 Hz, 1H, CH3C(CHH)CO,CH2CH,S03), 5.57 (d, ] = 1.4
Hz, 1H, CH3C(CHH)CO,CH2CH2S03), 4.37 (t, ] = 6.1 Hz, 2H, CH3C(CH2)CO,CH,CH2S03),
410 (t, ] = 7.0 Hz, 2H, NCHz), 3.74 (s, 3H, NCH3), 3.16 (t, ] = 6.1 Hz, 2H,
CH3C(CH2)CO,CH2CH>S03), 2.85 - 2.75 (m, 2H, N(CH2)3CH,SO3H), 1.94 - 1.82 (m, 2H,
N(CHz).CH.CH:SOsH), 1.77 (d, ] = 0.9 Hz, 3H, CH3C(CH2)CO,CH2CH2S03), 1.65 - 1.54
(m, 2H, NCH:CH:CHCH.SOsH); 13C NMR (101 MHz, D:0) & 1693
(CH3C(CH2)CO2CH2CH,S03), 135.9(C-2), 135.6 (CH3C(CHz)CO.CH,CH,S03), 127.0
(CH3C(CH2z)CO2CH2CH,S03), 123.6 (C-5%), 1221 (C-4%), 60.0
(CH3C(CH2)CO2CH2CH,S03), 50.0 (N(CH2)3CH2S03), 49.5 (CH3C(CH2)CO2CH2CH2S03),
48.8 (NCH2), 35.6 (NCHsz), 28.0 (NCH:CHz), 20.8 (N(CH2):CHz), 17.2
(CH3C(CH2)CO2CH2CH,S03); ESI-MSm/z (%) 219.07986 ([CgH1sN2SOs]*, calcd. for
CgH1sN2S03 = 219.08001, 17), 437.15242 ([(CsH15N2S03)(CsH14N2S03)]*, cald. for
C16H20N406S2 = 437.15230, 100), 438.15587 ([(CsH15N2S03)(CsH14N2S03) + 1], 17)
655.22503 ([(CgH15N2S03)(CgH14N2S03)2]*, 33), 656.22876
([(CgH15N2S03)(CgH14N2S03)2 + 1]+, 8)[29].

1-(4-sulfobutyl)-3-vinylimidazolium was prepared employing the same general
synthetic method described for the synthesis of 1-(4-sulfobutyl)-3-
methylimidazolium, employing 1-vinylimidazole instead of 1-methylimidazole, and
obtained as a white solid (63% yield). 2-sulfoethylmethacrylate (12.6 mmol) was
dissolved in CH3CN and added over 1-(4-sulfobutyl)-3-vinylimidazolium (14 mmol).
The mixture was stirred at room temperature overnight. Then, it was filtered. The
organic phase was collected and the solvent was evaporated under reduced
pressure at room temperature, in order to avoid product decomposition. The
resulting IL was dried under high vacuum to obtain 1-(4-sulfobutyl)-3-

vinylimidazolium 2-sulfoethylmethacrylate as a viscous ionic liquid (91% yield).'H
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NMR (400 MHz, D20) & 8.96 (s, 1H, , H-2), 7.67 (s, 1H, H-5%), 7.49 (s, 1H, , H-4%), 7.03
(dd, ] = 15.6, 8.7 Hz, 1H,, NCH=CHs), 6.04 (s, 1H, CHsC(CHH)CO,CH2CH2S0s), 5.69 (d,
] = 15.6 Hz, 1H, NCH=CHH), 5.61 (s, 1H, CH3C(CHH)CO,CH,CH,S03), 5.31 (d, ] = 8.7
Hz, 1H, NCH=CHH), 4.40 (t, ] = 5.9 Hz, 2H, CH3C(CH2)CO;CH;CHS05), 4.18 (t,] = 7.0
Hz, 2H, NCH3), 3.19 (t, ] = 5.9 Hz, 2H, CHsC(CH,)CO,CH,CH,S03), 2.84 (t, ] = 7.5 Hz,
2H, N(CH)sCH:SOsH), 2.01 - 1.89 (m, 2H, N(CH2)2CH.CH,SOsH), 1.81 (s, 3H,
CH5C(CH2)CO2CH,CH,S03), 1.72 - 1.59 (m, 2H, NCH2CH,CH2CH,S03H); 13C NMR (101
MHz, D,0) & 1693 (CHsC(CH2)CO:CH.CH,SO0s), 135.6 (C-2), 1344
(CHsC(CH2)CO2CH2CH,S03), 128.2 (C-5%), 127.0 (CH3C(CH2)CO,CH2CH2S0s), 122.8
(C-4%), 119.5 (NCH=CH2), 109.3 (NCH=CH,), 60.0 (CH3C(CH;)CO2CH,CH,S03), 50.0
(N(CH2)3CH2S03), 49.5(CH3C(CH2)CO2CH2CH2S05), 49.2 (NCH2), 27.9 (NCH2CH2),
20.8 (N(CH.)2CH,), 17.2 (CHsC(CH)CO,CH,CH,S0s); ESI-MS m/z (%) 231.08
([CoH1sN2S03]%,  8), 461.15  ([(CoHisN2S03)(CoH1sN2S03)]*,  100),  462.15
([(CoH15N2S03)(CoH14N2S03) + 1]*, 17), 463.15 ([(CoH15N2S03)(CoH14N2S03) + 2]+, 8),
691.22 ([(CoH15N2S03)(CoH14N2S03)2]*, 19), 692.22 ([(CoH15N2SO03)(CoH14N2S03)7 +
1]*,5) [30].

4.2.3. Photopolymerization of ionic liquids

Five different proton exchange membranes based on polymerized ionic liquids were
synthesized under ultraviolet light. Four of them were triflate anion-based
membranes, corresponding to mixtures between the monomer [HSO3-BVIm][TfO]
and its analogue non-polymerizable ionic liquid [HSO3-BMIm][TfO] ([HSOs-
BVIm][TfO] + x wt% [HSO3-BMIm][TfO], x=0, 10, 20, 30). The synthesis of these
triflate anion-based membranes was developed in the Innovative Polymers Group at
the Basque Center for Macromolecular Design & Engineering (Donostia, Spain)

under the supervision of Prof. David Mecerreyes.

The other membrane, with sulfoethylmethacrylate anion, was formed by the
mixture between the two polymerizable ionic liquids [HSO3-BMIm][SEM] and
[HSO3-BVIm][SEM] (50/50 wt%). It is worth mentioning that polymerized [HSO3-
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BMIm][SEM] and [HSO3-BVIm][SEM] were not included independently in this work

due to the poor mechanical stability of the resulting individual polymers.

Ionic liquids used in each type of membrane were mixed at the corresponding ratio.
Afterwards, 2 wt% of the photoinitiator 2-hydroxy-2-methyl propiophenone and 5
wt% of the crosslinker glycerol dimethacrylate were added. The mixture was
extended over a flat and flexible surface and exposed to 354 nm UV light (KAIS) for
30 min. After polymerization, the free-standing membrane was removed from the
surface using a razor blade. The membrane thickness was measured with a
micrometer (Mitutoyo 369-250) which was purchased from Mitutoyo Asia Pacific
Pte. Ltd. (Japan) with an accuracy of 0.001lmm (1 mm). For every measurement at
least 5 points from different positions of each film were measured and the average

value was considered.
4.2.4. Operation conditions

Gas diffusion electrodes (GDEs) (Pt 3 mg.cm2, Baltic Fuel Cell GmbH) were placed at
both sides of the polymerized membrane forming the membrane electrode
assembly (MEA). The anode was fed with hydrogen while the cathode was fed with
air with flow rates ranging from 10-125 and 30-500 ml.min’, respectively. The
system pressure was fixed at 1.0-1.2 bar and the experiments were carried out at 25
and 40 °C. Polarization curves of cell voltage versus the electric current were

performed under potentiostatic control.

4.3. Results and discussion

In this section, the main results regarding the characterization and performance of
the different polymeric ionic liquid membranes are analyzed. For this purpose, the
thermal behavior, ionic conductivity, ion dynamics and fuel cell performance are

reported.
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4.3.1. Characterization of membranes

Triflate anion-based membranes based on the polymerizable ionic liquid [HSOs-
BVIm][TfO] with different quantities of the non-polymerizable ionic liquid [HSOs-
BMIm][TfO] (0-30 wt%) and sulfoethylmethacrylate anion-based membrane (50
wt%) were prepared by photopolymerization. The obtained membranes were
flexible, transparent and the thickness ranged from 200 to 350 microns. However, in
the case of triflate anion-based membranes, at high non-polymerizable ionic liquid
content the membranes were sticky gels and the mechanical stability was
compromised. Figure 4.4 and 4.5 show the chemical structure and a photograph of

the two membranes studied in this chapter.
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Figure 4.4. Chemical structure of triflate (left) and sulfoethylmethacrylate (right)
membranes
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Figure 4.5. Photograph of poly([HSO3-BVIm][TfO]) with 20 wt% [HSO3-BMIm][TfO]

(left) and [HSOs-BVIm][SEM]/[HSOs-BMIm][SEM] (50 wt%) (right)

ATR-FTIR

The success of the polymerization reaction of the ionic liquid membranes can be

easily monitored by analyzing the materials with ATR-FTIR spectra.

provides the ATR-FTIR spectra of the monomer [HSO3-BVIm][TfO], poly(ionic

liquid) /ionic liquid triflate membranes and the crosslinker.

—
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Figure 4.6
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Figure 4.6. ATR-FTIR spectra of triflate membranes
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The C=C vibration bands arising from the ionic liquid monomer and the crosslinker
at 1655 and 1638 cm’, respectively, disappear as they are consumed upon
exposure to UV light in the presence of the initiator. As it is seen in figure 4.6, the
two bands decrease in the final membranes indicating that the monomers are

successfully polymerized.

One important aspect worth mentioning is that the ionic liquid monomer
conversion is proportional to the amount of free ionic liquid inside the mixture. As it
is seen in figure 4.6b at 1655 cm! signal, there is little residual monomer left inside
the membrane for the sample containing 0% free ionic liquid. The intensity of that
peak at 1655 cm from the ionic liquid monomer gradually decreases with
increasing amount of free ionic liquid due to the fact that the mobility of the
monomer molecules is enhanced inside the ionic liquid resulting in higher
conversion to polymer. Namely, the monomer to polymer conversion increases with

increasing free ionic liquid content acting as a diluent to the system.

Other characteristic peaks originating from the membranes are observed in the
spectra as well. In general, the peaks between 2875-3145 cm'! arise due to C-H and
O-H stretching motions, the band at 1716 cm! is attributed to C=0 stretching
motion, the peaks between 1220-1276 cm'! originate from asymmetric SOz and
symmetric CF3 stretching vibrations and the peaks at 1026 cm originate from

symmetric SOz stretching.

Figure 4.7 shows the ATR-FTIR spectra of sulfoethylmethacrylate anion-based

membrane.
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Figure 4.7. a) ATR-FTIR spectra of the polymerizable sulfoethylmethacrylate anion-
based ionic liquids and the membrane from 400 to 4000 cm b) 1600-1680 cm

region of the spectra

The C=C vibration band corresponding to the vinyl group located in the ionic liquid

monomer [HSO3-BVIm][SEM] at 1655 cm! attenuates as it is consumed upon

exposure to UV light in the presence of the initiator. In the same way, the C=C

vibration bands corresponding to the methacrylate groups of both ionic liquids and
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the crosslinker at 1638 cm™ disappear. As it is seen in figure 4.7, the two bands

decrease in the final membrane indicating the success of the photopolymerization.
TGA-DSC measurements

In general, ionic liquids are very hygroscopic compounds able to absorb water from
the atmosphere. It is crucial to identify the water content of polymerizable ionic
liquids as it affects the ion transport properties of the membranes. For this reason, a
thermogravimetric analysis was carried out in order to determine the onset
degradation temperature (T,) and the water content (W) of the polymerized
membranes. W, was determined by the weight difference between the initial weight
of the membrane at room temperature and the weight of the membrane at 150 °C.
The onset degradation temperature is the temperature at the intersection of the
extrapolated base line with the tangent to the curve taken at the point of maximum

slope. W¢ofionic liquid samples was determined using Karl-Fischer technique.

Thermogravimetric analysis (TGA) of the triflate and sulfoethylmethacrylate anion-

based membranes are shown in figures 4.8 and 4.9, respectively.

100 - [HSO3-BMIM][TfO]
- [HSO3-BVIM][TfO]
% - poly([HS03-BVIM][TfO])
- 10 wt% [HSO3-BMIM][TfO]
« 20 wt% [HS03-BMIm][TfO]
60 - 30 wt% [HS03-BMIM][TfO]
N
0]
20
0
0 50 100 150 200 250 300 350 400 450 500

T(2C)

Figure 4.8. TGA curves of triflate ionic liquids and their polymer blends
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Figure 4.9. TGA curves of sulfoethylmethacrylate ionic liquids and their polymer
blend

All polymeric membranes show two-step degradation. The first weight loss
occurring at T<150 2C is associated to the water inside the structure of the ionic
liquid and between polymer chains. The water content (W) and the onset

temperature (T,) for each electrolyte are shown in tables 4.1 and 4.2.

Table 4.1. T onset and water content of triflate ionic liquids and their polymeric
forms

Poly([HSO3-BVIm][TfO])/
ILs [HSO3-BMIm][TfO]
X Wt% [HSO03-BMIm][Tf0]

[HSO3-BVIm][Tf0] [HSO3-BMIm][Tf0] O 10 20 30
We (wt%) 97 0.63 207 225 197 141
To (2C) 336.3 353.6 329.6 3324 3299 3253
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Table 4.2. T onset and water content of sulfoethylmethacrylate ionic liquids and
their polymeric form

poly[HSO3-BVIm][SEM]/
[HSO3-BVIm][SEM] [HSO3-BMIm][SEM] poly[HSO3-BMIm][SEM]
(50 wt%)

We (wt%) 17 0.13 15.4
To (2C) 256.5 259.9 274.1

The information collected in the two tables shows that polymeric ionic liquid-based
electrolytes are able to retain high quantities of atmospheric water inside their
structure. Regarding triflate anion-based membranes, in the case of the sample with
10 wt% free ionic liquid nearly a quarter of the weight was due to retained water.
However, the non-polymerizable ionic liquid and the monomer retain less water
inside their structure, 0.63 wt% and 0.97 wt% respectively. With respect to
sulfoethylmethacrylate anion-based ionic liquids, the water content of the polymeric
membrane based on [HSO3-BVIm][SEM]/[HSO3-BMIm][SEM] (50/50 wt%) was 15.4
wt%, whereas the water content of [HSO3-BVIm][SEM] and [HSO3-BMIm][SEM] was
1.7 and 0.13 wt%, respectively. The reason behind the fact that polymeric
electrolytes take up more water than ionic liquids is that they have a well-organized
structure with nanometer-size hydrophilic domains capable of retaining water

inside [31].

Ionic liquids are compounds with high thermal stability. This property is reflected in
the calculated onset temperature which has a value higher than 250 °C for all the
studied samples. The thermal stability of triflate anion-based membrane was
slightly higher than sulfoethylmethacrylate membranes, demonstrating their

suitability for fuel cells working at temperatures higher than 300 2C.

Differential scanning calorimetry experiments were performed to triflate anion-
based membranes in order to determine the thermal properties of the polymer
blends. All the materials were found to be amorphous and displayed glass transition

temperatures (Tg). Fairly broad glass transitions were observed for all the
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materials; therefore the midpoint of the transition region was taken and reported as
the Tg of the material. Figure 4.10 shows that the material that does not contain any
free ionic liquid displayed a Tg around 10 °C. When free ionic liquid is introduced,
the Tg dropped down to -10 °C followed by a gradual decrease as the amount of free
ionic liquid increases in the membrane. Tgs were recorded as -22 °C and -32 °C for
the membranes containing 20 wt% and 30 wt% free ionic liquid, respectively. This
behaviour is a clear evidence of the highest flexibility of the resulting polymer when

a non-polymerizable ionic liquid is introduced in the structure.

0.4 —

Heat Flow (W/g)

" .80 -55 =30 -5 20 45 70 85 120 145
Exo Down Temperature (°C)

Figure 4.10. DSC traces of triflate membranes
4.3.2. Influence of temperature and water content on ex-situ ionic conductivity

One of the aims of this thesis is the development of membranes based on ionic
liquids for proton exchange membrane fuel cells capable of working without
external humidification. However, it is well-known that water has a key role in
proton transport by Grotthuss and vehicular mechanisms. It is worth noting that
despite working without inlet humidification, water is the only byproduct of the
electrochemical reactions taking place at the fuel cell electrodes. Moreover, ionic
liquids are very hygroscopic compounds able to absorb water from the atmosphere

as it was previously demonstrated.
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The herein studied ionic liquids contain SO3H groups which in presence of water
dissociate into immobile SOs- anions and free protons that move through the
hydrogen-bonded network and thereby they are responsible for the expected higher

ionic conductivity of polymeric membranes with high water contents [32].

In order to analyze the effect of the water content on the ionic conductivity, ex-situ
ionic conductivity measurements were carried out. For this purpose, ionic liquid
membranes were synthesized and their ionic conductivity was measured using the
homemade ionic conductivity cell. Once measured, membranes were dried under
vacuum (3 mbar) at 60 2C for 24 hours and their ionic conductivity was measured

again.

Ex-situ ionic conductivities at different temperatures for the triflate anion-based

blends are compared with those obtained with dry membranes in figure 4.11.
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Figure 4.11. Ionic conductivity of triflate poly(ionic liquid) /ionic liquid membranes.
Influence of temperature and water content
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As it can be observed in figure 4.11, dry membranes have noticeable lower ionic
conductivity than membranes without drying. As it was previously mentioned, the
high conductivity of the polymeric ionic liquid membranes with high water content
is mainly due to the mobile protons produced in the dissociation of HSO3 groups in
presence of water. As TGA results showed that these composite membranes contain
high amounts of retained water inside their chemical structure, there are plenty of
mobile protons that can easily jump through the H-bonded network formed by ions

and water molecules [32].

As expected, the external ionic conductivity increased with temperature for all
membranes. The influence of temperature is more noticeable in the case of dried
membranes. In the case with 10 wt% of non-polymerizable ionic liquid, ionic
conductivity increased 90 times when temperature increased from 25 to 70 2C. The
temperature dependence of polymeric ionic liquid-based electrolytes suggests two
competing trends, in agreement with the results reported by Zaidi et al.[33]. It is
generally expected that ionic conductivity increases with temperature because it is a
thermally activated phenomenon. However, at high temperature the evaporation of
the retained atmospheric water takes place and the conductivity decrease. Thus, the

resulting ionic conductivity is a compromise between these two trends.

Among dried membranes, the highest conductivity was obtained for the membrane
with 30 % free ionic liquid, 1.05 x 10-* S.cm'! at 70 2C. The high non-polymerizable
ionic liquid content inside its structure gives fluidity and enhances the ionic
conductivity of this electrolyte. Membranes with lower ratios of non-polymerizable
ionic liquid content have similar ionic conductivity values, especially at high
temperatures reaching values around 1.5 x 105 S.cm? at 70 °C. In the case of
membranes with high water content, there is no influence of the non-polymerizable
ionic liquid ratio on the ionic conductivity. All the electrolytes show similar ionic

conductivities, ranging from 10-3 S.cm-1 at 25 2C to 10-2 S.cm! at 702°C.

Figure 4.12 shows ex-situ ionic conductivities at different temperatures for

sulfoethylmethacrylate membranes.
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Figure 4.12. External ionic conductivity of sulfoethylmethacrylate anion-based
membranes (50wt%)

Similar to triflate electrolytes, membranes with high water content have noticeable
higher ionic conductivity compared to dry membranes, especially at low
temperature. The dried membrane has ionic conductivity of 2.3 x 108 S.cm! at 25 2C
whereas the membrane with high water content shows ionic conductivity of 2.37 x
104 S.cm! at the same temperature. At 70 2C, the dried membrane has ionic
conductivity about 6.24 x 10-¢ S.cm! whereas the membrane with high water

content has ionic conductivity of 1.5 x 10-3 S.cm'! at the same temperature.

Increasing temperature improved the external ionic conductivity, especially for
membranes with low water content as it was discussed for triflate anion-based
membranes. For these dried membranes, ionic conductivity was increased by 2

orders of magnitude, from 2.3 x 10-8 S.cm! at 25 2C to 6.24 x 10-¢ S.cm-1at 70°C.
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4.3.3. lonic conductivity mechanisms in polymerized ionic liquids: ion

dynamics studies

Ion dynamics studies were carried out to study the proton transport mechanisms of
the [HSO3-BVIm][TfO] ionic liquid and its polymerized form as well as
[HSO3-BVIm][SEM]/[HSO3-BMIm][SEM] (50wt%) polymeric membrane. These
measurements were performed in the Institute of Physics at the University of Silesia

(Poland) headed by Prof. M. Paluch.

According to Wojnarowska and Paluch [34], in protic ionic liquids the proton
transport is governed by the Grotthuss mechanism if at glass transition temperature
(Tg) the temperature dependence of the conductivity relaxation time (ts) reveals a
well-defined shift from non-Arrhenius (T>Tg) to Arrhenius behavior (T<Tg) at T
faster than 102 s. The difference between conductivity relaxation time (t;) and
segmental relaxation time (t.) at Tg is called decoupling, which is a consequence of
the fast proton migration typical for the Grotthuss mechanism. It means that the
ionic motions are still very fast when the structural relaxation becomes frozen [35,

36].

Ionic dynamics of [HSO3-BVIm][TfO] ionic liquid and its polymerized form were
investigated. As it can be observed in figure 4.13, only in the case of the polymer
there is a significant decoupling between the time scale of conductivity and
segmental relaxation in the vicinity of the Tg. This indicates that H* might still

diffuse when the segmental dynamics is very slow or even completely frozen at Tg.
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Figure 4.13. Temperature dependence of 1, (a) and conductivity (b) for the
polymerized [HSO3-BVIm][TfO] and its monomer. The inset panel presents the log
04c(1/T) and log t5(1/T) data recorded for polymerized ILs.

Moreover, the conductivity of the polymer exceeds the value obtained for the
monomer in the whole explored temperature range. Consequently, it can be
assumed that different mechanisms are responsible for the conducting properties of

the ionic liquid monomer and its polymerized counterpart.

As previously indicated, there are two types of charge transport mechanisms in
protic ionic conductors: vehicle and Grotthuss-type. In the vehicle mechanism the
charge transfer is connected with the molecular diffusion. Consequently, the
conductivity is controlled by the viscosity of the system. On the other hand, in the
Grotthuss mechanism, the charge transport is realized through the proton hopping

via the hydrogen bonding network in addition to the translational diffusion of ions.
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Intuitively, the proton migration in the H-bonded systems is much faster than the
typical ionic diffusion. Therefore, the Grotthuss mechanism can be considered the
reason for both the excess conductivity of polymerized ionic liquid as well as the
decoupling phenomenon between 1« and 1. As a consequence, it can be assumed
that in the case of the monomer the conductivity is controlled mainly by vehicular
mechanism in contrast to the polymer where the proton hopping is much more

relevant.

To provide a deeper understanding of the charge transport mechanism in
polymerized [HSO3-BVIm][TfO] its chemical structure was analyzed. As it was
previously mentioned, when sulfonate groups are exposed to water, they dissociate
into immobile SOz~ residing on the side chains of the polymer and free mobile
protons. As it was proved before, the synthesized poly[HSO3- BVIm][TfO] is a highly
water-saturated macromolecular system. Therefore, in the polymer matrix there are
plenty of mobile protons that can easily jump through the dense H-bonded network
formed by ions and water molecules. Therefore, the high conductivity of the
examined polymerized protic ionic liquid is mainly due to the mobile protons that
are released during dissociation of HSO3; groups. Consequently, the o4 value is
expected to decrease when the amount of water is limited as it was proved in

section 4.3.2.3.

To explore the effect of water presence on the ion transport properties of the dried
poly[HSO3;-BVIm][OTf] sample, the temperature dependences of conductivity and
conductivity relaxation times were determined. As it can be easily seen in Figure
4.14b, evaporation of water from the polymer matrix results in a dramatic decrease
of o4c. Additionally, in the whole examined temperature range, it is lower than the
conductivity of non-polymerized IL, which is now in agreement with literature.
However, at Tg the values of o4c are also the same. Interestingly, the kink of t4(T)
dependence from VFT-like to Arrhenius behavior determined for dried poly IL
occurs at practically the same conductivity relaxation times as for the hydrated

sample (ts ~ 0.005 s) (Figure 4.14a). It means that the charge transport in the
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annealed poly[HSO3-BVIm][TfO] is still governed by the fast proton hopping
through the H-bond network due to the delocalization of proton in the imidazolium
cation. Consequently, using protic ionic liquids as a polyelectrolyte one can avoid
the serious problem of water management observed for commercial membranes for

low temperature fuel cell applications.
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Figure 4.14. Temperature dependence of ts (a) and conductivity (b) for the
hydrated polymerized protic ionic liquids (solid circles), dried polymer membrane
(open squares) and monomer (solid squares). Red stars denote the Tg values
determined from DSC measurements.

The charge transport mechanism of [HSO3-BVIm][SEM]/[HSO3-BMIm][SEM] (50/50
wt%) membrane was also studied by means of high pressure conductivity
measurements. High pressure conditions were selected because the compression of
a sample not only reduces interatomic distances and free volume required for ions
motions, but also reinforces the H-bonded network, consequently affecting both

vehicle transport and proton hopping.
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For these measurements, all polymerized ionic liquids were compressed
isothermally at different temperatures above Tg. It was observed that the value of
the conductivity relaxation time (ts) at glass transition pressure (Pg) is faster with
pressure. Due to the fact that the structural relaxation time (t,) is *100s regardless
of T-P conditions, compression strongly affects the decoupling between t, and t,.
This behavior demonstrates that an effective proton hopping is involved in charge
transport of these membranes, because only the proton transport is accelerated
when inter ionic distances are reduced and the H-bonded network becomes

reinforced, both taking place under high pressure conditions.
4.3.4. Fuel cell performance

This section shows the fuel cell performance obtained for ionic polymeric liquid-
based membranes. It is worth noting that the following studies included in this
chapter are focused on triflate anion-based membranes. Sulfoethylmethacrylate
membranes are not included due to the fact that their ionic conductivity values were
slightly lower than that obtained for triflate membranes. Moreover, the mechanical
stability of these membranes is not adequate enough for their testing in the fuel cell

system.
4.3.4.1. Influence of the thickness of the membrane

The influence of polymerized [HSO3-BVIm][TfO] membranes thickness was
analyzed. For this purpose, membranes with different thickness (240 and 310 pm)
were synthesized. The experiments were carried out under non-humidified
conditions at 25 °C and 1.2 bar. The hydrogen and air flow rates were fixed at 125

ml.min? and 500 ml.min}, respectively.
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Figure 4.15. Influence of membrane thickness. Polarization and power curves

As it can be observed in figure 4.15, thinner membranes generate higher current
density, 22.6 mA.cm? at 0.15V, than thicker membranes, 7.2 mA.cm, because of
their lower proton transport resistance. However, these membranes show a value of
open circuit voltage (OCV) around 0.73 V, lower than the value reached with the
thicker membrane, 0.93 V due to fuel crossover. Using a thin membrane the
resistance to fuel crossover through the membrane is lower causing a decrease in

the voltage due to a more pronounced effect of a mixed potential [37,38].
4.3.4.2. Influence of non-polymerizable ionic liquid and temperature

Figures 4.16 and 4.17 report the fuel cell performance of the electrolytes based on
polymerized ionic liquid and ionic liquid blends at 25 and 40 °C, respectively. The
maximum current density obtained with poly([HSO3-BVIm][TfO]) is 43 mA.cm?,
while the peak power density is approximately 14 mW.cm=2. As it can be seen in the
figures, the addition of free ionic liquid improves the fuel cell performance. Thus, the
addition of 10 wt% of free ionic liquid leads to an increase in the peak power
density of 30 mW.cm2 and in the maximum current density of 131 mA.cm-2 at 25 °C
when it is compared with the membrane with 0 wt% free IL. Additionally, an
increase in the open circuit voltage is also observed. However, this improvement is
less pronounced at higher quantities of free ionic liquid due to the poor mechanical

stability of the electrolyte. In the case of 20 wt% free ionic liquid, the peak power
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density increases to 26 mW.cm2 and at 30 wt%, the peak power density is slightly

lower than in the membrane with 0 wt% free IL.
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Figure 4.16. Polarization and power curves at 25 2C

@ 0wt% free IL

o)
S

@ 0wt% free IL

08 ‘ M 10wt% free IL 50 m N n M 10wt% free IL
20wt% free IL & 40 ] L 20wt% free IL
0,6 --’ ®30wt% free IL E ] B @ 30wt% free IL
.. 0’ u 23 u "
Sos LY R | E
L = = 20 »
io m oo
02 °, L 10 \'."'g o
0 0
0 50 100 150 200 0 50 100 150 200
1 (mA.cm?) I (mA.cm?)

Figure 4.17. Polarization and power curves at 40 2C

It is worth mentioning that increasing temperature improves fuel cell performance,
especially in the case of 30 wt% free ionic liquid in which the maximum current
density reaches the value of 73 mA.cm? and the peak power density of 13.6
mW.cm2 when the temperature rises from 25 to 40 2C. At lower free ionic liquid
content, the effect of temperature is less marked and electrolyte with 20 wt% free

ionic liquid content reaches practically the same performance at both temperatures.

Despite the fact that an increase in temperature improves the fuel cell performance
especially at high free ionic liquid contents, the poor mechanical stability of the
membrane hinders the application at temperatures above 40 2C. It was observed
that at high temperatures the membrane penetrates into the GDEs and obstructs the

gas supply to the reaction zone resulting in a poorer fuel cell performance. This
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mechanical stability could be improved by adding higher quantities of crosslinker.
Nevertheless, the ionic conductivity could be compromised. Further work is needed
in order to develop polymeric membranes based on ionic liquids able to provide

high fuel cell performance at high temperature.

Table 4.3 shows the in-situ ionic conductivity of the electrolyte membranes with
different quantities of [HSO3-BMIm][TfO]. All samples report high conductivities in
the same order of magnitude, 10-! S.cm1, except for the electrolyte with 30 wt%
[HSO3-BMIm][TfO] which is in the order of 102 S.cm'l. It is worth noting that
conductivities are in agreement with the fuel cell performance and membranes with

highest conductivities are those that provide higher fuel cell performance.

Table 4.3. In-situ ionic conductivity at 25 and 40 2C (x 10-1S.cm™)

IL(Wt%) 25 °C 40 °C
0 1.231 1.249
10 2.090 2.925
20 1.272 1.274
30 0.619 0.767

The addition of small quantities of [HSO3-BMIm][TfO] improves noticeably the ionic
conductivity. The addition of 10 wt% of free ionic liquid improves the ionic
conductivity by 69% at 25 2C and by 134% at 40 °C. However, this tendency does
not continue at higher quantities of free ionic liquid probably due to the poor
mechanical stability of the electrolyte as it was aforementioned. Moreover, it is well-
known that the ionic conductivity depends on the hydration of the electrolyte
because water facilitates the proton transport and it has been demonstrated that
electrolytes with high free ionic liquid amount retain less water. Thus, the addition
of 20 wt% of free ionic liquid slightly improves ionic conductivity by 3% at 25 2C
and by 2% at 402C. Nevertheless, with 30 wt% free ionic liquid the conductivity is
lower than that of the membrane without free ionic liquid. Moreover, the fact that

hydration enhances ionic conductivity justifies the higher conductivity reported for
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in-situ experiments compared with that obtained during ex-situ conductivity
measurements. In-situ measurements were carried out during fuel cell experiments

being water the only byproduct of the electrochemical reactions.

As it is shown in table 4.3, the temperature improves the ionic conductivity.
However, due to the fact that the ionic conductivity values were measured during
fuel cell experiments, the poor mechanical stability of the composite membranes

hindered the ionic conductivity measurements at temperatures above 40 2C.

The ionic conductivities obtained with these composite membranes are in the same
order of magnitude as other well-hydrated membranes reported in literature. In the
study developed by Zeng et al. [39] silica was added to a Nafion membrane in order
to increase humidification of the membrane. Conductivities of 1.11 x 101 S.cm!
were obtained at 25 2C with 15 wt% silica. In another study published by
Costamagna and coworkers [40] zirconium phosphate was incorporated in a recast
Nafion membrane in order to enhance water retention. Conductivities about 1.2 x

10-1 S.cm! were obtained at 100 °C.

It is worth mentioning that ionic conductivities are in the same order of magnitude
than that for Nafion when the membrane is properly hydrated. However, the fuel
cell performance is lower when it is compared with this case. Thus, differences in
fuel cell performance cannot be explained exclusively on the basis of ionic
conductivity since there are additional key parameters such as mechanical stability

and the influence of the catalyst activity [41].

4.4. Conclusions

Proton exchange membranes based on polymerized ionic liquids were developed
for PEMFC applications without external humidification. For this purpose, two

different membrane structures were studied.
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The first membrane was based on the two polymerizable ionic liquids 1-(4-
sulfobutyl)-3-methylimidazolium 2-sulfoethylmethacrylate [HSO3-BMIm][SEM] and
1-(4-sulfobutyl)-3-vinylimidazolium 2-sulfoethylmethacrylate [HSOs;-BVIm][SEM]
(50 wt%). The effects of temperature and water content on ionic conductivity were
studied. Membranes with high water content had noticeable higher ionic
conductivity compared with dry membranes, especially at low temperature. The
dried membrane showed ionic conductivity of 6.24 x 10-6 S.cm'! at 70 2C whereas
the membrane with high water content had ionic conductivity of 1.5x10-3 S.cm! at

same temperature.

In the second structure studied in this chapter, 1-(4-sulfobutyl) 3-vinylimidazolium
trifluoromethanesulfonate [HSO3-BVIm][TfO] ionic liquid was polymerized with
different quantities of the non-polymerizable ionic liquid 1-(4-sulfobutyl) 3-
methylimidazolium trifluoromethanesulfonate [HSO3-BMIm][TfO]. Poly([HSOs-
BVIm][TfO])/[HSO3-BMIm][TfO] mixtures showed high in-situ ionic conductivities,
in the order of 10-1-102 S.cm'l. The addition of small quantities of [HSOs-
BMIm][TfO] and temperature improved ionic conductivity. It is worth mentioning
that conductivities were in accordance with fuel cell performance. Thus, the
membrane with 10 wt% [HSO3-BMIm][TfO] showed the highest conductivity, 2.92 x
101 S.cm' and the best fuel cell performance, 189 mA.cm? at 0.15 V and peak
power density of 49 mW.cm-2 at 40 °C.

In both membranes studied in this chapter, the high conductivity of the membranes
with high water content was mainly due to the mobile protons produced in the
dissociation of HSO3z groups when they are in presence of water. Temperature
improved the ionic conductivity because it produces faster movement of ions and
consequently an increase in ionic conductivity. However, in the case of membranes
with higher water content, the effect of temperature in the ionic conductivity was
less pronounced because of the evaporation of the water which plays a key role in

proton transport.
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Broadband dielectric spectroscopy combined with temperature-modulated
differential scanning calorimetry were used in order to analyze the molecular
dynamics and ions transport properties of polymerized ionic liquid-based

membranes.

The high pressure dielectric technique has demonstrated that in
sulfoethylmethacrylate anion-based membrane the proton transport is governed by
the Grotthuss mechanism. It has been proved that the decoupling between charge
transport and structure reorganization increased with pressure in the case of protic
ionic liquid polymers. The explanation for this tendency is due to the fact that the H-
bonded network becomes reinforced when interionic distances are reduced by

compression.

The large decoupling between the conductivity relaxation times (t,) and segmental
dynamics (t,) observed for [HSO3-BVIm][TfO] polymer membrane in the vicinity of
Tg is an evidence that the conductivity of the studied polymer is controlled by the
Grotthuss mechanism, in contrast to the monomer controlled by vehicular
mechanism. Evaporation of water from the polymer matrix resulted in a noticeable
decrease of oq4c. Interestingly, despite the drop in the water content, the kink of t,(T)
dependence from VFT-like to Arrhenius behavior occurred at practically the same
conductivity relaxation times. Furthermore, the value of c4.(Tg) also remained
unchanged. These facts suggest that regardless of the amount of water present in
the sample, the charge transport mechanism of the polymeric membrane is
permanently governed by fast proton hopping. Consequently, using protic ionic
liquids as polyelectrolyte one can avoid the serious problem of water management

observed with commercial membranes for low temperature fuel cell applications.
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Chapter 5

MEMBRANES BASED ON PROTIC PLASTIC
CRYSTAL AND POLYMERS

Abstract

This chapter deals with the development of composite membranes based on the
protic plastic crystal N-N-dimethylethylene diammonium triflate [DMEDAH][TFO]
and poly(vinylidene fluoride) (PVDF) nanofibers for proton exchange membrane
fuel cells (PEMFCs) under non-humidified conditions.

An addition of 5 mol% of triflic acid and 5 mol% of the base N,N-
dimethylethylenediamine is carried out to study the effects on the ionic conductivity
and thermal behavior of the material. Composite membranes based on PVDF
nanofibers and [DMEDAH][TFO] are tested in a single PEMFC. The effects of the
plastic crystal doping on the thermal behavior, ionic conductivity and fuel cell

performance are analyzed in this chapter.
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5.1. Introduction

Plastic crystals (PCs) are promising solid electrolytes for fuel cell applications due to
their unique properties. Their negligible volatility and high thermal and
electrochemical stability make them suitable for electrochemical devices [1-3].
These materials have the advantages of ionic liquids (high proton conductivity
without humidification) and the benefits of a solid state electrolyte [4, 5].

PCs are usually formed from a large symmetric organic cation and an inorganic
anion that is normally symmetrical or has a diffusive charge. These materials have
one or more solid-phase transitions before melting that are associated with the
beginning of rotational or translational motions of the ions. This translation leads to
a progressive transformation from an ordered crystalline phase to an increasingly
disordered structure. The highest temperature solid phase is denoted phase [; the
lower temperature phases are phases II, IlI, etc [6]. The conductivity of these
materials is attributed to the presence of defects or vacancies in the crystalline
structure, the rotational and translational disorder of the cation and anion and the
conformational disorder of the ions [7]. These materials are referred to as “plastic
crystals” due to their softness; they are easily deformed under stress. This
deformation occurs due to the mobility of the slip planes, dislocations or vacancy
migrations. These properties are beneficial for fuel cell devices because they should
suffer less from any loss of contact with the electrodes due to volumetric changes
[8].

Plastic crystals are usually used as matrix materials for adding dopant ions, such as
Li* for lithium batteries or I- /15" for dye-sensitized solar cells, significantly increasing
the ion conductivity [9-12]. Different PCs systems have been studied for their use as
electrolytes in fuel cells. Choline dihydrogenphosphate [choline][DHP] was studied
for the excellent proton conductivities of the phosphoric acid base materials. The
proton transport of this material might be facilitated by a triple rotation of the
dihydrogenphosphate anion. High proton diffusivities can be obtained after doping
with acid. The thermal stability of [choline][DHP] doped with phosphoric acid is

good, with minimal weight loss up to 200 2C. However, this PC with 18 mol%
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phosphoric acid presents an amorphous phase. In contrast, using 4 wt% triflic acid
or Tf;N acid improves the conductivity without deforming the crystalline structure.
Moreover, [choline][DHP] doped with 4 mol% triflic acid generated significant
proton reduction currents, which is an important feature for fuel cells [7].
Yoshizawa-Fujita et al. [13] synthesized choline dihydrogen phosphate
[choline][DHP] and  1-butyl-3-methylimidazolium dihydrogen phosphate
[Camim][DHP] as new proton-conducting ionic plastic crystals. [C4smim]DHP]
showed solid-solid phase transitions and a melting point at 23 and 119 2C, whereas
[choline][DHP] displayed solid-solid phase transitions and melting points at 45, 71
and 167 °C. lonic conductivities ranging from 1.0 x 10-¢ to 1.0 x 103 S.cm for
choline dihydrogen phosphate and to 1.0 x 103 S.cm?! for 1-butyl-3-
methylimidazolium dihydrogen phosphate were achieved in the plastic crystalline
phase. [choline][DHP] showed one order of magnitude higher ionic conductivity
than [C4mim][DHP] in phase I, revealing that the hydroxyl group is suitable for fast
proton transport in the solid state.

Among the different types of PCs, protic plastic crystals are being studied as
promising electrolytes for fuel cells [14]. Thus, the proton transport behavior in the
guanidinium triflate (GTf) solid and its mixtures with triflic acid was studied by Zhu
and co-workers [15]. Both the pure GTf and 1 mol% doped samples showed
relatively low conductivity and strong temperature dependency. Nevertheless, for
the samples containing 2 mol% acid or more, the conductivities are high (1.0 x 10-3
S.cm1) and relatively independent of temperature. For all the measured
temperatures, an increase in the conductivity can be found between the acid
contents of 1-2 mol%. This behavior is a strong indication of percolation-dominated
conducting mechanisms of the system. However, at high temperatures the GTf
matrix also becomes conductive and contributes to the conductivity of the
composites. Guanidinium-based protic plastic crystal was also studied by Chen et al.
[16]. In this work, guanidinium nonaflate was reported as a new plastic crystal with
significant ionic conductivity in phase I (1.0 x 104 S.cm! at 176 °C) and high thermal
stability (408 2C). On the other hand, in the work developed by Luo et al. [17] 1,2,4-
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triazolium perfluorobutanesulfonate was studied as anhydrous proton conductor
for high temperature fuel cells. The ionic conductivity dependence with temperature
is correlated with the phase transitions observed in the material, reaching 1.27 x
106 S.cm! in phase I (155 2C). During fuel cell testing at 150 2C without humidity,
high open circuit values (OCV) of 1.05 V and a current density around 17 pA.cm-2 at
0.2 V were obtained.

To improve the mechanical stability of the electrolytes, PCs are usually combined
with a commercial polymer acting as support [18-21]. Thus, proton conducting
membranes based on impregnated cellulose acetate supports with mixtures of
choline dihydrogen phosphate and various acids were synthesized by Rana et al. for
fuel cell applications [22]. A membrane doped with 4 mol% HNTf, containing up to
50 wt% water showed an OCV of approximately 0.78 V at 125 2C. The impedance of
the cell was approximately 3 2 under operational conditions.

Electrospun nanofibers acting as supports are being investigated for a wide range of
applications, including tissue engineering, photocatalysis and energy applications
[23-29]. These materials offer high degree of compositional and morphological
control using relatively simple equipment [30-34]. In the work published by
Howlett et al. [35] a composite membrane based on PVDF electrospun nanofibers
and the plastic crystal N-methyl-N-ethyl pyrrolidinium tetrafluoroborate
[Compyr][BF4] was synthesized for electrochemical devices using the solvent-
casting method. The new composite materials exhibit enhanced conductivity
compared to the bulk plastic crystal and excellent thermal, mechanical and
electrochemical stability making them suitable for application in different
electrochemical devices. Wang and coworkers synthesized composite nanofiber
based on the same plastic crystal and polymer [Compyr][BFs]/PVDF by co-
electrospinning. The incorporation of the plastic crystal in electrospun fibers
improves the ionic conductivity. Thus, the composite with 5 wt% [Compyr][BF4] has
a conductivity 2 orders of magnitude higher than that of the pure PVDF fibers and it
increases further as more plastic crystal is added before decreasing in the 20 wt %

[Compyr][BF4]/PVDF fiber composite, which might be a result of the discontinuous
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and agglomerated microstructure. The increased ionic conductivity of these
composites is beneficial for their use as solid state electrolyte for batteries [36].

Due to the attractive advantages of protic plastic crystal and electrospun nanofibers,
the aim of this work is the development of composite membranes based on the
protic plastic crystal N-N-dimethylethylene diammonium triflate [DMEDAH][TFO]
and poly(vinylidene fluoride) (PVDF) electrospun nanofibers for PEMFCs under
non-humidified conditions.

The effects of the addition of 5 mol% of triflic acid and 5 mol% of the base N,N-
dimethylethylenediamine to the pure plastic crystal on the ionic conductivity and
thermal behavior are analyzed.

In order to measure the fuel cell performance of the pure and doped plastic crystal,
composite membranes based on PVDF nanofibers and [DMEDAH][TFO] are
synthesized and tested in a single proton exchange membrane fuel cell (PEMFC).
Thermal behavior and ionic conductivity of doped [DMEDAH][TFO]/PVDF

composite membranes are also reported in this work.

5.2. Experimental methods

This section describes the synthesis and the characterization of the pure and doped
plastic crystal N,N-dimethylethylenediammonium triflate [DMEDAH][TfO] as well as
the composite membranes based on [DMEDAH][TfO] and electrospun PVDF
nanofibers. This work was developed at the Institute of Frontier Material of Deakin

University in Melbourne (Australia) under the supervision of Dr. Jenny Pringle.

5.2.1. Materials
PVDF powder (MW 534000), N,N- Dimethylethylenediamine (99.5%) and triflic acid
(98%) were purchased from Sigma-Aldrich and used as received.

Dimethylformamide (DMF) and acetone were supplied by VWR.
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5.2.2. Fabrication of composite membranes

Synthesis of [DMEDAH][TFO]

N,N-dimethylethylenediammonium triflate ([DMEDAH][TfO]) was made by the
proton transfer reaction between triflic acid and N,N-dimethylethylenediamine. The
synthesis involves a drop wise addition of aqueous solution of triflic acid (42
mmoles) to N,N-dimethylethylenediamine (42 mmoles) in an ice bath and the
reactants were stirred for about 2 hours at room temperature. Then water was
removed by distillation and the final solid product was dried under vacuum at 70 2C
for two days. The yield was found to be 98 %. The stoichiometry of the acid-base
reaction was verified by an aqueous titration method and the IL samples were
tested for correct pH after dilution into water (0.1 M). This is a sensitive, routine test
of the final stoichiometry for these materials. The pH of 0.1 M aqueous solution was
found to be 8.0.

Electrospray mass spectroscopy analysis, (cone *25V): [DMEDAH][TfO], m/z
(relative intensity, %): ES*, 89.2 (CH3).N*CH2CH,NH;3 100); ES-, 149.0 (CF3S03°, 100).
The 5 mol % triflic acid doped sample was made by adding 2.26 g (95 mol %) of
aqueous [DMEDAH][TfO] to 0.075 g (5 mol%) of aqueous solution of triflic acid. The
reactants were stirred to get clear liquid and then distilled at 70 2C to remove water
under reduced pressure. The solid was dried under vacuum at room temperature
and the yield was found to be 98 %. The pH of 0.1 M aqueous solution was found to
be 7.4.

The 5 mol % doped N,N-Dimethylethylenediamine doped sample was synthesized
by adding 2.26 g (95 mol%) of aqueous [DMEDAH][TfO] to 0.04 g (5 mol%) of
aqueous solution of N,N-Dimethylethylenediamine. The reactants were stirred and
then distilled at 70 2C to remove water under reduced pressure. The solid was dried
under vacuum at room temperature and the yield was found to be 98 %. The pH of

0.1 M aqueous solution was found to be 7.9.
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Electrospinning of nanofibers

1.5 g PVDF was dissolved in a mixture of 3 mL of DMF and 7 mL of acetone and
heated at 60 °C for 30 min until the solution was homogeneous. The solution was
transferred into a plastic syringe and discharged at 1 ml.h-! using a syringe pump
(KD Scientific) into a 15 kV electric field between the syringe needle (21G) and a
groundedmetal collector (distance 15 cm). The fibers were accumulated randomly

on the collector.

Fabrication of composite membranes

[DMEDAH][TFO] and nanofibers were dried overnight at 40 2C on a vacuum line
(Schlenk line). Composites membranes were synthesized by the melting casting
procedure. Plastic crystal (90 wt%) was spread on the nanofibers surface (10wt%)
and melted at 70 2C in a hot plate. Composite membranes were kept in a vacuum
oven at 80 2C overnight in order to completely melt the plastic crystal. Then, the
membrane was pressed to ensure a homogeneous distribution of the plastic crystal
between fibers. Fuel cell testing and ionic conductivity measurements require
different dimensions of the sample. For this reason, in the case of ionic conductivity
measurements the membrane (10 mm diameter) was pressed between two Teflon
disk in a KBr cell at 1 ton pressure whereas for fuel cell experiments the composite
membrane (5 cm?) was pressed at 1100 psi during 3 minutes using a Carver 4386
press.

Figure 5.1 shows the chemical structure of [DMEDAH][TFO] and the PVDF

polymeric nanofiber used in this work.

a) / 0 ) H F
— N \s/ F | |
A o

*H3N
Figure 5.1. Chemical structures: a) [DMEDAH][TFO]; b) PVDF
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5.2.3. Membrane characterization and operation conditions

Scanning electron microscope (SEM)

The morphology of the electrospun membranes was characterized using a JCM-
5000, NeoScope, JEOL Benchtop SEM. SEM images were collected using the JCM-
5000 software, with accelerating voltage of 10 kV.

Differential scanning calorimetry (DSC)

Mettler Toledo DSC instrument was used for DSC measurements. All samples were
prepared and sealed in a glove box under argon atmosphere. In order to obtain
accurate data, a calibration procedure using cyclohexane as reference was carried
out. Temperature range from -95°C to 120°C was used to study the thermal behavior
of the materials, with a heating and a cooling rates of 5 and -2 “C.min"%, respectively.
Two temperature scans were run; the second heating scan is reported in this

chapter. DSC curves were normalized with respect to the pure plastic crystal weight.

Ionic conductivity

Solid-state ionic conductivity of the materials was evaluated using electrochemical
impedance spectroscopy on a Solartron potentiostat. The samples were sandwiched
between pre-polished and dried circular stainless steel electrodes located inside
hermetically-sealed barrel cells (Advanced Industrial Services, Moorabbin,
Australia). Pellets of pure and doped plastic crystal were obtained pressing the
material at 1 ton pressure inside a KBr die (10 mm diameter). All material handling
was carried out inside an argon glove box. A tubular Helios furnace (28 V/32 W)
with a flexible ceramic heater was used to apply the temperature ramp. A
Eurotherm 3504 temperature controller interfaced to the potentiostats, allowed
impedance data to be acquired automatically throughout a programmed
temperature profile. A T type thermocouple with an accuracy of + 1 2C was used for
the temperature measurements. The temperature stabilization time between

measurements was 30 min, at 5 2C intervals. Data were collected at each
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temperature by applying a sinusoidal signal with amplitude of 100 mV over a
frequency range of 1 MHz to 1 Hz. Conductivity values were calculated from Nyquist
plots in which the touchdown point of the semicircle corresponds to the bulk

resistance of the ionic conducting media.

Fuel cell testing

Gas diffusion electrodes (GDEs) (Pt 3.0 mg Pt.cm2, Baltic Fuel Cell GmbH) were
placed at both sides of the membrane forming the membrane electrode assembly
(MEA). The membrane performance was tested in a fuel cell of 5 cm? containing
serpentine channels and equipped with a piston that ensures good contact between
the internal components of the cell (quick CONNECT, Baltic Fuel Cells GmbH). The
anode was fed with hydrogen with a flow rate of 50 ml.min! while the cathode was
fed with air at a rate of 100 ml.min-1. The system pressure was fixed at 1.0 bar and
the experiments were carried out at 25 2C. Polarization curves of cell voltage versus
the electric current were performed using an external load (ZS, H&H) under

potentiostatic control at non-humidified conditions.

5.3 Results and discussion

The main results obtained in this work are reported and analyzed. Thermal
characterization, SEM images, ionic conductivity and fuel cell performance of
composite membranes based on PVDF nanofibers and pure, acid-doped and base-

doped [DMEDAH][TFO] are included in this section.

5.3.1. Membrane synthesis
The obtained membranes were flexible and homogeneous. The average thickness
was about 70 microns. A photograph of a membrane based on pure

[DMEDAH][TFO]/PVDF is illustrated in figure 5.2.
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Figure 5.2. PVDF/[DMEDAH][TFO] membrane photograph

In order to confirm the homogeneous distribution of the plastic crystal within the
polymer nanofibers, SEM images of the composite membranes based on

PVDF/[DMEDAH][TFO] are provided in figure 5.3.

10KV x 300 100 ym 000047

Figure 5.3. PVDF/[DMEDAH][TFO] SEM image: a) front side; b) back side

It can be observed that the PC is well distributed within the fiber matrix which is
filled with PC and free of voids. Due to the synthesis procedure, both sides of each
membrane have been analyzed demonstrating the feasibility of the melting-casting

technique.

5.3.2. Thermal behavior

Figure 5.4 shows thermal traces obtained from DSC measurements of pure, 5 mol%
acid doped and 5 mol% base doped [DMEDAH][TFO]. The PC shows a solid-solid
phase transition at 55 2C and stays in the solid-state plastic phase I up to its melting

temperature around 70 ©9C. In the acid doped [DMEDAH][TFO], the peak
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corresponding to the solid-solid phase transition increased. However, when base

the is added to [DMEDAH][TFO] the peak diminishes.

PC base

J/\ e PC acid
Ly M e P pure
A\

-100 -50 0 50 100
T (°0)

Figure 5.4. DSC thermal traces of pure [DMEDAH][TFO], 5 mol% acid doped
[DMEDAH][TFO] and 5 mol% base doped [DMEDAH][TFO]

PVDF /base PC
\ \/\A ——— PVDF/acid PC
V_J\ PVDF/PC

e PVDF

-100 -70 -40 -10 20 50 80 110
T (2C)
Figure 5.5. DSC thermal traces of PVDF/ [DMEDAH][TFO], PVDF/5 mol% acid

doped [DMEDAH][TFO] and PVDF/5 mol% base doped [DMEDAH][TFO] composite
membranes
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In order to analyze the influence of the nanofibers in the plastic crystal structure,
DSC measurements of PVDF composite membranes were carried out (figure 5.5). As
it can be observed, the peak corresponding to the melting point of the plastic crystal
appeared at 70 2C approximately. However, the solid-solid phase transition is not
clearly observed in the DSC traces possibly due to its proximity to the melting point.

A peak around 100 ©C is observed associated with the melting point of PVDF fibers,
which is lower than its normal melting point (=165 2C [37]) probably due to some
interactions with the plastic crystal and/or the acid and base doping agents.

In addition, an exothermic peak around 25 °C appears corresponding to the

recrystallization of the samples during the heating scan.

5.3.3. Ionic conductivity

Ionic conductivities of the materials as a function of temperature are illustrated in

figures 5.6 and 5.7.
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Figure 5.6. [onic conductivity of pure and doped plastic crystal
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Figure 5.7. lonic conductivity of PVDF/plastic crystal composite membrane

The conductivity of all samples increases gradually with increasing temperature,
reaching 2.7 x 10-5> S.cm! at 50 2C for pure [DMEDAH][TFO]. It can be observed that
the addition of 5 mol% of triflic acid to the pure PC increases the conductivity more
than twice. This enhancement in conductivity can be associated to an increase in the
number of dissociable protons from the doping acid [38]. Zhu et al. [15] have
demonstrated by means of H NMR spectra the fast mobility of the triflic acid protons
affecting the molecular dynamics of the [DMEDAH][TFO] and therefore its
conductivity. However, the incorporation of the base decreases the ionic
conductivity, especially at higher temperatures. Despite the fact that N,N-
dimethylethylenediamine has several dissociable protons per molecule it could be
possible that these protons are strongly coupled with each other leading to low
mobility and negligible effect on the ionic conductivity of the material.

In the case of PVDF based membranes, surprisingly the highest ionic conductivity
was obtained with base doped [DMEDAH][TFO], 4.3 x 10-> S.cm! at 50 2C compared
to 1.1 x 105 S.cm! obtained with pure [DMEDAH][TFO]. At lower temperatures the
difference in ionic conductivity is more noticeable, increasing more than one order
of magnitude when 5 mol% base is added (4.1 x 107 S.cm! to 5.7 x 10-¢ S.cm! at 30
2C). The addition of acid also improves the ionic conductivity, 2.4 x 10-> S.cm! at 50

oC.
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5.3.4. Fuel cell testing
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Figure 5.8. Polarization curves PVDF-based membranes

Figure 5.8 shows polarization curves obtained with PVDF-based membranes with
pure [DMEDAH][TFO], 5 mol% acid doped [DMEDAH][TFO] and 5 mol% base doped
[DMEDAH][TFO]. Pure [DMEDAH][TFO]/PVDF composite membranes has poor fuel
cell performance, obtaining an open circuit voltage (OCV) about 0.53 V and current
density of 0.45 mA.cm? at 0.15 V and 25 °C. The addition of 5 mol% N,N-
dimethylethylenediamine did not have noteworthy influence on the fuel cell
performance compared to pure [DMEDAH][TFO], possibly due to the lower
conductivity of the base-doped [DMEDAH][TFO] as previously mentioned.

However, when 5 mol% of triflic acid is added to the plastic crystal the performance
improves significantly, reaching OCV of 0.74 V and current density of 61 mA.cm at
0.15 V and 25 °C. This behavior is in accordance with the highest conductivity
reported for the acid doped-plastic crystal. The high mobility of the dissociable
protons from the triflic acids promotes the proton transport mechanism across the
composite membrane, which enhances the fuel cell performance. On the contrary,
the high coupling of the protons in the base-doped sample does not led to a

noteworthy increase in the fuel cell performance.
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5.4. Conclusions

Composite membranes based on electrospun poly(tetrafluoroethylene) (PVDF)
nanofibers and the protic plastic crystal N-N-dimethylethylene diammonium triflate
[DMEDAH][TFO] were synthesized through melting-casting technique. SEM
characterization demonstrated the uniform distribution of the [DMEDAH][TFO] in
the nanofibers.

The DSC characterization of the plastic crystal revealed a solid-solid phase
transition at 552C before its melting point at 70 2C. The ionic conductivity of
[DMEDAH][TFO] increased with temperature, reaching 2.7 x 10-> S.cm at 50 °C.

In order to enhance the ionic conductivity of the plastic crystal, 5 mol% of triflic acid
and 5 mol% of the base N,N-dimethylethylenediamine were added to the pure
plastic crystal. The conductivity of the acid-doped plastic crystals increased more
than twice due to the fast mobility of the triflic acid protons. However, the addition
of the base did not enhance the ionic conductivity of [DMEDAH][TFO] probably due
to a strong coupling of protons leading to a low mobility.

Membranes based on PVDF and pure, acid-doped and base-doped plastic crystal
were developed and tested in a single proton exchange membrane fuel cell
(PEMFC). The membrane based on pure [DMEDAH][TfO]/PVDF showed open circuit
voltage (OCV) about 0.53 V and current density of 0.45 mA.cm-2 at 0.15 V and 25 °C.
It was demonstrated that the addition of triflic acid improved the fuel cell
performance, reaching OCV of 0.74 V and current density of 61 mA.cm2 at 0.15 V
and 25 °C.

This work shows the potential of composite membranes based on electrospun
polymers and protic plastic crystals as proton exchange membrane for fuel cell
applications without external humidification. It is necessary to continue working
developing new materials with fast proton mobility leading to higher ionic

conductivity and fuel cell performance.
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Chapter 6

CONCLUSIONS AND CHALLENGES FOR
FUTURE RESEARCH

Abstract

This thesis aims to the development of new electrolyte membranes based on protic
ionic liquids for improving the performance of PEMFC devices over the most widely
used Nafion perfluorinated membranes at non-humidified conditions. After the
detailed description of the objectives of this work, this chapter summarizes the main
results that have been achieved, draws the conclusions derived from the analysis of
the results and highlights future challenges and perspectives in proton exchange

membranes based on ionic liquids for fuel cell applications.
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6.1. Conclusions

A thorough study of the state of the art reveals the infeasibility of commercial
perfluorinated polymers as proton exchange membranes for fuel cell applications
under anhydrous conditions. Perfluorinated polymers are highly expensive
membranes strongly dependent on humidity which require the use of external
controlled humidity systems. In these electrolytes, the lack of water compromises
the proton transport mechanisms leading to high ionic resistance electrolytes with
deficient fuel cell performance. Consequently, the development of electrolytes with
high ionic conductivity capable of working under non-humidified conditions
constitutes a scientific and technical challenge. For this purpose, ionic liquids are
attracting interest as electrolytes for this application due to their exceptional
properties such as negligible volatility, non-flammability, high thermal and
electrochemical stability and outstanding ionic conductivity even under anhydrous
conditions. Due to the potential advantages of ionic liquids, this thesis focuses on the
analysis of innovative polymeric membranes for proton exchange membrane fuel

cells without external humidification using ionic liquids as favorable electrolytes.

With the aim of improving the low fuel cell performance under non-humidified
conditions reported for commercial perfluorosulfonic membranes, impregnation of
a Nafion membrane with two protic ionic liquids as proton carriers was carried out.
As a result, Nafion membranes impregnated with [HSO3-BBIm][TfO] showed high
fuel cell performance at 252C without external humidification avoiding the water

management systems and reducing the complexity of the fuel cell devices.

Having demonstrated the viability of protic ionic liquids as proton carriers under
non-humidified conditions, the next step was the development of membranes based
exclusively on polymerized protic ionic liquids. This strategy allows the design of
high performance electrolytes under non-humidified conditions avoiding the use of
expensive perfluorinated polymers. For this purpose, two different membrane
structures were studied. The first membrane was based on the two polymerizable

sulfoethylmethacrylate anion-based ionic liquids [HSO3-BMIm][SEM] and [HSOs-
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BVIm][SEM]. On the other hand, in the second studied structure, the triflate anion-
based ionic liquid [HSO3-BVIm][TfO] was polymerized at different compositional
range of its analogous non-polymerizable ionic liquid [HSO3-BMIm][TfO].

Thermogravimetric studies have demonstrated the ability of polymerized ionic
liquids to retain atmospheric water inside its chemical structure. This property
benefits the ionic conductivity, leading to higher ionic conductivity values for both
membranes with high retained water content compared to that obtained with dried
membranes. Thus, sulfoethylmethacrylate membranes with high water content
showed ionic conductivity of 1.5 x 10-3 S.cm at 70 2C whereas dried membranes
registered 6.24 x 10-¢ S.cm-! at same temperature. Triflate anion-based membranes
showed even higher ionic conductivity values, about 102 S.cm? at 70°2C for
membranes with high water content. This behavior is explained due to the mobile
protons produced in the dissociation of HSOz groups when they are exposed to
water. These protons can be transferred through the H-bonded network formed by
ions and water molecules. Therefore, the dependence of ionic conductivity with
temperature of polymeric ionic liquids with high water content suggested two

competing trends between the thermal activation and the water evaporation.

Broadband dielectric spectroscopy combined with temperature-modulated
differential scanning calorimetry allows understanding the ionic transport
mechanisms of the electrolytes. lon dynamics studies under high pressure
conditions have demonstrated an effective proton hopping mechanism in charge
transport for sulfoethylmethacrylate anion-based membranes. On the other hand,
this technique evidenced that the conductivity of triflate anion-base polymer is
controlled by the Grotthuss mechanism, in contrast to the monomer controlled by
vehicular mechanism. It was also observed that regardless of the amount of water
present in the sample, the charge transport mechanism of the triflate polymer is
permanently governed by fast proton hopping. Consequently, it was proven that

using protic ionic liquids as polyelectrolytes it is possible to avoid the serious
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problem of water management observed for perfluorinated membranes for low

temperature fuel cell applications.

Due to the outstanding ionic conductivity values obtained for triflate anion-based
membranes, these electrolytes were tested in a proton exchange membrane fuel cell
device in order to evaluate their fuel cell performance. The membrane with 10 wt%
[HSO3-BMIm][TfO] showed the highest in-situ ionic conductivity, 2.92 x 10-1 S.cm!
and the best fuel cell performance at 40 °C, 189 mA.cm2 at 0.15 V and peak power
density of 49 mW.cm2 These results exceeded that obtained with the neat
poly([HSO3-BVIm][TfO]), 46 mA.cm? at 0.15V and 15 mW.cm? of peak power

density.

Finally, protic plastic crystals, a new family of solid compounds similar to ionic
liquids but with the benefits of a solid state electrolyte such as easier handling and
the elimination of possible ionic liquid leaks and leachates, have been analyzed in
their use as electrolytes for electrochemical applications. Taking advantage of the
promising properties of protic plastic crystals, composite membranes based on
electrospun poly(tetrafluoroethylene) (PVDF) nanofibers and the protic plastic
crystal N-N-dimethylethylene diammonium triflate [DMEDAH][TFO] were
synthesized through melting casting technique. SEM characterization demonstrated
the uniform distribution of the [DMEDAH][TFO] in the nanofibers. The DSC
characterization of the plastic crystal revealed a solid-solid phase transition at 552C
before its melting point at 70 2C. lonic conductivity values of 2.7 x 10-5 S.cm'! at 50
oC were obtained for [DMEDAH][TFO]. In order to further increase the ionic
conductivity of the plastic crystal, 5 mol% of triflic acid and 5 mol% of the base N,N-
dimethylethylenediamine were added to [DMEDAH][TFO]. The conductivity of the
acid-doped plastic crystals increased more than twice due to the fast mobility of the
triflic acid protons. However, the addition of the base did not enhance the ionic
conductivity of [DMEDAH][TFO] probably due to a strong coupling of protons
leading to a low mobility. Membranes based on PVDF and pure, acid-doped and

base-doped plastic crystal were developed and tested in a single proton exchange
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membrane fuel cell (PEMFC). It was demonstrated that the addition of triflic acid
improved the fuel cell performance, reaching an open circuit voltage (OCV) of 0.74 V

and current density of 61 mA.cm2 at 0.15 V and 25 °C.

This thesis has demonstrated the suitability of protic ionic liquids as proton carriers
for proton exchange membrane fuel cells under non-humidified conditions, avoiding
the use of external humidity controllers necessary for perfluorinated polymers. As a
summary, membranes with the highest fuel cell performance from each type of

electrolyte studied in this thesis are shown in table 6.1.

Table 6.1. Electrolytes with higher fuel cell performance under non-humidified
conditions at 25 2C

Electrolyte classification Membrane ocv I (mA.cm’?) P (mW.cm?)

Ionic liquid-impregnated

membranes N212/[HSO3-BBIm][TfO] 0,82 217 43,6

[HSO3-BVIm][TfO] +

0,83 174,4 43,3
10wt% [HSO3-BMIm][TfO]

Polymerized ionic liquids

Protic plastic crystal /

polymerie nanofibers acid [DMEDAH][TFO]/PVDF 0,74 61 9,5

In light of these results, ionic liquid-impregnated membranes and polymeric ionic
liquids are the most promising electrolytes for proton exchange membrane fuel cell

applications under non-humidified applications.

6.2. Challenges for future research

This thesis intends to open up the possibility of new proton exchange membranes
based on protic ionic liquids for fuel cell devices under non-humidified conditions.
Thus far, ionic liquid-based electrolytes with outstanding ionic conductivity have
been developed and characterized demonstrating their high fuel cell performance
without external humidification at low temperature. Nevertheless, despite the
achievements that have been described through the chapters of this thesis, there are
still new challenges ahead and disadvantages that must be overcome before these

membranes become a reality.
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One of the most remarkable advantages of the use of proton exchange membrane
fuel cells is their environmental friendly character. However, the low temperatures
associated with this type of fuel cells hinder the use of hydrogen with low purity.
The valorization of residual hydrogen as fuel in these electrochemical devices could
promote the use of fuel cells increasing the sustainability of this technology. This
valorization could be achieved by means of the use of high-performance catalyst
and/or the use of higher temperatures.

On the other hand, one of the main disadvantages of polymeric ionic liquid
membranes is their mechanical stability, especially if a non-polymerizable ionic
liquid is incorporated between the polymer chains. Taking advantage of the design
character of ionic liquids, it is recommendable the search of new chemical
structures which led to a more mechanical stable and conductive polymers
especially at high temperatures. Moreover, a complete and quantitative
characterization of the resulting polymers in terms of mechanical stability and gas
permeability is also advisable.

Another issue that must be improved is the contact between the membrane and the
electrodes in order to obtain a better fuel cell performance. In this work, gas
diffusion layers with platinum in their surface were used as electrodes. This is a fast
and simple technique frequently reported in literature. However, other techniques,
such as air brushing method, results in a membrane electrode assembly with
optimized contact between all the elements involved in the electrochemical
reactions. This resulting membrane must be analyzed in order to evaluate the
influence of the contact between the electrodes and the membrane.

Finally, in order to bring these membranes to their real implementation, it is
essential to scale-up the single fuel cell tests to a stack fuel cell system which allow
obtaining the necessary power output for different real applications. One strategy to
facilitate this scale-up is the fuel cell modeling because it provides valuable
information about the fundamental phenomena that take place in the system. The
speed of the simulation processes allows considering several alternatives enabling

predict and optimize the behavior under different operating conditions.
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CONCLUSIONES Y RETOS PARA FUTURAS
INVESTIGACIONES

Resumen

Esta tesis se centra en el desarrollo de nuevos electrolitos basados en liquidos
idnicos proticos con el objetivo de mejorar el rendimiento en PEMFCs reportado
para las ampliamente utilizadas membranas perfluoradas bajo condiciones no
humidificadas. Tras una detallada descripcién de los objetivos de este trabajo, este
capitulo resume los principales resultados alcanzados, establece las conclusiones
derivadas del andlisis de los resultados y destaca los retos fututos y perspectivas
sobre las membranas de intercambio protonico basadas en liquidos i6nicos para

aplicaciones de pilas de combustible.
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6.1. Conclusiones

El estudio minucioso del estado del arte ha revelado la inviabilidad del uso de las
membranas comerciales perfluoradas como membranas de intercambio proténico
para pilas de combustible bajo condiciones anhidras. Estas costosas membranas son
fuertemente dependientes del contenido de agua, lo cual implica el uso de
controladores de humedad externos. En estos electrolitos, la falta de agua perjudica
los mecanismos de transporte proténico conduciendo a electrolitos de alta
resistencia i6nica con deficiente rendimiento en las celdas de combustible.
Consecuentemente, el desarrollo de electrolitos con alta conductividad idnica
capaces de funcionar bajo condiciones no humidificadas constituye un reto
cientifico y técnico. Con este propdsito, los liquidos idnicos estdn adquiriendo
interés como electrolitos para esta aplicacién debido a sus excepcionales
propiedades como baja volatilidad, bajo riesgo de inflamabilidad, alta estabilidad
térmica y electroquimica y alta conductividad iénica incluso en condiciones
anhidras. Debido a las ventajas potenciales de los liquidos iénicos, esta tesis se
centra en el desarrollo de membranas poliméricas innovadoras para PEMFCs sin

humidificacion externa empleado liquidos idnicos como electrolitos.

Con el objetivo de mejorar el bajo rendimiento en pilas de combustible bajo
condiciones no humidificadas reportado para las membranas comerciales
perfluoradas, se ha realizado una impregnacién a una membrana de Nafion con dos
liquidos idnicos proticos como transportadores de protones. Como resultado, la
membrana de Nafion impregnada con [HSO3-BBIm][TfO] mostré alto rendimiento
en la pila de combustible a 25 2C sin humidificaciéon externa evitando de esta
manera el uso de sistemas de gestiéon de humedad y reduciendo la complejidad de

los dispositivos PEMFC.

Habiendo demostrado la viabilidad de los liquidos idnicos prdéticos como
transportadores de protones en condiciones no humidificadas, el siguiente paso
consistié en el desarrollo de membranas basadas exclusivamente en liquidos i6nicos

proéticos polimerizados. Esta estrategia permite el disefio de electrolitos de alto
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rendimiento bajo condiciones no humidificadas evitando el uso de los polimeros
costosos perfluorados. Con este objetivo, dos membranas diferentes fueron
estudiadas. La primera de ellas estuvo basada en dos liquidos idnicos préticos
polimerizables de anidon sulfoetilmetacrilato [HSO3-BMIm][SEM] y [HSOs-
BVIm][SEM]. Por otra parte, en la segunda membrana estudiada, el liquido iénico
prético [HSO3-BVIm][TfO] fue polimerizado con diferentes proporciones de su

liquido i6nico analogo no polimerizable [HSO3-BMIm][TfO].

Los estudios termogravimétricos han demostrado la habilidad de los liquidos
i6nicos polimerizados de retener agua atmosférica dentro de su estructura
polimérica. Esta propiedad beneficia la conductividad iénica, puesto que las
membranas poliméricas presentaron mayores valores de conductividad iénica
comparadas con las membranas sometidas a un proceso de secado. De esta manera,
las membranas basadas en anién sulfoetilmetacrilato con alto contenido de agua
presentaron conductividades i6nicas de 1.5 x 103 S.cm' a 70 °C mientras que las
membranas secas registraron 6.24 x 10°¢ S.cm! a la misma temperatura. Las
membranas basadas en anién triflato presentaron valores de conductividad adn
mayores, 102 S.cm! a 702C para las membranas con alto contenido de agua. Este
comportamiento es debido a los protones méviles producidos en la disociacién de
los grupos HSOz cuando se encuentran expuestos a humedad. Estos protones
pueden ser transferidos a lo largo de la red de intercambio proténico formada por
iones y moléculas de agua. De esta manera, la dependencia de la conductividad
ionica con la temperatura sugiri6 dos tendencias competitivas entre la activacion

térmica y la evaporacion del agua.

La espectroscopia dieléctrica de banda ancha combinada con calorimetria
diferencial de barrido permite comprender los mecanismos de transporte
protonicos de los electrolitos. Los estudios de dindmica molecular bajo presién
elevada han demostrado un mecanismo de salto proténico efectivo para las
membranas de anién sulfoetilmetacrilato. Por otra parte, esta técnica evidencié que

la conductividad en la membrana de anién triflato est4 controlada por el mecanismo
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Grotthuss, mientras que en el mondémero estd controlado por un mecanismo
vehicular. De la misma manera, ha sido demostrado que en el polimero de ani6n
triflato, el transporte proténico esta permanentemente controlado por el rapido
salto protdnico independientemente de la cantidad de agua de la membrana.
Consecuentemente, se ha probado que el uso de liquidos i6nicos proticos evita los
problemas de la gestiéon de agua observados en las membranas perfluoradas en

aplicaciones PEMFCs.

Debido al destacable valor de conductividad iénica obtenida en las membranas de
anidn triflato, estos electrolitos han sido probados en un dispositivo PEMFC con el
objetivo de evaluar su rendimiento. La membrana con 10 wt% [HSO3-BMIm][TfO]
mostré el mayor valor de conductividad in-situ, 2.92 x 10! S.cm?! y el mejor
rendimiento a 40 2C, 189 mA.cm2 a 0.15 V y densidades de potencia de 49 mW.cm=2,
Estos resultados excedieron a los obtenidos con la membrana base poli([HSOs-

BVIm][TfO]), 46 mA.cm2a 0.15Vy 15 mW.cm2 de densidades de potencia maxima.

Finalmente, cristales plasticos proéticos, una nueva familia de compuestos sélidos
similares a los liquidos i6nicos pero con los beneficios de un electrolito sélido tales
como un facil manejo y la eliminacién de posibles fuga, han sido analizados para su
uso como electrolitos en esta aplicaciéon. Debido a las prometedoras ventajas de
estos compuestos, membranas compuestas basadas en nanofibras de
poli(tetrafluoroetileno) (PVDF) y el cristal plastico protico N-N-dimetiletileno
diamina triflato [DMEDAH][TFO] fueron sintetizadas. La caracterizaciéon mediante
DSC del cristal plastico ha revelado una transicidn de fase sélido-sélido a 559C antes
de su fusiéon a 70 2C. Conductividades iénicas de 2.7 x 10-> S.cm! a 50 2C fueron
alcanzadas. Con el objetivo de aumentar la conductividad i6énica, 5 mol% de acido
triflico y 5 mol% de base N,N-dimetiletilenodiamina fueron afadidos al cristal
plastico [DMEDAH][TFO]. La conductividad del cristal dopado con &cido se
incrementé mas del doble debido a la rapida movilidad de los protones del acido
triflico. Sin embargo, la adicién de la base no mejor6 significativamente la

conductividad del cristal plastico probablemente debido a un fuerte acoplamiento
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entre los protones. Las membranas basadas en PVDF y en cristal plastico puro y
dopado fueron desarrolladas y testeadas en un dispositivo PEMFC. Se demostré que
la adicién del acido mejoré el rendimiento de la pila, alcanzando OCV de 0.74 V y

densidades de corriente de 61 mA.cmZa 0.15 Vy 25 2C.

Esta tesis ha demostrado la viabilidad del uso de liquidos i6énicos proéticos como
transportadores protdnicos para PEMFCs en condiciones no humidificadas evitando
el uso de controladores de humedad. Como resumen, las membranas que han

obtenido un mejor rendimiento a lo largo de esta tesis se muestran en la tabla 6.1.

Tabla 6.1. Electrolitos con mejor rendimiento en pila de combustible bajo
condiciones no humidificadas a 25 ¢C

Tipo de electrolito Membrana oCcv I (mA.cm?) P (mW.cm?)

Membrana impregnada de

liquido i6nico N212/[HSO3-BBIm][TfO] 0,82 217 43,6
quu}dos .1on1cos [HSO3-BVIm][TfO] + 0,83 1744 43,3
polimerizados 10wt% [HSO3-BMIm][TfO]
Cristal plas.tlc? / nanofibras acido 0,74 61 95
poliméricas [DMEDAH][TFO]/PVDF

En vista de los resultados obtenidos, las membranas basadas en liquidos i6nicos
impregnados y en liquidos iénicos poliméricos son los electrolitos mas

prometedores para PEMFCs sin humidificacién externa.

6.2. Retos para investigaciones futuras

Esta tesis pretende abrir la posibilidad hacia nuevas membranas de intercambio
protonico basadas en liquidos idnicos préticos para PEMFCs bajo condiciones no
humidificadas.

Hasta ahora, se han desarrollado y caracterizado electrolitos con destacable
conductividad i6nica demostrando su alto rendimiento en pilas de combustible sin
humidificacién externa. Sin embargo, a pesar de los logros que han sido descritos a
lo largo de los capitulos de esta tesis, ain quedan por superar nuevos retos y

desventajas antes de que estas membranas se conviertan en una realidad.
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Una de las ventajas mas destacables de las pilas de combustible de intercambio
protonico es su cardcter no contaminante. Sin embargo, las bajas temperaturas
asociadas a esta tecnologia impide el uso de hidrégeno de baja pureza. La
valorizacion de hidrégeno residual como combustible en estos dispositivos podria
promover el uso de las pilas de combustible incrementando la sostenibilidad de esta
tecnologia. Esta valorizacidon puede realizarse mediante el uso de catalizadores de
alto rendimiento y/o el uso de altas temperaturas.

Por otra parte, una de las mayores desventajas de los liquidos i6nicos polimerizados
es su estabilidad mecdnica, especialmente si un liquido i6nico no polimerizable es
incorporado entre las cadenas poliméricas. Gracias al posible disefio de los liquidos
idnicos, es recomendable la biisqueda de nuevas estructuras quimicas que permitan
polimeros conductores mecanicamente mas estables especialmente a altas
temperaturas. Ademds, es recomendable una caracterizacién completa y
cuantitativa de estos polimeros en relacion a su estabilidad mecanica y
permeabilidad de gases.

Otro aspecto que debe ser mejorado es el contacto entre la membrana y los
electrodos con el objetivo de obtener un mejor rendimiento en la pila de
combustible. En este trabajo, se han utilizado como electrodos capas de difusién de
gases con platino en su superficie. Esta es una técnica rapida y simple
frecuentemente reportada en bibliografia. Sin embargo, existen otras técnicas, como
la deposicion de catalizador mediante aerdgrafo, que permiten obtener MEAs con un
contacto optimizado entre los elementos involucrados en las reacciones
electroquimicas. Estas membranas resultantes deben ser analizadas con el objetivo
de evaluar la influencia del contacto entre la membrana y los electrodos.

Finalmente, con el objetivo de implementar estas membranas, es esencial realizar su
escalado a stacks de pilas de combustible para poder obtener la potencia real que
requieren las diferentes aplicaciones. Una estrategia para facilitar este proceso es el
modelado ya que proporciona informacién valiosa sobre los fendémenos
fundamentales que tienen lugar en el sistema. Ademas, la rapidez de la simulaciéon

del proceso permite considerar diferentes alternativas permitiendo predecir y
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optimizar el comportamiento de la pila de combustible bajo diferentes condiciones

de operacion.
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