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ABSTRACT

This work provides a critical review of the progress in the use of Room Temperature
lonic Liquids (RTILs) as Proton Exchange Membrane (PEM) electrolytes in Fuel Cells
(FCs). It is well-known that for an efficient early commercialisation of this technology it
is necessary to develop a proton exchange membrane with high proton conductivity
without water dependency capable of working at temperatures above 100 °C. The use
of ionic liquids as electrolytes in electrochemical devices is an emerging field due to
their high conductivity, as well as their thermal, chemical and electrochemical stability
under anhydrous conditions. This paper attempts to give a general overview of the
state-of-the-art, identifies the key factors for future research and summarises the recent
progress in the use of ionic liquids as an innovative type of PEMs.

1. INTRODUCTION

The need to reduce our dependence on fossil fuels and the generation of pollutants
has led to the development of proton exchange membrane fuel cells (PEMFCs) as
promising alternatives for clean power generation, particularly due to their high
efficiency and low emissions. This technology facilitates the adequate performance and
durability needed to compete with conventional technologies and it will likely be
commercialised in the medium term for transportation and portable applications. The
number of publications (figure 1) describing fuel cells in the last decade shows the
increasing interest in this technology.

Fuel cells are electrochemical devices able to convert chemical energy directly into
electrical energy. They can be classified based on their operating temperature and



electrolyte: alkaline fuel cells (AFCs), proton exchange membrane fuel cells (PEMFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid
oxide fuel cells (SOFCs). PEMFCs, which can be fed with hydrogen or methanol
(Direct Methanol Fuel Cells, DMFCs), are generally used for portable applications and
transportation because they hold several advantages over conventional technologies,
such as their high electrical efficiency, silence, low pollutant emissions, ease of
installation and rapid start-up.

A PEMFC is composed of different fundamental elements: bipolar plates, diffusion
layers, electrodes (anode and cathode) and the electrolyte. A schematic of a PEMFC is
shown in figure 2. The core of a PEMFC is called the membrane electrode assembly
(MEA), and it is composed of the proton exchange membrane (PEM) placed between
two electrodes. Proton exchange membranes have different functions, such as
separating the gaseous reactants, conducting protons from the anode to the cathode,
electrically insulating the electrons and supporting the catalyst [1]. Membranes should
meet the following requirements to be applied in PEMFCs [2]:

- High proton conductivity in both dry and wet states

- 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

- Competitive cost

Perfluorosulfonic acid ionomer, being Nafion the most representative ionomer of this
category (figure 3), is the most widely used membrane in PEMFC devices because of
its excellent chemical stability, high ionic conductivity and good mechanical strength [3,
4]. However, the conductivity of Nafion drops at temperatures above 100 °C due to the
evaporation of water which is critical for proton conduction. Higher temperatures are
desirable because tolerance of the catalyst to contaminants is improved and hydrogen
with less purity can be used. Moreover, an increase in temperature enhances the
electrode reaction rates [5]. Table 1 compares the five different types of membranes
frequently used in PEMFCs [1, 2].



Table 1. General overview of different PEMs

Structure

Advantages

Disadvantages

Perfluorinated
membranes

Partially fluorinated
membranes

Non-fluorinated

-Fluorinated backbone
-Fluorocarbon side chain
-lonic clusters consisting
of sulphonic acid ions
attached to side chains

-Fluorocarbon base
-Hydrocarbon or aromatic
side chain grafted onto the
backbone

-Hydrocarbon or aromatic
base, typically modified

-Excellent chemical and
electrochemical stability
-High proton conductivity

-lInexpensive commercial
base films

-Low crossover

-Base matrix with good anti-
free radical oxidation
-Relatively strong compared
to perfluorinated
membranes

-Low cost
-Low crossover
-Proton conductivity

-Expensive

-High methanol
crossover
-Dehydration above 80
°C

-Less durable
-Low performance

-High swelling

membranes w:(t)k:J p;)lar or sulphonic comparable to Nafion at a -Inadequate durability
group high water uptake
-Incorporation of acid -High thermal, dimensional
Acid-base P - and chemical stability .
component into an S -Durability
membranes ) -Proton conductivity
alkaline polymer base :
comparable to Nafion
-Tunable
-Formed from an organic -High conductivity
lonic liquid . -High chemical, -Difficulty constructing
cation and an : .
membranes - " . electrochemical and thermal a solid membrane
organic/inorganic anion "
stability
-Non-volatile

During the last few years, significant progress in cost, durability and performance of
fuel cells has been made, but the remaining technical and economic issues must be
solved before this technology can be commercialised. 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 made to develop a PEM with high conductivity at
low relative humidity to reduce the cost and complexity of the system. Besides, the
development of non-volatile and non-flammable electrolytes is important in order to
improve the safety and durability of fuel cells. Consequently, several studies have
incorporated ionic liquids as electrolytes in PEMFCs under anhydrous conditions [6, 8].
lonic liquids have been expected to overcome the problems of volatile electrolytes
while they are characterised by excellent ionic conductivities even under anhydrous
conditions.

This review will summarise the recent progress in the PEM field with special attention
to those systems that incorporate ionic liquids and identify the key factors for future



research. First, a short review of conventional electrolytes is reported highlighting the
achievements and future challenges for implementation of FCs at larger scale.

2. CONVENTIONAL PROTON EXCHANGE MEMBRANES

Perfluorosulphonic acid ionomer membranes (PFSI) are the most commonly used
membranes in PEMFCs due to their excellent chemical and electrochemical stabilities,
as well as their high proton conductivity. However, at high temperature the membrane
dehydrates and its proton conductivity is highly reduced. Several efforts have been
made to improve the performance of Nafion membranes and ensure water retention at
high temperatures. One strategy for improving their performance is blending with
organic or inorganic compounds [5]. However, the direct blending method generally
decreases the proton conduction.

To overcome the drawbacks of perfluorinated membranes, alternatives such as the use
of partially fluorinated membranes are being studied by many authors [9-17]. This
technique allows the design of new better performing materials, improving their
mechanical and thermal properties relative to the individual polymers. Besides, the cost
of these membranes is reduced because a smaller amount of fluorinated polymer is
required by means of the utilization of less expensive polymers. However, the proton
conductivity can be compromised.

Non-fluorinated membranes might be alternative membranes for PEMFCs able to
replace the expensive fluorinated membranes that have a high fuel crossover and
limited operating temperatures. However, as similar to fluorinated acid membranes,
these polymers require a proton conductor for 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 [18-31]. However, poly(arylene ether) membranes present short lifetime
and excessive swelling. 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 [32-36].

Another promising alternative developed by many authors consists of blending basic
polymers with strong acids. These membrane electrolytes have high proton
conductivities even under non-humidified conditions. The basicity of these polymers
permits the formation of hydrogen bonds with the acid. H;PO, and H,SO, show
effective proton conductivity, even in their anhydrous form, due to their exceptional
proton conduction mechanism; this mechanism utilises self-ionisation and self-
dehydration [37, 38]. Among the basic polymers, polybenzoimidazole (PBI) (figure 4)
has received significant attention due to its excellent thermal and chemical stability [39-
51]. However, high acid content results in high conductivities, but the mechanical
stability is reduced. Moreover, the loss of the acid component during operation limits
the application of these membranes.

Conventional proton exchange membranes have been widely investigated by many
researchers as electrolytes for fuel cell applications. However, it is indubitable that
these membranes require improvements in order to achieve a real implementation of
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this technology. Several works are related to the modification of Nafion membranes
towards improving their water retention and proton conduction at high temperatures.
For this purpose, several authors have studied bifunctional compounds incorporated in
a Nafion matrix. These bifunctional compounds include functionalised silica, multi-
walled carbon nanotubes (MWCNTSs) and zeolites [52-58]. The use of non-fluorinated
polymers, as a total or partial replacement of fluorinated polymers, is a less expensive
alternative for PEM applications. However, as in the case of fluorinated membranes,
they require a proton conductor. PBI/H;PO, blends are a feasible alternative for
PEMFCs. Nevertheless, issues related to the mechanical stability and durability must
be addressed. 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 for the
implementation of the fuel cell technology.

3. IONIC LIQUIDS FOR FUEL CELL APPLICATIONS

lonic liquids are organic salts with melting points below or equal to room temperature.
They have attractive properties, such as negligible volatility, non-flammability, high
thermal and electrochemical stability and outstanding ionic conductivity even under
anhydrous conditions. They are formed entirely by ions and differ from ionic solutions in
that ionic liquids do not contain a solvent (figure 5). Some ions that are frequently used
in ionic liquids are shown in figure 6. Because ionic liquids are formed entirely of ions,
they can be combined to meet the desired properties for specific applications [59]. In
particular, the use of ionic liquids in electrochemical devices such as dye-sensitised
solar cells, supercapacitors, lithium batteries, actuators and fuel cells has been studied
extensively [60, 61].

The conductivities of ionic liquids at room temperature range from 1.0 x 10“- 1.8 x 10
S cm™. Generally, conductivities of approximately 1.0 x 102 S cm™ are typical of ionic
liquids based on dialkyl-substituted imidazolium cations. lonic liquids based on
tetraalkylammonium, pyrrolidinium, piperidinium and pyridinium cations have lower
conductivities, ranging from 1.0 x 10“ to 5 x 10° S cm™. The reduction potential of a
cation and that of anion oxidation depends on the counter-ion. Therefore, halide
anions, such as F and Br, Ilimit the stability to 2-3 V. However,
bis(trifluoromethylsulphonyl)imide anions (Tf,N", is also found in the literature as TFSI)
is oxidised at a high anodic potential, allowing stabilities approximately 4.5 V [62]. lonic
liquids based on tetraalkylammonium cations showing cathodic reduction at moderately
negative potentials are characterised by an enhanced stability of approximately 4.0-5.7
V [63].

Two general types of ionic liquids exist: aprotic and protic. Aprotic ILs are characterised
by a low melting point related to the difficulty of packing large irregular cations with
small anions. These materials have a high mobility and ion concentration, making them
suitable electrolytes for lithium batteries. Protic ionic liquids have a mobile proton
located on the cation. The reactivity of this active proton makes them appropriate for
use as electrolytes in fuel cell applications [64].



3.1. IONIC LIQUIDS AS ELECTROLYTES IN PEMFCs

Protic ionic liquids can be easily obtained by combining a Brgnsted acid and a
Breonsted base. These materials can transfer protons from the acid to the base, leading
to the presence of proton donor and acceptor sites that can be used to build a
hydrogen-bonded network [65]. Moreover, in most protic ionic liquids, the proton
migration occurs through a vehicular mechanism: protic ionic liquids with the highest
conductivities are those with highest fluidities [66]. 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 synthesis of
protic ionic liquids is based on an acid-base neutralisation reaction: a proton is
transferred from a Brgnsted acid to a Brgnsted base:

HA+B >¢ BH" +A

This proton transfer is a widely used technique for the synthesis of ionic liquid, but the
issue of vapor pressures requires a greater deepening. The large decrease of the
partial pressures characteristic of the pure acid and pure base due to the free energy
decrease associated with proton transfer is responsible for the low vapor pressures.
When the free energy change in the proton transfer process is large, the proton may
become localized on the Brdonsted base and the probably of reforming an acid
molecules (HA) becomes negligible at room temperatures. Due to the strong coulomb
interaction between ions and the long range of the interaction, the vapor pressure over
the liquid is very low. The properties of protic ionic liquids are influenced by their
degree of ionization. The classical Walden rule is used as a way of assessing the
ionicity of ionic liquids [67, 68].

Different research groups have studied protic ionic liquids in PEMFCs. Nakamoto and
co-workers prepared a protic ionic liquid and ionic melts combining
bis(trifluoromethanesulphonyl)imide and benzimidazole (Blm) at various molar ratios.
The protic neutral salt formed by a mixture at the equivalent molar ratio had a thermal
stability above 350 °C while remaining hydrophobic and stable during electrode
reactions (H, oxidation and O, reduction). A proton conductivity of 8.3 x 10° S cm™ was
achieved at 140 °C. The electrochemical polarisation was evaluated using cyclic
voltammetry at 150 °C under non-humid conditions. Operation under non-humid
conditions at 150 °C is possible when using the BIm-Tf,N melts as electrolytes. Open
circuit voltages are lower compared to a fuel cell using H;PO, as the electrolyte under
the same conditions, although higher current densities are available at low operating
voltages for the BIm-Tf,N cells [69]. In a study conducted by Noda et al. [70] Brgnsted
acid-base ionic liquids were prepared by mixing different molar ratios of solid imidazole
(Im) and solid bis(trifluoromethanesulphonyl)imide. The mixture with an equivalent
molar ratio formed a protic neutral salt that was thermally stable above 300 °C. The Im
molecule not only functions as a proton carrier but also improves the O, reduction and
H, oxidation reactions, acting as a H" donor and acceptor respectively. Through cyclic
voltammograms, fuel cell tests under non-humidifying conditions were performed,
showing that at prolonged potential cycling, the electric current decreased gradually.
This behaviour was possibly attributed to the adsorption of Im onto the electrode
surface. Yoshizawa-Fujita et al. [71] reported the use of 3-(1-butyl-1H-imidazol-3-ium-
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3-yl)propane-1-sulphonate mixed with three different acids (HTf,N,CH;SOs;H and
CF3S03H) as proton transport electrolytes. The ionic conductivity of the HTf,N mixtures
increased with the HTf,N content up to 50 mol%. Beyond that ratio, the ionic
conductivity no longer increased (1.0 x 10° S cm™ at 100 °C). For CH3;SOsH and
CF3SO;3H, the maximum conductivity was obtained at a 90 mol% acid content for both
compounds (1.0 x 102 S cm™ at 100 °C). The glass transition temperature (Tg) of
mixtures containing CH;SO3;H or CF;SO3H decreased linearly when increasing the acid
content, while the Tg of HTf,N mixtures decreased when increasing the acid content up
to 50 mol% before stabilising near -55 °C.

lonic liquids can be mixed with organic or inorganic compounds to improve their
physical and chemical properties [72-75]. Accordingly, inorganic glasses have excellent
thermal and chemical stability, high mechanical strength and low cost. Hybrid proton
exchange membranes based on diethylmethylammonium trifluoromethanesulphonate
([dema][TfO]) and SiO, monoliths were developed by Li et al. [76]. These membranes
exhibited very high anhydrous ionic conductivities, exceeding 1.0 x 102 S em™ at 120-
220 °C. Nevertheless, the brittleness of the membrane must be improved for future
applications in fuel cells. Clays are widely used due to their abundance, availability,
high sorption and low cost. They usually exist as layered structures and may be used
as host materials when fabricating hybrid composites. In a study carried out by
Takahashi and co-workers [77] three different ionic liquids were intercalated into
montmorillonite clay, 1-ethyl-3-methylimidazolium octylsulphate ([EMI][OcSO,]), N,N,N-
trimethyl-N-propylammonium bis(trifluoromethanesulphonyl) imide ([TMPA][Tf,N]) and
N,N-diethyl-N-methyl-N-(2-methoxyethyl) ammonium bis (trifluoromethanesulphonyl)
imide ([DEMET][Tf,N]). lonic conductivities of 1.99 x 10° S cm™ and 1.88 x 10° S cm™’
were achieved for [TMPA][Tf,N]/montmorillonite and [DEMET][Tf,N]/montmorillonite,
respectively. The thermogravimetric and differential thermal analyses (TG-DTA) of the
three types of intercalated MILs showed an improved thermal stability compared to ILs.

Luo and Zhao [78] synthesised non-glass inorganic-organic hybrid membranes from
tetraethoxysilane (TEQS), 3-glycidyloxypropyltrimethoxysilane (GPTMS), trimethyl
phosphate (PO(OCHj3);) and diethylethylammonium trifluromethanesulphonate.
PO(OCHj3;); was usually added to improve proton conductivity. The hybrid membrane
was fabricated by the sol-gel process, and the average thickness of the hybrid
membranes was approximately 1 mm. The quantity of the different silicon sources
influenced the membrane tenacity, showing that increasing the TEOS content hardens
the membrane. The Tg curves with different amounts of [dema][TfO] showed a weight
loss of 2% from 30 °C to 120 °C that was attributed to the loss of water in the Si-O-Si
network. A second weight loss (approximately 4%) occurred at 160 °C-240 °C due to
the decomposition of (RO);PO. When the temperature increased from 280 °C to 500
°C, a weight loss attributed to the decomposition of the side chains of the silicon source
and the burning of organic [dema][TfO] was observed. The conductivity of the pristine
membrane from 20 °C to 220 °C ranged from 1.0 x 107 to 1.0 x 10° S cm™. The
conductivity increased with the ionic liquid content. Membranes containing 50 wt% ionic
liquid had conductivity of 1.0 x 10° S cm™ at 30 °C and of 1.0 x 102 S cm™ at 220 °C.

While a great attention has been given to ammonium protic ionic liquids, phosphonium
protic ionic liquids have deserved less attention as electrolytes despite the reported
superior characteristics in terms of thermal and electrochemical stability, viscosity and
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ionic conductivity. The work developed by Luo and co-worker [79] compares the
physicochemical properties of phosphonium and ammonium protic ionic liquid with
trioctyl and triphenyl groups. It was found that phosphonium based protic ionic liquids
exhibit higher thermal stability that the corresponding ammonium based protic ionic
liquids. In addition, the ionic liquids with octyl group report higher thermal stability in
both phosphonium and ammonium ionic liquids. Phosphonium ionic liquids exhibited
higher conductivity than their ammonium analogues, probably due to their weaker
hydrogen bond and Coulombic interactions as well as higher carrier ion concentrations.

lonic liquids are a viable alternative as proton conductors for PEMs. It has been well
demonstrated that they provide high conductivities at high temperatures even in
absence of water. However, the application of ionic liquid in fuel cell is in the early
stage and further studies about the performance of these compounds in fuel cell
environment are still required.

3.2. POLYMER-IONIC LIQUID MEMBRANES

Solidified electrolytes are preferable when employing ionic liquids as electrolytes
because most electronic devices require film-like electrolyte materials. One approach
towards achieving this quality is mixing an ordinary polymer with 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 compromises
between the desirable RTIL properties and the mechanical strength of the membranes
[75, 81].

Common vinyl monomers are soluble in common ILs and can be polymerised via free
radical polymerisation. Therefore, the polymerisation of methylmethacrylate in 1-ethyl-
3-methyl imidazolium bis(trifluromethanesulphone)imide ([Comim][Tf,N]) with a small
amount of a cross-linker generates self-standing, flexible and transparent polymer gels
that can be obtained in a wide [Comim][Tf,N] compositional range between 1/9 and 7/3.
The ionic conductivity of the membranes with a high IL composition is approximately
1.0 x 102 S cm™ at room temperature [82)].

A different approach is the modification of commonly used Nafion membranes by
incorporating different cations through a proton exchange mechanism between the
membrane and the ionic liquids. Martinez de Yuso [83] studied the effect of the
incorporation of n-dodecyltrimethylammonium (DTA') in protonated Nafion 112
membranes. An equilibrium value of 68% for the DTA" incorporation was obtained after
22 h of contact between the membrane and the IL solution. The contact angle studies
showed a reduction in the hydrophobic character of the Nafion 112/DTA". The X-ray
photoelectron spectroscopy (XPS) and thermogravimetric data showed a higher
thermal stability and a lower water loss for modified samples heated at 120 °C. The
electronic changes in the Nafion 112 membrane were measured using electrochemical
impedance spectroscopy (EIS), showing that replacing H* ions with DTA" cations
increases the electrical resistance of the modified membrane. The methanol diffusion



was reduced approximately 2-fold when Nafion 112 and Nafion 112/DTA* were
compared, benefitting DMFC applications. Diaz et al. [84] studied the performance of
Nafion 112 membranes impregnated with different ionic liquids: 1-butyl-3-(4-
sulphobutyl)-imidazolium trifluoromethanesulphonate ([HSO;-BBIm][TfO]) and 1-
methyl-3-(4-sulphobutyl)-imidazolium bis(trifluoromethylsulphonyl)imide ([HSO;-
BMIm][Tf,N]). These ionic liquids contain an imidazolium cation due to its high
electrochemical stability. Moreover, sulphonic groups were added to the cation to
facilitate proton transport. Suitable anions, such as Tf,N" and TfO", were selected due
to their high ionic conductivity. lonic liquids have a degradation temperature above 300
°C, which made them suitable for fuel cell applications. The ionic liquid uptake in the
membrane was evaluated through the weight difference between the pristine and the
impregnated membrane. The [HSO3-BBIm][TfO] and [HSO3-BMIm][Tf,N] uptakes were
9.4% and 1.6%, respectively. A higher current density was obtained when the Nafion
membrane was impregnated with [HSOs-BBIm][TfO], reaching 217 mA cm? without
humidifying the inlet gases at 25 °C. Di Noto and co-workers [85] studied the properties
of Nafion 117 membranes doped with triethylammonium methanesulphonate (TMS)
and triethylammonium perfluorobutanesulphonate (TPFBu). The water content of
TPFBu is less than that of TMS due to its hydrophobicity, agreeing with the lower water
content of Nafion doped with TPFBu relative to Nafion doped with TMS. The IL uptakes
of the membranes impregnated with TMS and TPFBu were 20 and 39 wt%,
respectively.

In the study developed by Langevin et al. [86] a composite proton-conducting
membrane based on an ionic liquid and a porous polymer support was prepared for
use in a PEMFC at elevated temperature. The composite material was prepared by
impregnating a macroporous support with a highly proton conductive ionic liquid:
triethylammonium trifluoromethanesulphonate (TFSu-TEA). These membranes showed
conductivities of approximately 2.0 x 102 S cm™ at 130 °C and a storage modulus near
200 MPa at 150 °C. Liew and co-workers prepared a proton conducting polymer
electrolyte based on poly (vinyl alcohol)(PVA)/ammonium acetate (CH;COONH,)/1-
butyl-3-methylimidazolium chloride (BmImCI) through a solution casting technique [87].
Ammonium acetate was used due its plasticising effect, while the ionic liquid was used
to improve the ionic conductivity. As expected, the ionic conductivity increased with the
mass loading of the ionic liquid. The increased ionic conductivity is due to the strong
plasticising effect of the ionic liquid; this effect softens the polymer backbone,
increasing the flexibility of the polymer chain that is important in order to improve
Grotthus transport mechanism because this type of mechanism must be supported by
short-distance transport of ions and it is promoted when the polymer chains have
enough mobility. The ionic liquid also acts as a carrier of protons improving the ionic
conduction trough vehicular mechanism. The highest ionic conductivity (5.74 x 10° S
cm™) was achieved after adding 50 wt% BmImCI. A maximum power density of 18 mW
cm? at room temperature was obtained in a PEMFC.

One of the most widely used polymers in polymer/ionic liquids blends is polyvinylidene
fluoride (PVDF) and its copolymers [88-90]. Lee et al. [91] synthesised novel composite
electrolyte membranes consisting of 1-ethyl-3-methylimidazolium fluorohydrogenates
([EMIm](FH),F) ionic liquids and the fluorinated polymers poly(decaflouorobiphenyl-
(hexafluoropropylidene)diphenol) (s-DFBP-HFDP) and P(VDF-co-HFP). The ionic



conductivity of the composite membrane P(VDF-co-HFP)/s-
DFBPHFDP/[EMIm](FH),sF with a weight ratio of 1/0.3/1.75 was 3.47 x 102 S cm™ at
130 °C. A single fuel cell exhibited an OCV of approximately 1 V at 130 °C for over 5
hours. The polarisation curves under dry gases at 120 °C were registered, showing a
maximum power density of approximately 20.2 mW cm™ at 60.1 mA cm™. Martinelli et
al. [15] investigated the physical properties of proton conducting polymer membranes
based on protic ionic liquids (EImTf,N) incorporated into a polymer matrix (PVDF-co-
HFP). The thermomechanical stability of the membrane improves when increasing the
polymer concentration. However, there is an associated decrease in the conductivity
due to the morphology of the membrane and possible interactions between the
conducting IL and the polymer matrix. For the highest ionic liquid content, 80 wt%, the
conductivity approaches the value of the pure ionic liquid, which is of the order of
1.0x102% S cm™ at room temperature. Mali§ et al. [92] prepared membranes consisting
of a polymer and ionic liquid using the casting solution technique. Poly(vinylidene
fluoride-co-hexafluoropropene) and Nafion were selected as the polymer matrix, while
1-butyl-3-methylimidazolium  trifluoromethanesulphonate  (BMImTfO) and  1-
ethylimidazolium trifluoromethanesulphonate (EImTfO) were used as aprotic and protic
ionic liquids, respectively. These composite membranes were tested in a PEMFC from
90-160 °C with a humidified H, stream and compared with a PBl membrane as
reference. The conductivity test showed that adding water to the IL increases the
conductivity, particularly for [EIm][TfO]; adding 5 wt% water increased the conductivity
by 170% (1.35 x 102 S cm™). This can be explained by the interaction between the
water molecules and the ionic liquid. The existence of an ionic solvation shell induced
by water encourages ion transport. Moreover, adding water increases the
concentration of the charged carriers in the IL. In a humidified atmosphere, the highest
conductivity was shown by Nafion/[BMIm][TfO] most likely due to the weaker
interactions between [BMIm][TfO] and the polymer. Under dry conditions, the highest
conductivity was observed for the membrane [EIm][TfO]/PVDF-co-HFP because the
interactions between the IL and polymer were hindered, allowing the IL to keep water in
its structure, thus ensuring high conductivity. The performance of these membranes in
a fuel cell was significantly lower than that for the PBI membranes. The EIS test
showed that these membranes had a high ohmic resistance between 1 and 12 Q, while
the PBlI membrane had a resistance of 0.02 Q. Another reason for the lower
performance is the high resistance at the interface between the polymer electrolyte and
the GDE.

Commercially available polybenzimidazole (PBI) is the most extensively studied and
utilised polymer in membranes doped with acids for high temperature applications due
to its excellent thermal and mechanical stability. Eguizabal et al. [93] developed
composite membranes based on ionic liquids encapsulated in large pore zeolites and
PBI for high temperature proton exchange membranes. Adding 1-H-3-
methylimidazolium bis(trifluoromethanesulphonyl)imide ([HMI][TfoN]) in commercial
zeolites to a PBI casting solution has been utilised for high temperature PEMFC
applications. The conductivity of this material outperforms pristine PBI most likely due
to the presence of the HMI cations and Tf;N ions on the external surface of the zeolite
crystals. Both ions favour acid-base interactions with the H;PO4-PBI system and a
Grotthuss type mechanism through the ionic liquid network. An ionic conductivity of 5.4
x 102 S cm™ at 200 °C was achieved with the optimal membrane composition. Van de
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Ven and co-workers [94] used 1-H-3-methylimidazolium
bis(trifluoromethanesulphonyl)imide as a conductive filler in PBI. The composite
membrane reached a proton conductivity of 1.86 x 10° S cm™ at 190 °C. The
performance of these membranes exceeds that of Nafion 117 at temperatures above
90 °C. Power densities of 39 mW cm? were obtained at 150 °C with H/O,. The
composite membranes based on H3;PO4/1-methyl-3-propyl-methylimidazolium
dihydrogen phosphate (PMIH,PO,)/PBI were developed by Ye and co-workers for use
at high temperatures in PEMFCs, showing a proton conductivity of 2.0 x 10° S cm™ at
150 °C under anhydrous conditions; the conductivity rises when the membranes
absorb some water vapour. The PMIH,PQ, ionic liquid may act as a proton transfer
bridge, a plasticiser for PBl and an absorber and retainer of water and may interact
with the hydrogen bonds in the system [95]. In the study developed by Liu et al. [96] an
ionic liquid doped PBI membrane was synthesised for H,/Cl, fuel cell.
Diethylmethylammonium trifluoromethanesulfonate ([dema][TfO]) showed better
electrode reaction kinetics in comparison with pyridine, imidazole and amine based ILs.
PBI and [dema][TfO] were compatible and the hybrid membranes showed high stability
and ionic conductivity (20.73 x 10° S cm™ at 160 °C).

Sulphonated poly(ether ether ketones) are known for having good thermal stability and
high proton conductivity. Therefore, a composite: membrane based on an
alkylimidazolium phosphate ionic liquid and sulphonated poly(ether ether ketone) was
prepared using a solution casting method and characterised by Raja Jothi et al. [97].
Dialkylphosphate-based ILs have a high hydrolytic stability and anhydrous proton
conductivity. The thermal stability of SPEEK/IL composite membranes is higher than
that corresponding to pristine membranes. Adding an IL to SPEEK enhanced the ionic
conductivity, reaching approximately 3.0 x 10° S cm™ at 145 °C under anhydrous
conditions when 50 wt% IL was incorporated into the polymer matrix. This membrane
was tested in a fuel cell at various temperatures under non-humidified conditions. At
145 °C, the OCV was 0.83 V, and the maximum power density was 203 mW cm?,

The preparation of IL-based polymer electrolytes depends strongly on the compatibility
of the ILs and the polymer matrix. This obstacle may be overcome in some cases
through the polymerisation of IL-based micro-emulsions. Micro-emulsions are
thermodynamically stable dispersions containing two immiscible liquids stabilised by
surfactants at the liquid-liquid interface. Consequently, Yan et al. [98] prepared proton
conducting membranes by polymerising micro-emulsions consisting of surfactant-
stabilised protic ionic liquid nano-domains dispersed in a polymerisable mixture of
styrene and acrylonitrile. Under non-humidifying conditions, the produced membranes
have conductivities up to 1.0 x 10" S cm™ at 160 °C due to the well-connected PIL
nano-channels formed in the samples. However, the long-term operation of the PIL-
based membranes might be affected by a progressive release of the PIL. Similarly,
Chu and co-workers [99] developed anhydrous proton conducting membranes via in
situ  cross-linking of polymerisable oils (styrene/acrylonitrile) containing
polyamidoamine (PAMAM) dendrimer-based macromolecular protic ionic liquids. The
macromolecular PIL-based membranes show a proton conductivity of 1.2 x 102 S cm™
at 160 °C and have better PIL retention than those containing small-molecule PILs.

Sulphonated polyimides are polymers with good film-forming properties and a high
thermal stability. They can be blended with ionic liquids to form highly proton-
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conductive  electrolytes. Watanabe and co-workers have studied ionic
liquid/sulphonated polyimide composite membranes for non-humidified fuel cells [81,
100, 101]. The protic ionic liquid [dema][TfO] exhibits high thermal stability and high
ionic conductivity at 120 °C under anhydrous conditions and can be used as a proton
conductive electrolyte in H,/O; fuel cells. These membranes have proton conductivities
of approximately 1.0 x 102 S cm™ at 120 °C. A maximum current density of 250 mA cm’
2 and a peak power density of 63 mW cm™ were obtained; the gas permeability was
comparable to humidified Nafion membranes. In a different work developed by Yasuda
and Watanabe SPI/[dema][TfO] membranes were tested in a fuel cell at 120 °C under
anhydrous conditions. An aging process was utilised because [dema][TfO] could leak
out, acting as an ion conductor layer and forming a three-phase boundary layer in the
catalyst. Maximum current densities and power densities of approximately 400 mA cm™
and 100 mW cm?were obtained, respectively. Increasing the gas flow rate decreased
the fuel potential, probably due to the unstable three-phase boundary layer in the
catalyst formed by the leaked [dema][TfO] which is strongly affected by the
environment [102].

The morphology of the IL-incorporating polymers is important to consider when
attempting to improve the transport properties. Some studies showed that membranes
exhibiting phase-separated morphologies present better conductivity values. The type
of cations and anions is an important factor when determining the morphologies of the
polymers due to the interactions between the ILs and the polymer backbones [61].

Imidazolium ionic liquids have been the most investigated ILs. However, most of these
electrolytes can only provide rather low fuel cell performance. This poor performance
usually is attributed to several causes such as the test station, fuel cell structure and
low conductivity of the composite membrane. However, little attention has been paid to
the influence of ILs and their impurities on the catalyst activity. Gao and co-workers
[103] have studied the  influence of cations of ILs on PY/C catalyst by cyclic
voltammogram. It was found that imidazolium cation results in smaller electrochemical
active surface areas (EAS) of Pt/C than those of trimethylethyl amide and pyridinium.
This decrease is believed to cause significant fuel cell performance decrease. Besides,
in another study developed by Gao et al. [104] an imidazolium ionic liquid, ethylmethyl
imidazolium hydrosulphate ([Emim]HSO,), was synthesized by different precursors with
various amounts of Br impurity and its effect on Pt/C catalyst toward oxygen reduction
reaction (ORR) was investigated. The results show that Br can cause drastic
performance decrease of Pt/C for ORR. The reason is that Br suppresses both the
initial adsorption of O, molecule and the formation of platinum site pairs necessary for
the cleavage of the O-O bond.

Table 2 summarizes the published works concerning ionic liquid/polymer blends.
Different works have remarked the advantages of using ionic liquids as membrane
electrolytes in fuel cells over the last few years. However, the optimal way for ionic
liquids to form a solid membrane is still unclear. One of the studied possibilities is the
polymerisation of blends consisting of common monomers and ionic liquids.
Nevertheless, this technique results in a compromise solution between the mechanical
stability and proton transport properties. PVDF and its derivatives have been widely
studied in IL membrane polymerisation because they have excellent mechanical
stability. These polymers can provide the stability required for fuel cell membranes
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whereas the ionic liquid is the responsible for the proton transport. The use of micro
emulsions is a good alternative in order to avoid phase separation and encourage the
compatibility between monomer and ionic liquid. The majority of the studies dealing
with blends of ionic liquids and polymers are limited to the characterization of the
membrane in terms of conductivity. It is essential the membrane testing in real fuel cell
system because variables such as the mechanical strength can influence the
performance of these devices. The stability of the new membranes must be assessed
through long term experiments in order to offer an adequate alternative to the most
commonly used Nafion membranes.
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3.3. POLYMERISED IONIC LIQUID MEMBRANES

The most innovative technique used to generate solid polymeric electrolytes from ionic
liquids is the polymerisation of ionic liquids containing vinyl groups. Polymerised ionic
liquids (PILs) include a wide variety of structures; they can be designed to form
different systems, such as polycationic ILs, polyanionic ILs, polymer complexes,
copolymers and poly(zwitterion)s, depending on the final application of the
polyelectrolyte (figure 7) [114] .

PILs can be synthesised through two basic strategies: the direct polymerisation of IL
monomers and the chemical modification of existing polymers [115]. The
polymerisation of IL monomers is a widely adopted method to prepare PILs. Free
radical polymerisation is a largely used method due to its high tolerance toward
impurities, moisture and other functional groups. The most commonly used IL
monomers in free radical polymerisation have (meth)acryloyl, styrenic and N-
vinylimidazolium groups. Recently, PlLs have been prepared via controlled radical
polymerisation, revealing an opportunity to design and control the macromolecular
architecture of the IL species. Atom transfer radical polymerisation (ATRP) and
reversible addition-fragmentation chain transfer polymerisation (RAFT) have been used
to prepare homopolymers and block copolymers of ILs. Another simple and intuitive
method used to prepare PILs is photopolymerisation. Noble and co-workers reported
the formation of PILs and PIL-IL composites via the photopolymerisation of an
imidazolium-based monomer with excellent properties as gas separation membranes
[116-119]. PILs can be developed through the chemical modification of existing
polymers. When using this strategy, the formed PIL will adopt varying degrees of
polymerisation and the structure of the original polymer. Two main paths can be used
to accomplish the modification: grafting N-alkyl imidazoles onto the halo-alkyl function
present in each repeating unit of polymers and reacting halo-alkane with polymers
containing imidazole [115].

The ionic conductivities of ILs are usually on the order of 1.0 x 10%? S cm™ depending
on their chemical nature. However, PILs are below 1.0 x 10°® S cm™. After polymerising
the IL monomers, the ionic conductivity drops due to the increase in glass transition
temperature and the decrease in the number of mobile ions and their mobility. The
ionic conductivity of PILs can be enhanced by two strategies: by increasing the
concentration of the carrier ions and increasing the mobility of ions by modifying the
structure of the electrolyte. In the study carried out by Péhako-Esko et al. [120] both
strategies mentioned above were combined in order to develop a new type of
composite material by adding the non-polymerisable ionic liquid 1-ethyl-3-methyl
imidazolium tetrafluoroborate ([EMIM][BF,]) to different methacrylate-types PlLs. An
increase in [EMIM][BF,4] content in the composites led to an increase in the ionic
conductivity of the materials. The 40% vol/vol composites had conductivities of
approximately 1 x 10*S cm™ compared to the conductivities of 1 x 10°S cm™ for the
corresponding neat PIL. Above this [EMIM][BF,4] content the materials were sticky gels.
Marcilla and co-workers [121] synthesised 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][BF,] and 1-butyl-3-methylimidazolium
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bromide [bmim][Br] with poly(1-vinyl-ethyl-imidazolium) bearing similar counter-anions
[TfoN],[BF4] and [Br]. The chemical affinity between PILs and ILs allows a completely
compatible combination resulting in stable polymer electrolytes. The ionic conductivity
of all these electrolytes varies between 1 x 102 S cm™ and 1 x 10° S cm™ at room
temperature and, at high IL contents the ionic conductivity reached values close to the
values of the IL compounds although the mechanical stability was compromised.
Moreover, adequate anions and cations must be chosen for the ion conduction
depending on the final application because every electrolyte has the optimum
performance for a specific type of electrochemical device [122, 123].

Various authors have studied the polymerisation of ionic liquids for electrochemical
applications. Li et al. [124] synthesised a series of guanidinium polymeric ionic liquid
electrolytes for lithium batteries. To combine the good electrochemical properties of ILs
with the film-forming capabilities of polymers, guanidinium IL with different anions, such
as BF,, PFs, ClO, and Tf,N", was prepared via copolymerisation with methyl acrylate
and an anion exchange reaction with the lithium salt. The properties of the polymeric
membranes depend on the anionic species; these structures possess good thermal
stability and a high ionic conductivity. The membrane with the BF, anion displays the
best thermal stability and decomposes at 353 °C. The best ionic conductivity was 1.35
x 10*S cm™ at 30 °C. Green et al. [125] developed a series of polyelectrolytes based
on vinylimidazolium homopolymers with different lengths of alkyl substituents and
anions through conventional free radical polymerisation. After an anion exchange with
BF4, TfO or Tf,N", the solubility, thermal properties and thermal stability were modified.
These anions increased the relative hydrophobicity, generating water insoluble
homopolymers. Longer alkyl chain lengths decreased the Tg for Br and BF, anions,
while TfO™ and Tf,N" decreased from ethyl to butyl substituents and increased from
butyl to octyl substituents. Increasing the length of the alkyl substituents decreased the
thermal stability. Exchanging the Br anion to BF,, TfO or Tf,N reduced the Tg and
increased the thermal stability due to the low basicity. The ionic conductivity was higher
for imidazolium homopolymers with the Tf,N° anion. The synthesis, thermal
characterisation and ionic conductivity of styrenic imidazolium ionic liquid
homopolymers with different counter-ions were described by Weber et al. [126]. They
found that the ionic conductivity increased 2-3 times as the temperature increased from
80 to 150 °C for all hydrophobic PILs (Tf,N’, BF, and PF¢ counter-anions). Higher ionic
conductivities were achieved with the Tf,N anion. The differences in conductivity
appear to be caused by differences in the Tg and the consequent temperature
dependence in the segmental motion of the polymer chain. However, the ionic size and
symmetry also influence the intrinsic ionic conductivity of the PIL homopolymers. The
ionic conductivity of the hydrophilic PILs was evaluated. In contrast to the hydrophobic
PILs, where the ionic mobility depends mainly on the segmental dynamics of the
polymer chain, the ionic conductivity in solvated hydrophilic PILs depends on the water
content, allowing solvent-assisted transport.

Ohno and co-workers prepared various polymeric ionic liquid systems with different
structures, and their ion transport properties have been studied. The polymerisation of
ionic liquids induced a considerable decrease in the mobility of ions in the matrix due to
the increased glass transition temperature [114]. Consequently, they studied the
influence of a spacer placed between the main polymer chain and the anionic charge.
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Yoshizawa et al. [127] developed ionic liquid polymers with a flexible spacer
poly(vinylimidazolium-co-3-sulphopropyl acrylate). They measured the ionic
conductivity as 1.2 x 10° S cm™ at 50 °C, surpassing than that of the polymer without
the spacer (1.0 x 10° S cm™ at 50 °C). The effect of the position of the imidazolium
cations and the spacer structure on the ionic conductivity of a series of polymerisable
ionic liquids has been studied [128]. Polycation-type ILs with flexible long spacers have
the same conductivity as polyanion-type ionic liquids without spacers, 1.0 x 10*S cm™
at room temperature. Therefore, the freedom of the imidazolium cation strongly
affected the ionic conductivity. Because the ionic conductivity is a function of Tg, it is
important to lower Tg to enhance the ionic conductivity in the polymerised ionic liquids.
In this case, both systems maintained reasonably low glass transition temperatures
(approximately -60 °C) after polymerisation. Similar effects were observed in a different
study by Ohno [129]. In order to minimise the drop in conductivity, when molten salts
are polymerized the vinyl group and the molten salt unit were tethered with
oligo(ethylene oxide), improving the ionic conductivity 300 times at 25 °C.

The effect of adding a crosslinking agent was investigated by Washiro et al. [130]. In
this study, ionic liquid-type polymer brushes with different hydrocarbon chain lengths
between the polymerisable group and the imidazolium ring were synthesised. The
polymer synthesised with a hexamethylene spacer chain and an ethylimidazolium
cation (P(EITHsA)) showed the highest conductivity (up to 1.0 x 10*S cm™ at 30 °C)
and a lower Tg (-59.1 °C). These polymers are thermally stable up to approximately
400 °C. The mechanical strength of these polymers was improved by crosslinking with
tri(ethylene glycol) divinyl ether. Large amounts of the cross-linker reduce the
conductivity because the motion of the polymer backbone is restricted and Tg
increases. The transparent and flexible film with the highest ionic conductivity (1.1 x 10
*S cm™ at 30 °C) was obtained with 0.5 mol% tetra(ethylene glycol)diacrylate cross-
linker, remaining equivalent to that of the system before polymerisation. An appropriate
ethylene oxide (EO) spacer length and a polymerisable group were required to
maintain the high segmental motion of the matrix. The synthesis and polymerisation of
cross-linking monomers based on ionic liquids was investigated to obtain thermally
stable polymers with a high ionic conductivity [80]. The copolymerisation of mono
acrylic-type ionic liqguid monomer with a new cross-linker generated a polymer with high
ionic conductivity, 1.36 x 10* S cm™ at 50 °C. This networked polymer had a good
thermal stability at approximately 400 °C. The copolymerisation of the mono-acrylate
monomer with the cross-linking monomer in the presence of an ethylimidazolium ionic
liquid produced films with a high ionic conductivity and a very high thermal stability.
Imidazolium-type ionic liquids containing two vinyl groups were synthesised by Ohno
[114] as an IL type cross-linker for improving the mechanical properties without
lowering the ionic density, even after polymerisation.

The effect of adding salts to the monomer on the ionic conductivity has also been
studied. Yoshizawa et al. prepared copolymers through the radical polymerisation of 1-
vinylimidazole neutralised with acids containing a vinyl group. When an equimolecular
amount of lithium bis(trifluoromethane sulphonyl)imide salt (LiTf,N) was added to the
poly(vinylimidazolium-co-vinylsulphonate), the ionic conductivity was 7.2 x 107 S cm™
at 50 °C, while the ionic conductivity of the copolymer without the salt was below 1.0 x
10° S cm™ at the same temperature [127]. Ohno studied the effect of adding salt to
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polymerised N-vinyl-3-ethylimidazolium trifluoromethanesulphonylimide (EVImTf;N).
The ionic conductivity dropped 100 times after polymerisation. Adding low molecular
weight salts was effective for improving the performance of the ion-conductive
polymers. However, the ionic conductivity increased only slightly because adding salt is
generally effective only when the matrix has moderate ion conductivity [129]. Nakajima
and Ohno investigated the effect of adding ethylmethylimidazolium (EMI) salts to
improve the ionic conductivity of the polymers. Therefore, different salt concentrations
were added to 1-[2-(acryloyloxy)ethyl]-3-ethylimidazolium
bis(trifluoromethanesulphonyl)imide in the presence of a cross-linking monomer
containing an ionic liquid moiety. The ionic conductivity increased when increasing the
amount of EMIBF,4. The polymer without EMIBF,was an anionic conductor because all
of the cations were fixed to the main chain. After adding the imidazolium salt, it became
a bi-ionic conductor. The ionic conductivity exceeded that of the monomer (3.63 x 107
S cm™ at 50 °C) when 200 mol% EMIBF, was added [80].

Shaplov and co-workers utilised four ionic monomers with quaternised cations to obtain
high molecular mass PILs: N-[(2-Methacryloyloxy)propyl]-N-methylpyrrolidinium bis-
(trifluoromethylsulphonyl)amide (M1), 1-[2-(methacryloyloxy)propyl]-3-
methylimidazolium bis-(trifluoromethylsulphonyl)imide (M2), N-methyl-N-
ethylpyrrolidinium(3-sulphopropyl) methacrylate (M3) and 1-methyl-3-
ethylimidazolium(3-sulphopropyl) methacrylate (M4). The free radical polymerisation
could be optimised. The optimal azobisisobutyronitrile (AIBN) concentration (0.5 wt%),
monomer concentration ([solvent])/[M]=1:1 by wt%) and reaction time (6 h.) were similar
for both polycations and polyanions. The reaction media was different; for the
polycations, the best reaction medium was an ionic liquid with the same anion as the
monomer, while for the polyanion, the best reaction medium was 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP). The ionic conductivity of polycation PIL1 was 7.8 x 10
S cm™ at 25 °C, while for polyanion PIL3, the value reached 3.3 x 107'° S cm™. This
behaviour can be explained by the poor dissociation of the bulky pyrrolidinium cation
and the inactivated SOz groups compared to the small and highly delocalised TFSI
anion. The ionic conductivities of polycation PIL2 and polyanion PIL4 were similar (3.1
and 3.2 x 108, respectively), most likely due to the delocalisation of the imidazolium
cation. The Tg of the studied polyelectrolytes exceeds 25 °C, except for PIL2 (Tg = 16
°C). The conductivity was improved, and the Tg was lowered through the
copolymerisation with poly(ethylene glycol) dimethacrylate (PEGDM). The
copolymerisation with PEGDM lowered the Tg and increased the ionic conductivity (10-
1000 times higher than that of respective homopolyelectrolytes) [131].

Mel'nik et al. [132] studied the influence of incorporating bulky diethoxyphosphoryl
groups into the said chains of polymers through the free-radical polymerisation of vinyl
imidazolium ionic liquid monomers. Introducing dihydroxy and diethoxyphosphoryl
groups into the side chain of the polycation decreased the Tg of the polymers.
Nevertheless, a higher thermal stability was displayed by polymers containing less
bulky alkyl side substituents. Chen and co-workers [133] synthesised two different
random copolymers through free-radical polymerisation. The first copolymer consists of
an ionic monomer (1-[2-methacryloyloxyethyl]-3-butylimidazolium tetrafluoroborate
(MEBIm-BF,)) and a non-ionic monomer (hexyl methacrylate (HMA)). The second
copolymer consists of the same ionic unit as the first copolymer, but the
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tetrafluoroborate anion was exchanged with bis(trifluoromehtylsulphonyl)imide anions
(Tf,N). Poly(HMA-co-MEBIm-BF,4) copolymers have an onset temperature of 237 °C,
while replacing the BF, anion with a Tf,N anion improved the thermal stability, reaching
an onset temperature of 373 °C. The ionic conductivity of poly(HMA-co-MEBIm-BF,)
increased with the temperature from 1.0 x 10° S cm™ to 1.0 x 10 at 150 °C. The ionic
conductivity increased by over an order of magnitude when increasing the HMA
composition because the Tg was lowered. For the ionic-ionic copolymer, the
conductivity increased with the Tf,N content because this large anion resulted in
weaker interactions and reduced the Tg.

Despite the noteworthy increase in the publications about polymeric ionic liquids for
electrochemical applications, few studies have tested these membranes in a real fuel
cell system. Diaz et al. [84] designed task-specific protic ionic liquid monomer for use
as electrolyte in fuel cells. In that work, an imidazolium cation was chosen for its high
electrochemical stability. Moreover, sulphonic groups were incorporated into the cation
as side chains, improving the proton transport. The TfO™ anion provides a high ionic
conductivity. The chemical structure of the IL monomer is shown in figure 8. The
polymeric ionic liquid was obtained through a photopolymerisation of the ionic liquid
monomer: 1-(4-sulphobutyl)-3-vinylimidazolium trifluoromethanesulphonate ([HSO;-
BVIM][TfO]). This material was tested directly as the electrolyte without humidifying the
inlet gases. This polymerised IL reached current densities of approximately 154 mA
cm™ at 25 °C and peak power densities of approximately 33.1 mW cm™. The molecular
dynamics and ions transport properties of poly([HSO3-BVIm][TfO]) were investigates by
Z. Wojnarowska et al. [134]. The results analyzed in complex electrical modulus

M’ (f) and complex conductivity o (f) formalisms have revealed a fundamental

difference between the conducting properties of the polymer membrane and its low-
molecular weight counterpart. The large decoupling between the conductivity relaxation
times and segmental dynamics observed for poly([HSO3-BVIm][TfO]) in the vicinity of
Tg is an evidence that the conductivity of the studied PIL is controlled by the fast proton
hopping via the hydrogen bond network, in contrast to the monomer where the diffusion
of cations and anions is relevant. The influence of water on the relation between

conductivity relaxation times (70) and segmental dynamics (ra) of the PIL was

evaluated. The dependence of conductivity relaxation times with temperature is
influenced by the water content. This effect is clearly visible in the value of Tg, which
decreases almost 80 K with an increase of the water fraction from 1.96 to 11.14 wt%.

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. However, it is well known that the conductivity of the ionic liquid drops
significantly when it is polymerised. To overcome this issue, one strategy is the
incorporation of a spacer placed between the main polymer chain and the anionic
charge. The freedom of the ion responsible for the proton conduction is a key factor, as
it was demonstrated in polyanions with imidazolium cations. Another strategy already
considered in order to reduce the drop in conductivity after polymerisation is the
addition of non-polymerisable additives to the ionic liquid monomer. This technique
provides fluidity to the polymer improving the proton transport. The main drawback of
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polymerised ionic liquids is the mechanical stability that could be improved through the
addition of an appropriate crosslinker. However, the proton conductivity would be
reduced. As in the case of polymer/ionic liquid blends, most publications deal with the
characterization of these materials and only few of them test the membrane in a fuel
cell system. It is still necessary to continue working on the development of polymerised
ionic liquid membranes with high proton conductivity and enough mechanical stability
for a real fuel cell application.

3.4. ORGANIC IONIC PLASTIC CRYSTAL ELECTROLYTES

Plastic crystals are promising materials that form a novel class of solid electrolytes due
to their unique properties. There are two general classes of organic plastic crystals:
molecular plastic crystals, such as succiononitrile [135-137], and organic ionic plastic
crystals (OIPCs). Plastic crystals were first revealed by Timmermans in the 1960s, who
described a number of relevant features of plastic crystalline behaviour, such as a low
entropy of melting (ASf<20 J/Kmol) [138]. 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 [139-
143].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 highest temperature solid phase is denoted phase I; the lower
temperature phases are phases Il, Ill, etc. The conductivity of these materials is
attributed 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 [144]. 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 [66]. Plastic crystals are usually used as
matrix materials for adding dopant ions, such as Li* for lithium batteries or I/l for dye-
sensitised solar cells, significantly increasing the ion conductivity.

There are lots of challenges concerning OIPCs. The mechanisms responsible for their
proton conduction are not clearly understood. The relationship between the chemical
structures of the ions and the physical properties of the resultant salt remains unclear.
Finally, the development of solid state electrolytes from these materials is in its early
stages [138].
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Different OIPC 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
°C. However, this OIPC with 18 mol% phosphoric acid presents an amorphous phase.
In contrast, using 4 wt% ftriflic 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 [144]. Yoshizawa-Fujita [145] synthesised choline dihydrogen phosphate
[N1.1,1200][DHP] and 1-butyl-3-methylimidazolium dihydrogen phosphate [C4smim][DHP]
as new proton-conducting ionic plastic crystals (figure 9). [Cymim]DHP] showed solid-
solid phase transitions and a melting point at 23 and 119 °C, whereas [N 1.1204][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 10° S cm™ for choline dihydrogen
phosphate and to 1.0 x 10° S cm™ for 1-butyl-3-methylimidazolium dihydrogen
phosphate were achieved in the plastic crystalline phase. [N+ 11204][DHP] showed one
order of magnitude more ionic conductivity than [Csmim][DHP] in phase I, revealing that
the hydroxyl group is suitable for fast proton transport in the solid state.

Proton conducting membranes based on impregnated cellulose acetate supports with
mixtures of choline dihydrogen phosphate and various acids were synthesised by Rana
et al. [146]. The 18 mol% H3;PO,-containing [choline][DHP] membrane was tested in a
fuel cell at 120 °C under non-humidified conditions. The open circuit voltage was zero,
possibly due to the poor hydrogen oxidation reaction and oxygen reduction reaction
kinetics at the electrode interface. A membrane doped with 4 mol% HNTf, was also
tested, giving zero OCV with the dry membrane at 125 °C. Nevertheless, a wet
membrane containing up to 50 wt% water showed an OCV of approximately 0.78 V.
The impedance of the cell was approximately 3 Q under operational conditions. On the
other hand, solid-state organic ionic plastic crystal - polymer nanofiber composite
electrolytes were described for the first time for lithium batteries applications. The new
composite materials exhibited enhanced conductivity, excellent thermal, mechanical
and electrochemical stability and allow the production of optically transparent, free-
standing, flexible and thin film electrolytes (10’s yms thick) [147].

The proton transport behaviour in the guanidinium triflate (GTf) solid and its mixtures
with triflic acid was studied by Zhu and co-workers [148]. 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° S cm™) 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 behaviour 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. In the study carried out by Adebahr et al. [149] the
thermal characteristics, as well as the rotational and translational properties of
dimethylpyrrolidinium thiocyanate were evaluated. This plastic crystal changes from a
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rigid networked structure in phase Il to allow the isotropic tumbling of the cations in the
plastic phase (phase |). Raman measurements reveal the rotational motions of the
cations and anions. An increase in conductivity was observed at the phase Il 2 | and |
- melt transitions, suggesting that the increase in the free volume and larger voids due
to the rotational motions of the ions causes cation and anion translational diffusive
motions. The structure and transport of N-propyl-N-methylpyrrolidinium
tetrafluoroborate has been investigated by Efthimiadis and co-workers [150]. The ionic
conductivity in the plastic crystal phase is comparable to that in the melt (1.0 x 10°S
cm™) due to the high defect concentration associated with the onset of orientational
disorder. Scanning electron microscopy suggested a complex surface morphology and
lattice imperfections associated with the strong orientational disorder of the plastic
state.

Plastic crystals are a novel class of solid electrolytes. There are still few publications on
this topic in literature. To the best of our knowledge the best option to use OPICs as
solid membranes is through the use of polymeric nanofibers supports impregnated with
the plastic crystal doped with strong acids. However, further studies are necessary with
the aim of better understanding their proton transport properties and their performance
in fuel cell devices.

4. ELECTROLYTES FOR FUEL CELL APPLICATIONS: AN OVERVIEW

Table 3 compares the electrolytes studied in this review. Toward this purpose, the most
relevant results have been classified according to their composition, highlighting the
main obtained conclusions.

Nafion is a polymer with excellent mechanical and thermal properties and outstanding
conductivities when it is well hydrated. However, using Nafion is not feasible at
temperatures above 80 °C because of the evaporation of water. Consequently, several
works are related to the modification of Nafion membranes toward improving their
water retention. Zeng and co-workers [151] developed Nafion membranes with silica
for PEMFCs without humidification. These membranes have conductivities of
approximately 1.11 x 10" S cm™ at 25 °C, allowing an increase of approximately 30%
in the fuel cell performance.

To reduce the cost of the perfluorinated membranes, partially fluorinated membranes
are being studied by many researchers. PFA/PTFE membranes were developed by
Muto et al. [9]. A high conductivity of 1.7 x 10" S cm™ at 60 °C was obtained, and
power densities of approximately 630 mW cm™ at 60 °C with humidified gases were
reached. However, similar to the fluorinated membranes, these electrolytes need
humidification for an optimal performance.

Non-fluorinated membranes are a cheap alternative PEM. However, as in previous
cases, they require a proton conductor. Several authors have studied SPEEK
membranes due to their availability and processability. Cross-linkable sulphonated
poly(ether sulphone) had a conductivity of 1.2 x 10" S cm™ at room temperature and a
current density of 1500 mA cm™ at 0.6 V in a PEMFC at 70 °C with humidified gases
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[19]. SPEEK/amino-functionalised silica membranes showed 1.0 x 107" S cm™ at 120
°C and peak power densities of 246 mW cm at 120 °C with humidified gases [30].

Acid-base blends are a promising PEM alternative due to their high conductivity, even
under anhydrous conditions. Therefore, they are suitable for high temperature
PEMFCs. PBI is a widely used polymer due to its excellent thermal and mechanical
stability. When it is doped with a strong acid, it shows high anhydrous proton
conductivity. However, the acid in these membranes can leach out, and the mechanical
stability is decreased at high doping levels. PBI/H;PO, membranes were developed by
Li et al. [39], showing conductivities ranging from 2.5 x 102- 6.8 x 102 at 200 °C. These
materials showed a peak power density of 1000 mW cm™ in a PEMFC at 200 °C
without humidification.

lonic liquids are attracting interest as a new class of PEM due to their exceptional
properties, including their high anhydrous conductivity, negligible vapour pressure and
high thermal and electrochemical stability. To use these compounds as electrolytes in
PEMFCs, they must be in a solid film state. One approach involves mixing ILs with
common polymers. Yasuda and co-workers [102] developed a SPl/[dema][TfO]
membrane for PEMFCs under non-humidified conditions. This membrane reaches
peak power density of 100 mW cm? and maximum current density of 400 mA cm? at
120 °C. The conductivity increased with the [dema][TfO] content in the range between
1.0 x 10" — 1.0 x 10% S cm™ at 120 °C. However, this membrane has an unstable
three-phase boundary in the catalyst layer formed by leaked [dema][TfO].
SPEEK/[EMIm][DEP] membranes were developed by Jothi et al. [97]. These
membranes have a conductivity of 3.16 x 10° S cm™ at 145 °C and a maximum power
density of 203 mWw cm? at 145 °C without humidification. Nevertheless, these
membranes require improvements in their mechanical stability. Another approach
toward generating solid ionic electrolytes is the polymerisation of ionic liquid
monomers. The number of publications concerning polymeric ionic liquid has grown
noticeably in recent years. However, few papers report testing these new polymers in a
fuel cell system. In the work developed by Diaz et al. [84] the ionic liquid [HSOs;-
BVIM][TfO] was polymerised and tested in a PEMFC at 25 °C under anhydrous
conditions, reaching a maximum current density of 154 mA cm? and a peak power
density of 33.1 mW cm™. These membranes were thermally stable up to 300 °C. The
use of ionic liquids as conductive electrolytes membranes has achieved important
improvements in terms of proton conductivity, thermal and electrochemical stability
even at dry conditions. But still the main challenge of these compounds lays in
selecting the most suitable molecular design of the ion pair which combines the entire
requirements for the membrane electrolyte in a fuel cell including mechanical stability
without compromising the proton transport activity.

Another promising approach is focused on the use of organic ionic plastic crystals
which are a new family of solid state electrolytes suitable for fuel cell applications.
Membranes based on cellulose acetate supports with [choline][DHP] doped with
various acids were studied by Rana et al. [146]. Zero OCV in their dry states was
obtained in a PEMFC at 80 °C. However, when the electrolytes contained 50 wt%
water, an OCV of 0.4 V was obtained for [choline][DHP] doped with 18% H3PO,4 and a
0.78 V OCV was obtained for [choline][DHP] doped with 4% HNTf,.
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Experimental studies allow us to know how an electrolyte membrane works in a fuel
cell system. However, it is important to have a better understanding of structures on the
molecular scale, as well as larger scale morphological structures and chemical
functionalities of electrolyte membranes. Molecular simulation techniques, such as
molecular orbital and molecular dynamic (MD) calculations are useful tools to
investigate local microstructure and micro-dynamics of molecular systems. These
methods provide information that cannot be obtained by experimental investigations.
There are several studies in literature about the characterisation of PFSA membranes
and derivatives using computational methods [152, 153]. Dissipative particle dynamics
(DPD) simulations were carried out by Wu and co-workers to better understand how
molecular weight affects the hydrated morphology of the short-side-chain
perfluorosulphonic acid fuel cell membranes. They found that there is a strong
influence of molecular weight on both the shape and size of water-rich ionic aggregates
formed as a function of water content, particularly for high equivalent weights [154].
The effects of hydration level and temperature on the nanostructure of an atomistic
model of a Nafion membrane and the vehicular transport of hydronium ions and water
molecules were studied by Venkatnathan et al. through classical molecular dynamic
simulations. Structural and dynamical parameters such as density, radical distribution
functions, coordination numbers, mean square derivations and diffusion coefficients
showed that hydronium ions themselves contribute in modifying the interfacial structure
of sulfonated pendants in the membrane. At low hydration levels, short hydrogen
bonded linkages made of water molecules and hydronium ions alone give a more
constrained structure among the said sulfonated chains. The calculated diffusion
coefficient for water was in accordance with experimental data. The diffusion coefficient
for the hydronium ions was 6-10 times smaller than that for water. Temperature had a
significant effect on the absolute value of the diffusion coefficients for both water and
hydronium ions [155]. In the work of Kumar and Paddison [156] chemical degradation
of the side-chain of perfluorosulfonic acid membranes by hydroxyl radical was
examined, concluding that the C-S bond was the weakest bond in the said chain of
PFSA monomer. However, its cleavage was kinetically hindered.

Proton transport pathways in a triethylammonium triflate ionic liquid-doped Nafion
membrane were evaluated using quantum chemistry calculations. The IL-doped
membrane matrix contains ftrific acid, triflate anions, triethylamine and
triethylammonium cations. The quantum chemistry calculations predict that anions are
responsible for proton-exchange between cations and neutral molecules of a tertiary
amine. The results obtained with computational methods supported the experimental
choice of IL to provide PFSA membranes with high conductivities [157].
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5. CONCLUSIONS

The continued progress in proton exchange membrane research for fuel cells
demonstrates the extensive interest in this technology. Perfluorosulphonic acid
membranes have been the most used electrolytes for low temperature devices.
However, to improve the efficiency of this technology, better performing membranes
are required. To reduce the high cost and fuel crossover, perfluorosulphonic acid was
replaced in part or completely by other polymer bases, such as aromatic or
hydrocarbon polymers. However, these membranes have a limited durability. Basic
membranes doped with acidic components were studied, demonstrating high ionic
conductivity. Nevertheless, the loss of the acid component during operation limits the
application of these membranes. Further progress is needed in this field, particularly
during the search for novel polymeric materials with high performance that meet the
requirements of fuel cells electrolytes.

The attractive properties of ionic liquids encourage their application in these
electrochemical devices. Their high proton conductivity, even under anhydrous
conditions, enables their use at higher temperatures than conventional membranes. To
synthesise membranes with good physical properties, humerous authors have studied
the performance of mixtures containing ionic liquids and polymers. However, the most
direct and innovative technique used to implement ionic liquids in fuel cells is the use of
polymerisable ionic liquids. Organic ionic plastic crystals are receiving significant
attention because their solid transitions are beneficial for fuel cell-based applications.

The right ion pair molecular design of ionic liquids and organic ionic plastic crystals
could provide a membrane electrolyte network with high performance in a fuel cell
replacing conventional membranes and promoting this technology as an attractive an
efficient future energy source.

Acknowledgements

This research was supported by the Ministry of Education and Science under the
project CTQ2012-31639 (MINECO, SPAIN-FEDER 2001-2013). Mariana Diaz also
thanks MINECO for the FPU fellowship (AP2012-3721).

30



6. REFERENCES

[11 H. Zhang, P.K. Shen, Recent development of polymer electrolyte membranes for fuel cells, Chem.
Rev., 112 (2012) 2780.

[2] B. Smitha, S. Sridhar, A.A. Khan, Solid polymer electrolyte membranes for fuel cell applications - A
review, J. Membr. Sci., 259 (2005) 10.

[3] K. M. Nouel, P. S. Fedkiw, Nafion®-based composite polymer electrolyte membranes, Electrochim.
Acta, 43 (1998) 2381

[4] K. Miyatake, M. Watanabe, Recent progress in proton conducting membranes for PEFCs,
Electrochemistry, 73 (2005) 12.

[5] A.C. Dupuis. Proton exchange membranes for fuel cells operated at medium temperatures: Materials
and experimental techniques, Prog. Mater. Sci., 56 (2011) 289.

[6] T. Sato, T. Morinaga, T. Ishizuka, Preparation, Physicochemical Properties and Battery Applications of
a Novel Poly (lonic Liquid), (2013). DOI: 10.5772/51162

[7]1 D.R. Macfarlane, N. Tachikawa, M. Forsyth, J.M. Pringle, P.C. Howlett, G.D. Elliott, J.H. Davis, M.
Watanabe, P. Simons, C.A. Angell, Energy applications of ionic liquids, Energy Environ. Sci., 7 (2014)
232.

[8] M. Armand, F. Endres, D.R. MacFarlane, H. Ohno, B. Scrosati, lonic-liquid materials for the
electrochemical challenges of the future, Nat. Mater., 8 (2009) 621.

[9] F. Muto, A. Oshima, T. Kakigi, N. Mitani, A. Matsuura, K. Fujii, Y. Sato, J. Li, M. Washio, Synthesis and
characterization of PEFC membranes based on fluorinated-polymer-alloy using pre-soft-EB grafting
method, Nucl. Instr. Meth. Phys. Res. B, 265 (2007) 162.

[10] L. Gubler, H. Kuhn, T. J. Schmidt, G. G. Scherer, H -P. Brack, K. Simbeck, Performance and durability
of membrane electrode assemblies based on radiation-grafted FEP-g-polystyrene membranes, Fuel Cells,
4 (2004) 196.

[11] S. J. Peighambardoust, S. Rowshanzamir, M. Amjadi, Review of the proton exchange membranes for
fuel cell applications, Int. J. Hydrogen Energy, 35 (2010) 9349

[12] D. S. Kim, Y. S. Kim, M. D. Guiver, J. Ding, B. S. Pivovar, Highly fluorinated comb-shaped copolymer
as proton exchange membranes (PEMs): Fuel cell performance, J. Power Sources, 182 (2008) 100.

[13] T. Sancho, J. Soler, M. P. Pina, Conductivity in zeolite-polymer composite membranes for PEMFCs, J.
Power Sources, 169 (2007) 92.

[14] E. Quartarone, A. Carollo, C. Tomasi, F. Belotti, S. Grandi, P. Mustarelli, A. Magistris, Relationships
between microstructure and transport properties of proton-conducting porous PVDF membranes, J. Power
Sources, 168 (2007) 126.

[15] A. Martinelli, A. Matic, P. Jacobsson, L. Bdrjesson, A. Fernicola, S. Panero, B. Scrosati, H.
Ohno, Physical properties of proton conducting membranes based on a protic ionic liquid, J. Phys. Chem.
B, 111 (2007) 12462.

[16] F. Niepceron, B. Lafitte, H. Galiano, J. Bigarré, E. Nicol, J.-F. Tassin, Composite fuel cell membranes
based on an inert polymer matrix and proton-conducting hybrid silica particles, J. Membr. Sci., 338 (2009)
100.

[17] L. Wang, B. L. Yi, H. M. Zhang, Y. H. Liu, D. M. Xing, Z.-G. Shao, Y. H. Cai, Sulfonated
polyimide/PTFE reinforced membrane for PEMFCs, J. Power Sources, 167 (2007) 47.

31



[18] M. A. Hickner, H. Ghassemi, Y. S. Kim, B. R. Einsla, J. E. McGrath, Alternative polymer systems for
proton exchange membranes (PEMs), Chem. Rev., 104 (2004) 4587.

[19] K.-B. Heo, H.-J. Lee, H.J-. Kim, B.-S. Kim, S.-Y. Lee, E. Cho, |.-H. Oh, S.-A. Hong, T.-H.
Lim, Synthesis and characterization of cross-linked poly(ether sulfone) for a fuel cell membrane, J. Power
Sources, 172 (2007) 215.

[20] B. Bonnet, D. J. Jones, J. Roziére, L. Tchicaya, G. Alberti, M. Casciola, L. Massinelli, B. Bauer, A.
Peraio, E. Ramunni, Hybrid organic-inorganic membranes for a medium temperature fuel cell, J. New. Mat.
Electr. Sys., 3 (2000) 87.

[21] S. M. J. Zaidi, S. D. Mikhailenko, G. P. Robertson, M. D. Guiver, S. Kaliaguine, Proton conducting
composite membranes from polyether ether ketone and heteropolyacids for fuel cell applications, J.
Membr. Sci., 173 (2000) 17.

[22] H. Cai, K. Shao, S. Zhong, C. Zhao, G. Zhang, X. Li, H. Na, Properties of composite membranes
based on sulfonated poly(ether ether ketone)s (SPEEK)/phenoxy resin (PHR) for direct methanol fuel cells
usages, J. Membr. Sci., 297 (2007) 162.

[23] T. Yang, Composite membrane of sulfonated poly(ether ether ketone) and sulfated poly(vinyl alcohol)
for use in direct methanol fuel cells, J. Membr. Sci., 342 (2009) 221.

[24] K. D. Kreuer, On the development of proton conducting polymer membranes for hydrogen and
methanol fuel cells, J. Membr. Sci., 185 (2001) 29.

[25] J. Wang, Z. Yue, J. Economy, Preparation of proton-conducting composite membranes from
sulfonated poly(ether ether ketone) and polyacrylonitrile, J. Membr. Sci., 291 (2007) 210.

[26] H. R. Allcock, M. A. Hofmann, C. M. Ambler, S. N. Lvov, X. Y. Zhou, E. Chalkova, J. Weston, Phenyl
phosphonic acid functionalized poly[aryloxyphosphazenes] as proton-conducting membranes for direct
methanol fuel cells, J. Membr. Sci., 201 (2002) 47.

[27] X. Yu, A. Roy, S. Dunn, A. S. Badami, J. Yang, A. S. Good, J. E. Mcgrath, Synthesis and
characterization of sulfonated-fluorinated, hydrophilic-hydrophobic multiblock copolymers for proton
exchange membranes, J. Polym. Sci. Part A, 47 (2009) 1038.

[28] G. Alberti, M. Casciola, L. Massinelli, B. Bauer, Polymeric proton conducting membranes for medium
temperature fuel cells (110-160°C), J. Membr. Sci., 185 (2001) 73.

[29] I. Colicchio, F. Wen, H. Keul, U. Simon, M. Moeller, Sulfonated poly(ether ether ketone)-silica
membranes doped with phosphotungstic acid. Morphology and proton conductivity, J. Membr. Sci., 326
(2009) 45.

[30] A. Carbone, R. Pedicini, A. Sacca, |. Gatto, E. Passalacqua, Composite S-PEEK membranes for
medium temperature polymer electrolyte fuel cells, J. Power Sources, 178 (2008) 661.

[31] W. Li, A. Manthiram, M. D. Guiver, Acid-base blend membranes consisting of sulfonated poly(ether
ether ketone) and 5-amino-benzotriazole tethered polysulfone for DMFC, J. Membr. Sci., 362 (2010) 289.

[32] Y. Li, R. Jin, Z. Cui, Z. Wang, W. Xing, X. Qiu, X. Ji, L. Gao, Synthesis and characterization of novel
sulfonated polyimides from 1,4-bis(4-aminophenoxy)-naphthyl-2,7-disulfonic acid, Polymer, 48 (2007)
2280

[33] H. Bai, W. S. W. Ho, New poly(ethylene oxide) soft segment-containing sulfonated polyimide
copolymers for high temperature proton-exchange membrane fuel cells. J. Membr. Sci., 313 (2008) 75.

[34] Z. Hu, Y. Yin, K. Okamoto, Y. Moriyama, A. Morikawa, Synthesis and characterization of sulfonated
polyimides derived from 2,2'-bis(4-sulfophenyl)-4,4'-oxydianiline as polymer electrolyte membranes for fuel
cell applications, J. Membr. Sci., 329 (2009) 146.

32



[35] J. Yan, C. Liu, Z. Wang, W. Xing, M. Ding, Water resistant sulfonated polyimides based on 4,4'-
binaphthyl-1,1',8,8'-tetracarboxylic dianhydride (BNTDA) for proton exchange membranes, Polymer, 48
(2007) 6210

[36] H. Bai, W. S. W. Ho, Recent developments in fuel-processing and proton-exchange membranes for
fuel cells, Polym. Int., 60 (2011) 26.

[37] J. S. Lee, N. D. Quan, J. M. Hwang, S. D. Lee, H. Kim, H. Lee, H. S. Kim, Polymer electrolyte
membranes for fuel cells, J. Ind. Eng. Chem., 12 (2006) 175.

[38] S. M. J. Zaidi, S. F. Chen, S. D. Mikhailenko, S. Kaliaguine, Proton conducting membranes based on
polyoxadiazoles, J. New Mater. Electrochem. Syst., 3 (2000) 27.

[39] Q. Li, R. He, J. O. Jensen, N. J. Bjerrum, PBI-based polymer membranes for high temperature fuel
cells - Preparation, characterization and fuel cell demonstration, Fuel Cells, 4 (2004) 147.

[40] H. L. Lin, Y. S. Hsieh, C. W. Chiu, T. L. Yu, L. C. Chen, Durability and stability test of proton exchange
membrane fuel cells prepared from polybenzimidazole/poly(tetrafluoro ethylene) composite membrane, J .
Power Sources, 193 (2009) 170.

[41] L. Jorissen, V. Gogel, J. Kerres, J. Garche, New membranes for direct methanol fuel cells, J. Power
Sources, 105 (2002) 267.

[42] Y. Zhai, H. Zhang, Y. Zhang, D. Xing, A novel H3PO4/Nafion-PBI composite membrane for enhanced
durability of high temperature PEM fuel cells, J. Power Sources, 169 (2007) 259.

[43] V. Deimede, G. A. Voyiatzis, J. K. Kallitsis, L. Qingfeng, N. J. Bjerrum, Miscibility behavior of
polybenzimidazole/sulfonated polysulfone blends for use in fuel cell applications, Macromolecules, 33
(2000) 7609.

[44] C. Hasiotis, L. Qingfeng, V. Deimede, J. K. Kallitsis, C. G. Kontoyannis, N. J. Bjerrum, Development
and Characterization of Acid-Doped Polybenzimidazole/Sulfonated Polysulfone Blend Polymer Electrolytes
for Fuel Cells, J. Electrochem. Soc., 148 (2001) A513.

[45] Q. Li, R. He, J. O. Jensen, N. J. Bjerrum, Approaches and Recent Development of Polymer Electrolyte
Membranes for Fuel Cells Operating above 100 °C, Chem. Mater., 15 (2003) 4896.

[46] J. Kerres, A. Ullrich, T. Haring, M. Baldauf, U. Gebhardt, W. Preidel, Preparation, characterization and
fuel cell application of new acid-base blend membranes, J. New Mater. Electrochem. Syst., 3 (2000) 229.

[47] M.-Q. Li, Z-G. Shao, K. Scott, A high conductivity Cs2.5H0.5PMo12040/polybenzimidazole
(PBI)/H3PO4 composite membrane for proton-exchange membrane fuel cells operating at high
temperature, J. Power Sources, 183 (2008) 69.

[48] O. Savadogo, B. Xing, Hydrogen/oxygen polymer electrolyte membrane fuel cell (PEMFC) based on
acid-doped polybenzimidazole (PBI), J. New Mater. Electrochem. Syst., 3 (2000) 343.

[49] J. Kerres, A. Ullrich, F. Meier, T. Haring, Synthesis and characterization of novel acid-base polymer
blends for application in membrane fuel cells, Solid State lonics, 125 (1999) 243.

[50] C. Hasiotis, V. Deimede, C. Kontoyannis, New polymer electrolytes based on blends of sulfonated
polysulfones with polybenzimidazole, Electrochim. Acta, 46 (2001) 2401.

[51] J.-T. Wang, R. F. Savinell, J. Wainright, M. Litt, H. Yu, A H2/O2 fuel cell using acid doped
polybenzimidazole as polymer electrolyte, Electrochim. Acta, 41 (1996) 193.

[52] Y.-F. Lin, C.-Y. Yen, C.-C.M. Ma, S.-H. Liao, C.-H. Lee, Y.-H. Hsiao H.-P. Lin, High proton-conducting
Nafion®/-SO3H functionalized mesoporous silica composite membranes, J .Power Sources, 171 (2007)
388.

33



[53] P. Bébin, M. Caravanier H. Galiano, Nafion®/clay-SO3H membrane for proton exchange membrane
fuel cell application, J. Membr. Sci., 278 (2006) 35.

[54] R. Kannan, M. Parthasarathy, S. U. Maraveedu, S. Kurungot, V. K. Pillai, Domain size manipulation of
perflouorinated polymer electrolytes by sulfonic acid-functionalized MWCNTs to enhance fuel cell
performance, Langmuir, 25 (2009) 8299.

[55] Y.-F. Lin, C.-Y. Yen, C.-H. Hung, Y -H. Hsiao, C.-C.M. M. Ma, A novel composite membranes based
on sulfonated montmorillonite modified Nafion® for DMFCs, J. Power Sources, 168 (2007) 162.

[56] P. Staiti, A. S. Arico, V. Baglio, F. Lufrano, E. Passalacqua, V. Antonucci, Hybrid Nafion-silica
membranes doped with heteropolyacids for application in direct methanol fuel cells, Solid State lonics, 145
(2001) 101.

[57] B. Tazi, O. Savadogo, Parameters of PEM fuel-cells based on new membranes fabricated from
Nafion, silicotungstic acid and thiophene, Electrochim. Acta, 45 (2000) 4329.

[58] A. Mahreni, A. B. Mohamad, A. A. H. Kadhum, W. R. W. Daud, S. E. lyuke, Nafion/silicon
oxide/phosphotungstic acid nanocomposite membrane with enhanced proton conductivity, J. Membr. Sci.,
327 (2009) 32.

[59] A. Ortiz, A. Ruiz, D. Gorri, |. Ortiz, Room temperature ionic liquid with silver salt as efficient reaction
media for propylene/propane separation: Absorption equilibrium, Sep. Purif. Technol., 63 (2008) 311.

[60] B. Qiu, B. Lin, F. Yan, lonic liquid/poly(ionic liquid)-based electrolytes for energy devices, Polym. Int.,
62 (2013) 335.

[61] M. J. Park, I. Choi, J. Hong, O. Kim, Polymer electrolytes integrated with ionic liquids for future
electrochemical devices, J. Appl. Polym. Sci., 129 (2013) 2363.

[62] R. Hagiwara, J. S. Lee, lonic liquids for electrochemical devices, Electrochemistry, 75 (2007) 23.

[63] M. Galinski, A. Lewandowski, I. Stepniak, lonic liquids as electrolytes, Electrochim. Acta, 51 (2006)
5567.

[64] A. Fernicola, B. Scrosati, H. Ohno, Potentialities of ionic liquids as new electrolyte media in advanced
electrochemical devices, lonics, 12 (2006) 95.

[65] T. L. Greaves, C. J. Drummond, Protic ionic liquids: Properties and applications, Chem. Rev., 108
(2008) 206.

[66] U. A. Rana, M. Forsyth, D. R. Macfarlane, J. M. Pringle, Toward protic ionic liquid and organic ionic
plastic crystal electrolytes for fuel cells, Electrochim. Acta, 84 (2012) 213.

[67] M. Yoshizawa, W. Xu, A. Angell, lonic Liquids by Proton Transfer: Vapor pressure, Conductivity, and
the relevance of ApK,from Aqueous Solutions, J. Am. Chem. Soc., 125 (2003) 15411.

[68] J. Stoimenovski, E. I. Izgorodina,D. R. MacFarlane, lonicity and proton transfer in protic ionic liquids,
Phys. Chem. Chem. Phys., 12 (2010) 10341.

[69] H. Nakamoto, A. Noda, K. Hayamizu, S. Hayashi, H. Hamaguchi, M. Watanabe, Proton-conducting
properties of a brgnsted acid-base ionic liquid and ionic melts consisting of
bis(trifluoromethanesulfonyl)imide and benzimidazole for fuel cell electrolytes, J. Phys. Chem. B, 111
(2007) 1541.

[70] A. Noda, M. A. B. Hasan Susan, K. Kudo, S. Mitsushima, K. Hayamizu, M. Watanabe, Brgnsted acid-
base ionic liquids as proton-conducting nonaqueous electrolytes, J. Phys. Chem. B, 107 (2003) 4024.

[71] M. Yoshizawa-Fujita, N. Byrne, M. Forsyth, D. R. MacFarlane, H. Ohno, Proton transport properties in
zwitterion blends with Bregnsted acids, J. Phys. Chem. B, 114 (2010) 16373.

34



[72] J. Gao, J. Liu, W. Liu, B. Li, Y. Xin, Y. Yin, Jungu, Z. Zou, Proton exchange membrane fuel cell
working at elevated temperature with ionic liquid as electrolyte, Int. J. Electrochem. Sci., 6 (2011) 6115.

[73] G. Lakshminarayana, M. Nogami, Inorganic-organic hybrid membranes with anhydrous proton
conduction prepared from tetramethoxysilane/methyl-trimethoxysilane/trimethylphosphate and 1-ethyl-3-
methylimidazolium-bis (trifluoromethanesulfonyl) imide for H2/O2 fuel cells, Electrochim. Acta, 55 (2010)
1160.

[74] Z. Li, H. Liu, Y. Liu, P. He, J. Li, A room-temperature ionic-liquid-templated proton-conducting
gelatinous electrolyte, J. Phys. Chem. B, 108 (2004) 17512.

[75] J. Le Bideau, L. Viau, A. Vioux, lonogels, ionic liquid based hybrid materials, Chem. Soc. Rev., 40
(2011) 907.

[76] H. Li, F. Jiang, Z. Di, J. Gu, Anhydrous proton-conducting glass membranes doped with ionic liquid for
intermediate-temperature fuel cells, Electrochim. Acta, 59 (2012) 86

[77] C. Takahashi, T. Shirai, Y. Hayashi, M. Fuiji, Study of intercalation compounds using ionic liquids into
montmorillonite and their thermal stability, Solid State lonics, 241 (2013) 53.

[78] W.-H. Luo, L.-H. Zhao, Inorganic-organic hybrid membranes with anhydrous proton conduction
prepared from tetraethoxysilane, 3-glycidyloxypropyltrimethoxysilane, trimethyl phosphate and
diethylethylammonium trifluoromethanesulfonate, J. Membr. Sci., 451 (2014) 32.

[79] J. Luo, O. Conrad, I. F. J. Vankelecom, Physicochemical properties of phosphonium-based and
ammonium-based protic ionic liquids, J. Mater. Chem., 22 (2012) 20579.

[80] H. Nakajima, H. Ohno, Preparation of thermally stable polymer electrolytes from imidazolium-type
ionic liquid derivatives, Polymer, 46 (2005) 11499.

[81] T. Yasuda, S.-l. Nakamura, Y. Honda, K. Kinugawa, S.-Y. Lee, M. Watanabe, Effects of polymer
structure on properties of sulfonated polyimide/protic ionic liquid composite membranes for nonhumidified
fuel cell applications, ACS Appl. Mater. Interfaces, 4 (2012) 1783.

[82] T. Ueki, M. Watanabe, Macromolecules in ionic liquids: Progress, challenges, and opportunities,
Macromolecules, 41 (2008) 3739.

[83] M. d. V. M. de Yuso, M. T. Cuberes, V. Romero, L. Neves, |. Coelhoso, J. G. Crespo, E. Rodriguez-
Castellon, J. Benavente, Modification of a Nafion membrane by n-dodecyltrimethylammonium cation
inclusion for potential application in DMFC, Int. J. Hydrogen Energy, 39 (2014) 4023.

[84] M. Diaz, A. Ortiz, M. Vilas, E. Tojo, I. Ortiz, Performance of PEMFC with new polyvinyl-ionic liquids
based membranes as electrolytes, Int. J. Hydrogen Energy, 39 (2014) 3970.

[85] V. D. Noto, M. Piga, G. A. Giffin, S. Lavina, E. S. Smotkin, J. Sanchez, C. lojoiu, Influence of anions
on proton-conducting membranes based on neutralized Nafion 117, triethylammonium methanesulfonate,
and triethylammonium perfluorobutanesulfonate. 1. synthesis and properties, J. Phys. Chem. C, 116
(2012) 1361.

[86] D. Langevin, Q. T. Nguyen, S. Marais, S. Karademir, J.-Y. Sanchez, C. lojoiu, M. Martinez, R. Mercier,
P. Judeinstein, C. Chappey, High-temperature ionic-conducting material: Advanced structure and
improved performance, J. Phys. Chem. C, 117 (2013) 15552.

[87] C.-W. Liew, S. Ramesh, A. K. Arof, A novel approach on ionic liquid-based poly(vinyl alcohol) proton
conductive polymer electrolytes for fuel cell applications, Int. J. Hydrogen Energy, 39 (2013) 2917.

[88] A. Fernicola, S. Panero, B. Scrosati, M. Tamada, H. Ohno, New types of brénsted acid-base ionic
liquids-based membranes for applications in PEMFCs, ChemPhysChem, 8 (2007) 1103.

35



[89] S. S. Sekhon, B. S. Lalia, C. S. Kim, W. Y. Lee, Polymer electrolyte membranes based on room
temperature ionic liquid: 2,3-dimethyl-1-octyl imidazolium hexafluorophosphate (DMOImPF6), Macromol.
Symp., 249-250 (2007) 216.

[90] M. Fallanza, A. Ortiz, D. Gorri, I. Ortiz, Polymer—ionic liquid composite membranes for
propane/propylene separation by facilitated transport, J. Membr. Sci., 444 (2013) 164.

[91] J. S. Lee, T. Nohira, R. Hagiwara, Novel composite electrolyte membranes consisting of
fluorohydrogenate ionic liquid and polymers for the unhumidified intermediate temperature fuel cell, J.
Power Sources, 171 (2007) 535.

[92] J. Mali$, P. Mazur, J. Schauer, M. Paidar, K. Bouzek, Polymer-supported 1-butyl-3-methylimidazolium
trifluoromethanesulfonate and 1-ethylimidazolium trifluoromethanesulfonate as electrolytes for the high
temperature PEM-type fuel cell, Int. J. Hydrogen Energy, 38 (2013) 4697.

[93] A. Eguizabal, J. Lemus, M. P. Pina, On the incorporation of protic ionic liquids imbibed in large pore
zeolites to polybenzimidazole membranes for high temperature proton exchange membrane fuel cells, J.
Power Sources, 222 (2013) 483.

[94] E. Van De Ven, A. Chairuna, G. Merle, S. P. Benito, Z. Borneman, K. Nijmeijer, lonic liquid doped
polybenzimidazole membranes for high temperature Proton Exchange Membrane fuel cell applications, J.
Power Sources, 222 (2013) 202.

[95] H. Ye, J. Huang, J. J. Xu, N. K. A. C. Kodiweera, J. R. P. Jayakody, S. G. Greenbaum, New
membranes based on ionic liquids for PEM fuel cells at elevated temperatures, J. Power Sources, 178
(2008) 651.

[96] S. Liu, L. Zhou, P. Wang, F. Zhang, S. Yu, Z. Shao, B. Yi, lonic-Liquid-Based Proton Conducting
Membranes for Anhydrous Hy/Cl, Fuel-Cell Applications, Appl. Mater. Interfaces, 6 (2014) 3195.

[97] P. R. Jothi, S. Dharmalingam, An efficient proton conducting electrolyte membrane for high
temperature fuel cell in aqueous-free medium, J. Membr. Sci., 450 (2014) 389.

[98] F. Yan, S. Yu, X. Zhang, L. Qiu, F. Chu, J. You, J. Lu, Enhanced proton conduction in polymer
electrolyte membranes as synthesized by polymerization of protic ionic liquid-based microemulsiones,
Chem. Mater., 21 (2009) 1480.

[99] F. Chu, B. Lin, F. Yan, L. Qiu, J. Lu, Macromolecular protic ionic liquid-based proton-conducting
membranes for anhydrous proton exchange membrane application, J. Power Sources, 196 (2011) 7979.

[100] S.-Y. Lee, A. Ogawa, M. Kanno, H. Nakamoto, T. Yasuda, M. Watanabe, Nonhumidified intermediate
temperature fuel cells using protic ionic liquids, J. Am. Chem. Soc., 132 (2010) 9764.

[101] S.-Y. Lee, T. Yasuda, M. Watanabe, Fabrication of protic ionic liquid/sulfonated polyimide composite
membranes for non-humidified fuel cells, Journal of Power Sources, 195 (2010) 5909.

[102] T. Yasuda, M. Watanabe, Protic ionic liquids: Fuel cell applications, MRS Bull, 38 (2013) 560.

[103] J. Gao, Y. Guo, B. Wu, L. Qi, B. LI, J. Liu, Z. Wang, W. Liu, J. Gu, Z. Zou, Impact of cation selection
on proton exchange membrane fuel cell performance with trimethylethyl amide, ethylpyridinium and
ethylmethyl imidazolium ionic liquid carried by poly(vinylidene fluoride) membrane as electrolyte, J. Power
Sources. 251 (2014) 432.

[104] J. Gao, J. Liu, W. Liu, B. Li, Y. Xin, Y. Yin, J. Gu, Z. Zou, An efficient and green approach to prepare
hydrophilic imidazolium ionic liquids free of halide and its effect on oxygen reduction reaction of Pt/C
catalyst. Int. J. Hydrogen Energy, 37 (2012) 13177.

[105] W. Li, F. Zhang, S.Yi, C. Huang, H. Zhang, M. Pan, Effects of casting solvent on microstructrue and
ionic conductivity of anhydrous sulfonated poly(ether ether ketone)-inoic liquid composite membranes, Int.
J. Hydrogen Energy, 37 (2012) 748.

36



[106] J. Jiang, D. Gao, Z. Li, G. Su, Gel polymer electrolytes prepared by in situ polymerization of vinyl
monomers in room-temperature ionic liquids, React. Funct. Polym., 66 (2006) 1141.

[107] A. Lewandowski, A. Swiderska, New composite solid electrolytes based on a polymer and ionic
liquids, Solid State lonics, 169 (2004) 21.

[108] E. Andrzejewska, |. St pniak, Highly conductive solid polymer-(ionic liquid) electrolytes prepared by
in situ photopolymerization, Polimery, 51 (2006) 859.

[109] P. Kiatkittikul, T. Nohira, R. Hagiwara, Nonhumidified fuel cell using N-ethyl-N-methylpyrrolidinium
fluorohydrogenate ionic liquid-polymer composite membranes, J. Power Sources, 220 (2012) 10.

[110] A. Noda, M. Watanabe, Highly conductive polymer electrolytes prepared by in situ polymerization of
vinyl monomers in room temperature molten salts, Electrochim. Acta, 45 (2000) 1265.

[111] M. A. B. H. Susan, T. Kaneko, A. Noda, M. Watanabe, lon gels prepared by in situ radical
polymerization of vinyl monomers in an ionic liquid and their characterization as polymer electrolytes, J.
Am. Chem. Soc., 127 (2005) 4976.

[112] L. A. Neves, J. Benavente, I. M. Coelhoso, J. G. Crespo, Design and characterisation of Nafion
membranes with incorporated ionic liquids cations, J. Membr. Sci., 347 (2010) 42.

[113] L. A. Neves, |. M. Coelhoso, J. G. Crespo, Methanol and gas crossover through modified Nafion
membranes by incorporation of ionic liquid cations. J. Membr. Sci., 360 (2010) 363.

[114] H. Ohno, Design of ion conductive polymers based on ionic liquids, Macromol. Symp., 249-250
(2007) 551.

[115] J. Yuan, M. Antonietti, Poly(ionic liquid)s: Polymers expanding classical property profiles, Polymer,
52 (2011) 1469.

[116] J. E. Bara, D. L. Gin, R. D. Noble, Effect of anion on gas separation performance of polymer-room-
temperature ionic liquid composite membranes, Ind. Eng. Chem. Res., 47 (2008) 9919.

[117] K. Simons, K. Nijmeijer, J. E. Bara, R. D. Noble, M. Wessling, How do polymerized room-
temperature ionic liquid membranes plasticize during high pressure CO2 permeation? J. Membr. Sci., 360
(2010) 202.

[118] J. E. Bara, E. S. Hatakeyama, C. J. Gabriel, X. Zeng, S. Lessmann, D. L. Gin, R. D. Noble, Synthesis
and light gas separations in cross-linked gemini room temperature ionic liquid polymer membranes, J.
Membr. Sci., 316 (2008) 186.

[119] J. E. Bara, E. S. Hatakeyama, D. L. Gin, R. D. Noble, Improving CO2 permeability in polymerized
room-temperature ionic liquid gas separation membranes through the formation of a solid composite with a
room-temperature ionic liquid, Polym. Adv. Technol., 19 (2008) 1415.

[120] K. Pdhaki-Esko, M. Timusk, K. Saal, R. Léhmus, |. Kink, U. Maeorg, Increased conductivity of
polymerized ionic liquid through the use of a nonpolymerizable ionic liquid additive, J. Mater. Res., 22
(2013) 3086.

[121] R. Marcilla, F. Alcaide, H. Sardon, J. A. Pomposo, C. Pozo-Gonzalo, D. Mecerreyes, Tailor-made
polymer electrolytes based upon ionic liquids and their application in all-plastic electrochromic devices,
Electrochem. Commun., 8 (2006) 482.

[122] D. Mecerreyes, Polymeric ionic liquids: Broadening the properties and applications of
polyelectrolytes, Prog. Polym. Sci., 36 (2011) 1629.

[123] J. Yuan, D. Mecerreyes, M. Antonietti, Poly(ionic liquid)s: An update, Prog. Polym. Sci., 38 (2013)
1009.

37



[124] M. Li, L. Yang, S. Fang, S. Dong, Novel polymeric ionic liquid membranes as solid polymer
electrolytes with high ionic conductivity at moderate temperature, J. Membr. Sci., 366 (2011) 245.

[125] M. D. Green, D. Salas-De La Cruz, Y. Ye, J. M. Layman, Y. A. Elabd, K. I. Winey, T. E. Long, Alkyl-
substituted N-vinylimidazolium polymerized ionic liquids: Thermal properties and ionic conductivities,
Macromol. Chem. Physic., 212 (2011) 2522.

[126] R. L. Weber, Y. Ye, S. M. Banik, Y. A. Elabd, M. A. Hickner, M. K. Mahanthappa, Thermal and ion
transport properties of hydrophilic and hydrophobic polymerized styrenic imidazolium ionic liquids, J.
Polym. Sci. Part B, 49 (2011) 1287.

[127] M. Yoshizawa, W. Ogihara, H. Ohno, Novel polymer electrolytes prepared by copolymerization of
ionic liquid monomers, Polym. Adv. Technol., 13 (2002) 589.

[128] H. Ohno, M. Yoshizawa, W. Ogihara, Development of new class of ion conductive polymers based
on ionic liquids, Electrochim. Acta, 50 (2004) 255.

[129] H. Ohno, Molten salt type polymer electrolytes, Electrochim. Acta, 46 (2001) 1407.

[130] S. Washiro, M. Yoshizawa, H. Nakajima, H. Ohno, Highly ion conductive flexible films composed of
network polymers based on polymerizable ionic liquids, Polymer, 45 (2004) 1577.

[131] A. S. Shaplov, P. S. Vlasov, E. I. Lozinskaya, D. O. Ponkratov, |. A. Malyshkina, F. Vidal, O. V.
Okatova, G. M. Pavlov, C. Wandrey, A. Bhide, M. Schoénhoff, Y. S. Vygodskii, Polymeric ionic liquids:
Comparison of polycations and polyanions, Macromolecules, 44 (2011) 9792.

[132] O. A. Mel'nik, A. S. Shaplov, E. |. Lozinskaya, N. A. Popova, M. V. Makarov, |. L. Odinets, K. A.
Lysenko, G. I. Timofeeva, |. A. Malyshkina, Y. S. Vygodskii, Polymers based on ionic monomers with side
phosphonate groups, Polym. Sci. Ser. B, 52 (2010) 316.

[133] H. Chen, J.-H. Choi, D.S.-D.L. Cruz, K. I. Winey, Y. A. Elabd, Polymerized ionic liquids: The effect of
random copolymer composition on ion conduction, Macromolecules, 42 (2009) 4809.

[134] Z. Wojnarowska, J. Knapik, M. Diaz, A. Ortiz, I. Ortiz, M. Paluch, Conductivity Mechanism in
Polymerized Imidazolium-Based Protic lonic Liquid [HSO3-BVIm][OTf]: Dielectric Relaxation Studies,
Macromolecules, 2014, dx.doi.org/10.1021/ma5003479.

[135] S. Long, P. C. Howlett, D. R. MacFarlane, M. Forsyth, Fast ion conduction in an acid doped
pentaglycerine plastic crystal, Solid State lonics, 177 (2006) 647.

[136] S. Long, D. R. MacFarlane, M. Forsyth, lonic conduction in doped succinonitrile, Solid State lonics,
175 (2004) 733.

[137] S. Long, D. R. MacFarlane, M. Forsyth, Fast ion conduction in molecular plastic crystals, Solid State
lonics, 161 (2003) 105.

[138] J. M. Pringle, P. C. Howlett, D. R. MacFarlane, M. Forsyth, Organic ionic plastic crystals: Recent
advances, J. Mater. Chem., 20 (2010) 2056.

[139] J. Chen, T. Peng, K. Fan, R. Li, J. Xia, Optimization of plastic crystal ionic liquid electrolyte for solid-
state dye-sensitized solar cell, Electrochim. Acta, 94 (2013) 1.

[140] M. Anouti, L. Timperman, M. El Hilali, A. Boisset, H. Galiano, Sulfonium bis(trifluorosulfonimide)
plastic crystal ionic liquid as an electrolyte at elevated temperature for high-energy supercapacitors, J.
Phys. Chem. C, 116 (2012) 9412.

[141] Q. Li, J. Zhao, B. Sun, B. Lin, L. Qiu, Y. Zhang, X. Chen, J. Lu, F. Yan, High-temperature solid-state
dye-sensitized solar cells based on organic ionic plastic crystal electrolytes, Adv. Mater., 24 (2012) 945.

38



[142] J. Sunarso, Y. Shekibi, J. Efthimiadis, L. Jin, J. M. Pringle, A. F. Hollenkamp, D. R. MacFarlane, M.
Forsyth, P. C. Howlett, Optimising organic ionic plastic crystal electrolyte for all solid-state and higher than
ambient temperature lithium batteries, J. Solid State Electrochem., 16 (2012) 1841.

[143] C. Shi, L. Qiu, X. Chen, H. Zhang, L. Wang, F. Yan, Silica nanoparticle doped organic ionic plastic
crystal electrolytes for highly efficient solid-state dye-sensitized solar cells, ACS Appl. Mater. Interfaces, 5
(2013) 1453.

[144] J. M. Pringle, Recent progress in the development and use of organic ionic plastic crystal
electrolytes, Phys. Chem. Chem. Phys., 15 (2013) 1339.

[145] M. Yoshizawa-Fujita, K. Fujita, M. Forsyth, D. R. MacFarlane, A new class of proton-conducting ionic
plastic crystals based on organic cations and dihydrogen phosphate, Electrochem. Commun., 9 (2007)
1202.

[146] U. A. Rana, |. Shakir, R. Vijayraghavan, D. R. MacEarlane, M. Watanabe, M. Forsyth, Proton
transport in acid containing choline dihydrogen phosphate membranes for fuel cell, Electrochim. Acta, 111
(2013) 41.

[147] P. C. Howlett, F. Ponzio, J. Fang, T. Lin, L. Jin, N. Iranipour, J. Efthimiadis, Thin and flexible solid-
state Organic lonic Plastic Crystal — polymer nanofibre composite electrolytes for device applications,
Phys. Chem. Chem. Phys., 15 (2013) 13784.

[148] H. Zhu, U. Rana, V. Ranganathan, L. Jin, L. A. O'Dell, D. R. MacFarlane, M. Forsyth, Proton
transport behaviour and molecular dynamics in the guanidinium ftriflate solid and its mixtures with triflic
acid, J. Mater. Chem. A, 2 (2014) 681.

[149] J. Adebahr, M. Grimsley, N. M. Rocher, D. R. MacFarlane, M. Forsyth, Rotational and translational
mobility of a highly plastic salt: Dimethylpyrrolidinium thiocyanate, Solid State lonics, 178 (2008) 1798.

[150] J. Efthimiadis, S. J. Pas, M. Forsyth, D. R. MacFarlane, Structure and transport properties in an N,N-
substituted pyrrolidinium tetrafluoroborate plastic crystal system, Solid State lonics, 154-155 (2002) 279.

[151] R. Zeng, Y. Wang, S. Wang, P.K. Shen, Homogeneous synthesis of PFSlI/silica composite
membranes for PEMFC operating at low humidity, Electrochim. Acta, 52 (2007) 3895.

[152] S. Urata, J. Irisawa, A. Takada, W. Shinoda, S. Tsuzuki, M. Mikami, Molecular Dynamics Simulation
of Swollen Membrane of Perfluorinated lonomer, J. Phys. Chem. B, 109 (2005) 4269.

[153] M. K. Petersen, G. A. Voth, Characterization of the Solvation and Transport of the Hydrated Proton in
the Perfluorosulfonic Acid Membrane Nafion, J. Phys. Chem. B, 110 (2006) 18594

[154] D. Wu, S. J. Paddison, J. A. Elliott, Effect of Molecular Weight on Hydrated Morphologies of the
Short-Side-Chain Perfluorosulfonic Acid Membrane, Macromolecules, 42 (2009) 3358.

[155] A. Venkatnathan, R. Devanathan, M. Dupuis, Atomistic Simulations of Hydrated Nafion and
Temperature Effects on Hydronium lon Mobility, J. Phys. Chem. B, 111 (2007) 7234.

[156] M. Kumar, S. J. Paddison, Side-Chain degradation of perfluorosulfonic acid membranes: An ab initio
study, J. Mater. Res., 15 (2012) 1982.

[157] M. Kumar, A. Venkatnathan, Mechanism of Proton Transport in lonic-Liquid-Doped Perfluorosulfonic
Acid Membranes, J. Phys. Chem. B, 117 (2013) 14449.

[158] F. Liu, B. Yi, D. Xing, J. Yu, H. Zhang, Nafion/PTFE composite membranes for fuel cell applications,
J. Membr. Sci., 212 (2003) 213.

[159] S. Slade, S. A. Campbell, T. R. Ralph, F. C. Walsh, lonic conductivity of an extruded Nafion 1100
EW series of membranes, J. Electrochem. Soc., 149 (2002) A1556.

39



[160] P. Costamagna, C. Yang, A.B. Bocarsly, S. Srinivasan, Nafion® 115/zirconium phosphate composite
membranes for operation of PEMFCs above 100 °C, Electrochim. Acta, 47 (2002) 1023.

[161] K.T. Adjemian, S.J. Lee, S. Srinivasan, J. Benziger, A.B. Bocarsly, Silicon oxide nafion composite
membranes for proton-exchange membrane fuel cell operation at 80-140°C, J. Electrochem. Soc., 149
(2002) A256.

[162] J. B. Ballengee, P. N. Pintauro, Preparation of nanofiber composite proton-exchange membranes
from dual fiber electrospun mats, J. Membr. Sci., 442 (2013) 187.

[163] B. Dong, L. Gwee, D. Salas-De La Cruz, K. |. Winey, Y. A. Elabd, Super proton conductive high-
purity nafion nanofibers, Nano Letters, 10 (2010) 3785.

FIGURE CAPTIONS

Figure 1. Number of publications describing fuel cells (Database: Scopus. Search Keywords: Fuel Cells
and Fuel Cell)

Figure 2. Schematic of a PEMFC

Figure 3. Chemical structure of Nafion

Figure 4. Chemical structure of PBI

Figure 5. Difference between ionic liquids and ionic solutions. (S): solvent, (+): cation, (-): anion
Figure 6. Cations and anions typically used to form ionic liquids

Figure 7. Poly(ionic liquids)

Figure 8. Chemical structure of [HSO3-BVIm][TfO]

Figure 9. Structures of [N1.1,1.201][DHP] and [C4smim][DHP]

40



ACCEPTED MANUSCRIPT

FIGURES

FIGURE 1

10000

8000

6000

Publiations

4000

2000

0
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year



ACCEPTED MANUSCRIPT

FIGURE 2

;
&
H.Out o ©:ln

@ <&
=
= @ g}

Anode Cathode
Electrolyte



FIGURE 3

43



FIGURE 4

Lo

44



ACCEPTED MANUSCRIPT

FIGURE 5

®
)

00995 ¢%%°

950 00_09,

02260 o ©

05° o o o

lonic solution lonic Liguid

45



FIGURE 6

HN

\ R R R
\ \N+ | N . ©+/ NHy*
R \R“‘R T —R" R—T —R" | / \
) R™ R" X

R
Tetraal!<y| Tetraalky| I Pyridinium I I Pyrrolidinium I
ammonium

phosphonium

F 0
S// |
F\| _F £y Sy F F
F—B—F P ° | Cl
| 7 | F 0=—=8=—0 (o—s=—o0
g g ]

BF, PFs TN TfO Chloride




FIGURE 7

/ /f\r/ SN\
|
AR
o
Paly(zwitterion) Paly(cation) Poly(anion)

f;\r,

o
-~

o

L

7L

Copolymer

Polycomplex

Network

47



ACCEPTED MANUSCRIPT

FFFFFFF



ACCEPTED MANUSCRIPT

FFFFFFF



Keywords:

Proton Exchange membrane
Electrolyte

lonic liquid

Fuel cell

Polymer

Highlights:

e Advances in ionic liquids membrane electrolytes for fuel cells are reviewed
e Polymerised ionic liquids are promising proton exchange membranes

e Rightion pair molecular design of ionic liquids must be addressed

e An overview of different electrolytes is discussed
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