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ABSTRACT
Single-ion conducting electrolytes present a unique alternative to traditional binary salt
conductors used in lithium-ion batteries. Secondary lithium batteries are considered as one of the
leading candidates to replace the combustible engines in automotive technology, however several
roadblocks are present which prevent their widespread commercialization. Power density, energy
density and safety properties must be improved in order to enable the current secondary lithium
battery technology to compete with existing energy technologies. It has been shown theoretically
that single-ion electrolytes can eliminate the salt concentration gradient and polarization loss in
the cell that develops in a binary salt system, resulting in substantial improvements in materials
utilization for high power and energy densities. While attempts to utilize single-ion conducting
electrolytes in lithium-ion battery systems have been made, the low ionic conductivities prevented
the successful operation of the battery cells in ambient conditions. This work focuses on
designing single-ion conducting electrolytes with high ionic conductivities and electrochemical
and mechanical stability which enables the stable charge-discharge performance of battery cells.
Perfluorosulfonate ionomers are known to possess exceptionally high ionic conductivities
due to the electron-withdrawing effect caused by the C-F bonds which stabilizes the negative
charge of the anion, leading to a large number of free mobile cations. The effect of perfluorinated
sulfonic acid side chains on transport properties of proton exchange membrane polymers was
examinated via a comparison of three ionomers, having different side chain structures and a
similar polymer backbone. The three different side chain structures were aryl-, pefluoro alkyl-,
and alkyl-sulfonic acid groups, respectively. All ionomers were synthesized and characterized by
1

H and 19F NMR. A novel ionomer synthesized with a pendant perfluorinated sulfonic acid group

and a poly(ether ether ketone) backbone showed the highest proton conductivity and proton
diffusion coefficient among the three ionomers, demonstrating the effect of the perfluorinated
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side chains. The proton conductivity of the novel ionomer was comparable to that of Nafion over
a wide humidity range and temperature.
A lithium perfluorosulfonate ionomer based on aromatic poly(arylene ether)s with
pendant lithium perfluoroethyl sulfonates was prepared by ion exchange of the perlfuorosulfonic
acid ionomer, and subsequently incoroporated into a lithium-ion battery cell as a single-ion
conducting electrolyte. The microporous polymer film saturated with organic carbonates
exhibited a nearly unity Li+ transfer number, high ionic conductivity (e.g. > 10-3 S m-1 at room
temperature) over a wide range of temperatures, high electrochemical stability, and excellent
mechanical properties. Excellent cyclability with almost identical charge and discharge capacities
have been demonstrated at ambient temperature in the batteries assembled from the prepared
single-ion conductors. The mechanical stability of the polymer film was attributed to the rigid
polymer backbone which was largely unaffected by the presence of plasticizing organic solvents,
while the porous channels with high concentration of the perfluorinated side chains resulted in
high ionic conductivity. The expected high charge-rate performance was not achieved, however,
due to the high interfacial impedance present between the polymer electrolyte and the electrodes.
Several procedural modifications were employed in order to decrease the interfacial impedance of
the battery cell.
The poly(arylene ether) based ionomer was saturated with an ionic liquid mixture, in
order to explore the possibility of its application as a safe, inflammable electrolyte. A lowviscosity ionic liquid with high ionic conductivity, 1-butyl-3-methylimidazolium thiocyanate
which has never been successfully utilized as an electrolyte for lithium-ion batteries was
incorporated into a battery cell as a solvent mixture with propylene carbonate and lithium
bis(trifluoromethane)sulfonimide impregnated in a free-standing hybrid electrolyte film.
Outstanding ionic conductivity was achieved and the lithium half cell comprising a LTO cathode
and a lithium metal anode separated by the solid polymer electrolyte showed good cyclability at
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room temperature and even at 0oC. The presence of a sufficient amount of propylene carbonate,
which resulted in flammability of the polymer electrolyte, was discovered to be critical in the
electrochemical stability of the polymer electrolyte.
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Chapter 1
Introduction

1.1. Motivation
The current paradigm of energy production which relies heavily on conventional energy
production technologies such as fuels combustion and nuclear fission power plants inevitably
raises concerns of global warming, high demand on imported fuels from countries without natural
reserves of such fuels, and safety. The development of renewable and clean energy sources has
been highly sought after in recent years accordingly. One aspect that is very critical in the
efficient use of these renewable energy technologies is the storage of such produced energy.
Secondary batteries, which are portable electrochemical devices that can store chemical energy
later converted to electrical energy without gaseous emission have already been the focus of
attention for several decades and warrants even more interest in the future.
Lithium-ion batteries are the most promising candidates to fulfill such role, especially due
to the high energy density (150 Wh / kg). However, in order to achieve the critical milestone in
present energy technology which is replacing the combustion engine in automobiles, the present
technology still has much room to improve in energy density, safety, and cost. While recent
research effort has mainly been focused on development of new electrode materials with higher
specific capacity and high operation voltage, such as Li-air, Li-S cathodes and Li-Si or Li metal
anodes, research on electrolytes has been a relatively less pursued area of research.
The electrolytes, which serve as the transport media for Li ions in a conventional battery
system are very critical in terms of safety in the operation of a battery, since many of the liquid
electrolytes are flammable and volatile, therefore leakage of the liquid or ventilation of the vapor
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could result in combustion. Various fire and explosion incidents have been reported during
battery manufacturing or use of electronic devices.
In addition, the liquid electrolytes can electrochemically react with the cathode and/or
anode materials at certain potentials resulting in the formation of solid-electrolyte interface (SEI)
layers. In many reported cases these layers act as passivating layers which protect the electrodes
and electrolytes from further electrochemical reactions while permitting the Li ions to pass
through from the electrode to the electrolytes or vice versa, however, in many other cases the
electrochemical reactions can lead to the degradation of the electrode materials resulting in
capacity loss and when the SEI layer does not successfully function as a protection barrier the
electrochemical reactions will continue, leading to thickening of the SEI layer and increase in cell
impedance and overpotential, deteriorating the overall performance.

1.2. Synopsis of Research
The conventional liquid electrolytes need to be replaced with more efficient, stable and
safe systems in order to create new battery technologies that can be applied to sustainable
vehicles such as hybrid vehicles (HEVs) and full electric vehicles (EVs) without concerns over
safety and lack of energy density and/or power density. A large body of the work that follows is
the investigation of ionomers containing perfluorosulfonate salts as new electrolytes for battery
systems. Solid polymer electrolytes (SPEs) have been studied for several decades as an
alternative to the liquid electrolytes, where a polymer membrane replaces the separator and the
liquid electrolyte. Li salts were dissolved in poly(ethylene oxide) (PEO) polymers by the
coordination effect of oxygen atoms on the PEO polymer chain to the lithium cations, or
ionomers containing lithium salts were used where the anionic counterparts to lithium cations
were attached to the polymer via covalent bonding, leading to minimal displacement of the anions
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and a “single-ion conduction” of lithium cations. While the SPEs have several theoretical
advantages over the liquid electrolytes, the very low ionic conductivities of these systems were
evident and hindered the incorporation of these systems into commercial battery technologies.
While the absence of a liquid solvent in the system eliminated or effectively suppressed the
threats that were related to organic carbonate solvents, it also lead to decreased mobility of the
lithium ions, and attempts of developing low glass-transition temperature (Tg) polymers in order
to facilitate ion motion at ambient temperature frequently resulted in polymers that lacked the
mechanical integrity required for a film which acted simultaneously as a separator in the battery
cell.
In the following body of work, in order to address these problems, ionomer membranes
impregnated with additional solvents were used as the electrolyte. The studied ionomers were
designed to have perfluorosulfonate side chains, which have very low ion dissociation energy,
leading to high ratio of mobile cations and thus high ionic conductivity. Fluorine is the most
electronegative element among atoms and the abundant C-F pairs near the sulfonate anion create
an environment pulling electrons away from the anion, thus the anionic charge can be very well
stabilized, which allows the cation to move relatively free from the attractive force of the anion.
The very high ionic conductivity of the ionomers and the resulting performance of the polymer
electrolytes can be attributed to this chemical structure of the ionomer.
One of these ionomers (Figure 1-1) was first synthesized in order to be utilized as a
proton exchange membrane (PEM) which showed exceptionally high proton conductivity similar
to Nafion. The rigid chemical structure resulted in suppressed swelling of the membrane in water
and good mechanical properties.
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Figure 1-1. Chemical Structure of the PEEK-HPFS ionomer.
Another ionomer with a similar chemical structure was utilized as a polymer electrolyte
for lithium-ion batteries. Carbonate solvents such as ethylene carbonate, propylene carbonate, etc.
which are the commonly used solvents in conventional battery systems and ionic liquid solvents
such as butylmethyl(imidazolium) thiocyante (BMIM-SCN) and butylmethyl(imidazolium)
tetrafluoroborate (BMIM-BF4) were absorbed into the polymer membrane, resulting in
exceptionally high ionic conductivities. Since the synthesized ionomers contain rigid phenyl and
biphenyl backbones (Figure 1-2), the resulting polymer electrolytes were mechanically stable
differing greatly from the gel polymer electrolytes (GPEs), which lost mechanical integrity due to
excessive swelling, reported previously in literature. Accordingly, the polymer electrolytes were
successfully incorporated into CR2032 coin cells, and the charge-discharge performance of these
cells were studied in terms of cyclability and rate capability.

Figure 1-2. Chemical structure of the PAE-LiPFS ionomer.

Chapter 2
Literature Review

2.1. Electrochemistry of Lithium Batteries
In a primary lithium ion battery, electrochemical reactions happen only in one direction
through the discharging process. During that process, on the cathode the active material will go
through reduction by gaining electrons and the anode material will lose electrons thus oxidation
occurs, as shown in the following reaction.1

Cathode : MS + Li+ + e- → LiMS
Anode : Li → Li+ + eFull Cell : Li + MS → LiMS
(MS = metal sulfide)

In a secondary (e.g. rechargeable) lithium battery, the lithium ions will undergo reversible
insertion/extraction as guest species into/from lithium insertion compounds present in the
electrodes as host matrices during charging and discharging. Same as in the primary lithium ion
battery the flow of ions from one electrode to another occurs through reduction/oxidation (redox)
reaction of the host matrix while electrons flow through the external circuit. As shown in Figure
2-1, during discharge, Li+ ions are inserted between the sulfide layers and to neutralize the
additional positive charge, reduction occurs and Ti4+ ions change to Ti3+. The electrons are
supplied from the lithium metal anode through external circuit to the TiS2 cathode. During charge,
the exact opposite happens including oxidation of Ti3+ to Ti4+.
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Figure 2-1. Illustration of lithium insertion / extraction into / from the TiS2 layered structure
during discharge and charge process.1

When the secondary battery is being charged, it behaves as an electrolytic cell, where
voltage is applied from an external source.2 As shown in Figure 2-2, the applied voltage drives
electrons to move towards the negative electrode, and as more electrons move towards the
negative electrode, the electron energy increases and the electrode potential decreases. Eventually
the highest energy level of the electrons inside the electrode, which is called the Fermi level, will
become higher than the energy level of the LUMO (lowest unoccupied molecular orbital) of Li+,
and reduction of Li+ into Li becomes possible. Simultaneously, as electrons are being drawn out
from the positive electrode the energy level decreases to the point where the Fermi level becomes
lower than the energy level of the HOMO (highest occupied molecular orbital) of LiMS, enabling
oxidation of LiMS where electrons are extracted and transferred into the electrode and MS
remains, while Li+ is released into the electrolyte. This process requires external voltage applied
to the system, since the reduction potential at the negative electrode is lower than the oxidation
potential at the positive electrode. In other words, the minimum required electron energy level for
reduction is higher than the maximum limit electron energy level for oxidation (energy level has
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to be lower than this limit, in order to have oxidation occur), which means an external source is
required to push the electrons towards the negative electrode.

Figure 2-2. Illustration of electrochemical reduction following increase in energy level of
electrons.2

During discharge, the opposite phenomenon occurs, where the battery acts as a galvanic
cell. Since the oxidation potential, when Li changes to Li+, is lower than the reduction potential,
when Li+ and MS form LiMS with the addition of an electron, the process occurs spontaneously.
When the electron energy of the negative electrode is low enough as to allow oxidation of Li to
occur, this energy level is already higher than the minimum energy level required for reduction of
MS and Li+ to occur on the positive electrode, which allows the electrons to flow spontaneously
from the negative electrode to the positive electrode.
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Figure 2-3. Illustration of the electric double layer (EDL) formation and the starting point
of faradaic current (left) and the equivalent circuit with charge transfer resistance (R ct)
and electric double layer capacitance (Cdl) (right).2

While the above mentioned relationship between the oxidation and reduction potentials
can explain the charge and discharge process thermodynamically, it does not fully describe the
kinetic process involved. As shown in Figure 2-3 (left), in the negative electrode during the
charging process, when the electron energy is increasing but has not yet reached the energy level
required for reduction, the excess of electrons are charged on the surface of the negative electrode,
and on the outside of the electrode cations are stored in order to match the electrons and maintain
electroneutrality. This alignment of electrons and cations, commonly found in electrode /
electrolyte solution interfaces, is called an electric double-layer (EDL) and acts as a capacitor.
Electrical current is first utilized to supply electrons to fill up the EDL, and once the electron
energy level becomes large enough to enable reduction, the current starts to be used for the
reduction. The first current is referred to as charging current, which is a non-faradaic current, and
the second current which is used for an electrochemical reaction is called a faradaic current. This
can be depicted as shown in Figure 2-3 (right) as an equivalent circuit, where Cdl stands for
electric double-layer capacitance, and Rct stands for charge transfer resistance, which describes
how fast or slow the reduction reaction is kinetically, depending on the type of electrode. When
Rct is very high, reduction does not occur effectively and the electrode is called an ideal
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polarizable electrode, while a very low Rct leads to reduction occurring readily and this type of
electrode is called an ideal non-polarizable electrode. An electrode with a certain amount of Rct
will have effectively none or very small reduction occurring even when the electron energy is
large enough, and the electrons will be stored in the electrode instead of being utilized for the
electrochemical reaction, leading to a polarized state.

Figure 2-4. Illustration of the electrode reactions in an electrolysis of aqueous NaCl (left),
and the overpotential (η) and thermodynamic decomposition voltage (Eocell) (right).2

This relationship between Rct and current can be seen in Figure 2-4, where current
increases exponentially with voltage increase. In the electrolysis of aqueous sodium chloride
(NaCl, H2O) which produces sodium hydroxide (NaOH) and chlorine (Cl2), between 1.36 V and 0.84 V oxidation at the negative electrode and reduction at the positive electrode can happen
thermodynamically, however since the reaction speeds are too slow (e.g. Rct is too high) only the
reduction of H2O and oxidation of Cl- occurs effectively at each electrode. η is the difference
between the actual potential and the equilibrium potential which is the potential when the
electrochemical reaction can occur, where ηc and ηa stands for the overpotential for reduction and
oxidation, respectively. The reduction current and oxidation current must be equal in order to
maintain a closed loop, and thus higher Rct of either reduction or oxidation results in a higher
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overpotential, since more potential is required to increase the current to a certain level. The
applied voltage (Eappl)can be expressed in the following equation:

Eappl = Ecell + ηc + ηa + iRtotal

where, Ecell is the difference between the equilibrium potentials occurring at each
electrode. iRtotal is the voltage required additionally to enable flow of electrons through the whole
circuit, excluding ηc and ηa, which is often referred to the iR drop. Rtotal describes the total
impedance present in the system, which can be expressed as Rsolution + Rseperator + Rcircuit, where
Rsolution is related to the ionic conductivity of the electrolyte, Rseparator is the resistance occurring
due to the separator, and Rcircuit combines every resistance originating from the electrodes and
electrical wires.
When the overall rate of the electrochemical reactions is determined by charge transfer,
the overpotential required is called activation overpotential, which is directly related to Rct.
However when the rate determining step is mass transfer, which is the transport of reactants
moving towards near to the electrode, rather than charge transfer, the overpotential is called
concentration overpotential, and the terms ηc and ηa become overpotentials related to mass
transfer.
In the case that iRtotal becomes much larger than ηc and ηa, such as when ionic
conductivity of the electrolyte is very low, the overall current shall be determined by Rtotal (which
becomes ≈ Rsolution in this case), with the expression Eappl ≈ iRsolution. This means that the ion
transport in the electrolyte is much slower than charge transfer or mass transfer of the
electroactive reactants near the electrode, and while the current in the electrolyte increases
linearly with increase of the applied voltage, according to the expression, the overall current can
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be controlled by the applied voltage linearly as well. Such electrochemical cells in which the
applied voltage and current have a linear relationship, are referred to having an ohmic behavior.2
Since the focus of this work has been the development of novel polymer electrolytes,
majority of the battery cells prepared during this research were investigated in terms of Rsolution
and ohmic behavior stemming from various ionic conductivities of the polymer electrolytes.

2.2. Histroy of Lithium Ion Batteries
While research on lithium batteries began in 1912 by G. N. Lewis, successful application
of lithium metal as an electrode material was performed in the 1970s in the form of primary (nonrechargable) batteries.3 Li metal is the lightest metal with 6.94 g / mol of equivalent weight and
0.53 g / cm3 of specific gravity, and has the highest oxidation potential (Eo = -3.04 V vs. normal
hydrogen electrode at 25 oC) among all elements, which in turn makes it an attractive material for
batteries which require high energy density.3 The lower self-discharge rate and negligible
memory effect, etc. give this system advantages over other systems as well. While the primary
batteries utilizing lithium metal as the anode material quickly found applications as power sources
for various portable electronic devices, a demand for rechargeable batteries, i.e. secondary
batteries was met by development of several inorganic materials that could have lithium ions
intercalated and deintercalated in their crystal lattices reversibly. These intercalation compounds,
many having layered structures, were crucial in devising secondary batteries with high capacity
and stable charge-discharge cyclability. Exxon developed a battery system using an intercalation
compound, TiS2 as the cathode and lithium metal as an anode with a non-aqueous electrolyte,
which was the first illustration of a rechargeable lithium battery.4 Moli Energy developed a MoS2
battery (MOLICELTM) which used a MoS2 cathode, a lithium anode, and a propylene carbonatebased electrolyte solution and became the first commercially available rechargeable lithium
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battery.5 However, MOLICELTM encountered the problem of lithium dendrite formation and
explosion hazards resulting from reactions between the lithium metal anode and the liquid
electrolyte. Aluminum alloys were used instead of lithium metal to avoid the dendrite growth
which however resulted in excessive volume change during charge and discharge, leading to
quick capacity decay.6 Meanwhile, by research efforts from Bell labs various oxides were found
to have higher capacities and operation voltages,7 and the idea that only low-dimensional
materials would allow facile ion diffusion was no longer maintained with the development of
three dimensional structures working properly such as V6O13.8 Goodenough developed a new
class of compounds with a LixMO2 structure, based on Co, Ni and Mn that could be operated at a
higher voltage around 4 V and were widely accepted and commercialized and are still being
utilized in batteries today.9,10
While progress in the research of cathode materials was being made, the concerns on
safety with the use of Li metal was a major roadblock towards widespread commercialization of
lithium batteries and eventually lead to modifications of the electrolyte or the anode.11,12 Lithium
insertion compounds such as graphite, 3d-metal oxides, nitrides, and several composite alloys
replaced metallic Li in order to avoid the lithium dendrite formation since lithium was present in
its ionic form instead of its metallic form.13,14 The technology was referred to as rocking-chair
batteries or “Li-ion” batteries since lithium ions were moving back and forth between the cathode
and anode during charge and discharge (Figure 2-5).
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Figure 2-5. Schematic illustration of the charge/discharge process in a “Li-ion” battery
cell where both electrodes consist of lithium insertion materials.1

In June 1991, Sony implemented the graphite-lithium cobalt oxide (C/LiCoO2) system
into a battery which became the first rocking-chair battery and opened a new era of battery
technology.15 The selection of graphite and lithium cobalt oxide stemmed from the importance of
choosing an adequate cathode and anode pair which could maintain a cell voltage of at least 3 V
(electrode potential of graphite < 1 V; LiCoO2 > 4 V) and minimizing loss in energy density
while increasing weight and volume of the battery due to the replacement of lithium metal with
more heavy and bulky lithium insertion compounds. The energy density of Li-Ion batteries is
approximately twice that of nickel-cadmium (Ni-Cd) batteries which was the prevailing
technology beforehand and can still be improved further. The flat discharge curve which has a
similar shape to the Ni-Cd batteries enables efficient utilization of stored power in a
electrochemically stable voltage range. Another outstanding feature of the Li-ion batteries is that
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they require less maintenance effort compared to other battery technologies, due to the negligible
memory effect and self-discharge, combined with the relatively low hazard risks when disposed.
One of the disadvantages of Li-ion batteries is the fragility of the electrodes which
requires protection circuits, cell temperature monitoring, and maximum charge / discharge current
limits for safe operation which compromises the overall energy and power density of the battery
cell. Another disadvantage which is commonly observed in many commercially available Li-ion
batteries used in consumer electronics is aging which can render the battery not usable after two
to three years, and especially occurs rapidly when stored in high temperature and / or high stateof-charge. The manufacturing cost is also relatively higher than other current battery technologies.

2.3. Electrolytes
Although research on battery materials has been performed more heavily on electrode
materials compared to electrolytes, the electrolytes play a critical role in the overall performance
of the battery system such as charging/discharging capacity, safety, cycling performance, and
current density. Therefore this area of research presents many opportunities for breakthrough in
the current battery technologies. Some of the requirements for a good electrolyte are
summarized3,16,17 below:

1)

High ionic conductivity at wide range of temperatures: Low ionic

conductivity leads to high impedance (Rsolution), resulting in ohmic behavior of the
cell where iRtotal becomes larger at high charging rates, deteriorating the rate
performance of the cell. Many liquid electrolytes become viscous or freeze at low
temperatures, however operation at those temperatures is necessary for many
applications including electric or hybrid electric vehicles.
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2)

High lithium ion transference number: The Li ion transference number (t+) is

defined as the fraction of the total electrical current carried in the electrolyte by lithium
ions. Since only the Li ions are involved in the intercalation/de-intercalation reactions at
the electrodes, they solely contribute to the conductivity of a device in real applications.
In commonly used electrolytes, where the migration of both the Li cations and the
counteranions can contribute to the total current, a t+ in the average of 0.2-0.3 is
observed18,19, since the anion tends to move much faster than the Li cation. Although the
Li cation is typically much smaller than the anion, the Li cation is complexed with the
surrounding liquid electrolytes making it effectively larger. Such a low t+ results in a
concentration gradient, where the anions become concentrated near the positive electrode
since they do not participate in any electrochemical reaction. This concentration gradient
and the resulting polarization of the battery leads to a high iRtotal which limits the
electrical current available in these systems, and sometimes causing safety problems due
to precipitation of the salt.20–22
3)

Wide electrochemical window: An electrolyte with a wide electrochemical

window is an electrochemically stable material over a wide potential range. This potential
range has to be wider than the operation range of the battery cell in order to avoid
undesirable electrochemical reactions during charge and discharge. With a wide
electrochemical window, electrode materials with high oxidation potentials (cathode) and
low reduction potentials (anode) can be matched leading to higher energy density while
maintaining good cycling performance.
4)

Stable solid electrolyte interphase (SEI) formation: A SEI is a solid layer

typically formed during the initial charging cycle at the anode, which results from
reduction of the organic liquid electrolytes due to the very low electrode potential of
anode materials such as graphite or lithium metal. Irreversible electrochemical
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decomposition of the electrolyte occurs while competing with the desired Faradaic halfcell reaction at the electrode surface.1,2 Although a wide variety of compounds have been
observed in the SEI layer, and all have not been identified thoroughly, lithium alkyl
carbonates are typical products of the reduction of carbonate-based liquid electrolytes,
which are depostied on the surface of the electrode combined with oligomers, polymers,
and materials such as lithium carbonate, and lithium fluoride. This layer is
electrochemically stable under discharge condition and prohibits the reaction between the
anode and the electrolyte once it fully covers the surface area of the anode, and at the
same time it allows transport of lithium ions while blocking transport of electrons
between the anode and the electrolyte. Since the SEI covers the anode and blocks contact
between the electrolyte and the anode material, it helps to limit self discharge of the
lithium metal anode which occurs due to dissolution of lithium into the electrolyte. In
case of a graphite anode, the formation of a dense solid layer limits the exfoliation of the
layered graphite structure, resulting in less capacity decay over cycling. SEI formation
results in irreversible loss of lithium, therefore continuous thickening of the SEI layer will
lead to significant capacity loss combined with increase in the impedance of the cell.
However, if a stable SEI is formed, the reduction of electrolytes is limited (it is referred to
as the anode surface being passivated), and thus SEI growth decays after the first few
cycles.
5)

Good thermal stability: Since the battery should be able to operate at a wide

temperature range, and in some cases is required to operate at a significantly higher
temperature than room temperature for optimal performances, the electrolyte should have
sufficient thermal stability to limit decomposition.
6)

Safety and Non-toxicity: Majority of the liquid electrolytes used in commercial

batteries are flammable and volatile, therefore leakage of the liquid or ventilation of the
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vapor could result in combustion. Various fire and explosion incidents have been reported
during battery manufacturing or use of electronic devices. Commonly used lithium cobalt
oxide cathode materials can decompose and release oxygen near charging limit voltage
which eventually can lead to reaction of oxygen with the flammable liquid electrolytes at
high temperature, resulting in thermal runaway or combustion.23 Significant swelling due
to increased vapor pressure inside the battery is commonly observed, which can
compromise the contact or insulation of the battery parts and cause inconvenience in the
use of portable electronic devices. Moreover, in the case of puncture of the outer casing
of swollen batteries hazardous chemical vapors can threaten the health of the customers.
Additionally, since the production of batteries can increase exponentially in the case of
widespread commercialization of electric vehicles, using non-toxic materials will become
a priority in order to maintain an ecologically clean and safe environment, especially
during production and after disposal of the battery products.
7)

Low Cost: Cost is a huge factor limiting the commercialization of electric

vehicles, combined with less established infrastructure (e.g. charging stations) which
makes the electric vehicles technology economically less favorable compared to gasoline
cars. While the conventional liquid electrolytes are relatively inexpensive and do not
comprise a large ratio of the overall cost, new electrolyte technologies such as polymer
electrolytes or ionic-liquid based electrolytes should be considered in terms of
manufacturing cost in order to become suitable for commercial application.
8)

Good mechanical stability: In case of several polymer-based electrolyte

technologies where the electrolyte membrane acts as a separator as well, good mechanical
stability is critically important in order to prohibit short-circuit of the battery cell and
enable facile manufacturing.
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The majority of commercially available lithium ion batteries are designed based on liquid
electrolytes, where a lithium salt such as LiPF6, LiBF6, LiClO4, LiBC4O8, or Li[PF3(C2CF5)3], is
dissolved in an organic alkylcarbonate solvent or a mixture of those solvents such as ethylene
carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl carbonate
(EMC) or propylene carbonate (PC). LiClO4 was used most commonly during the early stage of
battery development due to low interfacial resistance, low cost and facile synthesis. However,
there was a safety issue stemming from the high reactivity of the anions (ClO4-) towards
oxidation, thus LiPF6 became more popular in the newer systems due to higher ionic conductivity
and electrochemical stability, and continues to be the major lithium salt material used
commercially. LiPF6, however, has a low thermal stability compared to other lithium salts,
decomposing at 80°C via the following reaction24:

LiPF6 (s) → LiF (s) + PF5 (g)
The PF5 gas is highly acidic, which can react with the electrolyte solvent and increases
the internal pressure of the cell. Moreover, LiPF6 is very sensitive to moisture, reacting with H2O
via the following reaction25:

LiPF6 (s) + H2O → LiF (s) + POF3 (s) +2HF (g)

LiF has a very low conductivity, causing the interfacial resistance on the surface of the
electrodes to increase substantially,26 and HF is a highly acidic and extremely dangerous gas
which causes dissolution of electrode material in some systems. Therefore moisture control is of
paramount importance during manufacturing, which forces every process involving LiPF6 to be
performed under a closed environment of inert gasses with low moisture content. Due to the
moisture sensitive nature of LiPF6, non-aqueous solvents have become the norm of commercial
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battery electrolyte solvents and the aforementioned organic alkyl carbonates became widely
utilized.27,28 EC and PC, have high dielectric constants (EC at 40°C: 89.78 and PC at 25°C: 64.92),
which is important for dissolution of lithium salt, and high flash point (150°C and 132°C,
respectively), which is important for the safety of the cells.29,30

2.3.1. Polymer Electrolytes
Another direction of the effort that ensued in order to solve the safety issue related to the
liquid electrolyte and lithium metal electrode, was developing a dry polymer electrolyte system
which eliminated the use of a liquid electrolyte to avoid the risk of thermal runaway and
flammability, also known as solid polymer electrolyte (SPE) batteries. Especially poly(ethylene
oxide)s (PEO), which were reported to have the ability to form complexes with Li ions and show
moderate ionic conductivity, were heavily investigated.3,31,32 Added to the improved safety, while
liquid electrolyte systems require an additional separator to prevent direct contact between the
anode and the cathode, and an extensively robust battery housing to prevent leakage, the SPE
serves both as a separator and a transport media for lithium ions, which makes it an effective
technology to dramatically decrease the cost, size and weight of the battery cells.
However, SPEs have much smaller ionic conductivity compared to liquid electrolytes.
This is due to the slow chain motion and low dielectric constant (ε) of the polymeric media
compared to small molecules of the liquid electrolytes. The mathematical expression of ionic
conductivity can be simplified as σ=neμ, where n, e, and μ are the effective number of mobile
ions, the elementary electric charge, and the ion mobility, respectively. As can be seen in the
equation, the ionic conductivity is directly related to the fraction of free mobile ions that can be
effectively transported through the electrolyte (n). A high degree of dissociation of the salts can
be achieved by using salts that have low dissociation energy and a system that has a high
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dielectric constant (ε), the latter which however is commonly lower in polymeric media as
mentioned above. The other important parameter in the equation, the ion mobility (μ), is closely
associated with the glass transition temperature (Tg) of the polymer. It was suggested by
molecular dynamics simulations that Li ions are coordinated with approximately five ether
oxygens of a PEO chain, and their mobility is constrained significantly by this complexation.33
The Li-ion transport can thus be explained as the movement of the cations between ether oxygen
complexation sites, which should be promoted by segmental motion of the PEO chains, as shown
in Figure 2-6. As a result, the ionic conductivity of SPE systems are heavily dependent on Tg
values of the polymers, and research efforts have been focused on development of polymers with
low Tg, which would have sufficient segmental motion at ambient temperature to achieve high
ionic conductivity in these systems.31

Figure 2-6. Schematic of the Li+ transport in PEO matrix assisted by segmental motion.31

Another barrier specifically associated with PEO based systems is that they show
practically suitable ionic conductivities only at temperatures above 70 oC, due to the high
crystallinity of the polymer, since only the amorphous regions can contribute to ion transport in
these polymer systems.34 Hence the ionic conductivity at ambient temperature is very low, near
10-6 S/cm, while the minimum requirement for energy storage applications is 10-3 S/cm. Therefore
commercial application of this technology has not been achieved in many consumer electronics
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products, only restricted to large systems such as electric traction or backup power which can
operate at such high temperatures.
Much effort has been made to increase the ionic conductivity in the SPE systems,
especially by decreasing the crystallinity of the PEO polymer. Introducing PEO oligomers or
other small molecules as plasticizers has proven to be successful in increasing the ionic
conductivity.35 However, this can bring back the leakage problem again, and in several studies the
introduction of plasticizers resulted in unwanted side reactions at the interface leading to increase
in overall impedance. Other polymer systems such as polyphosphazenes and polysiloxanes, which
inherently have low glass transition temperatures due to the non-rigid backbones and high
dielectric constants to aid in ion disassociation, have been heavily investigated as well. These
polymers have inorganic backbones with the chemical structure −P=N− and −Si−O−, respectively,
where the bonding angles are less restricted compared to the hydrocarbon based polymer chains.
This results in high segmental mobility and low glass transition temperatures. Furthermore, the
hetero atoms Si and P both carry two side groups which can be modified by direct substitution or
addition reactions, which opens a large window of possible strategies to fine tune the physical and
chemical properties of the resulting polymers.36 As a choice for side groups, highly flexible short
PEO side chains with two to four oxygen atoms have been attached to the polymer backbone, in
order to provide ion coordinating sites for the lithium ions while avoiding crystallite formation
which can be observed from longer PEO chains. The polymer known as “MEEP” (methoxyethoxy-ethoxy-phosphazene)37, for example, as shown in Figure 2-7, where all side groups are
substituted by a PEO chain containing three oxygens, is completely amorphous, and has a Tg of 83 oC, with a high dielectric constatnt. It shows ionic conductivity in systems blended with
LiTFSI salts ranging between 10-3 and 10-4 S/cm at room temperature. While this value is still
lower than the conductivity of liquid electrolyte systems, it is several orders of magnitude higher
than that of SPEs based on unplasticized PEO/LiX systems. However, for both polyphosphazenes
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and polysiloxanes most of the polymer electrolytes had a glass transition temperature well below
room temperature which resulted in poor mechanical stability. Since one of the main focus of the
SPE system recently is to enable the use of lithium metal as the anode, inhibiting the dendrite
formation is very important and recent studies revealed that the modulus required to block the
growth of lithium dendrites is much higher than that of many reported SPE systems.38,39

Figure 2-7. Chemical structure of MEEP and a MEEP-based ionomer.37,40

2.3.2. Gel Polymer Electrolytes (GPEs)
While the SPE systems could not be widely utilized commercially, a hybrid system using
a gel polymer matrix swollen with liquid solvent and a salt, was conceived in order to overcome
the low conductivity problem of SPEs and still maintain some of the advantages of the polymer
electrolyte technology. The added liquid can dramatically increase the ionic conductivity and
decrease the overall impedance of the cell due to the plasticization of the polymer matrix by the
liquid molecules and acting as an ion-conductive media itself, leading to improved power density
at ambient temperature.16,41,42 The major advantage of this system over conventional liquid
electrolyte systems is that it can be utilized to manufacture very thin batteries, also not restricted
to any shape or size. Due to the gelled nature of the polymer electrolyte, acting simultaneously as
a separator, the packaging can be significantly simplified, not requiring a metal shell which also
leads to lighter weight of the battery cell. Therefore most of the current portable electronics such
as cell phones and tablets utilize a GPE system, which is typically referred to as a “Lithium-ion
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Polymer” or “Lithium Polymer” battery. In addition to the reduced of risk of electrolyte leakage
due to the gelled nature compared to the liquid electrolyte, the GPEs are known to be more
resistant to overcharge, leading to overall improved safety properties.
While polyethylene oxide (PEO) has been investigated extensively as a polymer host
matrix initially for two decades, polyacrylonitrile (PAN), polymethyl methacrylate (PMMA), and
polyvinylidene fluoride (PVdF) have been utilized as well.16 The lithium ion transport of PEObased gel polymer electrolytes is known to occur mainly through the complexes between the
lithium-ion and ether oxygen atom on the polymer backbone.43 As in the case of SPE systems,
PEO‟s high degree of crystallinity results in low ionic conductivity of these electrolytes which
varies from 10-8 S cm-1 to 10-4 S cm-1 at temperature between 40°C and 100°C.42 Although
plasticizers can improve the ionic conductivity, some plasticizers were reported to compromise
the interfacial properties due to their various chemical structures.44 PAN, which has low thermal
resistance and a flame-retardant property, was investigated later by several groups and was
reported to have slightly higher ionic conductivity, ranging from 10-5 S cm-1 to 10-3 S cm-1,
combined with a higher lithium transference number compared to the PEO based GPEs.45
However, PAN-based GPE have shown increase in the internal resistance of the lithium-ion
polymer cell. Combining PAN and PEO together was shown to improve the mechanical
flexibility, ionic conductivity, and interfacial properties of the resulting GPE.46 PMMA-based
GPEs were utilized due to their enhanced interface stability and lower cost, as well. However, in
spite of the inexpensive starting materials and simple synthesis process, the poor mechanical
flexibility of PMMA limited the application of this material. In order to improve the mechanical
properties, PMMA was copolymerized with PVC47 or made into nanocomposites with porous
PDMS-CNT48 which lead to other advantages such as enhanced ionic conductivity as well. The
most widely used polymer in the current lithium-ion polymer battery technology is PVdF, which
contains strong electron-withdrawing C-F bonds leading to a net dipole moment. The resulting
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high dielectric constant of PVdF enables high concentration of charge carriers, leading to higher
ionic conductivity. A GPE system using PVdF with propylene carbonate and LiTFSI showed an
ionic conductivity of 1.74 x 10-3 S cm-1 at room temperature.49 Since PVdF has a semi-crystalline
structure, lithium ions can be absorbed into the PVdF matrix,50 and thus a gel polymer electrolyte
membrane with higher surface area such as microporous, interconnected membranes can possess
high ion concentration with more of them being “free” mobile ions.51 The ionic conductivity of
GPEs, however, is still lower than liquid electrolytes, which leads to further research effort such
as introducing nanosize fillers or ionic liquids to improve the performance of the lithium-ion
polymer batteries. Other difficulties that are delaying the application of Li-ion polymer batteries
to a wider range of products are the high cost, and slightly lower capacity values, compared to
liquid electrolyte systems.

2.4. Single-ionn Conducting Polymer Electrolytes
Another very important factor in the performance of electrolytes used in secondary
lithium batteries is the Li-ion transference number (t+). In the field of studying liquid electrolytes
and most of polymer electrolytes, binary ion conducting electrolytes are used, where an ion pair, e.
g. a cation and an anion, contributes to the ion conduction. However only lithium ions can
participate in the redox reactions happening at the electrodes and actually contribute to the
charging and discharging process. The counterions to Li+, which can be several anions such as
PF6-, ClO4- or TFSI- will accumulate near the anode forming a concentration gradient, in which
local concentration of anions will be highest near the electrode, slowly decaying as distance from
electrode increases (Figure 2-8).21,22,52,53 This leads to increase in the internal impedance of the
battery, where the high concentration of anions near the anode will exert attractive force on the
lithium cations migrating towards the cathode. The increased internal impedance will result in an

25
increase of iRtotal, which requires additional voltage in order to enable the redox reactions happen
at a suitable reaction rate. Since the applied voltage cannot be increased indefinitely, and must be
controlled according to the electrochemical window of the battery components, such as the
electrodes and electrolytes, eventually the current must be limited to suppress increase in iRtotal.
Therefore in applications where high power is required and thus larger currents should be used,
which further increases the salt concentraition gradient,53 the battery will be limited in chargedischarge capacity due to premature ending of charge and discharge at cut-off voltages to avoid
undesirable electrochemical side reactions. Additionally, with larger currents, precipitation of the
salt due to high local concentration of ions has been reported as well which can lead to serious
safety issues.
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Figure 2-8. Simulated salt concentration profiles across the cell during galvanostatic
discharge at the (a) C/6 rate (0.387 mAh / cm2) and (b) 3C rate.53

In theoretical and modeling studies, the possibility of a higher lithium transference
number being able to suppress the formation of lithium dendrites has been reported, where the
high local concentration of anions near the lithium metal electrode during the discharging process
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in low t+ systems were predicted to increase the growth speed of irregular lithium crystals at the
lithium metal electrode surface, leading to faster lithium dendrite growth.54,55
Due to the complexation of lithium ions with liquid molecules or polymer segments
containing atoms such as ether oxygens the effective size of lithium ions in an electrolyte is much
larger than the counteranions, which leads to a low t+ typically ranging from 0.2-0.4 in most
liquid electrolytes and polymer electrolytes. An ideal t+ value, especially for high power
applications would be unity.31
Several strategies have been attempted to control t+, and most of them were directed
toward the development of polymers with anionic sites anchored to the backbone through a
covalent linkage.56–60 In electrolyte systems comprising these ion-containing polymers, only the
cations contribute to the electrical current since anions are fixed to the polymer backbones and are
not able to migrate a significant distance at a reasonable time scale. These polymer electrolytes,
referred to as “single ion conducting polyelectrolytes”, however, show even lower conductivities
compared to the salt blended SPEs, due to the strong association of the Li ions to the anchored
anions, which results in restricted ion motion.61 Alternative approaches such as using bulky
counter ions or anion trap sites resulted in better conductivities, but the t+ values were well short
of unity, resulting in performance loss.62

2.4.1. Single-ion Conducting Polymers in Fuel Cells

2.4.1.1. Basic Concepts and History of Single-ion Conducting Polymers in Fuel Cells
Most of single-ion conducting polymers are ionomers, which have an ionic moiety
attached to the polymer by a covalent bonding. In the past decade, utilization of ionomers has
been performed mainly in the field of proton-exchange membrane (PEM) fuel cells, where the
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ionomer having an anion acted as an ion exchange membrane transporting protons from one
electrode to the other while separating the fuel from the oxidant (Figure 2-9).63–71 PEM fuel cells
were first developed in the early 1960s for a space program using sulfonated polystyrenedivinylbenzene copolymer membranes, which were too expensive and had a short lifetime due to
electrochemical stability issues.72 DuPont developed a perfluorinated polymer named Nafion as a
separator for chloro-alkali electrolyzers in the late 1960s which sparked interest in the application
of fuel cells for a wider range of products, which eventually spanned over automotive, stationary,
and portable power applications. Due to the recent focus of research efforts on sustainable power
sources, combined with their high energy density and good conversion efficiency, PEM fuel cells
have received strong interest, however they have not yet become widely commercialized.

Figure 2-9. Schematic illustration of a H2 / O2 fuel cell with an acidic electrolyte
membrane.66

In order to achieve high performance, a proton exchange membrane should have the
following characteristics:72
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(1) high protonic conductivity
(2) low electronic conductivity
(3) low permeability to fuel and oxidant
(4) low water transport through diffusion and electro-osmosis
(5) oxidative and hydrolytic stability
(6) good mechanical properties in both the dry and hydrated states
(7) cost
(8) capability for fabrication into membrane electrode assemblies (MEAs).

The integral factor for successful operation of most PEM fuel cells is the proton
conductivity, which is closely related to the content of water absorbed in the proton exchange
membrane. Water acts as a conducting media for the H+ ions, and therefore proton conductivity
decreases when water content becomes lower than a certain value. Proton conductivity decreases
yet again when water content becomes too high and dilutes the system leading to lower ion
concentration, therefore an optimal water uptake value exists for different membrane types. When
a membrane absorbs a large amount of water, excessive swelling can lead to loss in mechanical
integrity as well. Mechanical and dimensional stability is critical especially due to the fact that the
membranes must be incorporated into a tightly sealed, robust membrane electrode assembly
(MEA) as shown in Figure 2-10, where strength and ductility in the dry and wet states is
necessary in order to withstand the stress of electrode attachment. In applications such as
automotive products, a higher operation temperature and the subsequent low relative humidity
condition has several advantages including improved tolerance of the catalyst to carbon monoxide,
simplification of the cooling system, possible use of cogenerated heat, and improved electrode
reaction kinetics. The U.S. Department of Energy established a guideline of 120 °C and 50%
relative humidity as target operating conditions, while maintaining 0.1 S/cm for the proton

30
conductivity. Thus developing PEM fuel cells that can sustain high proton conductivity at lower
relative humidity (RH) conditions or non-aqueous systems have garnered interest recently.

Figure 2-10. Illustration of the membrane electrode assembly (MEA) (left) and a PEM
fuel cell stack comprising a number of single cells in series (right).66

Two types of PEM fuel cells have been investigated heavily, namely the polymer
electrolyte fuel cells (PEFCs), which use hydrogen as the fuel and air as the oxidant, and direct
methanol fuel cells (DMFCs) (Figure 2-11) which use methanol highly diluted in water as the fuel
and air as the oxidant, the latter which is mainly developed for portable applications. In DMFCs,
methanol can diffuse through the proton exchange membrane and react at the cathode reducing
the fuel efficiency significantly, therefore thicker Nafion membranes have been used to prevent
the methanol crossover, which however leads to increase in the overall impedance. Diffusion of
electro-osmosis of water results in excess of water at the cathode which leads to water
management issues as well. Therefore membranes with reduced methanol and water crossover are
required for DMFCs.66
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Figure 2-11. Schematic illustration of a direct methanol fuel cell (DMFC).

Proton exchange membranes should be chemically stable, since the HO and HOO radicals
formed in situ from the reaction of H2 and O2 with the noble metal catalyst on the anode and
cathode can cause oxidation of the polymer leading to polymer chain scission, loss of functional
groups or constituents. Hydrolytic stability is important in some cases where the polymer has
electrochemically susceptible functional units, in order to avoid chain degradation.66
Cost is another very important factor, especially since the automotive industry based on
gasoline has a long history and is thus very well established in the infrastructure and cost
efficiency so that in order for a fuel cell operated vehicle to be attractive in the market, the cost
should become significantly lower than the present level. The most costly component in the fuel
cell is the platinum catalyst in the cathode and many research efforts have been directed toward
the development of more cost-effective catalysts. However, the prevailing proton exchange
membranes such as Nafion are expensive as well, leading to need for designing membranes that
are more inexpensive and can be easily manufactured.
Nafion, which is the state-of-the-art material for PEM membranes, is highly proton
conductive when hydrated sufficiently and possesses excellent chemical stability towards
oxidation and hydrolysis, and thus comprises most of the commercially available membranes in
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pure, blended, or composite form. The chemical structure of Nafion is shown in Figure 2-12,
where perfluorinated side chains with perfluorosulfonic acid groups are attached to a Teflon
backbone. Although a detailed report on the synthesis and processing, even on the molecular
weight or exact chemical structure of Nafion has not been published, it is known to be
synthesized via a free radical copolymerization where unsaturated perfluoroalkyl sulfonyl
fluoride and their derivatives are the comonomers polymerized with tetrafluoroethylene.72 The
copolymer is extruded to form a membrane and later converted from melt processable sulfonyl
fluoride precursor to the sulfonic acid form by base hydrolysis. The comonomer sequence (y) is
assumed to be only one length unit since the sulfonyl fluoride unit in the copolymer is unlikely to
self-propagate under free radical conditions.

Figure 2-12. Chemical strucuture of Nafion.72

Currently, the widely commercialized grades of Nafion are 112, 115, 117 and 1110 grade,
which has an equivalent weight of 1100 and a thickness of 2, 5, 7, and 10 mil (1 mil = 25.4
microns). Equivalent weight (EW) is a term describing the ion content in a polymer which has the
units of grams of polymer per molar equivalent of ion conducting functionality, a reciprocal value
of the ion exchange capapcity (IEC) which is units of milliequivalents per gram of polymer. Since
different polymer backbone chemistry can lead to different masses in relation to the acid group, a
volume based EW or IEC may be more meaningful, however mass based values are used more
frequently.66 While various EWs of Nafion can be synthesized, the EW of 1100 is suitable for
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most applications due to the high proton conductivity, moderate swelling in water and mechanical
stability.72
However, additional to the aforementioned high synthesis and processing costs, the
thermal stability of Nafion is lacking due to the relatively low glass transition temperature, and
the high gas permeability of Nafion can lead to higher amounts of radical species formation from
the H2 and O2 reacting with the electrodes, resulting in membrane degradation. Several other
proton exchange membranes with similar perfluorosulfonate structures include Aciplex (Asahi
Chemical Company), Flemion (Asahi Glass Company), Gore-Select (W.L. Gore) and membranes
developed by the Dow Chemical Company and 3M, which share the same issues with Nafion.
Among several alternative chemical structures proposed for a proton exchange membrane
polymer, acid-functionalized aromatic hydrocarbon polymers have been extensively
investigated.70,72–75 The advantage of these polymers over Nafion and the other similar polymers
is the rigid, aromatic backbone which imparts high thermal stability, mechanical stability, and
reasonable chemical durability. Due to the ease of synthesis, most aromatic ionomers were
designed with aryl or alkyl sulfonic acid groups, however, these moieties have lower acidity
compared to superacidic groups such as perfluoroalkyl sulfonic acids, which leads to lower
proton conductivity than Nafion, particularly under conditions of high temperature and low
humidity.76 Recently, a few studies investigated the introduction of perfluoroalkyl sulfonic acids
into aromatic ionomers using different synthetic routes including the copper-catalyzed Ullmann
coupling reaction,77 and the Suzuki-Miyaura coupling with sulfonated phenyl bromides.78
Preparing halogen-substituted aromatic monomers with perfluoroalkyl sulfonate groups and the
subsequent condensation polymerization resulted in polyaromatic ionomers as shown in Figure 213 that could be formulated into proton exchange membranes with superior proton conductivity
and fuel cell performance compared to Nafion.79 Instead of employing a postfunctionalization
method of aromatic polymers to attach perfluorosulfonate moieties, polymerization of a ion
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containing monomer resulted in better control of the polymer structure and position of acid
groups.

Figure 2-13. Synthesis and chemical structure of polyaromatic ionomers synthesized with
perfluoroalkyl sulfonate monomers.79
The synthesis of an ionomer with a perfluorosulfonate pendant side chain and an aromatic
backbone using the aforementioned synthesis method and the proton exchange membrane
properties will be discussed in Chapter 3.
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2.4.1.2. Ion Conduction Mechanism of Single-ion Conducting Polymers in Fuel Cells
The high proton conductivity and water mobility of perfluorosulfonic acid ionomers can
be explained by the cluster-network model, as shown in Figure 2-14 (top).80

Figure 2-14. Schematic illustration of a Cluster-network model (top), and hydration and
proton conduction mechanism (bottom).80
Gierke proposed this model on the basis of small-angle X-ray scattering (SAXS) data81.
The ionomers were observed to have phase separated domains due to the contrast between the
highly hydrophilic sulfonic acid groups and the hydrophobic tetrafluoroethylene backbone. The
domain size was relatively small compared to some well known block copolymers, with ionic
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clusters having the size of 4~5 nm, which were interconnected as a network throughout the
hydrophobic matrix. Proton conduction was explained to occur through these interconnected
channels, while the semi-crystalline hydrophobic matrix was responsible for the sustained
mechanical stability at high water uptake.
There are mainly two types of proton conduction mechanisms, and it is explained to be
determined by the hydration number λ, which is ratio of the number of water molecules absorbed
per sulfonic acid group at the end of the side chains (λ = H2O/SO4–), as shown in Figure 2-14
(bottom)80,82,83. The Grotthus model explains the mechanism that takes place when the hydration
number is 4~14, in which proton is transported via hopping from one water molecule to the next.
This occurs as shown in a simplified manner in Figure 2-15, where the bond between the water
molecule and the proton is a hydrogen bond in nature, therefore transport can be very fast. The
vehicular model describes the mechanism for when the hydration number is 2~3, which
represents an environment with low water uptake by the polymer membrane. In this model proton
transport occurs via net transport of H3O+ or other aggregates of water and H+ which is relatively
slow compared to the Grotthus mechanism. This shows that water uptake in proton exchange
membrane is crucial in determining the ionic conductivity, where hydration numbers larger than 4
are necessary to ensure proton transport is carried out through the faster Grotthus mechanism.
While a larger hydration number is preferred, when it becomes larger than ~14, a free water
domain is formed which allows water transport and methanol crossover through the membrane
and excessive swelling, which can cause deterioration in overall fuel cell performance.
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Figure 2-15. Simplified illustration of the Grotthus mechanism.83

2.4.2. Single-ion Conducting Polymers in Lithium Ion Batteries
Since the cation and anion in a binary ion conducting electrolyte both contribute to ionic
conductivity, studying only the ionic conductivity of a electrolyte can be misleading since the
anion does not participate in the faradaic process at the electrodes, combined with the fact the
anion can be transported much faster that the cation in many lithium-based electrolytes. In 1985,
Shriver et al. studied solid polymer electrolytes which had only one mobile ion, either the cation
or the anion, in order to investigate the ac and dc electrical properties of the electrolytes both in
solid state and highly plasticized state with liquid poly(ethylene-glycol) (PEG).84 The ions were
attached to the polymer backbone or pendant group on the polymer, and an ionic conductivity of
10-5 S cm-1 at room temperature was achieved by a plasticized chloride ion conductor. In 2000,
Watanabe et al. prepared a single-ion conducting polymer electrolyte by blending polyether
polymers with a lithium poly(2-oxo-1-difuluoroethylene sulfonylimide) polymeric salt which had
high ionic dissociation due to strong electron withdrawing groups adjacent to the anionic sites, the
bulky anions delocalizing the anionic charge, and the approach of the lithium ion blocked by the
bulky anionic group.56 Although the solid-state electrolyte exhibited lithium ion conductivity of
only 10-6 S cm-1 at 100 oC, with the addition of ethylene carbonate acting as a plasticizer the ionic
conductivity reached 10-4 S cm-1 at room temperature. In 2001, Shriver et al. developed a
polysiloxane based single-ion conductor as shown in Figure 2-16, with a glass transition
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temperature of -67 oC and a room temperature ionic conductivity of 1.2 x 10 -6 S cm-1,57 and
Sadoway et al. prepared a block copolymer single-ion conductor in order to combine the
mechanical stability and high local chain mobility of two different polymer chains, resulting in a
polymer electrolyte with ionic conductivity of 10-5 S cm-1 at 35 oC when plasticized with
PEGDME.21 In 2006, Allcock et al. synthesized a polyphosphazene polymer with pendant
arylsulfonimide groups which exhibited room temperature ionic conductivity of 2.45 x 10-6 S cm-1,
and in the range of 10-3 S cm-1 when gelled with NMP.40 Runt and Colby published several
studies on the ionic conductivity and ion mobility of PEO-based ionomers with different
molecular weight, chemical structure, and cation type.58,60 The further development of singe-ion
conducting polymer electrolytes for lithium-ion batteries and their successful incorporation into in
battery cells will be discussed in Chapter 4.

Figure 2-16. Chemical structure of a single lithium-ion conducting polymer based on
polysiloxane.57
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2.5. Ionic Liquids as Electrolytes in Lithium Ion Batteries

2.5.1. Basic Concepts of Ionic Liquids
Ionic liquids are low-temperature molten salts, where the salts have a melting temperature
low enough that they can exist as liquids at room temperature. This is due to the weak ionic
bonding energy which originates from a large bulky cation and a charge-delocalized anion. The
flexibility of the anion and dissymmetry of the cation found in many ionic liquids lead to low
crystallinity.85 Being a fluid salt, ionic liquids have high ionic conductivity and are non-volatile.
Ionic liquids have great flexibility in design since there are a vast amount of structural variations
possible by switching cations or anions and the procedure for switching ions is relatively easy.
The most commonly used cations include imidazolium, pyrrolidinium and quaternary ammonium
ions and the anions include bis(trifluoromethanesulphonyl)imide, bis(fluorosulphonyl)imide and
hexafluorophosphate.85

Figure 2-17. Chemical structure of a typical ionic liquid, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMI-TFSI).85
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2.5.2. History of Ionic Liquids
Over a century ago, triethylammonium nitrate was identified as the first ionic liquid
which was a pure salt in a liquid form at room temperature, and in the 1930s a molten pyridinium
salt at 130 oC was reported in a patent application being used for the dissolution of cellulose.85 In
the field of nuclear fuel reprocessing, chloroaluminates existing as a liquid at low temperatures
were studied as the reaction medium, and among several ionic liquids comprising a positive
nitrogen cation, the ones with imidazolium were identified as the most electrochemically stable
ionic liquids. Among the anions, on the other hand, the interest in developing PEO-based polymer
electrolytes lead to research on anions that would render high dissociation from the cation, and
anions with delocalized negative charge and flexible structure were investigated heavily. Anions
such as bis(trifluoromethylsulphonyl)amide (TFSI) which has two electron-withdrawing CF3SO2−
groups conjugated and linked by flexible S–N–S bonds could then be combined with an
imidazolium cation, resulting in an ionic liquid with outstanding ionic conductivity and thermal
stability and very low volatility up to ~300–400 °C. Many ionic liquids including the
imidazolium-TFSI type were not miscible with water in spite of high polarity, which resulted in a
much wider application in the fields of chemistry. Since the ionic liquids can be recycled very
easily with minimal use of volatile organic compounds, they are utilized as „green‟ solvents in the
majority of well known organic reactions. The reaction products can be distilled off or extracted
with water or hydrocarbon solvents, according to which is immiscible with the ionic liquid.
Chemical and biological reactions and processes that previously failed were performed in ionic
liquid solvents, ranging from dissolution of cellulose to moisture sensitive electrodeposition, and
bioinspired catalysis or biofuel cells in which some enzymes show activity only in an ionic liquid
media. Especially in the field of energy devices such as PEM fuel cells, lithium batteries and
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supercapacitors, ionic liquids can be greatly beneficial when utilized as electrolytes due to their
low vapour pressure and flammability.85

2.5.3. Ionic Liquids Used in Fuel Cells
The prevailing PEM fuel cell technologies rely on water absorption by the membrane,
however since the recommended operating condition is high temperature and low RH, the interest
in developing non-aqueous fuel cell systems lead to investigation in ionic liquids as the ion
conducting media. The high thermal stability and excellent ionic conductivity can be utilized in
PEM fuel cell applications where the operating temperature can be well over 100 °C.86
The most widely studied imidazolium-based ILs impregnated in poly(vinylidenefluorideco-hexafluoropropylene) (PVDF-HFP) membranes exhibited ionic conductivities in the range of
10−4 to 10−3 S cm−1. Nafion impregnated with different ILs were reported to have anhydrous ionic
conductivity in the range of 0.001~0.1 S cm−1 at 100~200 °C.86 In an effort to utilize more
inexpensive membranes, hydrocarbon-based polymer membranes such as sulfonated poly(aryl
ether ketone) (SPAEK) and poly(ethyl ether ketone) (SPEEK) were formulated into composites
with various ILs, and an ionic conductivity of ~1×10−2 S cm−1 was reported at 180 °C Park et al.
developed a block copolymer system with nanostructured ion conduction pathways which
exhibited higher ionic conducitivities than the non-ordered counterparts, reaching 45 mS / cm-1 at
135 oC.86
Importantly in these membranes, the proton is transported by an imidazole or an amine,
instead of H2O, and the pH increases from 7 to 11 which opens up new possibilities in terms of
catalyst designs, with the ultimate goal of replacing platinum, since the media becomes less acidic
compared to that with the perfluorosulphonic membrane. The high cost and scarcity of platinum
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used as a catalyst is considered a major hurdle to the widespread commercialization of this
technology.

2.5.4. Ionic Liquids Used in Lithium Ion Batteries
While the flammability and volatility of the organic carbonate solutions used as
electrolyte solutions in the conventional battery systems lead to serious safety issues such as
excessive swelling, thermal runaway and unwanted electrochemical side reactions, IL-based
solutions are inflammable and generally stable up to 300~400 oC. Combined with the endless
possibilities of molecular design which can fit into various systems, ILs are very attractive
candidates as innovative electrolytes for lithium ion battery electrolytes. While much research
effort is being put into the study of ILs as feasible electrolyte materials, their successful
application in real life products such as electric vehicles requires much further investigation into
the basic physical and chemical properties.23 The structure of the IL/electrode interface is still not
clearly known and IL-based solutions are electrochemically unstable at reducing voltages such as
when lithium metal or graphite is used as the anode material. For example, one of the more
heavily studied ionic liquids, ethylmethylimidazolium (EMI), possesses an acidic C2 proton that
results in reduction below 1.3 V vs. Li+/Li. Whether this instability originates from the reactivity
of certain chemical groups on the IL cation‟s structure or of residual impurities in the ionic liquid
has yet to be fully discovered.23 The organic ionic-liquid cations are expected to be prone to
reduction since the average electro negativity of an ion based on carbon, hydrogen or nitrogen
cannot be as low that of Li+ or K+, while the potentials at the electrode are very low as to be
suitable for deposition of these alkali-metals. However, it has been discovered that the cation
possesses a kinetic metastability and a protective, passivating layer forms on the electrode such as
in the case of carbonate based organic solvents.87 Half-cells or full batteries using several ionic
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liquid electrolytes (especially the ionic liquids with TFSI anions) have been reported to operate
well with graphite and lithium metal anodes, in spite of the well known possibility of lithium
dendrite formation in systems using organic carbonate solutions. Graphite is prone to similar
issues where solvent molecules can cointercalate into the grapheme layers and cause exfoliation
with large release of heat, however several ionic liquids seem to be free of this issue, due to the
ionic liquid anions solvating lithium cations that need much lower potentials to cointercalate. LiSi electrodes with high capacity (~2,000 mAh g−1) also were reported to work well in contact with
ionic liquids, and modifying the cations and anions to others such as quaternary ammonium or
[(FSO2)2N]− were reported to allow fine-tuning of the interfacial interactions at the electrode and
SEI formation. Ionic liquids have potential to be utilized in high voltage batteries, such as with
LiMn1.5Ni0.5O4 and LiMnPO4 cathode materials as well, due to their high oxidative stability.
Potentially, Li-air batteries which have exceptionally high energy density can greatly benefit from
ionic liquids as an electrolyte due to their hydrophobicity, since the moisture in the air used as the
oxidant can cause unwanted reactions at the lithium metal anode when penetrated through the
electrolyte, although dissolved lithium salts can cause the electrolyte to becomes moisture
sensitive, which is an issue that needs to be addressed.23 Overall ionic liquids are very appealing
for the design of safe and high energy density batteries. One important issue that needs to be
clarified is the inflammability of ionic liquids, which recently was verified not to be true.88,89 The
low vapor pressure and high thermal stability has made ionic liquids to appear as inflammable,
but several studies discovered opposite cases as shown in Figure 2-18. Combined with the fact
that several additives are incorporated into the system in order to enhance the battery performance,
accurate flammability tests are necessary to ensure the safety of these systems, especially when
anticipated to be placed in harsh environments.90,91
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Figure 2-18. Changing flammability when carbonate solutions are added to a N-propyl-Nmethyl pyrrolidinium-TFSI ionic liquid (PYR13-TFSI)91 (top, middle), char structure from
combustion of 1-butyl-2,3-dimethylimidazolium dicyanamide (DMBI-N(CN)2)89
(bottom).

The use of a relatively unknown ionic liquid, 1-butyl-3-methylimidazolium thiocyanate
(BMIM-SCN) impregnated in a poly(arylene ether) perfluorosulfonate-based ionomer as a
polymer electrolyte for lithium-ion batteries will be discussed in Chapter 5.

Chapter 3
The Effect of Different Side Chain Structures of Proton Exchange Membrane
Polymers on Proton Transport Properties

3.1. Introduction
Polymer electrolyte membrane (PEM) fuel cells have been one of the most promising
candidates for next generation energy producing technology, due to their high energy density,
high conversion efficiency and environment friendly characteristics.63–68 The main issue related to
the commercialization of this technology has been to find an appropriate polymer electrolyte
material, satisfying all the requirements for a fuel cell to operate in various conditions. Nafion, is
the state-of-art material so far, with high proton conductivity and good chemical and mechanical
stability when fully hydrated at moderate temperatures.80 However, Nafion membranes are
relatively expensive, and difficult to modify due to the chemical structure. Furthermore, when
exposed to high temperature (> 100 oC), the performance of Nafion membranes in a fuel cell
system becomes much lower due to the low glass transition temperature of Nafion (ca. 110 oC),
which results in poor mechanical stability. Consequently, ion-containing polymer materials with
aromatic backbones have been under intensive research, which are more easily accessible, and
have high glass transition temperature and good mechanical, thermal and chemical stability.70–
75,92–94

The majority of aromatic ionomers investigated as proton conducting membranes so far

have utilized hydrocarbon side chains to attach the sulfonic acid groups onto the aromatic
backbone. These hydrocarbon acid groups have relatively weak acidity which results in higher
dissociation energy of the protons and thus hindered proton transport as compared to the
perfluorinated sulfonic acid groups, i.e. superacids, which are present in Nafion as side chains.76
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Recently, the Wang group reported the synthesis and extraordinary transport properties of
a series of new ionomers that possess the advantages of both hydrocarbon aromatic ionomers and
perfluorosulfonate ionomers, through coupling of perfluoro-alkyl sulfonic acids as side chains
with aromatic monomers and subsequent condensation polymerization.79 This prompted an
interest in investigating the effect of side chain structure on the transport properties of polymer
electrolyte membranes by comparing polymers which have a similar backbone structure and
different side chains. Chang et al.78 applied a novel sulfonation method involving borylation of
polystyrene and coupling with sulfonated phenyl bromides, in order to incorporate sulfonic acid
groups with different acidity and investigate the effect on proton-conducting properties. In this
study, poly(ether ether ketone), which is well known for its mechanical, thermal and chemical
stability, was chosen as the backbone structure, while a sulfonic acid group was attached 1)
directly, 2) with a perfluoro-alkyl side chain, 3) or with a hydrocarbon side chain, respectively, in
order to investigate the difference in proton transport properties according to side chain structures.

3.2. Results and Discussion

3.2.1. Polymer Synthesis
The polymers were synthesized as illustrated in Scheme 3-1. Polymer 1P, also known as
sulfonated polyether ether ketone (SPEEK), was prepared via sulfonation of polyether ether
ketone (PEEK), while Polymer 2P (PEEK-HPFS) and 3P (PAE-HPS) were prepared via
condensation polymerization.
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Scheme 3-1. Chemical synthesis of the proton exchange membrane polymers.

2,2-Tetrafluoro-2-(2‟,3‟,5‟,6‟-tetrafluoro-phenoxy)ethane sulfonate (monomer 2) was
synthesized with a reaction condition involving cesium carbonate, slightly modified from the
method used in a previous work,95–97 via the nucleophilic substitution of 1,2dibromotetrafluoroethane with phenols carrying halide groups and subsequent reduction reaction
of perfluoro-alkyl bromide by sodium dithionite followed by oxidation with hydrogen peroxide to
yield perfluorinated sulfonate groups.79 The chemical structure of the monomers were confirmed
by NMR and elemental analysis, and the NMR spectra of monomer 2 is shown in Figure 3-1.
Subsequent polymerization with bis(4-hydroxyphenyl)methanone yielded a polymer with a
perfluoro-alkyl sulfonic acid group functionalized on a polyether ether ketone backbone.
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Figure 3-1. 1H NMR (the inset) and 19F NMR spectra of the monomer 2.

Sodium 3-(2,3,5,6-tetrafluorophenoxy)propane-1-sulfonate (monomer 3) and 4,4‟dihydroxybiphenyl underwent polycondensation resulting in a polyarylene ether polymer
functionalized with an alkyl sulfonic acid group. Polycondensation conditions were carefully
controlled in order to avoid branching and crosslinking of the polymer chains, which occurred
due to the four active fluorines that could be attacked by the nucleophilic phenolate group. It was
found that the degree of nucleophilic substitution of fluoride groups in the perfluorosulfonate
monomer by phenolates can be readily controlled by adjusting the reaction temperature. It has
been found that only the first two phenyl fluorides of monomer 2 are reactive when temperature is
below 145 oC, yielding a linear polymer that is soluble in polar aprotic solvents such as
dimethylformamide (DMF) and N-methylpyrrolidone (NMP). The remaining fluorines show
much lower reactivity and are only substituted above 160 oC, which is probably attributed to the
deactivation effect from the electron-donating ether oxygens. The fluorines left in polymer
backbone are anticipated to afford chemical and thermal stability to the polymer normally
associated with fluoropolymers.
Polycondensation with monomer 3 and bis(4-hydroxyphenyl)methanone was
unsuccessful, which resulted in a polymer that was soluble in water even with high reaction
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temperature and long reaction time. An important reason for the failed polymerization should be
the absence of fluorine groups on the side chain, that give an additional electron-withdrawing
effect on the phenyl ring such as in monomer 2, which presumably resulted in less reactivity of
the four fluorine atoms and thus a more difficult environment for nucleophilic attack. Therefore
polycondensation with 4,4‟-dihydroxybiphenyl was attempted, which should form a stronger
nucleophilic phenolate than bis(4-hydroxyphenyl)methanone, having a electron-withdrawing
ketone group. This reaction resulted in a polymer that could be precipitated in water in its acid
form. The 1H NMR and 19F NMR spectra of the polymers are shown in Figure 3-2, 3-3, and 3-4.

Figure 3-2. 1H NMR spectrum of 1P, sulfonated polyether ether ketone (SPEEK).

Figure 3-3. 1H NMR and 19F NMR spectrum of polymer 2P (PEEK-HPFS).
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Figure 3-4. 1H NMR (top) and 19F NMR (bottom) spectrum of 3P (PAE-HPS).

Table 3-1. Characteristics of Proton Exchange Membranes

a

Polymer

IECa (meq/g)

Water Uptakec
(wt. %)

Λ

σc (mS/cm)

D (cm2/s)

1P

1.82

46%

14.0

68

8.6x10-6

2P

1.75

28%

8.9

82

1.05×10-5

3P

2.30b

-d

-d

64

-d

Nafion

0.91

29%

17.7

83

1.51x10-5

Calculated from tritation. bCalculated by 1H-NMR data analysis cMeasured after equilibration
with de-ionized water at 30 oC. dUnable to measure due to excessive swelling in water
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3.2.2. Membrane Characteristics and Proton Transport Properties
Table 3-1 summarizes water uptake characteristics and transport properties of the proton
exchange membranes prepared from the three polymers, including those of Nafion as a
comparison. The membrane prepared from 2P (PEEK-HPFS) shows lower water uptake
compared to those of 1P and 3P, which should be a combined effect of lower IEC and the
increased hydrophobicity due to the increased amount of fluorine atoms on the backbone and the
side chain. Among the three polymers, 2P shows the best proton conductivity, which is very close
to that of Nafion in water at room temperature. Although 1P (SPEEK) and 2P (PEEK-HPFS)
have relatively similar values of IEC, the proton conductivity and proton diffusion coefficient of
the membrane prepared from 2P is significantly higher than that of 1P, indicating the effect of the
pefluorinated side chains increasing the acidity of the sulfonic acid group, enabling more protons
to exist in the membrane as free ions.78,98 This effect is further demonstrated by the low
conductivity of the membrane prepared from 3P, which has the lowest conductivity in spite of its
high IEC and high water uptake.
Proton conductivities of the ionomer membranes according to relative humidity and
temperature are illustrated in Figure 3-5, and Figure 3-6, respectively. The membrane prepared
from 2P (PEEK-HPFS) showed proton conductivity comparable to that of Nafion over a wide
range of relative humidity, e.g. 1.8 mS / cm of 2P versus 3.1 mS / cm of Nafion at 30% RH and
80 oC. Both 1P and 3P showed lower proton conductivity, especially more than a magnitude
lower when the relative humidity was less than 50 %. Abruptly decreasing conductivity with
decreasing RH has been found in many cases of hydrocarbon aromatic ionomers.93
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Figure 3-5. Humidity dependence of the proton conductivity for proton exchange
membranes at 80 oC.

Figure 3-6. Temperature dependence of the proton conductivity for proton exchange
membranes in water.

The temperature dependence shows a similar trend, where the membrane prepared from
2P (PEEK-HPFS) has proton conductivity nearly identical to that of the Nafion membrane at low
temperature, while as the temperature increases the 2P membrane conductivity exceeds that of
Nafion, with a value of 142 mS / cm at 70 oC in water, compared to 129 mS / cm of Nafion. The
1P (SPEEK) membrane shows proton conductivity approximately 15 mS / cm less than Nafion
over the entire range of temperature measured. The 3P (PAE-HPS) membrane could not be
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measured, since in water at high temperature the membrane underwent excessive swelling that
deteriorated the mechanical stability of the membrane, making it impossible to measure the
proton conductivity with the in-plane conductivity cell.

3.3. Summary
In conclusion, a new ionomer was synthesized incorporating a highly acidic perfluoroalkyl sulfonate side chain structure into a poly(ether ether ketone) backbone, and the membrane
characteristics and proton transport properties of ionomers that have similar backbone structures
but different side chains were compared. The perfluorosulfonate ionomer showed the highest
proton conductivity, comparable to or slightly higher than that of Nafion, over a wide range of
temperature and relative humidity, although having the lowest water uptake among the three
ionomers. This indicates the positive effect of perfluorinated side chains on the proton transport
properties of polymer electrolyte membranes using these types of ionomers, which can serve as
an important target of future research.

3.4. Experimental

3.4.1. Materials
1,2-dibromotetrafluoroethane (99%) was purchased from SynQuest Laboratories Inc. and
used as received. PEEK-450G polymer was kindly provided by Victrex. All other chemicals were
obtained from Sigma-Aldrich and used without further purification unless otherwise noted.
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3.4.2. Synthesis of 2’-Bromotetrafluroroethoxy 2,3,5,6-Tetrafluorobenzene
2,3,5,6-tetrafluorophenol (10 g, 0.06 mol) was dissolved in anhydrous dimethylsulfxoide
(75 mL) and added to a 250 mL three-neck flask containing dry cesium carbonate (29.3 g, 0.09
mol), fitted with a refluxing condenser and a dropping funnel. 1,2-dibromotetrafluoroethane (23.4
g 0.09 mol) was added dropwise and the mixture was stirred at 35 oC for 6 h and 50 oC for 10 h
under argon. After cooling to room temperature, the mixture was poured into a mixture of
dichloromethane (100 mL) and water (150 mL) and stirred vigorously for 30 min. The organic
phase was separated and the aqueous phase was extracted with dichloromethane (2  50 mL).
The two organic phases were combined and washed with water (2  50 mL), brine (50 mL) and
dried over MgSO4. The solvent was removed under reduced pressure, and the residue was dried at
60 oC in vacuo overnight to give a light yellow liquid (16.8 g, 81 %). 1H NMR (d6-DMSO, ppm):
δ 8.1 (m, 1H, Ar-H). 19F NMR (d6-DMSO, ppm): δ -71.4 (s, 2F, -CF2Br), -86.8 (s, 2F, -OCF2-), 133.5 (s, 2F, Ar-F), -151.9 (s, 2F, Ar-F).

3.4.3. Synthesis of Sodium 1,1, 2,2-Tetrafluoro-2-(2’,3’,5’,6’-tetrafluoro-phenoxy)ethane
Sulfonate (Monomer 2)
In a 250 mL one-neck flask fitted with a refluxing condenser were added 2‟bromotetrafluroroethoxy 2,3,5,6-tetrafluoro benzene (10.4 g, 0.03 mol), NaHCO3 (5.9 g, 0.07
mol), Na2S2O4 (12.5 g, 0.7 mol) and a mixture of water (110 mL) and acetontrile (55 mL). The
mixture was stirred at 70 oC for 12 h under argon. After cooling to room temperature, the organic
phase was separated and the aqueous phase was extracted with ethyl acetate (2  50 mL). The two
organic phases were combined and washed with brine (2  50 mL) and dried over MgSO4. The
solvent was removed under reduced pressure, and the waxy white solid residue was dissolved in
acetone (10 mL), to be precipitated in an excess of hexane. The precipitate was filtered and dried
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under vacuum at 60 oC for 12 h to give Sodium 1,1,2,2-tetrafluoro-2-(2’,3’,5’,6’- tetrafluorophenoxy) ethane sulfonate (8.4 g). This was dissolved in a mixture of hydrogen peroxide aqueous
solution (32 %) (10 mL) and water (15 mL) in a 100 mL one-neck flask. The mixture was stirred
at room temperature for 10 h, and the solvent was removed under reduced pressure. The white
solid residue was dissolved in acetone and precipitated from hexane. The precipitate was filtered
and dried under vacuum at 100 oC overnight (7.9 g, 71%). 1H NMR (d6-DMSO, ppm): δ 8.1 (m,
1H, Ar-H). 19F NMR (d6-DMSO, ppm): δ -82.7 (s, 2F, -OCF2-), -117.8 (s, 2F, -CF2-SO3H), 138.9 (s, 2F, Ar-F), -152.7 (s, 2F, Ar-F). Elemental analysis calculated: C, 26.1; H, 0.3; F, 41.3;
O, 17.4; S, 8.7. Found: C, 26.0; H, 0.3; F, 41.2; O, 17.5; S, 8.7.

3.4.4. Polymerization of PEEK-HPFS (Polymer 2P)
Bis(4-hydroxyphenyl)methanone (2.14 g, 0.01 mol), K2CO3 (5.6 g, 0.04 mol), anhydrous
DMAc (30 mL) and toluene (30 mL) were added to a three-neck flask equipped with a DeanStark trap under argon. The mixture was heated at reflux for 2 h in order to remove the
toluene/water azeotrope. Monomer 2 (3.68 g, 0.01 mol) was added to the flask, and the reaction
was stirred at 145 oC for 24 h under argon. After cooling to room temperature, the mixture was
precipitated in water, collected by filtration and washed thoroughly with water. The resulting
polymer was immersed in 3 N HCl aqueous solution at 40 oC for 24 h to be converted from
sodium salt form to acid form. After being washed thoroughly with water, the product was dried
under vacuum at 80 oC overnight.
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3.4.5. Synthesis of Sodium 3-(2,3,5,6-Tetrafluorophenoxy)propane-1-sulfonate (Monomer 3)
2,3,5,6-tetrafluorophenol (5g, 0.03 mol) dissolved in 10 % NaOH aqueous solution (40
mL) was added to a one-neck 250 mL flask. 1,3-propane sultone (12.2 g, 0.1 mol) dissolved in
dioxane (40 mL) was added to the mixture, and the mixture was stirred at room temperature for 8
h. The solvents were removed under reduced pressure, and the residual solid was recrystallized in
water to give a white powder (7.6 g, 82%). 1H NMR (d6-DMSO, ppm): δ 7.6 (m, 1H, Ar-H), 4.3
(m, 2H, -CH2-SO3Na), 2.6 (m, 2H, -OCH2-), 2.1 (m, 2H, -CH2CH2CH2-). 19F NMR (d6-DMSO,
ppm): δ -140.9 (s, 2F, Ar-F), -157.5 (s, 2F, Ar-F).

3.4.6. Polymerization of PAE-HPS (Polymer 3P)
4,4‟-dihydroxybiphenyl (1.86 g, 0.01 mol), K2CO3 (5.6 g, 0.04 mol), anhydrous DMAc
(20 mL) and toluene (15 mL) were added to a three-neck flask equipped with a Dean-Stark trap
under argon. The mixture was heated at reflux for 2 h in order to remove the toluene/water
azeotrope. Monomer 3 (3.68 g, 0.01 mol) was added to the flask, and the reaction was stirred at
180 oC for 16 h under argon. After cooling to room temperature, the reaction mixture was poured
into a mixture of toluene and hexane (1:1, v/v). After the supernatant solution was removed, the
remaining viscous liquid was treated with a 3 N HCl solution, followed by filtration and washing
carefully with cold water.

3.4.7. Synthesis of SPEEK (Polymer 1P)
PEEK (10 g) was slowly added to concentrated sulfuric acid (100 mL) at room
temperature while stirring constantly for 72 h. The resulting polymer was precipitated in
deionized water (500 mL) and filtered and washed thoroughly with water.
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3.4.8. Membrane Preparation
Polymer 1P (500 mg) was dissolved in dimethylacetmide (5 mL) after stirring for 24 h.
The polymeric solution was filtered through a syringe filter (0.45 micron) and cast on a glass
plate (3 1/4 in. x 4 in.), then dried in air at 75 oC for 12 h. The resulting thin film was peeled off
after immersing in water, and treated with 1 M HCl aqueous solution at 60 oC for 0.5 h, and then
at room temperature for 4 h. After washing with DI water thoroughly, the thin film was boiled in
DI water for 1 h. Polymer 2P (400 mg) was partially dissolved in DMAc (12 mL). The mixture
was dried in air at 75 oC for 6 h, and the wet solids were placed between two Teflon sheets and
hot-pressed at 180 oC into a 140-160 μm thick film. The film was immersed in boiling DI water
for 4 h, and then boiled in 1 M HCl aqueous solution for 4 h. After washing with DI water
thoroughly, the thin film was again boiled in DI water for 1 h. Polymer 3P was prepared by a
solvent-casting method similar to that of 1P.

3.4.9. Physical and Analytical Measurements
1

H and 19F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument

with tetramethylsilane as internal reference. TGA was performed on a TA instruments model
2950 at a heating rate of 10 oC/min. DSC was performed on a TA Instruments model Q100 at a
heating rate of 10 oC/min. In-plane proton conductivity (σ) of the membranes was measured by
two-probe AC impedance method. Impedance data was acquired using Solartron 1260
impedance/gain phase analyzer with an ac voltage amplitude of 10 mV over the frequency range
from 10 to 100 k Hz. Proton conductivity measurements were performed under different
temperatures and humidity conditions, which were controlled by an ESPEC SH240
environmental chamber (80 oC). The proton diffusion coefficient (D) was calculated from the
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following equation, D=RTσ/F2C(H+) (1), Where R is the gas constant, T is the absolute
temperature, F is Faraday constant, and C(H+) is the concentration of the proton ions.99

3.5. Recommendations for Future Work
The condensation polymerization of the perfluorosulfonate monomer requires special
attention, where the polymerization temperature has to be carefully monitored and modified
according to different monomers such as in the case of polymer 3P. When the reactivity of the
monomer changes the polymerization temperature must be adjusted to compensate for the
increase or decrease of reactivity, since a too low temperature will result in oligomerization or
low polymer molecular weight, while a too high reaction temperature will lead to extensive
crosslinking during polymerization. Designing more consistent and stable synthetic routes shall
be beneficial in the use of this perfluorosulfonate monomer as components of high performance
polymers in the future.
A detailed electron microscopy study shall further increase the understanding in the effect
of different side chains on the properties of proton exchange membranes. Transmission electron
microscopy (TEM) studies can elucidate the different phase separation behavior between
hydrophilic and hydrophobic domains, according to the length, rigidity, and acidity of the
sulfonic acid pendant groups.

Chapter 4
Poly(arylene ether) Based Single-Ion Conducting Polymer Electrolytes for
Lithium-Ion Batteries

4.1. Introduction
Lithium-ion batteries have been the technology of choice as rechargeable energy storage
devices for portable electronics, stationary grids and hybrid/electric vehicles.3,23 Electrolytes that
conduct electricity by ions between electrodes constitute an integral part in lithium-ion
batteries.17,32,100 Nearly all of liquid and polymer electrolytes that currently prevail in both
prototype and commercial lithium-ion batteries have been binary salt conductors where both
lithium ions and their counter-anions migrate between electrodes during charging and discharging
process.17,31,101 The conductivity of binary salt conductors is actually dominated by the motion of
anions, as anions of salt have very high mobility and move 5-10X faster than Li+ regardless of the
choice of anion. The lithium ion transference number (tLi+) is a dimensionless parameter that
denotes the fraction of current carried by lithium ions to the overall charge transport across the
cell. For polymer electrolytes composed of the Li salts (e.g. LiXF6, X = P, As, Sb) dissolved in
coordination polymers, such as poly(ethylene oxide) (PEO), a typical value of tLi+ is between 0.2
and 0.3, i.e., only 20-30% of the measured conductivity is associated with Li+ mobility.18,19 There
is, however, no electrode reaction for the anions. As a result, the buildup of the anions at the
electrode/electrolyte interface causes concentration polarization, leading to loss of power drawn
from the battery. Hence, the free movement of anions needs to be limited or totally eliminated,
which has been realized by covalent attachment of the anions to the polymer backbones to form
single ion conductors (i.e. ionomers).102 Due to the size and relatively immobile nature of the
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polymer chains, only cations are able to migrate over long distances in the solid state on
reasonable time scales, and a unity tLi+ can be achieved in single-ion conductors. The advantages
of the employment of single-ion conductors in batteries have been long recognized theoretically,
most notably the elimination of salt concentration gradient and polarization loss in the cell that
develops in a binary salt system, resulting in substantial improvements in materials utilization for
high power and energy densities.20,22 The theoretical advantages also include a spatially uniform
anion distribution that enables the passage of larger currents through the cell, and lower joule heat
per unit of current that lessens the chance of thermal runaway, and the absence of electrochemical
interactions of anions with electrodes for improved stability.21
Several classes of single-ion conductors have been reported in the past, however, with
modest success, as this approach significantly depresses the overall electrolyte
conductivity.58,62,84,103–113 It has been widely accepted that ion conduction in polymer electrolytes
is strongly correlated with the local segmental motion and thus with the glass transition
phenomena of the polymers.19 Consequently, the most known solid-state single-ion conductors in
the past were based on low-glass transition temperature (Tg) polymers such as PEO.101 These
approaches so far only result in limited improvement in room-temperature ionic conductivity.
Until recently, the solid-state single-ion electrolytes reported have shown ambient temperature Li+
conductivities typically in the range of 10-7~ 10-5 S cm-1,101,111,112 which are at least one order of
magnitude smaller than the conductivity required for practical applications. Moreover, the
utilization of the low-Tg polymers may sacrifice the mechanical integrity and thermal stability of
the membranes, which is an additional hurdle for the single-ion conductors as they are also
demanded to play the role of separators between the electrodes. More recently, single-ion
conductors are derived from the self-assembled block copolymers, which contain PEO segments
as the ionic conductor block and the polystyrene or polymethacrylate block providing mechanical
reinforcement.111 A conductivity value of 1.3 x 10-5 S cm-1 at 60 oC has been achieved in

61
polystyrene-b-PEO-b-polystyrene triblock copolymers, wherein lithium
bis(trifluoromethane)sulfonamide (LiTFSI) was covalently grafted to the polystyrene blocks.111 A
group of single-ion conductors comprising poly(ethylenimine)-based polymer blends has been
reported to show a state-of-the-art conductivity of 4 x 10-4 S cm-1 at ambient temperature.114
Another class of single-ion conductors is gel polymer electrolytes, which have been reported to
display ionic conductivities of 10-6 ~ 10-3 S cm-1 at room temperature.56,115–123 Watanabe et al.
reported a blend of polymeric lithium salts and polyether networks which reached an ionic
conductivity of 10-4 S cm-1 when plasticized with ethylene carbonate (EC).56 Recently, gel
polymer electrolytes based on polysiloxane,115 polymeric lithium (phenylsulfonyl)imide salts116,117
and polymeric lithium borate salts118 have been reported to possess ion conductivities in the range
of 10-4 ~ 10-3 S cm-1 at room temperature. Battery coin cells utilizing polymeric lithium borate
salts as gel polymer electrolytes were tested in terms of the cycling performance at elevated
temperatures.119 Cheng et al. prepared a porous single ion polymer electrolyte from a lithium
poly(4-styrenesulfonyl(phenylsulfonyl)imide) polymer which exhibited an ionic conductivity of
6.3 x 10-3 S cm-1 at room temperature containing a solvent mixture of EC and propylene carbonate
(PC).117
This work consists of the synthesis and characterization of single-ion conductors based on
high-Tg aromatic poly(arylene ether)s with pendant lithium perfluoroethyl sulfonates, which
possess characteristics of solid and liquid electrolytes. The prepared single-ion conductors soaked
with organic carbonates exhibit excellent conductivities over a wide temperature range, i.e. 3.1
and 0.74 x 10-3 S cm-1 at 25 and -20 oC, respectively, and excellent electrochemical properties,
while maintaining outstanding mechanical and thermal stabilities to serve as both separator and
conductor between electrodes in the battery cells. The single-ion conducting feature of the
membrane has been investigated and remarkable battery performance has been demonstrated in
the cells assembled from the prepared single-ion conductors at room temperature.
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4.2. Results and Discussion

4.2.1. Polymer Synthesis
Inspired by the structure of Nafion, strong acidic perfluorosulfonated groups were
deliberately introduced in the poly(arylene ether) based ionomers to promote dissociation of the
lithium cation for high conductivity. The synthesis of PAE-LiPFS, an aromatic high-Tg
poly(arylene ether) based lithium single-ion electrolyte, is outlined in Scheme 4-1. The monomer,
sodium 2-(2‟,3‟,5‟,6‟-tetrafluorophenoxy)perfluoroethane sulfonate (TFP) was prepared via a
synthetic route described in chapter 3.2.1. The synthesis of PAE-LiPFS includes the
polycondensation of TFP with hydroquinone and 4,4‟-biphenol followed by ion-exchange with
lithium salt. The chemical structure and composition of the polymer, which has several possible
structures at each repeating unit according to which fluorine atoms are substituted during the
polymerization, have been confirmed by 1H and 19F NMR (Figure 4-1) and elemental analysis.
Differential scanning calorimetry (DSC) of PAE-LiPFS revealed a Tg of 245 oC in dry state, and
70 oC in wet state, saturated with diethyl carbonate, ethylene carbonate and propylene carbonate
(DEC+EC+PC, 1:1:1 by volume, 92 wt% uptake by polymer) as shown in Figure 4-2. It should
be noted that there could be another glass transition temperature of the PAE-LiPFS polymer
slightly above 70 oC in dry state originating from segmental motion of the side chains, less rigid
than the aromatic backbone, which is not clearly apparent, such as in the case of Nafion. Thermal
gravimetric analysis (TGA) of PAE-LiPFS revealed an onset degradation temperature of 352 oC
(Figure 4-3).
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Scheme 4-1. Synthetic route of polymerization of PAE-LiPFS.

Figure 4-1. 1H and 19F NMR spectra of PAE-LiPFS.
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Figure 4-2. 2nd DSC curve of the PAE-LIPFS film saturated with DEC+EC+PC (1:1:1 by
volume, 92 wt% uptake by polymer).

Figure 4-3. TGA curve of the porous PAE-LiPFS film in dry state (black), and saturated
state (red) with DEC+EC+PC (1:1:1 by volume, 92 wt% uptake by polymer).
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4.2.2. Membrane Preparation and Characterization
Thin films with a thickness of around 45 µm were cast from a mixture of PAE-LiPFS and
poly(ethylene glycol) dimethyl ether (PEG) (30 wt%) in DMF. Subsequent extraction of PEG
from the films by water gave rise to a microporous film. It has been documented that a pore size
of less than 1 m is most beneficial for Li-ion batteries to avoid both lithium dendrite formation
and solvent leakage.124,125 As evidenced by scanning electron microscopic (SEM) micrographs
shown in Figure 4-4, interconnected hollow channels with a width range of 0.3-0.6 µm are
uniformly distributed in the membrane. The porosity was estimated to be 47 wt% on basis of the
film density.

Figure 4-4. SEM images of the porous film (scale bars, 2 µm).

Since the polymer has a hydrophobic fluorinated aromatic backbone, the inner surface of
the channels is presumably rich in lithium perfluoroethyl sulfonate groups owing to their great
affinity for PEG and water during the formation of pores. Accordingly, these channels are highly
ionic and capable of rapidly absorbing and retaining a large fraction of water and polar organic
solvents. For instance, the porous film can absorb >90 wt% water in 10 s or >85 wt% the mixture
of DMC+EC (1:1 v/v) in 15 s. As shown in Figure 4-5, while the PAE-LiPFS does not absorb a
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significant amount of the solvent mixture (DEC+EC+PC, 1:1:1 by volume) as a non-porous film,
the porous PAE-LiPFS membrane absorbs up to more than 120% of its own weight.

Figure 4-5. Comparison of solvent (DEC+EC+PC, 1:1:1 by volume) uptake by the porous
PAE-LiPFS film and the non-porous PAE-LiPFS film.

One striking feature is that, even with considerable absorption of solvents, PAE-LiPFS
membrane is still able to maintain excellent mechanical properties with free-standing, flexible and
ductile film quality. A photograph of the PAE-LiPFS film with an uptake of 92 wt% of the
mixture of DEC+EC+PC (1:1:1 by volume) is shown in Figure 4-6. The mechanical evaluation of
the organic carbonate soaked PAE-LiPFS film reveals a Young‟s modulus of 310 MPa and a
tensile strength of 11.7 MPa. These values signify a drastic improvement in comparison with
traditional polymer electrolytes, e.g. a porous PVDF film with a similar porosity (~48%)
saturated with DEC+EC+PC (1:1:1 by volume) has a Young‟s modulus of 12.2 MPa and a tensile
strength of 3.9 MPa. The outstanding mechanical properties of PAE-LiPFS film appear to be a
direct result of rigid aromatic polymer backbone, which enables it to function simultaneously as
the separator and conductor between electrodes under pressure during the processes of cell
assembly and operation. Although plasticization is evident in the substantial drop in T g from dry
state to wet state, most of the plasticization can be assumed to have occurred only at the porous
channel surfaces since the carbonate solution mixture does not appear to penetrate easily through
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the polymer structure of a non-porous film as shown in Figure 4-5, indicating that most of the
solvent absorbed should be present in the porous channels. This is in stark contrast to
conventional polymer gel electrolytes,41 in which the absorbance of solvents generally leads to the
loss of solid state configuration and decrease of the compatibility with the lithium electrode. Most
of the low-Tg polymers used as solid-state polymer electrolytes are also prone to dissolution or
excessive swelling when treated with solvents.126

Figure 4-6. Photographs of the PAE-LiPFS membrane saturated with DEC+EC+PC
(1:1:1 by volume, 92 wt%). Metal bar on the membrane: weight, 25 g; length, 1.6 inch.

4.2.3. Ionic Conductivity
Whereas the dry PAE-LiPFS films display very low room-temperature Li+ conductivity
(i.e. <10-7 S cm-1), as shown in Figure 4-7, high Li+ conductivities have been obtained in the PAELiPFS film soaked with DEC+EC+PC (1:1:1 by volume, 92 wt%) in a temperature range of -20 60 oC. For example, the hybrid film displays a room-temperature conductivity of 3.1×10-3 S cm-1,
which is among the highest conductivity values achieved for single-ion conductors.114,117 This
value is greater than those of traditional liquid electrolytes incorporated with polyolefin
separators, i.e. 0.1 - 1 ×10-3 S cm-1, depending on the structures of salts and solvents.17 Celgard
2325 saturated with 1 M LiPF6 in DEC+EC+PC (1:1:1 by volume) exhibits a room-temperature
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conductivity of ~0.62 × 10-3 S cm-1, which is consistent with literature results. For example, 1 M
LiPF6 in EC/DMC using Celgard 2500 as separator was reported to have an ionic conductivity of
0.85 ×10-3 S cm-1 and a tLi+ value of 0.32 at room temperature.3 More notably, the organic
carbonate swollen PAE-LiPFS film retains sufficiently high conductivities at low temperatures,
e.g. 7.4×10-4 S cm-1 at -20 oC, implying its potential for wide-temperature-range operation. The
film impedance and conductivity of the carbonate saturated PAE-LiPFS film have been
monitored for 30 days at 25 oC. As illustrated in Figure 4-8, negligible changes with time have
been observed, indicative of great stability of the solvent-soaked film and the Li-ion conductance.

Figure 4-7. Arrhenius plot of the ionic conductivity of the PAE-LiPFS/DEC+EC+PC film
(1:1:1 by volume, 92 wt%) and 1 M LiPF6-Celgard/EC/PC/DEC (1:1:1 by volume).

Figure 4-8. Impedance response of the PAE-LiPFS/DEC+EC+PC film sandwiched
between two blocking stainless steel electrodes. The inset shows time dependence of the
ionic conductivity of the electrolyte film at 25 oC.
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The presence of a high lithium ion concentration in the solvent-saturated polymer film is
believed to be an important factor responsible for the high Li+ conductivities observed in the
PAE-LiPFS/DEC+EC+PC films. The PAE-LiPFS film soaked with DEC+EC+PC (1:1:1 by
volume, 92 wt%) has a lithium ion concentration of 1.12 ± 0.01 M, which is calculated from the
ion-exchange capacity (2.04 meq g-1, measured by titration for 1 g dry membrane) and the film
volume (1.82 mL, volume of the solvent soaked membrane from 1 g dry membrane). In
comparison, the classic polyethylene porous battery separator film with a porosity of 45% has a
lithium ion concentration of 0.45-0.50 M when soaked with 1M lithium triflate solution in
carbonate solvents. These lithium ion concentration values are calculated based on the amount of
lithium ions in a unit volume of solvent-soaked polymer film. In PAE-LiPFS films, as the anionic
groups are covalently bonded to the polymers and exposed on the surface of the interconnected
micro-pores of the membranes, Li+ ions are weakly associated with the polymers via ionic
bonding interaction and dissolved in carbonate solvents as only mobile ions. A high concentration
of Li+ may indicate a high content of mobile charge carriers for large ionic conductivity. It should
be noted that high concentration of lithium salts in binary liquid electrolytes or gel polymer
electrolytes doesn‟t necessarily lead to high conductivity as it will give rise to higher viscosity of
the mobile liquid phase or precipitation of the lithium salts.127 Generally, PEO-based polymer
electrolytes exhibit a maximum conductivity at fairly low salt loadings, i.e. M:O = 1:16, where
M:O is the mole ratio of salt cation to polymer ether repeat unit, because Tg of so-called “salt-inpolymer” solution rises rapidly with the further increase of salt content, which offsets the effect of
increasing charge carrier concentration and consequently, reduces ionic mobility.127 In the PAELiPFS film, on the other hand, since the lithium salt is incorporated into the polymer itself and not
dissolved in the carbonated solvents, the viscosity of the mobile liquid phase can be maintained at
a low level, even when the concentration of accessible lithium ions in the film is very high. An
important reasoning for this assumption is the fact that the anions in the PAE-LiPFS film are
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restricted in motion and sterically hindered compared to anions that are present as salts in binary
ion conducting electrolytes, leading to limited translational and rotational motion which is
required for cations and anions to form salt aggregates which can involve more than two ions.
The overall temperature dependence of the conductivity of the hybrid PAE-LiPFS film
saturated with DEC+EC+PC (1:1:1 by volume) exhibits an apparent Arrhenius behavior, i.e. a
linear plot of log σ versus 1/T, and fitting the Arrhenius equation to the conductivity data gives an
activation energy value of 17.9 kJ mol-1. Although it should be noted that a linear fit cannot be
confirmed with only seven points of data, this indicates that the lithium ion transport is more
likely to occur via a hopping mechanism decoupled from the polymer segmental motion and ionic
conduction occurs mainly through the entrapped solvents in the porous structure. In contrast, the
temperature dependence of the conductivity of 1 M LiPF6 – Celgard 2325 in DEC+EC+PC (1:1:1
by volume) follows the Vogel–Tammann–Fulcher (VTF) equation which is common in binary
ion liquid electrolytes.128–130 The parameters in the VTF equation, σ = A/T1/2exp(-B/kB (T-T0)),
were fitted by a nonlinear least squares method to give the pseudo-activation energy B, which is
the energy required for redistribution of free volume, as 1.12 kJ mol-1 and T0, the ideal glass
transition temperature at which free volume is zero, as 203 K. VTF behavior is observed in
systems where the ion transport is strongly correlated with solvent mobility, especially viscosity
of the solvent. In solid-state polymer electrolytes where a lithium ion is solvated by the polymer,
which is mostly PEO, it is correlated to the viscosity of the polymer and the segmental chain
motion.131 The results indicate that the lithium ion transport of the PAE-LiPFS film saturated with
DEC+EC+PC (1:1:1 by volume) is not strongly related to the viscosity of the swollen polymer or
the solvent, while the ion transport in the binary ion conducting system is dominated by solvent
mobility.
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4.2.4. Electrochemical Properties
The electrochemical behavior of the PAE-LiPFS/DEC+EC+PC film has been
investigated by voltammetric measurements on a cell consisting of the film sandwiched between a
stainless steel working electrode and a lithium metal counter/reference electrode at a scan rate of
10 mV S-1. As shown in Figure 4-9, the linear sweep voltammogram (1.5 to 5.5 V) indicates the
film is electrochemically stable up to 4.7 V versus Li+/Li where the onset current flow states the
electrochemical oxidation of the electrolyte film. Subtle current peaks which appear at voltages
higher than 4 V can be assigned to the oxidation of the solvent mixture (DEC+EC+PC, 1:1:1 by
volume).3 A cyclic voltammogram obtained at a slower scan rate of 1 mV S-1 as shown in Figure
4-10 further confirms the electrochemical stability of the film. In the cyclic voltammogram (the
inset of Figure 4-9) with a potential range of -0.25 to 1.5 V, a reversible plating/stripping of
lithium on the working electrode is manifest. In the cathodic scan, the deposition of lithium starts
at -0.05 V, and in the anodic scan, a maximum peak current at 0.25 V related to the lithium
stripping is developed. These results indicate that the PAE-LiPFS/DEC+EC+PC hybrid film
possesses sufficient electrochemical stability against electrode materials and lithium is capable of
dissolution into and deposition from PAE-LiPFS films.

Figure 4-9. Linear sweep (1.5 to 5.5 V) and cyclic voltammograms (1.5 to -0.25 V, then
back to 1.5 V, in the inset) of the PAE-LiPFS/DEC+EC+PC film sealed in a cell using
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stainless steel as working electrode and lithium metal as counter/reference electrode (scan
rate, 10 mV s-1).

Figure 4-10. Cyclic voltammogram of the PAE-LiPFS/DEC+EC+PC film sealed in a cell
using stainless steel as working electrode and lithium metal as counter/reference electrode
from 0 to 4 V (scan rate, 1 mV s-1).

4.2.5. Lithium Transference Number
The single-ion conducting feature of PAE-LiPFS has been confirmed by a galvanostatic
dc polarization test of a symmetrical lithium metal cell.132–135 A constant-current charge-discharge
test of a symmetric lithium electrode cell containing a single-ion conducting PAE-LiPFS
electrolyte and a binary-ion conducting 1M LiPF6 electrolyte, respectively, was performed. In
case of a binary-ion conducting system, when dc current is applied, due to gradual formation of a
salt concentration gradient, concentration polarization significantly affects the overall impedance
of the system and in order to maintain constant current, a slow increase in applied potential is
necessary. When the dc current is stopped, due to the slow relaxation process of the salt
concentration gradient the cell potential does not immediately drop to zero but gradually
decreases. On the other hand, in a single-ion conducting system, the cell potential is expected to
show a step-wise behavior, without a gradual increase or decrease in the cell potential after
applying or stopping the dc current, respectively. As shown in Fig. 4-11., the constant current
charge-discharge voltage profile of the PAE-LiPFS/DEC+EC+PC film sandwiched between
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lithium metal electrodes shows minimal concentration polarization compared to the profile of the
symmetrical lithium electrode cell using an electrolyte comprising 1M LiPF6 in DEC+EC+PC
with a Celgard 2325 membrane, which indicates a tLi+ value of nearly unity in the PAE-LiPFS
film saturated with carbonate solvents, as demonstrated in literature with similar methods. 134,135
The step-wise behavior is consistent while changing the time and current. This result reaffirms the
structure design of the ionomers in which the perfluorosulfonated anions are grafted on the
poly(arylene ether) backbone such that movement of anions are restricted and Li cations are the
only mobile ions.

Figure 4-11. (left) Galvanostatic polarization profile of a coin cell with a PAELiPFS/DEC+EC+PC electrolyte sandwiched between two Li metal electrodes. The
current at each step was 0.1, 0.3, 0.6 and 1 mA. The polarization time and rest time were
2 and 10 min, respectively. (right) Galvanostatic polarization profile of a coin cell with a
25 m Celgard® /1M LiPF6 in DEC+EC+PC. Current, polarization time, and rest time
were 0.01 mA, 2 h, 2 h.

The lithium transference number has been measured by various test procedures132–140 and
the commonly used methods such as the steady-state current method136 or the ac impedance
method111,137 are based upon the assumption that the cell is operating in a dilute solution or an
ideal solution.132,133 While these methods have been found useful and consistent with other
electrochemical measurement results in some cases,111,134,138–140 especially in lithium single ion
conducting systems where the transference number is expected to be near unity, wide variation
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has been found in cases such as in binary ion-conducting solutions with high ion concentration,
which was found to be attributed to the change in the salt diffusion coefficient at different
concentrations.133 Since the environment of lithium ion transport is expected to be a highly
concentrated solution in the porous channels of the PAE-LiFPS/DEC+EC+PC membrane,
adopting the method proposed by Newman et al.,133 which includes the galvanostatic polarization
experiment is highly desirable in investigating the single-ion conducting nature of the PAELiPFS/DEC+EC+PC membrane. The method states a formula to calculate the transference
number of the anion in the galvanostatic polarization experiment as133

𝑡− =

𝑚𝑐𝐹(𝜋𝐷)1/2 𝑑 𝑙𝑛 𝑐
4
𝑑𝑈

where c represents the bulk salt concentration, F is the Faraday constant, and D
corresponds to the salt diffusion coefficient. If the potential measured just after dc current
interruption is measured and plotted against (It1/2) which stands for the current and time of the
applied dc current, the slope of the plot is referred to as m. While in Figure 4-11 (left), m is shown
to be effectively zero and the concentration can be estimated from the polymer structure, the other
terms cannot be measured, thus prohibiting the use of this method to estimate an exact value of
the transference number. The salt diffusion coefficient D cannot be measured since there is
negligible diffusion observed and determination of the (dU/dln c) term requires a concentration
cell experiment, where the open circuit potential of a concentration cell is measured at different
concentrations, and is thus difficult to apply to a single-ion conducting system.
For the purpose of comparison and further confirming the single-ion conducting nature of
the PAE-LIPFS films, the data from the lithium-ion transference number measurement following
the steady-state current method proposed by Vincent and Bruce136 is shown in Figure 4-12. The
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PAE-LiPFS/DEC+EC+PC film was sandwiched between two lithium metal disks and a DC bias
potential of 10 mV was applied. In such a cell, the electrode reactions only involve exchanging of
lithium cations and exclude anions. As a result, after applying a dc stepped potential, the initial
current Io reflects possible movements of both cations and anions, while the long-term, steadystate value Is can only result from lithium cation motion alone. The transference number can thus
be evaluated as the ratio of Is /Io. The data obtained in Fig. 3c indicates an approximate tLi+ value
of 0.98 in hybrid PAE-LiPFS film saturated with carbonate solvents. It has been noted that the
kinetic changes in the IR drop across the cell arising from current variation or the increase of
passivation film thickness during the test are not addressed by this method. As shown in Figure 412, the current response and interfacial impedance does not change over time which in turn
verifies there is no significant change in the IR drop.

Figure 4-12. Current-time profile for a Li/electrolyte film/Li cell, and the impedance
spectra (the inset) taken at the beginning of and 1 h after applying 10 mV dc bias.

4.2.6. Battery Performance
While most of the single-ion electrolyte based batteries are tested at elevated
temperatures, the performance of the carbonate-swollen membranes, PAE-LiPFS/DEC+EC+PC,
was examined in prototype LiFePO4/PAE-LiPFS/DEC+EC+PC membrane/Li cells at room
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temperature. Note that the main purpose of this study is to demonstrate a class of single-ion
electrolytes, not the optimization of electrode formulation and processing, which are not trivial
and would, by themselves, warrant a separate study. The composite electrode consists of 72 wt%
LiFePO4 as a cathode, 8 wt% carbon black to enhance electrode conductivity, and 20 wt% PAELiPFS ionomer as binder. From Figure 4-13, typical flat-shaped curves around 3.39-3.48 V are
observed in the first galvanostatic charge-discharge voltage profile of the cell measured at room
temperature, which are consistent with the reported two phase coexistence reaction for LiFePO4
cathode. The cell delivers a discharge capacity of 153 mA h g-1 which amounts to 90% of the
theoretical value (170 mA h g-1) and exhibits a small overpotential value. More remarkably, as
depicted in the inset of Figure 4-13, a coulombic efficiency of about 100% is maintained after 40
cycles, suggesting its excellent cyclability. Figure 4-14 presents the cell performance at different
discharge rates from 0.1 to 1 C measured at room temperature. It could be seen that the discharge
capacity still reaches ~130 mA h g-1 at 1 C, which is retention of ~90% of the capacity obtained at
0.1 C rate. These results are one of very few examples clearly demonstrating that the prepared
single-ion membrane is applicable for use in lithium-ion batteries at room temperature.32
Compared to a binary ion conducting system using a lithium hexafluorophosphate (LiPF6)
electrolyte solution, the single-ion conducting system shows a poor rate performance in spite of
the high lithium ion conductivity and close-to-unity t+ value (Figure 4-15). This can be attributed
to the high impedance of lithium ion conduction in half cell configurations which mainly
originates not from the saturated film itself, but rather from the electrode part and electrode-film
interface where the lithium ions cannot utilize the highly conductive ion-transport channels,
which are present in the film.
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Figure 4-13. The first galvanostatic (current density = 17 mA g-1) charge-discharge
voltage profile of the LiFePO4/electrolyte film/Li cell at room temperature. The inset
shows the coulombic efficiency and cyclability of the cell.

Figure 4-14. Discharge capacities of LiFePO4/electrolyte film/Li cells using
DEC+EC+PC (open) and 1M LiPF6 in DEC+EC+PC (closed), respectively as wetting
solutions for the LFP electrode at different discharge rates.

Figure 4-14 shows that even with a small amount of LiPF6 solution added to the interface
of the electrode and the membrane, the cell shows improved discharge rate performance. This
indicates that the poor rate performance of the single-ion conducting system does not originate
from the polymer electrolyte itself but rather from the large interfacial impedance between the
polymer film and the electrodes.
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Figure 4-15. The galvanostatic charge-discharge voltage profiles of a LiFePO4/celgard
film/Li cell using 1M LiPF6 in EC/DEC as the electrolyte at room temperature.

The importance of reducing interfacial impedance across the cell lead to incorporating
several processes during the assembly of a single-ion conducting coin cell. In any case where
there was excess amount of carbonate solution on the surface of the film, a significantly high
overpotential was observed which resulted in low charge and discharge capacities. As shown in
Figure 4-16, impedance spectroscopy revealed that a “wet” cell which had excess amount of
carbonate solution showed larger bulk and interfacial impedance than a “dry” cell, in which the
surface of the membrane was wiped in order to remove the excess solution that it had taken up
after the soaking process. Unlike in a binary-ion conducting electrolyte where an anion is present
in the electrolyte solution and can act as a charge-stabilizing media for the lithium cation to be
transported across, in a single-ion conducting system excess carbonate solution containing no salt
can act as additional resistance between the electrodes and the lithium-carrying anions covalently
attached to the backbone of the membrane polymer. This additional resistance arising from the
excess solution has been found to be present mainly between the membrane and the lithium metal
electrode.
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Figure 4-16. Impedance response of the PAE-LiPFS/DEC+EC+PC film sandwiched
between two lithium metal electrodes as wet surface (filled squares) and dry surface
(hollow squares) films. Dry surface films were wiped thoroughly to get rid of the excess
solvent on the surface of a film took out from the solution.

The interfacial resistance between the membrane and the composite electrode was found
to be critical as well to the overall cell performance, however with a different solution to the
problem. Soaking the composite LFP electrode with several drops (>10 drops) of the carbonate
solution improved the charge-discharge capacity of the assembled cell and the overall
repeatability of the assembly process to achieve consistent results, which indicates that excess
amount of carbonate solution is desirable for the composite electrode to have sufficient soaking of
the polymer binder, which facilitates ion transport through the polymer matrix. Heating the cell at
a temperature slightly higher than the glass transition temperature of the polymer saturated with
carbonate solutions improved the results as well showing that a part of the interfacial impedance
originates from the poor connectivity between the Li-carrying anion sites of the membrane
polymer and the binder polymer. A typical rate performance of a coin cell prepared without the
addition of carbonate solution to the electrode and the post-assembly heating is shown in Figure
4-17.
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Figure 4-17. Discharge capacities of a LiFePO4/electrolyte film/Li cell prepared without
carbonate solution addition and post-assembly heating at different rates

4.3. Conclusion
In summary, this work presents a new class of single-ion gel polymer electrolytes having
the characteristics of solid and liquid electrolytes. The interconnected hollow channels with ionrich inner surface at sub-micron scale are introduced into the aromatic polymer electrolyte films
by a straightforward and simple processing strategy, which permit the accommodation of large
amounts of organic carbonates in the polymer films. In conjunction with high acidity of the
perfluorinated sulfonate groups and presence of extensive interconnectivity of micro-pores, the
absorbed polar solvents facilitate lithium ion dissociation and transport, leading to outstanding
ionic conductivities (e.g. 3.1 x 10-3 S cm-1 at 25 oC) of the hybrid membranes, which are higher
than conventional binary liquid electrolytes incorporated with polyolefin separators. Significantly,
the prepared single-ion conductors exhibit many other remarkable features for lithium-ion
batteries, including high mechanical integrity (i.e. tensile strength of 11.7 MPa) even with
substantial absorbance of organic solvents to replace separators in battery cells, and great
electrochemical stability (up to 4.7 V versus Li+/Li) in addition to almost unity Li+ transfer
number. Unlike most of the reported single-ion electrolyte based Li-ion batteries that are only
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operative at elevated temperatures, excellent cell performance has been demonstrated on the
prototype lithium-metal batteries at ambient temperature using the prepared single-ion
electrolytes, further denoting its potential for practical applications. The absence of PF6¯, the
preferred anion of the currently used organic liquid electrolytes, in the single-ion conductors is
expected to improve the battery lifetime and enable use of new electrode materials not previously
considered acceptable due to the metal dissolution issue.141 Combining with versatile structures of
aromatic polymers and great flexibility in molecular design and synthesis, this approach would
broaden greatly the scope of electrolytes for advanced electrochemical devices.

4.4. Experimental

4.4.1. Materials
1,2-dibromotetrafluoroethane (99%) was purchased from SynQuest Laboratories Inc. and
used as received. Lithium iron phosphate (LFP) was kindly provided by Süd-Chemie. Super P
was purchased from Alfa Aesar. All other chemicals were obtained from Sigma-Aldrich and used
without further purification unless otherwise noted.

4.4.2. Synthesis of Sodium 1,1, 2,2-Tetrafluoro-2-(2’,3’,5’,6’-tetrafluoro-phenoxy)ethane
Sulfonate (Monomer TPF)
The TPF monomer was prepared following the synthetic route detailed in chapter 3.4.2.
and 3.4.3.

82
4.4.3. Polymerization of PAE-LiPFS
In a three-neck flask equipped with a Dean-Stark trap and gas inlet were added
hydroquinone (7 mmol), 4,4‟-biphenol (3 mmol), K2CO3 (12 mmol), anhydrous DMAc (25 mL)
and toluene (10 mL) under argon atmosphere. The mixture was heated at reflux for 2 h before the
removal of toluene / water azeotrope from the Dean-Stark trap. Monomer TFP (10 mmol) was
then added to the flask, and the reaction was stirred at 140 oC for 16 h. After cooling to room
temperature, the reaction mixture was precipitated in water, and the precipitate was collected by
filtration and washed thoroughly with water. The obtained polymer was then converted from
sodium salt form into lithium salt form by immersing in 5 M lithium triflate aqueous solution at
40 oC for 24 h. After filtration and being washed thoroughly with water, the resulting PAE-LiPFS
ionomer was dried under vacuum at 80 oC for overnight. The chemical structure and composition
of PAE-LiPFS were analyzed by NMR and elemental analysis. The molar ratio of hydroquinone
unit to 4,4‟-biphenol unit in the PAE-LiPFS ionomer obtained was found to be 7:3, which was
estimated from the integral data of 1H NMR spectrum. In addition, the elemental analysis results
also agree well with calculated values on the basis of the polymer structure with a hydroquinone /
4,4‟-biphenol unit ratio of 7:3 (Anal. Calcd.: C, 46.0; H, 1.7; F, 24.0; O, 20.2; S, 6.7.Found: C,
46.1; H, 1.9; F, 23.6; O, 20.5; S, 6.6). Intrinsic viscosity (in DMF / 0.05M LiBr at 25 oC): 1.6 dL /
g.

4.4.4. Membrane Fabrication
A solution of PAE-LiPFS (0.7 g) and poly(ethylene glycol) dimethyl ether (PEG,
Mw=1,000, 0.3 g) in DMF (10 wt%) was prepared and casted onto a glass plate in an oven. The
solvent was evaporated by heating the glass plate to 55 °C for 2 h and 75 °C for 4 h. The solid
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film obtained was then immersed in de-ionized water at 50 oC for 12 h to extract PEG. After
being washed with de-ionized water thoroughly, the resulting porous PAE-LiPFS film was dried
in vacuum oven for 24 h. The thickness of the film obtained is around 45 µm. The porosity (P) is
calculated from the densities of the PAE-LiPFS porous film (ρf) and pure polymer (ρp) according
to P=1-(ρf/ρp).

4.4.5. Cell Fabrication
The composite positive electrodes were fabricated by casting a slurry of LiFePO4 (LFP),
Super P (a carbon additive to enhance electrode conductivity), and PAE-LiPFS ionomer (as a
binder) mixture dispersed in NMP on an etched Al foil. Several compositions were tested and it
was found that the electrode which had a 18:2:5 weight ratio of LFP/Super P/ionomer showed the
best charge-discharge performance, e.g. the highest specific capacity and the lowest overpotential. The electrode plate with this composition was dried overnight in air at room
temperature, cut into circular disks (12 mm in diameter) and then dried overnight in a vacuum
oven at 120 oC. Before the cell was assembled, the membrane disks were immersed in a solution
of EC+PC+DEC (1:1:1, v/v/v) for 6 h in an argon-filled glove box. CR2032-type coin cells were
assembled in the glove box using lithium counter electrodes, carbonate-soaked polymer
membranes, and the LFP/PAE-LiPFS composite electrodes. To achieve optimal charge-discharge
performance, a two-step preparation method was performed before cell assembly. The polymer
membrane surface was wiped thoroughly before cell assembly, to prevent the excessive solvent
from acting as additional resistance between the lithium metal electrode and the polymeric anions
transporting lithium ions in the membrane, and several drops of a mixed carbonate solution were
dropped on to the LFP electrode to ensure sufficient permeation of the solvent into the electrode
matrix. The membrane was placed on top of the wet LFP electrode, followed by placement of the
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lithium metal electrode on the membrane. After cell assembly, the cell was kept at a temperature
of 80 oC, slightly above the glass transition temperature of the polymer saturated in carbonate
solvents, for 24 h to enhance the connectivity between the polymer membrane and the polymer
binder used in the LFP electrode, in order to minimize the interfacial impedance which partly
arises from the two polymer surfaces.

4.4.6. Physical and Analytical Measurements
1

H and 19F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument

with tetramethylsilane as internal reference. Thermo-gravimetric analysis (TGA) measurements
were performed on a TA instruments model 2950 at a heating rate of 10 oC min-1. from 30 to 800
o

C under an air flow. The thermal transition data were obtained by a TA Instruments Q100

differential scanning calorimeter (DSC) at a heating rate of 5 oC min-1. Intrinsic viscosity was
determined by an Ubbelohde viscometer using the polymer solution in DMF/0.05M LiBr (0.3
g/dL) at 25 oC. For mechanical tensile testing, the film samples were cut into dog-bone-shaped
specimens and then tested on an Instron universal testing machine (Model 4411) at ambient
conditions. Stress-strain curves were obtained three times at a crosshead speed of 2.0 inch/min
using the ASTM D882 standard method and the results were averaged. SEM images of the porous
films were obtained using a FEI Philips XL-20 SEM operating at 20 kV. Through-plane
conductivity (σ) of the membranes was measured by two-probe AC impedance method.
Impedance data was acquired using a Solartron 1260 impedance/gain phase analyzer with an AC
voltage amplitude of 10 mV over the frequency range from 1 Hz to 1M Hz. Voltammetric
measurements were carried out on a PAR 2273 FRA potentiostat. Linear and cyclic voltammetry
sweeps were performed on the electrolyte film that was sandwiched between a stainless steel
working electrode and a lithium counter/reference electrode in a sealed cell. The galvanostatic
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charge-discharge tests of coin-type cells (CR2032) were conducted on a WBC-3000 battery
cycler (Xeno Co.). The cut-off voltage limit was 2.5~3.9 V at room temperature.

4.5. Recommendations for Future Work
The discharge capacity of the single-ion conducting electrolyte battery cell at 1 C and
higher rates was lower than that of a conventional binary-ion conducting electrolyte cell, which is
largely due to the high interfacial impedance. In order to address this issue, several modifications
can be made to further enhance the rate capability in an attempt to maximize its potential as a
high power density electrolyte.
Since the interfacial impedance originates between the electrolyte and the electrode,
binder design shall be critically important. Several literature reports show that the use of an
ionomer binder is beneficial compared to non-ionomer binders such as PVdF, since the ionic
moieties can contribute to ion transport occurring near the electrode particles. Although the same
ionomer has been used for the electrolyte and the binder in this work, how well connected the ion
transport pathways are between the polymer electrolyte and the electrode binder is unclear.
Attempts of hot pressing or cold pressing in order to achieve a monolithic ionomer phase were
not successful due to the low glass transition temperature and moderate mechanical stability.
The absence of a porous structure in the binder region is another factor which should
result in interfacial impedance increase. The ion transport pathway which is present in the
polymer electrolyte region in the form of a porous perfluorosulfonate ion-rich channel contributes
greatly to the ionic conductivity, however this effect cannot be expected in the electrode region
which further hinders the lithium ion transport from the polymer region to the electrode material
particles. While the attempts of designing a highly porous electrode using the same method
described in this work resulted in poor mechanical integrity of the electrodes, different methods
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such as functionalizing the electrode material with ionomers or ion-conatining organic groups has
the potential of greatly enhancing the conduction of lithium ions in the electrode region.

Chapter 5
Gel Polymer Electrolytes for Lithium-Ion Batteries Based on Poly(arylene
ether) Ionomer and 1-Butyl-3-Methylimidazolium Thiocyanate Ionic Liquid

5.1. Introduction
Room temperature ionic liquids (RTILs) have been garnering much interest as potential
electrolyte materials for safe operation of secondary lithium (Li) batteries lately, including Li-air
batteries, due to their low volatility and low flammability.16,85,90,142–150 RTILs are molten salts
which have low melting point and can exist as liquids at room temperature. By switching the
cation and the anion, a vast array of combinations can exist which leads to flexibility in design of
these materials. They have been studied as liquid electrolytes, gel polymer electrolytes (GPEs),
and solid polymer electrolytes (SPEs) in Li battery research.135,151–162
Especially, GPEs and SPEs have been a focus of interest among battery researchers
studying polymers. The distinction between the two systems has been based upon the inclusion of
a large amount of liquid electrolyte into the polymer matrix of the GPE system, whereas systems
with relatively smaller amount of RTILs incorporated into polymer matrices resulting in free
standing, mechanically stable membrane films, are often referred to as “solid” polymer electrolyte
systems.148,151,156,162–165 Many such reports showed that the polymer membranes containing RTIL
electrolytes retain properties frequently found in SPEs such as enhanced operational safety and
electrochemical stability. Sufficient ionic conductivity at room temperature and stability toward
lithium metal and/or electrode materials are required to display stable coin cell cycling
performance and rate performance.
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The polymer materials studied in these battery systems, which take such a morphology
that enables them to absorb and retain the ionic liquid electrolytes, while simultaneously acting as
a separator, have been focused on several fluorocarbon polymers, such as polyvinylidene fluoride
(PVDF) and poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP),151,153,157,166–168 and
acrylonitrile,155 polyethyleneoxide (PEO),148,156,158,162,165,169,170 and several composite
membranes.152,154 Another class of polymers, namely, ionomers or ion-containing polymers, has
several decades of history being researched in the fields of energy conversion materials as proton
exchange fuel cell membranes,52,171 redox-flow fuel cell membranes, single lithium-ion
conducting electrolyte membranes,135,159,160,172 electro-active actuators,85 and organic electrolytegated transistors.173 The ionomer PAE-LiPFS, which was synthesized and tested in chapter 4 has
been applied to this study. These perfluorosulfonate moeities that are attached to the polymer
backbone have been shown in this study to improve the ionic conductivity and the lithium
transference number of the electrolyte membrane at the same time, which should be attributed to
the substantial increase in the amount of cation carriers and minimal contribution to anion
conduction in a large order of length scale.
Among the many ionic liquids readily available, not all of them are suitable for operation
in Li batteries as electrolytes, mainly due to the lack of sufficient ionic conductivity required for
room temperature operation or the undesirable electrochemical reactions toward electrode
materials.147,157,162,163,174–181 Therefore Li battery research on ionic liquids has been focused on a
limited pool of ionic liquids, including pyrrolidinium149,166,167,182,183 and imidazolium-based
cations184,185 paired with the bis(trifluoromethylsulfonyl)imide (TFSI)151,160,168,185 or
bis(fluorosulfonyl)imide (FSI)170,174,182,186–190 anions. Generally, low viscosity is desired for the
ionic liquids to have good ion mobility, and electrochemical stability against lithium metal is
favorable as well, when application towards a lithium metal battery system is considered.
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Butylmethylimidazolium-thiocyanate (BMIM-SCN) is known to have low viscosity, good
ionic conductivity and similar solubility values towards commonly used lithium salts such as
LiTFSI,176,177,191,192 however there has not been much research effort focused on this ionic liquid
because of its relatively poor electrochemical stability.191 In this work, a novel polymer
electrolyte system applied to a lithium metal battery is reported where BMIM-SCN is
incorporated into the perfluorosulfonate ionomer matrix. Casting of the perfluorosulfonate
polymer solution with a small amount of PEO resulted in interconnected 3D network morphology
after the PEO polymer was removed with water. Sufficient swelling of the polymer membrane
with the ionic liquid mixture was achieved and suitable electrochemical stability has been shown
in the presence of lithium metal with an optimal combination of additives.91,144,161,181,186 Superior
ionic conductivity as well as lithium transference number has been achieved and the lithium half
cell comprising a LTO cathode and a lithium metal anode separated by the solid polymer
electrolyte shows good cyclability at room temperature and even at 0oC. To our best knowledge
this is the first report showing actual battery cell performance using BMIM-SCN as an electrolyte,
and one of very few reports showing suitable battery performance at ambient and lower
temperature of an ionic liquid electrolyte incorporated into an ion-containing polymer.

5.2. Results and Discussion

5.2.1. Polymer Synthesis
The synthesis and characterization of PAE-LiPFS, an aromatic high-Tg poly(arylene ether)
based lithium single-ion conducting electrolyte, is outlined in chapter 4.2.1. Differential scanning
calorimetry (DSC) of PAE-LiPFS revealed a Tg of 245 oC in dry state, and 70 oC in wet state,
when saturated with BMIM-SCN and PC (1:1 by volume, 90 wt% uptake by polymer, Figure 5-1).
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Thermal gravimetric analysis (TGA) of PAE-LiPFS revealed an onset degradation temperature of
352 oC, which was found not to be affected by the presence of BMIM or PC. (Figure 5-2)

Figure 5-1. DSC data of the PAE-LiPFS membrane saturated with with BMIM-SCN and
PC (1:1 by volume, 90 wt% uptake by polymer).

Figure 5-2. TGA data of the pure PAE-LiPFS ionomer (solid), solvent mixture of BMIMSCN and PC (1:1 by volume) (dotted), and saturated PAE-LiPFS ionomer (dashed).
Heating rate was 10 oC / min.
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5.2.2. Membrane Preparation and Characterization
Preparation and characterization of the porous membrane is outlined in chapter 4.2.2. The
porous membrane was saturated with a solvent mixture of BMIM-SCN and PC (1:1 by volume),
as shown in Figure 5-3. The PAE-LiPFS film soaked in BMIM-SCN and PC (1:1 by volume, 90
wt% uptake by polymer) is a freestanding film which has a Young‟s modulus of 9.3 MPa and a
tensile strength of 2.5 MPa.

Figure 5-3. SEM images, corner view (left) and surface view (right), of the PAE-LiPFS
film soaked in ionic liquid solution (lower row) (scale bars, 2 µm).

5.2.3. Ionic Conductivity and Solvent Uptake Properties
High Li+ conductivities have been obtained in the PAE-LiPFS film soaked with BMIMSCN and PC (1:1 by volume, 90 wt%) in a temperature range of -40 - 60 oC (Figure 5-4). While
the film showed an ionic conductivity of 6.1 mS / cm in the presence of BMIM-SCN only, the
ionic conductivity increased to 16.6 mS / cm which is an order of magnitude higher when
containing BMIM-SCN and PC together. This value is higher than the maximum ionic
conductivity, 9 mS / cm, of the liquid BMIM-SCN / PC mixture (with no separator or film)
measured at different concentrations of LiTFSI (Figure 5-5). The maximum value of 9 mS / cm
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was observed at 0.01 M of LiTFSI, which results from a balance between the increase of ion
carriers and increase of viscosity while salt is added to the ionic liquid.177

Figure 5-4. Ionic conductivity of three membranes in various electrolytes (with no salt
added).

Figure 5-5. Ionic conductivity of a BMIM-SCN/PC mixture (1:1, v/v) with different
concentrations of LiTFSI salt.

Even at -40 oC, the film maintained an ionic conductivity of 6.8 x 10-4 S / cm and at 60 oC
a conductivity of 31 mS / cm was observed. The exceptionally high ionic conductivity is
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attributed to the conductivity of the BMIM-SCN / PC mixture itself, and further enhanced by the
high Li-ion content (which is approximately 1.19 M, calculated from ion-exchange capacity and
film volume when soaked in the BMIM-SCN/PC mixture) and the well connected ion-conducting
pathway provided by the PAE-LiPFS membrane. Lower ionic conductivities were observed when
replacing BMIM-SCN with butylmethylimidazolium-tetrafluoroborate (BMIM-BF4) with or
without PC, which can be attributed to the higher viscosity of BMIM-BF4. The ambient
temperature ionic conductivity of a glass filter soaked in the BMIM-SCN / PC mixture was
measured as 4 mS / cm, comparable and slightly lower than that of the liquid itself, while the
temperature dependence was similar to that of the PAE-LiPFS membrane. The Celgard
monolayer PE membrane soaked in the same ionic liquid / carbonate mixture showed an ambient
temperature conductivity an order of magnitude lower, and the trilayer (PP-PE-PP) membrane
three orders of magnitude lower, at 3.3 x 10-4 S / cm and 5 x 10-6 S / cm, respectively. The order
of the ionic conductivities among non-ionic membranes (glass filter-monolayer PE-trilayer PPPE-PP) can be explained simply by the solvent uptake measurement results in Figure 5-6, which
follows the porosity trend as well, since higher solvent uptake values correspond to higher ion
concentration, partially due to the limited volume increase during solvent upatke. The PAELiPFS membrane, in contrast, does not follow the trend and retains an ionic conductivity higher
than the glass filter although the solvent uptake is only 90 % of its dry weight. As stated above,
the soaked PAE-LiPFS membrane has an ionic conductivity already higher than the liquid
mixture itself, while the non-ionic membranes soaked in the ionic liquid / carbonate mixture can
only have conductivities lower than the liquid conductivity.
The ionic conductivies of PAE-LiPFS membranes prepared with different amount of PEO
during the solvent casting were measured as shown in Figure 5-7. 25% is the optimal ratio of
PEO which resulted in the highest ionic conductivity when later soaked in the ionic liquid mixture.
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Figure 5-6. Solvent uptake of BMIM-SCN/PC mixture by various membranes.

Figure 5-7. Ionic conductivity of PAE-LiPFS membranes prepared by different amount of
PEO during the film casting process later soaked in a BMIM-SCN/PC mixture (1:1, v/v).

5.2.4. Electrochemical Stability
The electrochemical stability of electrolytes containing ionic liquids is an important
property which has often been lacking in several ionic liquid electrolyte systems. In the linear
sweep measurement of the PAE-LiPFS membrane soaked in a 1 M LiTFSI solution in BMIMSCN/PC sandwiched between two lithium metal electrodes, a current peak was observed starting
around 4 V which can be attributed to the electrochemical oxidation of the membrane and
electrolyte, and lithium stripping and plating were observed in the -0.5 V to 1.0 V range, as
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shown in Figure 5-8. In the cyclic voltammetry of the LTO half cell using the same membrane
(Figure 5-9), reversible charge/discharge currents were observed both starting at 1.5 V. The
stability of the PAE-LiPFS film towards lithium metal over time was investigated by placing the
soaked film between lithium metal electrodes and measuring the interfacial impedance over time.
The stability of a glass filter soaked in 1 M LiTFSI solution in BMIM-SCN/PC was observed as
well for comparison. As shown in Figure 5-10, the interfacial impedance of the PAE-LiPFS
system using a 1.0 M and a 0.1 M solution, which was calculated from the diameter of the
semicircle in the nyquist plot, stabilized after approximately 4 days.

Figure 5-8. First and second cycle of a cyclic voltammogram of the PAE-LiPFS
membrane soaked in a 1 M LiTFSI solution in BMIM-SCN/PC (1:1, v/v) sandwiched
between a Li metal and stainless steel electrode (scan rate: 1 mV/s).

Figure 5-9. First and second cycle of a cyclic voltammogram of a PFAE membrane
soaked in a 1 M LiTFSI solution in BMIM-SCN/PC (1:1, v/v) placed in an LTO half cell
(scan rate: 1 mV/s).
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Figure 5-10. Nyquist plots of symmetrical lithium metal electrode cells having a PAELiPFS membrane soaked in 0.1 M LiTFSI BMIM-SCN/PC solution over duration of time.
Insets are the interfacial impedances calculated from the nyquist plots over duration of
time with different LiTFSI concentrations.

While the interfacial impedance between the PAE-LiPFS film soaked in a 0.01 M LiTFSI
solution and the lithium metal electrodes was lowest among the different solution concentrations,
it was not stable after 18 days from preparation of the cell. This indicates that a balance between
the additives is required to achieve a stable interface between the lithium metal electrode and the
electrolyte, presumably due to an optimal solid electrolyte interface (SEI) layer composition. It
appears that a sufficient amount of LiTFSI is critical in forming a stable SEI layer. The interfacial
impedances of the soaked glass filters between lithium metal electrodes, while significantly lower
than those of the PAE-LiPFS films, did not reach a plateau and kept increasing even after 41 days
for all solution concentrations (Figure 5-11).
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Figure 5-11. Nyquist plots of symmetrical lithium metal electrode cells having a glass
filter soaked in 0.01 M LiTFSI BMIM-SCN/PC solution over duration of time. Insets are
the interfacial impedances calculated from the nyquist plots over duration of time with
different LiTFSI concentrations.

This can be attributed to the ionic species of the PAE-LiPFS ionomer which are not
present in the glass filter system, suppressing the electrochemical reactions between the
electrolyte species and lithium metal. These ionic species, especially the anions, are covalently
attached to the polymer backbone, and therefore constrain orientational freedom of the other ionic
species, and limit ion transport that occurs via the vehicle mechanism. The weak ionic
aggregation force that they exert on other ionic species is evidenced in the slower solvent uptake
rate shown in Figure 5-6. This shows that the PAE-LiPFS film soaked with a LiTFSI solution in
BMIM-SCN/PC has sufficient electrochemical stability in the presence of lithium metal and LTO,
under the operating voltages and over time.
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5.2.5. Lithium Transference Number
The lithium transference number of the PAE-LiPFS film soaked in a 0.1 M LiTFSI
solution in BMIM-SCN/PC (1:1, v/v) was measured using the steady-state-current method
proposed by Vincent and Bruce.136 The soaked film was placed between two lithium metal
electrodes and a constant voltage was applied to the cell while measuring the current. The
impedance was measured before and after the test to see whether there was any change in the
interfacial impedance due to electrochemical reactions. The current started to decrease after
applying voltage, and stabilized at a current about 54% of the initial current (Figure 5-12), while
the interfacial impedance change was negligible. This shows that the soaked PAE-LiPFS film has
a lithium transference number of 0.54, which is higher than most other electrolytes reported in
literature using ionic liquid. While the ionic interactions between the ionic liquid and the PAELiPFS ionomer warrants further investigation, the high Li-ion concentration provided by the
ionomer, which contains a loosely bound lithium ion and an anionic counterpart covalently
attached to the polymer backbone, which therefore effectively does not participate in ion
conduction should be a major reason for such a higher lithium transference number.

Figure 5-12. Lithium transference number measurement of a PFAE film soaked in a 0.1
M LiTFSI BMIM-SCN/PC solution sandwiched between lithium metal electrodes.
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5.2.6. Interfacial Impedance of LTO Half Cells
In order to determine which solution concentration to apply for the battery cells, LTO half
cells using different solution concentrations were prepared and the interfacial impedances were
measured. To better understand the impedance behavior systematically, cells incorporating glass
filters and PAE-LiPFS films were made and measured at two different temperatures, namely 23
o

C (ambient temperature) and 0 oC, which were the targeted operating temperatures of the battery

cells. As shown in Figure 5-13 and Figure 5-14, the LiTFSI solutions trapped in PAE-LiPFS
membranes form a more stable interface with the LTO electrode and lithium metal electrode than
those absorbed by glass filters, while the interfacial impedance itself is much higher, in agreement
to the data shown in Figure 5-10 and Figure 5-11. While the cells incorporating glass filters show
a steady increase in the interfacial impedance, the interfacial impedance of the cells incorporating
PAE-LiPFS films slightly increase after 5 days and after returning to their initial value remain
stable.

Figure 5-13. Nyquist plots of LTO half cells with a) PAE-LiPFS membrane in 0.1 M, and
b) glass filter separator in 1.0 M LiTFSI solution in BMIM-SCN/PC (1:1, v/v) electrolyte
measured at room temperature over time. Insets are the interfacial impedances calculated
from the nyquist plots over duration of time with different LiTFSI concentrations.
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Figure 5-14. Nyquist plots of LTO half cells with glass filter separator in 1.0 M LiTFSI
solution in BMIM-SCN/PC (1:1, v/v) electrolyte measured at room temperature over time.
Insets are the interfacial impedances calculated from the nyquist plots over duration of
time with different LiTFSI concentrations.

The result that, in spite of the higher ionic conductivity, the PAE-LiPFS films have a
higher interfacial impedance with the LTO and lithium metal electrodes than the LiTFSI
electrolyte in BMIM-SCN/PC with the glass filter separator can be attributed to the lack of
mobile anions that match and act as carriers for the lithium cations once the cations leave the
domain of the ionomer films and migrate through the liquid domain towards the electrodes. The
lowest interfacial impedance in terms of electrolyte concentration was achieved at 0.1 M LiTFSI
in the PAE-LiPFS system (Figure 5-13) and 1.0 M LiTFSI in the glass filter system (Figure 5-14),
which is different from the results shown in Figure 5-10 and Figure 5-11 where 0.01 M LiTFSI
showed the lowest interfacial impedance in both systems. This indicates that the optimum
concentration for low impedance has shifted to a higher concentration value in comparison to the
impedance behavior between the electrolytes and lithium metal electrodes. This should be
attributed to the different physical characteristics of the two interfaces where, at the interface
between the electrolyte and the LTO electrode, sufficient amount of ion carriers appears to be
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more critical than viscosity and ionic aggregation. The result shown in the inset of Figure 5-14
indicates again that a sufficient amount of LiTFSI is required to form a SEI that is stable over
time.

Figure 5-15. Nyquist plots of a LTO half cell with glass filter separator in 1.0 M LiTFSI
solution in BMIM-SCN electrolyte measured at room temperature over time.

PC is shown to have a stabilizing effect as well as shown in Figure 5-15, where the
interfacial impedance increases significantly after 1 day when a 1M LiTFSI solution in BMIMSCN without PC is used. The electrolyte concentrations with the lowest interfacial impedances
were used for each system during the cell assembly for the battery charge-discharge and rate
performance experiments.

5.2.7. Battery Performance
The cycling and rate performance of CR2032 coin cells assembled with glass filter
membranes soaked in LiTFSI solutions in BMIM/PC were investigated first to verify whether
BMIM ionic liquids could be used in battery operating conditions. From the results shown in
Figure 5-13 and Figure 5-14, it was decided that 1 M LiTFSI solutions were used for room
temperature experiments and 0.1M LiTFSI solutions for 0 oC experiments. Figure 5-16 shows that
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at room temperature, the CR2032 coin cell assembled with LTO as the cathode, lithium metal as
the anode and the glass filter membrane as the separator soaked in the ionic liquid based
electrolyte shows a stable cycling performance under 0.1 C (12 µA / cm2) current. At the 72nd
cycle, the discharge capacity is 156 mAh / g, which is 93 % of the initial discharge capacity at the
first cycle (167 mAh / g). Throughout the cycling test, the coulombic efficiency is maintained at
99%. At 0 oC, the coin cell with the same configuration can be discharged at the 72nd cycle to a
capacity (148 mAh / g) which is 84% of the initial discharge capacity (176 mAh / g) while the
coulombic efficiency stays at 95 %. The lower coulombic efficiency at 0 oC is a result of the
lower mobility of the Li-ions which are inserted into the LTO lattice structure during discharge
which causes blockage of the ion diffusion pathway and leaves unfilled lattice cells inside the
LTO structure.

Figure 5-16. Cycling performance of CR2032 cells with a glass filter separator at
different temperatures.

The rate performance data in Figure 5-17 shows that the discharge capacity decreases
from 184 mAh / g to 134 mAh / g (average of 5 cycles run at a specific rate) while discharge rate
was changed from 0.1 C (12 µA / cm2) to 1 C (120 µA / cm2) at room temperature, and from 164
mAh / g to 84 mAh /g at 0 oC. While the BMIM-SCN based battery cell using a glass filter
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separator shows a decent cycling performance at room temperature and even at 0 oC, the rate
performance has room for improvement. Both performances should be improved with better
stability of the ionic liquid based electrolyte towards lithium metal and LTO.

Figure 5-17. Rate performance of CR2032 cells with a glass filter separator at different
temperatures.

The PAE-LiPFS membranes soaked in LiTFSI solutions (0.1 M for room temperature and
0 oC) were assembled into LTO half cells and were measured in charge-discharge cycling tests
and rate performance tests as well. As shown in Figure 5-18, after 80 cycles of charge-discharge
at a rate of 0.1 C (3.5 µA / cm2), the specific discharge capacity was 163 mAh /g, 125 mAh /g,
and 96 mAh /g respectively for cells measured at 40 oC, 23 oC, and 0 oC. Compared to the initial
discharge capacities, these values are 97 %, 64 %, and 55 %. The ion concentration of the
electrolyte was 1 M LiTFSI for a room temperature or 40 oC measurement, and 0.1 M for a 0 oC
measurement. The coulombic efficiency after several cycles was maintained at 96 %, 98 %, and
99 % for the measurements at 40 oC, 23 oC, and 0 oC, respectively. The lower coulombic
efficiency at 40 oC hints the possibility of a mild side reaction at high temperature, however the
cycling performance was not affected significantly at 40 oC.
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Figure 5-18. Cycling performance of CR2032 cells with a PAE-LiPFS separator at
different temperatures.

Figure 5-19. Rate performance of CR2032 cells with a PAE-LiPFS separator at different
temperatures.

The rate performance shown in Figure 5-19 exhibited specific discharge capacity of 86
mAh / g at 1 C rate (35 µA / cm2) and 40 oC, while at room temperature the first two cycles run at
1 C (35 µA / cm2) reached 82 mAh /g and then dropped off to 68 mAh / g during the latter cycles.
The cycling performance and rate performance of the coin cells assembled with the electrolytesoaked PAE-LiPFS membranes were generally not as desirable as those made with glass filters,
which is reasoned to be mainly due to the higher interfacial impedance (Figure 5-14). While the
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much lower base (0.1 C) current density (3.5 µA / cm2) used for the ionomer membranes
compared to the one used for glass filters (12 µA / cm2) was intended to compensate for the
higher impedance, it is noteworthy that the preparation of a thin electrode was much easier with a
PAE-LiPFS as the binder material compared to a PVDF binder which was used in the preparation
of the electrode assembled with the glass filter. The ionomer‟s higher affinity toward the substrate
and electrode materials, combined with the lower chance of precipitation of the polymer material
when the NMP binder solution was exposed to excessive moisture enabled preparation of
electrodes with less material loading (0.21 mg / cm2) on each electrode disc, while flaking of the
electrode material was observed with the PVDF binder when trying to decrease material loading
(< 0.71 mg / cm2).

5.2.8. Flammability Test
As shown in Table 5-1 and Figure 5-20, glass filter membranes soaked in BMIMSCN/PC electrolytes with different compositions were exposed to a flame to investigate the
flammability of the ionic liquid electrolytes. The flammability test was performed six times for
each solution composition where the soaked membrane was exposed to a flame for 10 seconds,
and it was positioned as close as possible to the flame but not directly touching the flame. When
ignition occurred, the time exposed to the flame required for ignition was measured.

Table 5-1. Results of flammability test with glass filter soaked in different compositions of PC.
Composition of PC (%)

0

10

30

50

70

100

Ignition/Trials

1/6

2/6

2/6

3/6

4/6

6/6

Average ignition time (s)

4.8

3.5

3.2

2.9

1.2

0
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Figure 5-20. Photographs of flammability test with glass filter soaked in PC (left),
BMIM-SCN/PC (1:1, v/v) (middle) and BMIM-SCN (right).

While the pure ionic liquid BMIM-SCN itself could be ignited88–90, as the ionic liquid
content decreased the time required for ignition decreased and in case of pure PC the ignition
occurred instantaneously. The 30% solution was used in coin cell charge/discharge tests as shown
in Figure 5-21. Although solutions with less amount of PC are more suitable for safe operation of
battery cells, the charge/discharge performance in Figure 5-21 shows that with less amount of PC
than 50 % in the battery system, in addition to the expected increase in interfacial impedance, the
discharge capacity significantly decreases over cycles. The LiTFSI (Figure 5-10 and Figure 5-14)
and PC content seems to play a significant role not only in moderating the interfacial impedance
to a sufficiently low value but also in forming a stable SEI layer when used with BMIM-SCN.

Figure 5-21. Charge-discharge profile of LTO half cells assembled with a PAE-LiPFS
membrane in a 1.0 M LiTFSI solution in BMIM-SCN/PC where the composition is
BMIM-SCN:PC = 7:3 (v/v).
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5.3. Conclusion
A new class of polymer electrolytes based on an ionomer and the ionic liquid BMIMSCN was prepared and the ionic conductivity, electrochemical stability and battery performance
were investigated. Due to the highly acidic and concentrated perfluorinated sulfonate groups and
interconnected micro-pores present in the ionomer membrane very high ionic conductivities of
the hybrid membrane (e.g. 1.66 x 10-2 S cm-1 at 25 oC) were achieved, which are higher than the
ionic conductivity of the BMIM-SCN/PC mixture itself. The hybrid membrane prepared by
soaking the PAE-LiPFS membrane in the BMIM-SCN/PC solution exhibited several advantages
related to battery cell performance such as high electrochemical stability towards lithium metal
and high lithium transference number. The flammability of the ionic liquid mixtures was tested
and the significant effect of the additives LiTFSI and PC were investigated and discussed. While
the hybrid membrane system in an actual coin cell configuration with LTO and lithium metal as
the cathode and anode showed less desirable cycling performance and rate performance compared
to the system having the electrolyte and a glass filter separator due to high interfacial impedance,
the coin cell could operate for 80 cycles of charge-discharge maintaining a discharge capacity of
163 mAh /g at 40 oC and 96 mAh /g at 0 oC. With the inherent characteristics of ionic liquid
electrolytes and ion containing polymer membranes, and many possibilities of pairing one with
another, this area of study serves as a versatile approach towards potentially achieving both safety
and high power battery technologies in the future.
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5.4. Experimental

5.4.1. Materials
1,2-dibromotetrafluoroethane (99%) was purchased from SynQuest Laboratories Inc. and
used as received. Lithium titanate (Li4Ti5O12, LTO) was purchased from Ishihara Sangyo Kaisha,
Ltd. Super P was purchased from Alfa Aesar. All other chemicals were obtained from SigmaAldrich and used without further purification unless otherwise noted.

5.4.2. Polymerization
Polymerization of PAE-LiPFS ionomer followed the procedure outlined in chapter 4.4.3.

5.4.3. Membrane Fabrication
The porous PAE-LiPFS film was prepared following the procedure outlined in chapter
4.4.4.

5.4.4. Cell Fabrication
The composite positive electrodes were fabricated by casting a slurry of Li4Ti5O12 (LTO),
Super P, and PAE-LiPFS ionomer (as a binder) mixture dispersed in NMP on a Cu foil. Several
compositions were tested and it was found that the electrode which had a 6:1:3 weight ratio of
LTO / SuperP / ionomer showed the best charge-discharge performance, e.g. the highest specific
capacity and the lowest over-potential. The electrode plate with this composition was dried
overnight in air at room temperature, cut into circular disks (12 mm in diameter) and then dried
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overnight in a vacuum oven at 120 oC. Before the cell was assembled, the membrane disks were
immersed in a solution of 0.1 M LiTFSI in BMIM-SCN+PC (1:1, v/v) for 6 h in an argon-filled
glove box. CR2032-type coin cells were assembled in the glove box using lithium counter
electrodes, ionic liquid-soaked polymer membranes, and the LTO / PAE-LiPFS composite
electrodes. To achieve optimal charge-discharge performance, several drops of the ionic liquid
solution were dropped on to the LTO electrode to ensure sufficient permeation of the solvent into
the electrode matrix. The membrane was placed on top of the wet LTO electrode, followed by
placement of the lithium metal electrode on the membrane. After cell assembly, the cell was kept
at a temperature of 80 oC, slightly above the glass transition temperature of the polymer saturated
in the ionic liquid solution, for 24 h to enhance the connectivity between the polymer membrane
and the polymer binder used in the LTO electrode, in order to minimize the interfacial impedance
which partly arises from the two polymer surfaces. When assembling the coin cell with glass
filter separators, pvdf was used as the binder material and a glass filter disc was immersed in a 1
M LiTFSI in BMIM-SCN+PC (1:1, v/v) solution before assembly.

5.4.5. Physical and Analytical Measurements
1

H and 19F NMR spectra were recorded on a Bruker AM-300 spectrometer instrument

with tetramethylsilane as internal reference. Thermo-gravimetric analysis (TGA) measurements
were performed on a TA instruments model 2950 at a heating rate of 10 oC min-1. from 30 to 800
o

C under an air flow. The thermal transition data were obtained by a TA Instruments Q100

differential scanning calorimeter (DSC) at a heating rate of 5 oC min-1. Intrinsic viscosity was
determined by an Ubbelohde viscometer using the polymer solution in DMF/0.05M LiBr (0.3
g/dL) at 25 oC. For mechanical tensile testing, the film samples were cut into dog-bone-shaped
specimens and then tested on an Instron universal testing machine (Model 4411) at ambient
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conditions. Stress-strain curves were obtained three times at a crosshead speed of 2.0 inch/min
using the ASTM D882 standard method and the results were averaged. SEM images of the porous
films were obtained using a FEI Philips XL-20 SEM operating at 20 kV. Through-plane
conductivity (σ) of the membranes was measured by two-probe AC impedance method.
Impedance data was acquired using a Solartron 1260 impedance/gain phase analyzer with an AC
voltage amplitude of 10 mV over the frequency range from 100 mHz to 1M Hz. Voltammetric
measurements were carried out on a PAR 2273 FRA/potentiostat. Linear and cyclic voltammetry
sweeps were performed on the electrolyte film that was sandwiched between a stainless steel
working electrode and a lithium counter/reference electrode in a sealed cell. The galvanostatic
charge-discharge tests of coin-type cells (CR2032) were conducted on a WBC-3000 battery
cycler (Xeno Co.). The cut-off voltage limit was 1.0~2.0 V. The flammability tests were
performed by exposing soaked membranes to a propane gas flame at a fixed distance where the
flame was close as possible but not directly touching the membrane.

5.5. Recommendations for Future Work
While the BMIM-SCN ionic liquid possesses high ionic conductivity, the instability
towards lithium metal requires the stabilization by PC as an additive, which eventually leads to
flammability of the polymer electrolyte. Exploring other additives with lower flammability, such
as different ionic liquids shall be beneficial to improve the safety properties of this electrolyte
material, especially since mixing ionic liquids is reported to cause decrease in ion dissociation
energy, resulting in higher ionic conductivity.
Switching to a more electrochemically stable ionic liquid such as PYR13-TFSI can be
beneficial, since BMIM-SCN itself has flammability, and the operating voltage can increased to
3.5 V by using LFP as an electrode material when PYR13-TFSI is employed. However, the
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increase in viscosity in PYR13-TFSI and the subsequent ionic conductivity decrease shall be
carefully considered.
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