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PREFACE

Today, the global energy demand is mainly fulfilled by combustion of non-
renewable fossil fuels. Greenhouse gases, i.e. carbon dioxide, are produced
in large quantities and the always-increasing emissions of CO. in the
atmosphere have been identified as one of the principal causes of global
warming. As the world energy consumption is expected to rise tremendously
in the next twenty years, global efforts are required to change the current
energy economy, in order to avoid catastrophic consequences for both
human health and the environment. The exploitation of renewable energy
sources and the replacement of internal combustion engines with electric
motors for propulsion needs are the most viable strategies to accomplish
the goal. Of course, both of these approaches will require efficient
technologies to store electrical energy.

To date, lithium-ion batteries (LIBs) are the best candidates to face these
challenges and their fields of application are rapidly expanding towards new
performance-demanding applications such as electric/hybrid electric
vehicles (EVs / HEVs) and large-scale stationary energy storage to power the
grid. The success of LIBs owes mainly to their high energy density,
lightweight, rapid charge/discharge and relatively long lifetime. Despite the
mentioned advantages, safety issues deriving from the use of conventional
liquid electrolytes are, at present, one of the major drawbacks of this

technology.

vii



In the past years, a great deal of research work has been focused on the
development of safer electrolytes. Soon after the discovery of ion
conductivity of alkali metal ions in poly(ethylene oxide) (PEO), the use of
solid-state polymer electrolytes (SPEs) was proposed to replace
conventional liquid electrolytes. The most striking advantages of SPEs are
non-volatility, non-flammability, and good mechanical robustness that allow
their use as electrode separator, which accounts for safer and overall higher
energy density LIBs. On the other hand, the practical application of polymer
electrolytes in real devices has been precluded so far due to their intrinsic
low ionic conductivity values. Still, a lot of research work has to be done to
improve the performance of polymer electrolytes, thus favoring their
widespread use in commercial devices.

It is universally accepted that ion conduction can occur exclusively in the
amorphous phase of PEO-based electrolytes, and the crystalline domains are
usually considered as ionic insulator. Due to the semi-crystalline nature of
PEO, strategies to increase ionic conductivity have been mainly focused on
increasing the degree of disorder in the polymer. Modification of the
macromolecular design, such as branching, brushing, random and block
copolymerization demonstrated to suppress effectively crystallinity.
Another popular approach has been the incorporation of plasticizing agents
or small-molecule organic solvents, thus forming gel polymer electrolytes
(GPEs).

Considering such a scenario, during the three years of this Ph.D. course
the research work has been focused on the development of different
families of polymer electrolytes based on PEO. The goal has been achieved

by exploiting a series of smart engineering strategies and synthetic
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pathways. Then, all of the newly designed materials were characterized in
terms of their physicochemical and electrochemical properties. The
experimental work has been carried out in the GAME Lab at the Department
of Applied Science and Technology — DISAT of Politecnico di Torino and also
in the laboratories of the Institute for Polymer Materials - POLYMAT
(University of the Basque Country), during an 11 months visiting stage.

During the first half of the Ph.D., a progressive pathway has been
followed, which started from the idea of using UV-induced cross-linking as a
versatile tool to incorporate substantial amounts of high boiling liquid
plasticizers in the polymeric matrix, with the aim to increase the ionic
conductivity at room temperature, without sacrificing the mechanical
properties of the polymer. The second half of this Ph.D. was instead devoted
to the development of synthetic strategies to increase another important
transport parameter of polymer electrolytes, which is the lithium-ion
transference number. The goal was achieved by covalently immobilizing
anions to the polymer backbone and obtaining single (lithium) ion
conduction in polymer electrolytes.

In Chapter 1, the current global energy scenario is briefly overviewed,
along with the challenges that actual energy storage technologies must
address. Furthermore, the basic concepts of lithium-based cells are
discussed and a short review is given on the state-of-the-art of materials and
components for LIBs.

In Chapter 2, a simple and easily up-scalable preparation of UV
crosslinked polymer electrolytes encompassing room temperature ionic
liquids (RTILs) is presented. The polymer electrolyte membranes were

prepared by mixing PEO as the polymer matrix, 1-ethyl-3-methylimidazolium



bis(trifluoromethylsulfonyl)imide (EMI TFSI) as the high boiling point
plasticizer, lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) as the source of
Li* ions and 4-methyl benzophenone (MBP) as the UV-induced hydrogen
abstraction mediator. Under UV excitation, MBP may abstract acidic protons
from methylene groups and generate free radicals on the polymer
backbone. Then, the recombination of free radicals may create multiple
crosslinking points. The prepared materials displayed remarkable thermal
stability, reduced crystallinity and showed outstanding mechanical
properties due to the induced crosslinking, regardless of the relatively high
weight content of RTIL in the membranes. Improved ionic conductivity at
room temperature was achieved (up to 2.5 x 10* S cm™ at 25 °C) along with
a 4.6 V electrochemical window for safe operation. The promising prospect
of this polymer electrolyte were demonstrated by the results of tests in lab-
scale lithium cells operating at ambient temperature as well as 55 °C. Finally,
it is worth to be noted that the newly developed preparation method has
led to an international patent recently published.

Chapter 3 describes the preparation of a polymer electrolyte system
based on PEO and glycol dimethyl ether. The UV crosslinking procedure
described in the previous chapter was adapted and applied to this novel
concept of soft polymer electrolyte, which was designed by regulating the
mobility of classic ethylene oxide backbones. In particular, polymer
electrolytes were obtained by UV-induced crosslinking between the
ethylene oxide chains, plasticized by glycol dimethyl ether at various lithium
salt concentrations. The macromolecular networks exhibited sterling
mechanical robustness, low glass-transition temperature, high ionic

conductivity (up to 4.0 x 10* S cm™ at 25 °C) and a wide 5.2 V



electrochemical window. All solid lithium-based polymer cells were
assembled, which showed outstanding cycling behavior in terms of rate
capability and stability over a wide range of operating temperatures.

In Chapter 4, a novel family of block copolymer SPEs was obtained via
RAFT controlled radical polymerization of a specifically designed anionic
liguid monomer, namely lithium 1-[3-(methacryloxy)propylsulfonyl]-1-
(trifluoromethanesulfonyl)imide, with poly(ethylene glycol) methyl ether
methacrylate. The proposed synthetic approach enabled to obtain anionic
polyelectrolytes displaying single lithium-ion conduction, as for the lithium-
ion transference number approaching the unity (0.84). This characteristic is
expected to prevent polarization phenomena within the polymer
electrolyte. Low glass-transition temperatures, absence of crystallinity,
comparatively high ionic conductivity for a solvent-free solid polymer
electrolyte (up to 1.0 x 10> S cm™ at 55 °C) and a 4.5 V electrochemical
window were achieved. Owing to the combination of all mentioned
properties, the prepared polymer materials were used as solid
polyelectrolytes as well as binders in the elaboration of lithium-metal
battery prototypes with high charge/discharge efficiency and good rate
capability.

In Chapter 5, the anionic monomer proposed in the previous chapter was
employed with poly(ethylene glycol)dimethacrylate to prepare networked
single-ion conducting GPEs. Enhanced ionic conductivities for a single-ion
conductor type electrolyte were obtained upon incorporation of propylene
carbonate in the polymer network (up to 8.6 x 10 S cm™ at 20 °C), along
with a 5.5 V electrochemical window for safe battery operation. Despite the

significant solvent content, the synthesized thermoset polymer showed
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good mechanical stability, thus it was possible to prepare them in the form
of thin, self-standing films. Excellent rate capabilities were achieved in a
wide temperature operating range (up to 5C and 1C current rates
respectively at 70 °C and ambient temperature) and lab-scale lithium cells
demonstrated stable cycling and high capacity retention upon prolonged
cycling. Based on the experiments carried out and the literature data, the
obtained findings outperform the current reports on single-ion conducting
gel electrolytes. This represents a concrete step forward for the next
generation of high performing, safe and durable lithium-based energy
storage devices to be successful in the contest of a sustainable global energy

supply system.
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CHAPTER ONE

Towards the development of

advanced lithium-ion batteries

1.1 INTRODUCTION

Modern society is strongly dependent on electrochemical energy storage
and conversion devices, and the importance of such technologies is
expected to increase in the near future. The use of sophisticated portable
electronic devices, including cell phones and laptop computers, has
revolutionized our every-day life, and it would not be possible without high-
energy density power sources. Lithium-ion batteries (LIBs) were introduced
in the market almost three decades ago and since then have been
dominantly used in portable electronics [1-5]. Nowadays, the market of
lithium-ion batteries is rapidly moving towards more challenging
applications, such as electric vehicles (xEV) and stationary large scale energy
storage [2,3,5,6]. Figure 1.1 shows the quick expansion of the LIBs market

during the past years and the predicted trends for the near future. To explain



the increasing demand for energy storage, a discussion on the current global

energy scenario is required.
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Figure 1.1 Forecasted expansion in demand for lithium-ion batteries. GWh=gigawatt

hours. Reproduced with permission from [3]

1.2. THE GLOBAL ENERGY SCENARIO

Nowadays, the annual world energy consumption is calculated to be
around 18 TW. As a consequence of the increasing world population and

raise in the average energy use per person, the world energy consumption
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is expected to exceed 25 TW in the next twenty years [7]. The production of
energy and economic welfare is mainly based on the combustion of cheap
and abundant non-renewable fossil fuels such as oil, natural gas, and coal
(Figure 1.2). Coal and natural gases are intensively used for electric energy
production, whereas refined products of oil are used for transportation
needs [7].

World energy consumption shares

Hydro electric Renewables

0 2%
Nuclear 7% \

-

Energy
4%

Figure 1.2 World primary energy consumption shares during 2014.
Adapted from [7].

Although the depletion of these resources is not an issue in the short
term, environmental damages resulting from their use are tremendously
evident. Greenhouse gases, particularly carbon dioxide - CO>, are produced

in large quantities upon combustion of fossil fuels, and the raising level of



CO: in the atmosphere has been identified as one of the major causes of
global warming and associated global climate changes [8]. Greenhouse gases
are not the only emissions deriving from energy production and
consumption. Indeed, large amounts of pollutants such as sulphur oxides
(SOx), mono-nitrogen oxides (NOy), and particulate matter are produced
from the combustion of fossil fuels. Renewable energy harvesting
technologies have evolved much in the recent years; however, due to the
intermittency of the main sources of alternative energy, such as sun and
wind [9,10], intensive exploitation of these resources requires efficient
systems for energy storage [6]. The development of electric propulsion
technologies for ground transportation is facing very similar challenges. Both
of these applications will require newly developed battery technologies,
with enhanced energy density, prolonged cycle life, and excellent safety. To
date, LIBs are the best candidates to face these challenges. The most striking
advantage of LIBs is their superior energy density compared to other energy
storage technologies [11], such as lead-acid (Pb-acid), nickel-cadmium (Ni-
Cd) and nickel-metal hydride (NiMH) batteries [12]. The Ragone plot of
specific gravimetric and volumetric energy density for various energy
storage technologies is shown in Figure 1.3. The other successful
characteristics of LIBs are rapid charge and discharge rates, absence of
memory effect, low self-discharge, and both long shelf and cycle life [5]. The
challenges imposed by these new applications will be discussed in the next

two paragraphs.
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Figure 1.3. Plot of gravimetric and volumetric energy densities for different energy storage

technologies. Reproduced with permission from [13].

1.2.1 ON THE CHALLENGE TOWARDS ELECTRIC PROPULSION

The development of electric propulsion for transportation needs is

mainly driven by ambitious emission reduction plans. Indeed, considering

the average increasing price of this raw material during the past years and

the detrimental effects on the environment and human health, we will

become more and more reluctant to burn petroleum in ICE for ground

transportation in the future.



Electric vehicles (xEV) can be classified into three main categories: hybrid
electric vehicles (HEVs), full electric vehicles (EVs) and plug-in hybrid electric
vehicles (PHEVs) [2]. HEVs are powered mainly by a conventional ICE that
takes advantage of an electric propulsion system to achieve better fuel
economy and/or better performance. Batteries of an HEV are charged by the
ICE as well as during regenerative braking mode. EVs depend only on the
electric propulsion system and their only source of power is the internal
battery pack; the battery pack is then recharged connecting the vehicle to
the external electrical grid. PHEVs are similar to HEV but their battery pack
is recharged externally. Performance requirements for batteries are
dependent on the propulsion system of the xEV; power density is especially
required for HEV, whereas energy density is more important for EV as shown
in figure 1.4. Power density is a critical factor in HEV since the battery pack
is required to provide current delivery at high rates during acceleration and
regenerative braking. In contrast, energy density is more relevant in EVs
since the vehicle autonomy is depending only on the overall capacity of the
battery [2]. Cycle life of batteries for xEVs is another important parameter.
Since the average lifetime expectancy of a new car is more than 10 years,
batteries for XxEV applications are expected to have similar cycle life. From a
merely economic point of view, consumers are not willing to replace a whole

battery before purchasing a new car.



Luca Porcarelli — Chapter One

5000 g
e .,’ = \ . : :
o 4000 ;s'\ """"""""
; '§ \ - "" . : :

Lt g
- 3000 ____________ | E HEV ' £ _é____________ ‘\
oy 3 ¢ PHEV
2 ‘l I - - £ ~ : _.‘- e ~
8 2000 r\x.........y,-*r-‘_\\
- | — " BV
(o)) ~ : i
= | | TR e
£ 1000 [ rr——rprrr e
( Mobile )
0 100 200 300

Energy Density (Wh kg-)

Figure 1.4 Power and energy density requirement of LIBs for xEVs and small mobile

applications. Reproduced with permission from [2].

Safely is another key issue for xEV applications. Since the early years of
LIBs, consumers have sporadically experienced incidents of firing and/or
explosions of electronic devices caused by battery failures. As the size of LIBs
for xEV applications is significantly bigger than that of portable electronics,
increased safety levels must be guaranteed. Although LIBs for xEVs are
already commercialized, their performance still need to be improved to
meet the customer expectations, especially for the full EV sector. To date,

state-of-the-art LIBs allow for maximum driving autonomies of 150 km. Since



XEVs have to be similar to conventional vehicles in terms of size and weight,
it is not possible to increase driving autonomies and power performances
just by increasing the size of batteries. Therefore, improvements to the
current lithium-ion chemistry are required to double, at least, the autonomy
of XxEVs. Moreover, quick recharge times (less than half an hour) are other
important requirements to be meet, as to date, the time for full recharge of
EVs and PHEVs is around 3-4 hours.

1.2.2 ON THE CHALLENGE OF LOAD LEVELLING

The electric energy demand is not constant during the day, and electric
power grids have time dependent power loads. The typical daily power load
profile in different seasons is depicted in Figure 1.5. To satisfy the
intermediate demands, energy power plants are switched on and off to
match the electric grid request at all times. However, some plants sit idle for
95 percent of the time, and are only used to satisfy the peak demand [2]. For
higher efficiency, electric energy should be stored during low load time and
utilized at high load time. To do so, large scale-energy storage plants must
be integrated in the current grids. In the short terms, LIBs are the most
promising technology for this task [6]. The challenges associated to the
development of LIBs for this application are similar to those for xEVs, except
maybe for energy density. In fact, high energy density is not mandatory in
large-scale energy plants, where battery sizes are not limited. Moreover, for
a better exploitation of electric energy coming from renewable sources, load

levelling is also required. In fact, one of the weakest point of renewable
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energies is that their production rate cannot be controlled. In fact, sun and
wind are intermittent energy sources. Efficient load levelling systems of the
energy coming from renewable resources must be developed to integrate

renewable energy plants into conventional grids.
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Figure 1.5 The typical daily power load profile of electrid grids in different seasons.

Reproduced with permission from [2]



1.3 LITHIUM-ION BATTERIES: WORKING PRINCIPLES AND STATE-OF-
THE-ART

The working principle of a standard lithium-ion cell is schematically
illustrated in Figure 1.6, typical state-of-the-art materials are used in this
example. The typical cell assembly is obtained by sandwiching the positive
electrode, based on a layered transition metal oxide (LiCoO;), and the
negative one, based on graphitic carbon, with a polymeric microporous
polyolefin separator in between. The separator is filled with an aprotic liquid
electrolyte, i.e. a solution of lithium fluorinated salt (LiPFs) in a mixture of
solvents comprising ethylene carbonate and at least one linear organic
carbonate. The two electrodes are connected externally through an electric
circuit [1]. Lithium-ion cells are fabricated in the discharged state;
discharged electrode materials are more stable and can be easily handled
during assembly [11]. During charge, electrons are forced to leave the
positive electrode and move through the external circuit to the negative
one. Since this process is not thermodynamically favored, the use of an
external power source is required. At the same time, lithium-ions leave the
hosting structure of lithium cobalt oxide and, migrating through the
electrolyte, intercalate in between the graphitic layers. In this way, the
external electric energy is stored in the battery in the form of chemical

energy.

10
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Figure 1.6 Schematic representation of a lithium-ion cell. Reproduced with permission
from [4].

During discharge, lithium-ions shuttle back spontaneously, and the
electric current flow in the external circuit is used to produce work. The role
of lithium-ions in this system is merely to balance the electric charge inside
the electrodes. Lithium-ions never change their oxidation state during the
whole cycle, and lithium metal deposition should not occur under normal

operating conditions. In fact, LIBs owe their name to this. The reactions

11



occurring at the electrodes during charge and discharge are described by the

following equation:
LiCoO; + Cs ¢ Li1-xCo0; + LixCs

In the field of lithium ion batteries, positive and negative electrodes are
also called cathode and anode, respectively, although by a more strict
definition, this convention is only correct during discharge. Nevertheless,
this thesis will conform to the convention and the terms “cathode” and
“anode” will be used in place of “positive electrode” and “negative
electrode”. Electrodes for LIBs are usually in the form of composites [3,12].
The redox-active material is the main component in weight of a standard
electrode; a polymeric binder is also used in small quantity to guarantee
adhesion between the active material particles and the current collector,
along with a carbonaceous additive to ensure optimal electrical conduction.
Composite electrodes are usually coated onto metallic current collectors:
aluminum and copper for the positive and the negative electrodes,
respectively.

During the first charge, irreversible reactions of the electrolyte with the
graphite electrode lower the Coulombic efficiency; however, the
subsequent cycles proceed with Coulombic efficiencies approaching 100
percent. This process, also called solid electrolyte interface (SEI) formation,
is essential for batteries based on graphitic carbons [14]. During SEI
formation, some of the electrolyte components decompose reductively at
the surface of the negative electrodes, forming a protective film. When the

graphite surface is covered, further electrolyte decomposition is kinetically

12
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suppressed by the film. Additionally, the SEI layer effectively prevent
graphite exfoliation caused by co-intercalation of lithium ions and solvent
molecules (Figure 1.7). Ethylene carbonate was found to be the most
efficient organic solvent for a stable SEI layer formation and, as a result, has

become the essential component in all commercial electrolyte formulations.
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Figure 1.7 Schematic illustration of the SEI formation mechanism. Reproduced with

permission from [15].
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Lithium-ion cells can be easily fabricated in different shapes, however

the most common ones on the market are prismatic and cylindrical (Figure
1.8).
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Figure 1.8 Three different types of commercially available cells of lithium ion batteries:
cylindrical (a, d), prismatic (b, €) and polymer (c, f, g) cells. The assembly of cathode,
separator and anode is winded (f) or stacked (g) in a pouch of polymer type cells.

Reproduced with permission from [2].
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The assembly of electrodes inside a cell can be winded or stacked, thus
allowing more than two layers to be packed inside a single cell. Prismatic and
cylindrical cells are usually covered by a rigid case. When the packaging
material is a thin polymeric film, cells are commercially known as polymeric
although their shape is prismatic and all the other cell components are
conventional. Prismatic and polymeric cells are preferred for application in
portable electronics since the size of modern devices, such as cellphones and
tablets, have evolved to be always thinner and lighter [2].

A number of cells, connected together in series or in parallel depending
on the required battery output, form a battery pack. The nominal potential
of a battery pack is determined by how the cell connections are made. The
combination of multiple battery packs, together with electrical and
mechanical components form a battery system. These systems are used for
XEV and electrical energy storage applications. The function of the electrical
components is to monitor the temperature inside the battery pack, the
potential and current for each cell, to disconnect short circuited or
malfunctioning cells in order to preserve the battery pack health-state and
efficiency. All the information is collected and operated by the battery

management system (BMS) that can also work as user interface (Figure 1.9).
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Figure 1.9. A battery pack for HEVs. Reproduced with permission from [2].

Early strategies to increment efficiency and performance of LIBs were
mainly focused on the optimization of the battery design [2]. Despite such
engineering efforts, electrode and electrolyte materials have not changed
much in the years. At the present stage, design optimization is no longer
sufficient to satisfy the requirement of the new performance demanding
applications. Research of novel materials with enhanced performance is

currently the most promising approach to enable advanced LIBs.
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1.4 MATERIALS FOR LITHIUM-ION BATTERIES

A small review of the most promising materials developed for advanced
LIBs will be given in the next section, with reference to state-of-the-art

materials, for comparison purposes.
1.4.1 CATHODE MATERIALS

Cathode materials for LIBs are classified based on their crystalline
structure [16]. Discharge potential profiles plots against specific capacity of
different cathode materials are shown in Figure 1.10 for a quick comparison.
Key requirements to face and solve the challenges of the new high-

performing applications can be summarized as follow:

(1) High energy density: both by increasing the specific capacity of both the
electrode materials or/and the operating potential of the positive
electrode material it is possible to increase the energy density of LIBs.
Increasing the operating potential is sometime problematic as common
electrolytes might decompose above 4.5 V vs. Li*/Li.

(2) Structural stability: this is an essential parameter as it strongly affects the
lifetime of the battery; a good electrode material should be able to
perform more than 1000 cycles of reversible charge and discharge
before disposal.

(3) Cost: primarily related to the abundancy of raw materials and secondly
to the production process employed. To date, the high cost of LIBs is still

making them less attractive for some kind of applications. For example,
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the price per kg of a lead-acid battery can be ten times lower than that
of a LIB.

(4) Lastly, the use of cheap, abundant, and environmental friendly materials
is another key requirement for the next-gen LIBs. The choice of materials
that can be recycled, at least partially, should be emphasized since an
increased use of LIBs will also require increased efforts for an effective
disposal at the end of life.
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Figure 1.10 Li-ion battery cathodes: important formulae, structures and voltage profiles
during discharge. The potentials are versus Li reference electrodes. Reprinted with

permission from [5].
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1.4.1.1 LAYERED OXIDE MATERIALS

Layered metal oxide materials are characterized by a rhombohedral
structure with alternate layers of lithium ions and transition metal atoms.
The relatively open structure of layered metal oxide materials allows for
migration of lithium-ions through a two-dimensional pathway during the
charge/discharge process. Lithium Cobalt Oxide (LiCoO2) has been
commonly used as cathode material since the introduction of LIBs on the
market and, to date, continues to be the most employed material for
portable electronic applications [17]. LiCoO; has a practical capacity of 130-
150 mAh g* and an average operating potential of 3.9 V vs. Li/Li*. The major
drawbacks of this material are related to cost and toxicity of Cobalt. Layered
oxides based on Nickel (LiNiO2) have been proposed as a possible
replacement due to their relatively lower cost and increased capacity
delivery. However, their tendency to form non-stoichiometric compounds
with poor performance has strongly limited their use so far [18]. The usage
of solid solutions of LiCoO; and LiNiO, were also discarded due to safety
issues despite higher capacity delivery. Mixes oxides of Nickel, Manganese
and Cobalt, LiNi1;sMn1/3Co1/302, represent the only commercially available
alternative to LiCoO; in the family of layered oxides. Their superior specific
capacity (170 mAh g?) and operating potential (4.4 V vs. Li*/Li) make these

materials well suited for applications also in the transportation sector [19].
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1.4.1.2 SPINEL OXIDE MATERIALS

Manganese spinel oxides (LiMn204) have the three main advantages of
low cost due to natural abundancy, increased safety and superior
environmental compatibility with respect to Nickel and Cobalt based
materials; these characteristics make LiMn;Os an ideal candidate for
stationary energy storage despite the rather limited delivered capacity (120
mAh g) with respect to layered materials [20]. Indeed, energy density is less
crucial for large-scale applications, like energy storage plants, where the size
of batteries is not limited by the size of the device, like in mobile
applications. However, the spinel structure shown to be damaged by Jahn-
Teller distortions of Mn atoms during prolonged cycling and therefore make
this material unsuited for practical applications [4]. Mixed Manganese and
Nickel spinel oxides (LiNixMn»-x04) with improved structural stability have
been also developed [21] and although the capacity of these spinels remains
low, the operating potential approaches 5 V vs. Li*/Li. Higher operating
potentials are obviously advantageous in terms of specific energy, but may
also bring safety problems caused by oxidative degradation of the

electrolyte.

1.4.1.3 PHOSPHO-OLIVINE MATERIALS

Among this family, lithium iron phosphate (LiFePO4) is the most
promising candidate for application in the transportation sector [22]. This

material has a theoretical capacity of 170 mAh g and an average operating
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potential of 3.4 V vs. Li/Li*. Despite the relatively low energy density of this
material, the main advantages of LiFePO lie in its low cost, eco-friendliness
and high structural stability thanks to the strong phosphate bonds that
strongly reduce the structural degradation process [23]. The issues raising
from the intrinsic low electronic conductivity of LiFePOs have been
overcome by nano-sizing the particles of active material, by specifically
coating the nanoparticles with conductive layers and by bulk doping with
metal particles. LiFePOs is already being commercialized and used in
industrial products by several companies. Cobalt and manganese-based
olivine materials have been studied because of their higher operating
potential, but lot of research efforts are still required before

commercialization [16].

1.4.2 ANODE MATERIALS

The classification of anode materials for LIBs in not based on their
structure, but on the energy storage mechanism (Figure 1.11). The operating
potential of these materials lies above that of lithium reduction in order to
avoid potentially harmful deposition of lithium metal. Therefore,
enhancements in specific energy are usually achieved by increasing the
specific capacity of anode materials. Indeed, active materials for negative
electrodes usually display larger specific capacities than that of cathode

materials.
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Figure 1.11 Schematic of different mechanisms for reversible storage of lithium ions in

anode materials. Adapted from [11].

1.4.2.1 INTERCALATION REACTION MATERIALS

Graphitic materials have been used as anodes since the early
commercialization of LIBs and nowadays are still the most largely employed

negative electrode materials in secondary lithium-ion batteries [24]. Natural
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and artificial graphites are composed of layers of ordered carbon atoms.
Lithium-ions are intercalated/de-intercalated in between the layers during
charge and discharge, and their charge is stabilized by injection of electrons
from the external circuit. The intercalation of lithium ions is a stepwise
process that occurs between 0.5 V to less than 25 mV vs. Li*/Li. The typical
potential profiles of graphite are shown in Figure 1.11 a. As already
discussed, the formation of a stable SEI layer is essential for safe operation
of graphite-based electrodes, in absence of which decomposition of the
electrolyte and eventually graphite exfoliation occurs [25,26] (Figure 1.11 b).
After SEI layer formation, these materials usually deliver a practical specific
capacity of 360 mAh g at low current regime.

The major drawback of graphitic electrodes comes from the risk of
electrodeposition of metallic lithium onto the electrode surface during
charge at high current rates or low temperatures [27]. This process, known
as lithium dendrite growth, can lead to hazardous cell failure. In fact,
growing dendrites can pierce the electrode separators and, upon contact
with the positive cathode, internally short circuit the cell.

Another carbon-based material alternative to graphite is hard carbon
(HC). The degree of graphitization is used to distinguish between these
materials, being graphites the more ordered material, whereas HCs the less
ordered ones [28,29]. HCs can accommodate more charge in spite of more
abundant lithium-ion intercalation sites but on the other hand, they
generally show a lower Coulombic efficiency during the initial cycle. HCs are
good candidates for future applications in electric vehicles and stationary

energy storage.
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Figure 1.11 Typical charge (lithiation) and discharge (delithiation) profiles of natural
graphites with 1.15 M LiPFs in 3:7 X :dimethyl carbonate (DMC) as an electrolyte where X =
ethylene carbonate (EC) for (a) or propylene carbonate (PC) for (b). The arrow in (a)
indicates formation of the solid-electrolyte interface (SEl) layer caused by decomposition of
EC. C = charge; D = discharge; number after C or D = cycle number. The profile of D2 is

completely overlapped with that of D1. Reproduced with permission from [2].
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The only non-carbon-based example in the family of intercalation
materials is lithium titanate oxide (Li4TisO12) [30]. Its high operating potential
(1.5 V vs. Li*/Li), which lies above the decomposition potential of common
electrolytes, leads to very high efficiency during the first cycle since SEl layer
formation does no occurs; in addition, the risk of dendritic growth is strongly
reduced. This property combined with the very limited volume change upon
lithium intercalation allows very fast rate of charge and discharge. On the
other hand, the low specific capacity of LisTisO12 (175 mAh g?) is the main

drawback of this anode material.

1.4.2.2 CONVERSION REACTION MATERIALS

Various transition metal oxides can work as anode materials via
conversion reactions [31,32]. These materials possess very high specific
capacity values with respect to graphite, in some cases approaching 1000
mAh g, but suffer from very large volume changes that detrimentally
effects their cycle life. Moreover, the generally high operating potential
along with the low coulombic efficiencies make these materials unsuitable

for practical applications at present.

1.4.2.3 ALLOYING REACTION MATERIALS

Metalloid elements such as silicon and germanium or metals like tin can

alloy with lithium, thus resulting in high energy density anode materials [33].
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The most attractive characteristics of alloy anodes are the extremely high
specific capacity (up to 4000 mAh g for Lis4Si) and the low operating
potential (0.4 V vs. Li*/Li for Lis.4Si). However, large volume changes occur
during reversible charge/discharge and lead to fragmentation of the
composite electrodes. The advanced solutions for volume change issues are
the reduction of particle size to nanometer scale and the introduction of
buffer phase between the particles. These materials have great potential for
all kind applications, from portable electronics to large-scale storage but a
great deal of research is still required before their successful

commercialization.

1.4.3 SEPARATORS

The main role of separators is to prevent the direct contact between
electrodes in a cell, thus avoiding internal shortcuts. Standard separators for
LIBs are porous materials that can incorporate sufficient amounts of liquid
electrolyte to guarantee lithium-ion conductivity between the electrodes.
For high energy and power density, separators must be thin to reduce
internal cell resistance. At present, commercial separators for lithium-ion
cells are nominally less than 50 um in thickness. In addition, for longevity,
chemical and electrochemical stability is required to prevent degradation
and loss of mechanical properties. Good wettability in the electrolyte is
obviously needed to reduce resistance to lithium-ion conductivity. Standard
separators for LIBs are microporous polymeric materials based on

polyolefin, such as polyethylene (PE), polypropylene (PP), or multi-layered
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blends of such [34-36]. Figure 1.12 shows the microporous structure of a

commercially available separator for LIBs produced by Celgard®.

Figure 1.12 Scanning electron micrographs of Celgard® 2325 (PP/PE/PP) separator used in
lithium-ion batteries: (a) surface image and (b) cross-section image. Reproduced with

permission from [34].
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Polyolefin-based separators exhibit excellent chemical stability and
mechanical properties, a thickness lower than 30 um and an average pore
size below 1 um. When a LIB is accidentally overcharged or abused, heat is
generated that can seriously affect safety and lead to hazardous
consequences, i.e. decomposition of the liquid electrolyte and ignition of the
gas produced. In case of “thermal runaway” of LIBs, polymeric separator can
provide an internal margin of safety. In fact, separator pores collapse near
the melting point of the polymeric material, thus drastically increasing the
cell impedance, and interrupting battery operation by shutting down the
external current flow. Commercially available trilayer PP/PE/PP separators
(Celgard® 2320 and 2325) are good examples of shutdown materials.
Additionally, in case of melting of the PE internal layer, the external PP layers
continue to offer mechanical stability due to the difference between the
melting temperature of PE and PP. The development of novel separator
materials is closely connected with that of electrolyte materials and will be

thoroughly discussed in the next paragraphs.

1.4.4. ELECTROLYTES

1.4.4.1 NON-AQUEOUS LIQUID ELECTROLYTES

Non-aqueous electrolytes for LIB applications are composed of lithium-
ion salts dissolved in organic carbonates. The key properties of electrolyte
solutions are high dielectric permittivity (to dissolve the salts), low viscosity

(to facilitate lithium-ion transport), and good interfacial stability with both
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the electrodes [15,37]. Ideally, the electrochemical stability window (ESW)
of an electrolyte should be wider than the potential range defined by the
working electrodes of the battery; otherwise, the electrolyte would undergo
degradation via reduction and/or oxidation reactions. Since the absence of
a single carbonate-based solvent capable to meet all the aforementioned
requirements, mixtures of solvents of either high dielectric permittivity or
low viscosity are commonly used. Standard electrolytes formulations for LIBs
comprise ethylene carbonate (EC), due to its essential SEl forming ability and
high dielectric permittivity, mixed with low viscosity linear carbonate esters,
the most commonly used of which are dimethyl carbonate (DMC), diethyl
carbonate (DEC), and ethylmethyl carbonate (EMC) [37]. Table 1.1
summarize the most important physical-chemical properties of common
organic carbonates. lonic conductivities of such electrolytes may exceed 10
2S cm™ at ambient temperature and support cell operation in the range of
—30 to 60 °C. Above these temperatures, liquid electrolytes do not assure
safe operation because of volatility of the organic components.
Temperature limitations are a serious drawback for liquid electrolytes, in
fact internal temperatures of large size battery packs can increase easily to
40-50 °C, even under normal operation conditions [2]. Hence, flammability
of volatile components of the electrolyte can result in unwanted fires and
explosions of LIBs. Electrochemical reaction with the electrodes are other
causes of electrolyte degradation. Although ester carbonates are prone to
reduction at low potential (< 0.5 V vs. Li*/Li), this issue is avoided by the

formation of the SEl layer that kinetically hinder sustained reductions.
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On the other hand, resistance to oxidation of carbonates is only
satisfactory with conventional 4 V cathode materials. Most of the high
voltage cathode materials, developed to increase energy density of the
battery, operate at potential above the anodic stability limit of common
organic carbonates. Thus, efforts are being made to replace, at least
partially, these carbonate-based components to achieve improvements over
the state-of-the-art [37].

1.4.4.2 ALTERNATIVE LIQUID SOLVENTS FOR LIBS

Alkyl sulfones have been investigated because of their high dielectric
permittivity, low flammability and excellent anodic stability [38-41].
Nevertheless, sulfones are unsuitable for practical application in LIBs
because of their inability to form protective SEI layers on graphitic anodes
and their generally high viscosities. Sulfoxide-based solvents were also
discarded for a number of reasons, mainly poor SEI forming properties
combined with even lower anodic stability compared to alkyl sulfones [42].
Electrolytes based on acetonitrile (ACN) combine good dielectric permittivity
and low viscosity, resulting in high ionic conductivities. On the other hand,
the narrow electrochemical stability window of ACN strongly limits its
application in LIBs field. In recent years, several other nitriles have been
intensively studied in order to increase their stability limits, di-nitriles with
short alkyl chains revealed increased thermal and electrochemical stability
but their ability to form efficient SEl layers has yet to be proved [43-46].

Finally, phosphorus-based solvents have been proposed because of their
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exceptional flame-retardant, but once again these solvents have been found
to be unable to form protective SEI layer [47,48]. To date, alternative
solvents capable to replace conventional organic carbonate have yet to be
developed [15,37].

1.4.4.3 SALTS

The fundamental requirements of a salt for LIBs can be summarized as
follows: it should not react with other cell components, it should be readily
soluble in aprotic solvents, ions of the salt should be highly mobile, anions
should be stable against oxidative as well as thermal decomposition [15,37].
Lithium hexafluorophosphate (LiPFe) in 1M concentration is the most
commonly employed salt in commercial electrolyte solutions. The success of
LiPFs with respect to other lithium salts, such as LiAsFs, LiClO4 or LiBF4, is due
to the combination series of well-balanced properties rather than
achievement of outstanding performance [15]. For example, in the
commonly used solvent mixtures, it has lower ionic conductivity than LiAsFs,
lower thermal stability than most of the other salts, and lower anodic
stability than LiClO4. However, each one of the other proposed salts is
affected by serious drawbacks that preclude its widespread application.
LiClO4 was found to strongly oxidize the other electrolyte components and
to react violently with them at high temperature or under high current rates
[49,50]. LiAsFs was discarded due to toxicity concerns [51]. LiBF4 was initially

considered due to its lower toxicity and higher safety with respect to other
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candidates but the moderated ion conductivities achieved with LiBF4 have
been the major obstacle to its application [52].

Among novel lithium salts candidates (Figure 1.13), lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), firstly reported in 1984, showed
a high dissociation level owing to the strong electron withdrawing group
(SO,CF3) and because its improved safety, thermal stability, and good
conductivity, it has quickly attracted much attentions [53—-55]. Despite of
these advantages, the severe corrosion of aluminum current collectors
caused by LiTFSI has made its application impossible in liquid electrolyte
based LIBs so far. Similar issues with Al-corrosion were reported for the
analogous lithium bis(pentafluoroethanesulfonyl)imide (LiBETI).

Finally, particular attention was paid to lithium bis(oxalato)borate
(LiBOB), this salt is anodically stable up to 4.3 V vs. Li*/Li, it can form a
protective SEl layer on the surface of graphite and it was found to be fully
compatible with Al current collector, however the ionic conductivity of
LiBOB solutions in carbonate based solvents were found slightly lower than
that of conventional salts and therefore its practical use is still debated [56—
58].

® ® ®
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Figure 1.13 Novel lithium salts structures
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1.4.4.5 ROOM TEMPERATURE IONIC LIQUIDS

Room temperature ionic liquids (RTILs) are salts consisting of a bulky,
asymmetric organic cation and an inorganic anion. Usually, their melting
point is below or close to ambient temperature [37]. RTILs have several
advantages over organic solvents: high chemical and thermally stability,
non-flammability, negligible vapor pressure and, in some cases, high
electrochemical stability and hydrophobicity. These properties make them
attractive candidates for applications as electrolytes in lithium batteries.

Heterocyclic quaternary ammonium compounds, such as imidazolium,
pyrrolidinium, and piperidinium, are the most popular cations. Anions are
usually selected among conventional lithium salts negative counter-ions.
Anions usually have a major role in determining not only the melting
temperature, but also the electrochemical stability of the resulting RTILs.
The most electrochemically stable anions (PFs~ and BF4~) always result in
high temperature melting salts, while the more “plasticizing” TFSI~ anion
usually reacts at high potentials (e.g., corrosion toward aluminum current
collector or simply electrochemical oxidation). Recent reviews cover
extensively the last literature findings related to RTILs as electrolytes for LIBs
[37,59] (Figure 1.14)
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Figure 1.14 Novel room-temperature ionic liquids structures

1.5 POLYMER ELECTROLYTES

To date, safety issues of conventional liquid electrolytes based on organic
carbonates are probably the major drawback of LIBs. For example, the
operating temperature range of LIBs is strongly limited by the volatility of
organic carbonates. The internal temperature of large-size battery packs can
exceed 50 °C and, consequently, thermal stability of the electrolyte is a
critical parameter to take in account. In addition, the flammability of liquid
solvents has led to accidents of flaming and explosions of batteries in the
past. Finally, liquid carbonates are not fully compatible with high energy
density electrodes, such as high voltage cathodes, since their instability at
high potentials. As the majority of new applications for LIBs requires even
stricter safety margin, the replacement of liquid carbonates with safer
counterparts is essential for the development of next-gen LIBs. Polymer
electrolytes have been proposed as an alternative to liquid electrolytes [60].
Since the discovery of ionic conductivity of alkali metal ions in poly(ethylene

oxide) [61], the interest of the scientific community has grown around this
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new class of materials. Their promising advantages over conventional liquid
electrolytes include intrinsic thermal and electrochemical stability, non-
flammability and non-toxicity. Finally, these electrolytes systems have the
potential to be multifunctional, as materials showing sufficient mechanical
strength can also play the role of electrodes separators in addition to ion
conductive media. A large number of polymer electrolyte systems have been
proposed based on polyethylene oxide, polypropylene oxide,
polyacrylonitrile, polymethylmethacrylate, polyvinylchloride,
polyvinylidenefluoride, polysiloxane and polyphosphazene. Along with the
above-mentioned homopolymers, other microstructures have been
investigated like statistical, block or grafted copolymers. In addition,
different macromolecular architectures such as linear, comb-like, branched,
networked and functionalized polymers were proposed as potential
candidates. Extensive reviews on this topic can be found in several literature
reports [62—67]. Because of the large number of examples, it is convenient

to group polymer electrolytes in two main categories:

(1) Solid polymer electrolytes (SPEs)
(2) Gel polymer electrolytes (GPEs)

The former category includes mixtures of lithium salts in high-molecular-
weight polymers. In these systems, a Lewis base contained in the polymer
host is responsible for lithium-ion solvation [66]. Generally, SPEs can be
produced in thin films with good mechanical properties. The latter category
of polymer electrolytes is obtained by the incorporation of large amounts of
conventional liquid electrolytes into a polymer matrix. In this case, the

solvation is mainly owed to the solvent and the polymer may not participate
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at all in solvating the ions. GPEs are characterized by higher ionic

conductivities at ambient temperature, but reduced mechanical robustness.

1.5.1 SOLID POLYMER ELECTROLYTES

lonic conductivity of alkali metal ions, such as lithium-ion, in
poly(ethylene oxide) (PEO) was firstly demonstrated by Fenton et al [61].
Four decades after this discovery, the majority of research works performed
on SPEs still focus on this system and its structural variation. PEO is a
polyether compound with a chemical structure of H-(O-CH,-CH3),-OH.
Depending on the molecular weight, this polymer is also known as
poly(ethylene glycol) (PEG). Normally, PEO is the polymer with a molecular
weight above 35000 g mol?, whereas PEG refers to oligomers of ethylene
oxide with a molecular weight below 35000 g mol™*. A number of pioneering
scientific works were devoted to the study of the lithium transport
mechanism in PEO-based systems. According to these studies, lithium ions
are complexed by partial negative charges on the oxygen atoms belonging
to the repeating unit. Then, PEO chains can wrap around lithium-ions, thus
forming stable multi-nuclear coordination complexes [68], whereas the
anions also reside in near proximity of the ion-polymer complex (Figure
1.15). The lithium-ion conductivity mechanism in PEO is associated with
segmental motion of the polymer chain, along with hopping of lithium ions

between the coordination sites.
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Figure 1.15 Schematic representation of the coordination site of lithium ions in PEO and its

ion conducting mechanism. Reproduced with permission from [62]

Therefore, ion conductivity in PEO cannot occur below the glass transition
temperature of the polymer. Moreover, it is generally accepted that fast ion
conduction can exclusively occur in the amorphous phase of the polymer,
the crystalline domains being almost ionic insulating. Since PEO is a semi-
crystalline material, strategies for increasing its ionic conductivity have been
mainly focused on breaking the crystallinity of the polymer. Another
drawback of PEO is the loss of dimensional stability above the melting
temperature of its crystalline phase, which is around 60 °C.

The use of lithium salts with large anions like BOB [69], imidazole [70] and
TFSI [71] was reported to suppress effectively the crystallinity and increase
the ionic conductivity; unfortunately, it significantly increases the glass
transition temperature of PEO, reducing the mobility of EO segments [72].

Interesting results were obtained by introducing ceramic fillers, thus
forming composite SPEs. Inorganic fillers such as Al,03 [73], SiO2[74], MgO

[75] showed to hinder the crystalline phase formation by specific
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interactions of the surface groups of the ceramic particles with the polymer
chain. To date, these electrolytes showed ionic conductivity values that
range between 10 and 104 S cm™ at temperatures between 40 and 100 °C,
thus excluding ambient temperature application. In the high temperature
range, the ionic conductivity strongly increases, thus admitting practical
application. Metal organic frameworks (MOFs) as filler also provide hybrid
properties and enhance the ionic conductivity and interfacial properties of
solid polymer electrolytes [76].

Along with inorganic filler, the use of bio-derived filler was also
investigated. The main advantage deriving with these materials is their low
cost and environmental compatibility. Cellulose nanocrystals [77], chitin
[78], and cyclodextrins [79] have been used as the reinforcing phase in PEO
matrices.

Another simple way to improve the percentage of amorphous phase in
PEO is to blend it with other polymers. The blending method may serve to
improve ionic conductivities and dimensional stability of polymer
electrolytes. Moreover, preparation of blends is generally an easily up-
scalable process, particularly suitable for practical application. Several
examples are present in literature including blends of PEO with
poly(methacrylic acid), poly[bis-(methoxyethoxyethoxide)phosphazene],
poly(2-vinylpyridine),  poly(vinylidene  fluoride),  polyethylenimine,
poly(oligo-(oxyethylene)oxyterephthaloyl, poly(dimethyl siloxane), and
networked cellulose [80-83].

Block copolymers have been proposed as solid-state electrolytes, in

which two or more different structural units are combined to achieve the
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two antagonistic properties of high mechanical strength and satisfactory
ionic conductivity [84,85]. Although the oligoether linkages of PEO are
difficult to replace in order to achieve good ionic conductivity, a wide range
of options is available among high Ty polymers to guarantee structural
integrity. Wang et al. [86] used pedant ethylene-oxide units attached to a
polystyrene (PS) backbone that was later combined with styrene units to
form an ion-conducting block copolymer. This solution led to micro-phase
separation, in which the EO-rich phase formed a conductive pathway for
lithium-ions. A similar approach was demonstrated by Niitani et al. [87], in
which a methyl methacrylate backbone was used to attach the pendant
ethylene-oxide units. Although in both cases room temperature ionic
conductivity did not exceed 10 S cm™, mechanically robust copolymers
were obtained with the ability to hinder effectively lithium dendrite growth.
Other examples of block copolymer electrolytes include the use of poly(butyl
methacrylate) [88], poly(lauryl methacrylate) [89], poly(n-hexadecyl
methacrylate) [90], poly(benzyl methacrylate) [91], and poly(methacrylic
acid) [92].

Another approach to induce phase separation between the PEO rich-
phase and the structural phase was to graft long side-chains of poly(dimethyl
siloxane) to the polymer backbone [93], interesting ionic conductivity values
were obtained, but at the cost of mechanical properties, thus almost
completely vanish the advantages of the block architecture.

With the aim of dismantling the crystalline structure of PEO, the grafting
strategy has also been employed to attached PEG chains to a series of

organic and inorganic polymers, such as poly(methacrylic acid) [72],
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polyphosphazenes [94-97], polysiloxane [98-100] and boron-containing
macromolecules [101,102].

Hyperbranched polymers have received much attention due to their
unique macromolecular structures. Compared to linear polymers,
hyperbranched systems can hinder the crystallization of polymer chain more
easily, which leads to enlargement of the amorphous phase. Therefore, PEO-
based hyperbranched polymers were employed as hosts for polymer
electrolytes. Lee el al. [103] investigated a series of hyperbranched PEO
polymers based on glycerol that showed a 100-fold increase in the ionic
conductivity below 50 °C compared to linear PEO. Niitani et al. [104]
synthesized a hyperbranched copolymer based on polystyrene and
poly(oligoethylene oxide)methacrylate via controlled polymerization
techniques, and blend it with different lithium salts (LiBETI, LiTFSI, LiClOa,
LiPFs, and LiBF4). The SPE containing LIiBETI exhibited high ionic

conductivities of 10*S cm™ at 30 °C.

1.5.2 GEL POLYMER ELECTROLYTES

Despite almost three decades of investigation, PEO-based solid polymer
electrolytes with practical application at ambient are still an unachieved
challenge. Hence, research efforts have been focused on gel polymer
electrolytes [63]. Attempts have been made to improve the ionic
conductivity of PEO by adding low molecular weight plasticizer and
conventional aprotic solvents. PEO-based polymer matrixes can be swollen

in conventional electrolytes, and due to the good soaking properties of PEO,
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adsorb high weight percent of the electrolyte. As previously mentioned, in
such systems, salt solvation is mainly carried out by the solvent molecules
and the polymer matrix may not participate at all in solvating the salt. In
addition, the transport mechanism in GPEs is generally owed to the
conventional liquid electrolyte rather than to the interaction with the
polymer backbone. The polymer matrix serves mainly to provide
dimensional integrity, and the ether linkage is no longer the sole choice of
building block for its chemical structure. A number of alternative polymers
have been proposed and tested, such as polyacrylonitrile,
polymethylmethacrylate, polyvinylchloride, polyvinylidenefluoride and
polysiloxanes [63]. Generally, the concomitant consequence of the low
polymer content in GPEs is the poorer mechanical strength as compared
with pure SPEs, and either chemical or physical cross-linking is frequently
necessary for the dimensional stability of such gel materials.
Poly(acrylonitrile) (PAN) based electrolytes offer a homogenous, hybrid
electrolyte film in which the salt and the plasticizer are molecularly
dispersed. Watanabe et al. [105] used a combination of plasticizers EC and
PC to plasticize PAN and complexed with LiClO4. They concluded that the
PAN host is inactive in the ionic transport mechanism but acts as a matrix for
structural stability. PAN-based gels were found to have lithium ion
transference numbers exceeding 0.5 because of the absence of oxygen
atoms in the PAN matrix [106]. PAN based electrolytes were prepared by
encapsulating Li-salt solutions obtained by dissolving LiN(CF3S03),, LiAsFs,
LiCFsSOs and LiPFs in a plasticizer mixture of EC and PC [107]. Cyclic

voltammetry studies revealed that the electrolytes have an inherent
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oxidation stability window exceeding 5 V vs Li*/Li. These electrolytes
exhibited high ionic conductivity and high lithium transference number.
However, their application in rechargeable lithium polymer batteries is
hindered and is attributed to the instability at the lithium metal electrode
interface. It has been found that Li ions strongly interact with the C=N groups
of PAN [108]. At a concentration as low as 5% of Li* ions, because of the high
intensity of the characteristic vibration of the C=N group of PAN, it is very
difficult to observe the interaction between ions and molecules. Despite
several advantages of PAN-based electrolytes, like high ionic conductivity of
the order of 103 S cm™ at 20 °C, wide electrochemical stability of 4.5 V and
Li-transference number around 0.6, their poor compatibility with Li metal
anode offsets from practical applications. Other studies clearly revealed that
the Li electrode undergoes serious passivation when in contact with PAN-
based electrolytes, affects cyclability and eventually leads to safety hazards
[109].

In 1985, lijima and Toyoguchi found that poly(methyl methacrylate)
(PMMA) could be used as a gelling agent [63]. Later, Appetecchi et al. [110]
focused their attention on MMA gel electrolytes with different plasticizers.
Authors concluded that the electrochemical stability window depends on
the polymer host and lithium salt complexes. Although better scalability has
been obtained with PMMA when compared to PAN, voltammetric results
and efficiency tests revealed that a consistent fraction of lithium is lost upon
cycling and, thus, a large excess of lithium would be required eventually to
assure an acceptable life to the battery. The rheological and electrochemical

properties of PMMA-LiCIO4/PC membrane were obtained by Bohnke et al.
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[111]. In low concentrations of PMMA, the gelatinized electrolyte was
considered as a liquid electrolyte caged in a polymer matrix. The addition of
PMMA in various proportions increased the viscosity of the macromolecular
solution. On the contrary, the conductivity was considerably reduced upon
PMMA addition. However, the room temperature conductivity remained
unvaried, viz. close to the conductivity of liquid electrolytes. DSC data
established the thermal stability of these membranes between 110 and 240
°C. A model that emphasized the importance of PC and/or PMMA-lithium
solvation effect of ion-pairing and the cross linking action of cations at high
PMMA concentration has also been reported [112]. The 20 wt % of PMMA
gels was considered as a liquid electrolyte encaged in an inert polymer
matrix. On the other hand, a very strong interaction between the polymeric
chains and the ionic species was observed when the concentration of PMMA
was increased to 45 wt % the gel. The DSC, NMR, electrical conductivity
studies have been made by Stallworth et al. [113] for gel electrolytes
synthesized from PMMA, EC, PC and various lithium salts (LiClO4, LiAsFs,
LiN(CF3S03),). DSC analysis revealed that gel electrolytes exhibit single glass
transition temperature. These results are in accordance with those reported
for PAN electrolytes [114]. Vondrak et al. [115] prepared PMMA gel
electrolytes with PC as plasticizer and complexed with salts of various
perchlorates of different cation sizes including lithium. The gel electrolyte,
which possesses lithium as cation exhibited maximum conductivity and was
attributed to its smaller ionic radii. Even though it has many favorable
merits, the poor mechanical strength of plasticized PMMA offsets these

electrolytes from practical applications.
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Sukeshini et al. [116] complexed poly(vinyl chloride) (PVC) with lithium
bis(trimethyl sulfonyl) imide (LiTFSI) and plasticized with dibutyl phthalate
(DBP) and dioctyl adipate (DOA). The ionic conductivity of the membranes
was increased considerably when the content of PVC was decreased. The
electrochemical stability domains close to 4.0 V at 60 °C, established by cyclic
voltammetry using Ni-ultra microelectrodes, was limited in the cathodic side
by Li deposition and stripping processes and in the anodic side by the
oxidation of the polymer. The efficiency of the lithium stripping followed by
the deposition was found to be poor and was attributed to the reaction of
dibutyl phthalate or dioctyl adipate with Li. Membranes based on PVC
showed ionic conductivity in the order of 103 S cm™ at ambient conditions.
However, the compatibility towards the lithium metal anode was not
satisfactory enough for any direct application in practical lithium battery.

By virtue of its attractive properties, poly(vinylidene fluoride) - PVDF has
been chosen as a polymer host for lithium battery applications. PVdF based
polymer electrolytes poses high anodic stability due to the presence of
strong electron-withdrawing functional groups (—C—F) and the polymer itself
has a dielectric constant (€ = 8.4) that helps for greater dissolution of lithium
salts and, subsequently, supports high concentration of charge carriers.
Tsuchida et al. [117] examined the plasticized PVdF gel electrolytes and they
found that viscosity plays a major role in influencing the conductivity rather
than the dielectric constant of the plasticizer. A novel polymer electrolyte
comprising of PVdF-EC-PC and a lithium salt (LiCF3SOs3, LiPFs or LiN(SO2CF3)3)
was prepared by thermal extrusion method [118]. The mechanical strength

of the polymer electrolyte film varied widely and depended on the PVdF
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content. The viscosity of the medium and the concentration of charge
carriers, which are directly related to the weight ratio of PVdF-EC-PC and the
kind of Li salt studied, mainly influenced the conductivity of the electrolyte.
Although, PVdF-based electrolytes offer excellent electrochemical
properties, this fluorinated polymer is not stable when in contact with
lithium metal, leading to poor interfacial properties between lithium and
fluorine.

The compatibility study of Li metal anode with PVdF-EC-PC-imide polymer
electrolyte revealed that these electrolytes may have good shelf life at room
temperature. In addition, the cyclic voltammetry studies suggested that
PVdF electrolytes are more suitable for primary than secondary batteries
when Li metal is employed as anode [118]. A rechargeable all-plastic battery
was fabricated with PVdF-PC-LiClOs membrane as electrolyte using a poly
acetylene film as an active electrode material. This battery system has been
found to be feasible as small power source in low current electronic devices.
However, problems associated with the rather limited ionic conductivity of
polymer electrolytes, the degradation of battery performance and adhesion
between the acetylene films and polymer electrolyte are to be rectified
[119].
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CHAPTER TWO

Multipurpose polymer electrolyte
encompassing room temperature

ionic liquids

2.1. INTRODUCTION

The discovery of ionic conductivity of alkali metal ions in poly(ethylene
oxide) (PEO) by Fenton et al [1] started an intensive branch of research on
this material as a promising solid polymer electrolyte. However, at ambient
temperature the ionic conductivity of lithium salt complexes in PEO is limited
due to the semi-crystalline nature of PEO. Crystalline regions in PEO are not
readily available for ion transport, and ion conduction is therefore limited to
the amorphous phase. Several attempts have been made to improve the
ionic conductivity of PEQ, including the introduction of inorganic fillers [2],
the use of specifically designed counter-ions [3], the chemical
functionalization of its polymeric chains [4], the design of interpenetrating

cross-linked networks [5], etc.
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In recent years, room-temperature ionic liquids (RTILs) have been
intensively investigated [6,7] due to their excellent properties such as non-
volatility, non-flammability, and ionic conductivity up to 1 mS cm™. These
properties make ionic liquids very attractive for application electrolytes in
lithium batteries.

Recently, the combination of high molecular weight PEO, lithium bis
(trifluoromethansulfonyl)imide (LiTFSI) and an ionic liquids (N-methyl-N-
butylpyrrolidinium bis(trifluoromethansulfonyl)imide) has been explored as
a polymer-based electrolyte in lithium ion batteries[8]. The aforementioned
components were mixed and processed at elevated temperatures under dry
conditions. By this process, ternary composites PEO/RTIL/LITFSI with high
ionic conductivity were obtained in the form of thin films. No solvent was
used in the process. However, the increase in conductivity (compared to
binary systems PEO/Li salt) was still limited, as the mechanical stability of
the composites was poor when the content of ionic liquid exceeded a certain
limit. It has been reported that for ternary composites PEO/RTIL/LITFSI this
limit is in the range of 10/1/1 (by mole). At higher contents of ionic liquid,
soft and sticky gels are obtained which are difficult to process on an
industrial scale. Until today, this represented a serious limitation to the
practical use of ionic liquids in PEO based electrolytes.

In this chapter, a solution to this problem is proposed: a highly conductive
PEO-based polymer electrolyte was prepared via a direct UV induced
crosslinking in the presence of a lithium salt and an imidazolium-based RTIL.
Elastomeric, resistant, and self-standing polymer electrolyte (SPE)

membranes were obtained and characterized in terms of their ionic
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conductivity, electrochemical stability, mechanical properties, thermal and
interfacial stability. In this study, without using any solvents a cross-linked
polymer matrix was elaborated within a few minutes. Significantly, the
feasibility of using such material in LIBs at different temperatures was
established, also thanks to a suitable in situ polymerization procedure
directly on the surface of the electrode films, fundamental to obtain an
intimate interfacial adhesion. The process is simple, eco-friendly, and even
adaptable to battery-processing methods to achieve better interfaces. In
addition, the simplicity of the proposed process and the wide availability of
the materials used make this system very promising and ready to be

industrially scaled up following the main principles of green chemistry.

2.2. EXPERIMENTAL SECTION
2.2.1 MATERIALS

All starting materials and reagents were purchased from commercial
suppliers and used without any further purification. PEO (average My = 109,
Sigma-Aldrich) was vacuum dried overnight at 50 °C before use. Lithium
bis(trifluoromethane sulfonyl) imide salt (LiTFSI, 99.9% purity, battery grade,
Solvionic) and 1-ethyl-3-methylimidazolium-bis(trifluoromethyl-sulfonyl)
imide (EMI-TFSI, 99.5%, Solvionic) were vacuum dried overnight at 100 °C
before use. The free-radical photoinitiator 2-methyl-benzophenone (MBP,
>99%, Sigma-Aldrich) and lithium metal foils (Li, high-purity lithium foils,

Chemetall Foote Corp.) were used as received. Lithium iron phosphate
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(LiFePO4) was supplied by Lithops s.r.l. All substances were stored in an
argon-filled dry glovebox (MBRAUN LABstar) having a humidity content
below 1 ppm.

2.2.2. PREPARATION OF THE POLYMER ELECTROLYTES

An optimal PEO:EMI-TFSI:LITFSI polymer electrolyte composition was
selected, which is 45:45:10 in weight ratio. Before arriving to the reported
formulation, several tests were performed to understand the fundamental
aspects of polymer electrolytes to decide the quantity and type of
photoinitiator as well as the suitable molecular weight of PEO depending on
the easiness in processing, solubility of salt, ionic mobility in terms of
[EOQ]/[Li] ratio, and mechanical integrity. MBP was selected as the photo-
cross-linker with superior solubility and optimum cross-linking properties in
the 5% w/w ratio with respect to the PEO content. The ternary polymer
electrolyte was prepared adapting an existent literature protocol first
proposed by Rupp et al [9]. Initially, a homogeneous solution of EMITFSI,
lithium salt and photoinitiator was prepared by mixing the components at
50 °C for 1 h. Subsequently, PEO and the latter solution were blended in a
mortar to promote homogeneous mixing; the mixture was left at 120 °C for
2 h under inert atmosphere. Then, the mixture was sandwiched between
two Mylar sheets and reduced into a thin film by a hot press at 90 °C at 50
bar for 15 min. Without removing the Mylar sheets, the film was UV cured
for 3 min per side under a xenon arc lamp (Helios Italquartz, 45 mW cm™).
Before any further use, the obtained polymer electrolyte films (thickness of

90 £ 5 um, measured using Thickness Gages Series 547 equipped with an
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ABSOLUTE Digimatic Indicator from Mitutoyo) were dried overnight under
high vacuum at 45 °C. All the above reported procedures were carried out in
an environmentally controlled dry room (10 m?, RH < 2 + 1% at 20 °C)

manufactured by Soimar.
2.2.3 CHARACTERISATION OF THE POLYMER ELECTROLYTES

The physical-chemical characterization techniques used in this chapter

are described in the Appendix.
2.2.4. FABRICATION AND CHARACTERIZATION OF LIBS

Laboratory-scale lithium cells were tested in terms of galvanostatic
charge/discharge cycling at different current rates with an Arbin Instrument
Testing System model BT-2000. Potential cut offs are given in section 2.3.
Cell assembly was performed inside the dry glovebox. A two-electrode
electrochemical test cell model ECC-Std (EL-CELL) was assembled using a
LiFePO4s-based composite working electrode and a lithium metal counter
electrode. The LiFePOs-based composite electrode was prepared by casting
and successively drying a 1-methyl-2-pyrrolidone (NMP, Sigma-Aldrich)
slurry having the composition 88:6:6 w/w in LiFePOs (active material,
Clariant LP2), electronic conductivity enhancer AB50 (Shawinigan Black
AB50, Chevron Corp.), and binder PVdF (Solvay Solef 6020). Electrodes were
vacuum dried for 5 h at 120 °C before use. The cell was assembled by
combining a lithium metal anode with an electrode/electrolyte composite
prepared by light curing the polymer electrolyte directly onto the LiFePO4

cathode film surface. In a typical preparation, a blend of UV-cured polymer
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electrolyte was prepared following the procedure described in section 2.2.2
and placed between the electrode and a Mylar sheet. The mixture was
reduced into a film by hot pressing and followed up with a light-induced
photopolymerization directly over the electrode film [10]. Then, electrolyte/
electrode disks (area 2.54 cm?) were cut from the sheet and dried under

vacuum overnight at 70 °C prior to cell assembly.

2.3. RESULTS AND DISCUSSION
2.3.1. CHARACTERIZATION OF THE POLYMER ELECTROLYTES

The precursor mixture comprising PEO, RTIL, LiTFSI and the hydrogen
abstraction photoinitiator (MBP), after hot pressing and UV light exposure,
formed a transparent, self-standing, and non-tacky polymer electrolyte
membrane, as shown in Figure 2.1. Under UV excitation, MBP may abstract
protons from methylene groups thus generating free radicals on the PEO
chains [9]. Then a free radical may combine with another one from the same
chain or a neighbor chain, thus creating a crosslinking point (see also the
sketched picture of Figure 2.1).

Polymer electrolytes composed of PEO and Li salts typically use [EO]/[Li]
mole ratio as a parameter to increase the mobile Li cation content; in our

selected formulation, an [EO] to [Li] ratio of 30:1 was considered as optimal.
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Figure 2.1 (a) Sketched representation of the UV process along with the components used
in this study and the hypothesized interlinking of PEO polymer chains encompassing
imidazolium-based RTIL. (b) The real aspect of the polymer electrolyte formed after UV
exposure , which is almost transparent, tack free, flexible and easy to manage.
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The mechanical robustness of the cross-linked polymer electrolyte is
shown in Figure 2.2 (a), where the remarkable elasticity is demonstrated. It
is impressive to note that the sample was easily stretchable and highly
flexible, as demonstrated by the ability to retain its original shape and size
after the stress was released. FESEM analysis was conducted to characterize
the morphology of the photocured polymer films. A representative top view
is shown in Figure 2.2 (b); the surface of the cross-linked polymer presents
a uniform wrinkled texture, resulting from the fabrication method adopted.
The bright and dark areas in the image belong to amorphous PEO domains
alternated to some residual ordered (semicrystalline) domains, respectively;
the wrinkled texture derives from the formation of cross-linking domains
between the polymer chains under conditions of compressive stress applied
by the rigid support [11]. Once the stress is removed the chains may tend to
come back to their normal state (stress release), but the subsequent cross-
linking process induced by the UV light help the matrix to freeze in a wrinkled
form. In the present case, the surface morphology appears to be highly
regular, thus confirming a good blending between the components of the
ternary mixture. A similar precursor mixture processed without a UV
irradiation step generated a non-uniform and hardly homogeneous

membrane; refer to the inset of Figure 2.2 (b).
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Figure 2.2 a) Appearance of the light-cured crosslinked polymer electrolyte sample upon
manual elongation, b) FESEM analysis at high magnification of the sample surface, c) focus
on the area (30 um x 30 um) of the image where EDX analysis was carried out, along with
the following images in which S, F and N indicate the distribution of sulphur, fluorine and
nitrogen, respectively, of TFSI~ anion in the selected area of the sample.
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On the contrary, the cross-linking produced by UV irradiation allows the
incorporation of the same amount of RTIL and salt, leading to a material with
dramatically different morphological characteristics in terms of
homogeneity and robustness. Moreover, the UV-cured PEO-based network
was able to retain efficiently the RTIL without any leakage. Furthermore, the
EDX analysis shown in Figure 2.2 (c) confirmed the homogeneous
distribution of S, N, and F elements present in the TFSI™ anion, which is an
indirect indication that the prepared polymer electrolyte is highly
homogeneous.

Gel content studies guaranteed that the UV irradiation on the sample for
overall 6 min was sufficient to form a well-crosslinked film with high
reproducibility. Indeed, the insoluble fraction of the samples was found to
be higher than 95% with respect to the total PEO content after 18 h of
extraction in CHCIz. This confirms that all PEO chains incorporated in the
polymer matrix are in the cross-linked form.

Mechanical properties were evaluated by tensile analysis; typical force
(N) — elongation (mm) curves for both UV-irradiated and non-irradiated
samples are shown in Figure 2.3. They reveal that the average Young’s
modulus E of the polymer electrolyte before UV irradiation (0.4 + 0.05 MPa)
was higher than the SPE membrane after UV irradiation (0.2 + 0.05 MPa).
Moreover, the UV irradiated polymer electrolytes showed higher tensile
resistance Rmax (1.45 *+ 0.05 MPa) than the non-irradiated one (0.6 + 0.15
MPa). It can be also drawn from Figure 2.3 that the overall area under
stress/strain curve of UV irradiated polymer electrolyte was much higher

than the one not exposed to UV light, which makes the material tougher. If
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one considers that 45 wt% of ionic liquid was incorporated in the SPE

membrane, these are highly satisfying values.

439 Not-irradiated SPE

4.0 4 — UV-irradiated SPE
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Figure 2.3 Mechanical measurements carried out on UV irradiated and non-irradiated

SPEs at ambient temperature by traction test.

The results of the thermogravimetric study are shown in Figure 2.4 (a).
As a reference, all the components of the SPE were tested separately. EMI-
TFSI was thermally stable up to 450 °C and shows a one-step degradation
process. PEO and LiTFSI decomposed at slightly lower temperature (around
400 °C) again with a well-defined single step process. The resulting
crosslinked polymer electrolyte showed a two-step degradation process: the
first one, occurred at around 400 °C, corresponds to the decomposition of

the PEO matrix and embedded lithium salt. The second step corresponds to
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EMI-TFSI degradation and occurred around 450 °C. The first dip before
reaching 100 °C was ascribed to the loss of humidity that might be absorbed
during the handling of the sample for testing. Overall, the sample showed a
thermal stability up to 375 °C under inert conditions, and such a remarkable
result is particularly interesting for application in energy storage and
conversion devices with increased safety. The plasticizing effect of EMI-TFSI
on the polymer electrolyte was studied by DSC, the results of which are
shown in Figure 2.4 (b). The glass transition of the polymer electrolyte
occurs at —56 °C. Interestingly, the melting of the crystalline phase of PEO
occurred at about 20 °C, which was a much lower temperature than the
standard PEO melting. The shift may occur due to several reasons, such as
the addition of lithium salt, addition of EMI-TFSI, and most importantly the
crosslinking reaction, which only allow restricted movement of the —EO—
chains to reorganise themselves to form crystallites. Even though the
interlinking between the chains was not uniform, the crystallites formed by
the reactions could be smaller, which may reflect in lowering the melting of
crystalline peaks. Moreover, the starting point of broadening peak could be
an indication of just PEO chain rearrangement rather than melting. Another
possibility might be the melting of some excess LiTFSI-EMI-TFSI phase as
reported by Shin et al. [8] Overall, the degree of crystallinity was effectively
minimised to nearly fully amorphous state by addition of Li salt, RTIL and UV-

induced crosslinking process.
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Figure 2.4. Thermal characteristics of the materials: a) TGA profiles and b) DSC traces.
XRD was used to get a further confirmation of the fundamental role of

the photocuring step in reducing the overall crystallinity of the PEO-based

polymer electrolyte to nearly fully amorphous state (see Figure 2.5). Pristine
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PEO showed intense characteristic peaks corresponding to the crystalline

characteristics of the polymer matrix. The addition of EMI-TFSI, LiTFSI along

with the UV-induced photo-polymerization process greatly reduced the

intensity of the peaks along with almost negligible reflections (peaks at 20 =

37 and 44° were due to the aluminium sample holder), thus indicating an

almost completely amorphous polymer electrolyte. Indeed, the small peaks

present on the broad peak of SPE between 15 and 25° is in agreement with

the DSC graphs obtained for the same sample.
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Figure 2.5. X-ray diffraction (XRD) analysis of the different samples.

The ionic conductivity of solid polymer electrolytes at ambient

temperature is usually two to three orders of magnitude lower than that of

a liquid electrolyte, thus precluding their practical application in standard
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LIBs. It is well known that PEO crystallization reduces ionic conductivity [12].
To overcome this issue, EMI-TFSI was incorporated into the polymer matrix.
The ionic conductivity of the polymer electrolyte in the temperature interval
between 20 and 80 °Cis shown in Figure 2.6. At 20 °C the o value is equal to
2.5x107* S cm™L. This result is of particular interest as is sufficiently high to
allow ambient temperature operation of Li-ion cells. It exceeds 107> S cm™
already at 50 °C. The Vogel-Tamman-Fulcher (VTF) [13] behaviour of the SPE
was verified fitting the conductivity data with respect to temperature. The
R-square value confirms the quality of the fitting. The value of activation
energy was found to be 8.23 k) mol™. This result is in good accordance with
the DSC study discussed in the previous paragraph. Beneficial effects coming
from the incorporation of EMI-TFSI in the polymer matrix are observed,
including its plasticizing effect, which reduces the crystalline degree of PEO
and provides a high mobility phase for Li* ions to be transported through the
SPE [14]. Despite increasing the ionic conductivity, the incorporation of ionic
liquids usually leads to loss of mechanical stability. The UV crosslinking
process allows preparing stable polymer electrolyte having both high ionic
conductivity and excellent mechanical properties. Although different
mixture of PEO, lithium salts and RTILs have been proposed in the past years,
the ambient temperature conductivity herein presented is of particular
interest since it matches values obtained with higher amount of lithium salts

or even exceed values obtained with higher amount of RTIL [15].
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Figure 2.6. Arrhenius plot for ionic conductivity as a function of temperature of the
polymer electrolyte membrane (in the inset, the fitting by means of the VTF equation).
Data obtained by impedance spectroscopy.

An appropriate assessment of the ionic conduction in polymer
electrolytes and its influence on the other electrochemical properties can be
derived from lithium ion transport behaviour. The lithium transference
number, tii+, is a key factor in the optimisation of electrolytes encompassing
RTIL and Li salt for Li and Li-ion battery; in fact, high t.: guarantees high
power density. As typically observed when using polymer electrolyte
systems encompassing RTIL and salts [16], ti+ of the polymer electrolyte
membrane is not very high (note that the calculated mole ratio of Li*/EMI*
in the proposed system equals to 0.3:1 in the present system). It results in
0.165 at 55 °C, which is in good agreement with recent literature reports
[16,17].
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2.3.2 EVALUATION OF THE PERFORMANCES IN ALL-SOLID LITHIUM
POLYMER CELL

A secondary lithium-based battery typically operates between 0.02 and
4.2 V vs. Li*/Li; therefore, the ESW of the electrolyte must be wider than the
operating potential in order to assure high Coulombic efficiencies and long
stable cycling. The electrochemical stability limits of the polymer electrolyte
were evaluated by cyclic voltammetry and the results are shown in Figure
2.7. Despite a shoulder centred at 4.2 V vs. Li*/Li is clearly visible in the CV,
the main anodic breakdown potential of the polymer occurs at above 4.6 V
vs. Li*/Li, as indicated by a steep increase in the anodic current exceeding
the current threshold of 0.01 mA cm=2. This is also supported by literature
finding for similar systems encompassing EMI-based RTILs[18,19]. Above
this potential, the electrolyte starts to decompose by oxidative irreversible
reactions. Upon cathodic scan towards more negative potential values, a
small cathodic current that do not exceed the current threshold is observed;
this event is most likely associated with reduction of the electron deficient
C2 carbon of the imidazolium ring[15]; the multistep decomposition of some
impurity traces in EMI-TFSI (used as received) may not be excluded.
However, this phenomenon is neglectable due to the solid character of the
electrolyte. The interpretations on both anodic and cathodic behaviours are
supported by the following findings: (i) the irreversibility of the peaks, and
(ii) the trend of the second sweep cycle where the gradual disappearance of
the events are detected (e.g., the 4.2 V shoulder peak in the second anodic
scan). An overall good cathodic electrochemical stability is indicated by the

lithium plating/stripping, which is clearly evident at around 0 V vs. Li*/Li. The
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most important information that can be resumed from ESW test are: (i) the
presence of a well-defined lithium deposition/stripping couple of peaks
confirms both the proper working of the solid polymer electrolyte in lithium
cell as well as the presence of a porous and ion transporting interface, (ii)
the safe operation of the system under standard working conditions, since
the anodic breakdown occurs at potential higher than 4 V versus Li, (iii) the
purity of the entire system demonstrated by the very flat plateau in the

stability region [20].
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Figure 7. Electrochemical stability window (ESW) of the polymer electrolyte at ambient
temperature; potential scan rate of 0.1 mV s

In view of practical applications, the polymer electrolyte membrane was
assembled in a lab-scale all-solid-state lithium polymer cell, and its

electrochemical behaviour was investigated by means of galvanostatic
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charge/discharge cycling as a function of the cycle number at ambient
temperature. The cell was assembled by combining a lithium metal anode
with an electrode-electrolyte composite prepared by light-curing the
polymer electrolyte directly onto the LiFePO4 cathode surface, a rapid and
easily scalable procedure detailed in Section 2.2.4. One major drawback
related to the use of solid polymer electrolytes is the unsufficient contact
between the active materials of the electrode and the polymer matrix. The
hot-press step here adopted, instead, is fundamental to obtain a good
penetration of the polymer electrolyte precursors into the composite
cathode. In fact, the melted PEO/RTIL blend is likely to fill the porosity of the
electrode, thus ensuring good wetting of the active material particles. A very
thin (=30 um thickness) and mechanically robust polymer electrolyte film
with excellent adhesion to the electrode surface is then obtained after the
subsequent direct photopolymerization procedure. Moreover, the
crosslinked polymer matrix is able to effectively retain the RTIL, thus no
leakage is guaranteed (confirmed by conductivity measurements in which
the bulk resistance of the electrolyte was stable after several thermal cycles
as well as 15 days of storage at 55 °C).

FESEM images taken after cracking the sample are given in Figure 2.8.
Particularly at higher magnifications, it can be clearly observed that the
electrolyte layer creates a conformal coating by following the contours of
the electrode particles. This results in improved active area at the interface
between the electrode and the polymer electrolyte, correspondingly
reflecting in improved specific energy and specific power of the cell[21]. The

oriented crosslinked polymer electrolyte morphology is clearly evident on
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top of the electrode along with the optimum interface and interpenetration

between the electrode active material particles and the electrolyte.

Figure 2.8. a) Photograph of a freshly prepared self-supporting multiphase
electrode/electrolyte composite obtained by direct hot-pressing and in situ
photopolymerization of the polymer electrolyte on top of the LiFePO4 composite electrode;
b) Cross-sectional FESEM images illustrating the morphology of the multiphase

electrode/electrolyte composite at different degree of magnification.
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The response of the cell is shown in Figure 2.9. Constant current
charge/discharge profiles extracted from cycling tests carried out at
increasing cycling rates at mild temperature (55 °C) are shown in plot (A) of
Figure 2.9. They reflect the good properties of the newly elaborated system,
showing definite flat potential plateaus both on charge and on discharge
related to the typical biphasic Li* extraction/insertion mechanism in LiFePQOa.
This is well in agreement with the characteristics of the selected active
material: at about 3.5 V vs. Li*/Li upon charge (i.e., Li* de-insertion from the
LiFePQO4 structure) and at about 3.35 V vs. Li*/Li upon discharge (i.e., Li*
insertion into the FePO4 structure), with a steep potential increase/decay at
its end [22]. The polarization was found to be very limited even at 0.2C rate.
This fact accounts for an efficient redox reaction kinetics, due to both limited
internal resistance at the electrode/electrolyte interface and limited cell
overpotential contributions. In general, the material shows a good cycling
stability at each of the tested current regimes, as for the good overlapping
of the charge/discharge curves, accounting for a charge coefficient (charge
capacity/following discharge capacity) very close to unity. The maximum
specific capacity values obtained by the LiFePOas/electrolyte composite
developed in this chapter (see plot B of Figure 2.9) are about 143 and 132
mAh g=! at 0.1C and 0.2C, respectively. Noteworthy, the newly developed
polymer electrolyte demonstrate the ability to be reversibly cycled at 20 °C
as well (again exploiting the direct in situ polymerization, see plots A and B
in Figure 2.10), still retaining stable response at each of the selected current

densities.
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Figure 2.9. Cycling behavior of the solid polymer lithium cell assembled by contacting the
LiFePOs-based electrode/polymer electrolyte with a lithium metal anode in the 3.0 - 3.8 V
vs. Li*/Li range at different temperatures: a) constant current charge/discharge potential vs.
specific capacity profiles extracted from cycle 70 at 0.2C rate and b) specific capacity vs.
cycle number plot at different C rates at 55 °C.
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Figure 2.10. Cycling behavior of the solid polymer lithium cell assembled by contacting the
LiFePOs-based electrode/polymer electrolyte with a lithium metal anode in the 3.0 - 3.8 V
vs. Li*/Li range at different temperatures: a) constant current charge/discharge potential vs.
specific capacity profiles extracted from cycle 10 at 0.05C rate and b) specific capacity vs.
cycle number plot at different C rates at 20 °C,

Note that the same commercial LiFePO4 material tested in the same cell
assembled in the same Lab conditions using a standard liquid electrolyte can

provide about 157 and 145 mAh g! at the same current regimes. Overall,
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although the specific capacity obtained is slightly lower than that obtained
for the same LiFePOs cathode material at the same currents in liquid
electrolyte, the polymer cell shows good capacity retention exceeding 91%.
This is a convincing indication of a good interfacial contact between the
electrodes and the electrolyte separator, arising from the fabrication
procedure adopted. Nevertheless, full specific capacity was not obtained,
even at low current regime, which indicates that the full wetting of the active
material surface was not achieved; such an issue might be solved by
optimizing the polymer electrolyte formulation and fabrication procedure,
or even developing three-dimensional porous solid electrolyte with high
surface area thus allowing the increase of the interface region. The rate
capability of the lithium metal polymer cell is also excellent. Good
performance at high current rate may be ascribed to the efficient ionic
conduction in the polymer-coated separator and the favorable interfacial
charge transport between the electrodes and the electrolyte in the cell. The
sum of these phenomena, along with the simple, fast and ecofriendly
preparation procedure allow to realize the optimum conditions for the

newly elaborated material to act as solid polymer electrolyte in LIBs.

2.4. CONCLUSIONS

In summary, in this chapter an innovative polymer electrolyte membrane
for quasi-solid state energy storage devices was introduced, obtained by a
unique, rapid, economic, easily up-scalable and environmentally friendly

two-step process including a photo-curing step. Compared to other
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techniques, the production process here proposed appears highly
advantageous due to its ease and rapidity in processing. No solvents are
employed at any stages of the processing; moreover the materials used can
be eventually recycled thus making the whole process environmentally
benign. This novel fabrication method could reduce the manufacturing cost
and simplify the fabrication process. Moreover, it is worth to be noted that
the newly developed preparation method has led to an international patent
recently published [23]. The new configuration adopted for the production
of multiphase electrolyte/electrolyte assembly consisted in the direct
formation of the SPE on top of the LiFePOs composite positive electrode
surface by hot pressing followed by UV-induced crosslinking. The
characterization and obtained results demonstrated an enhanced adhesion
of the polymer electrolyte to the active electrode materials. The lab-scale
lithium polymer cell assembled showed stable charge/discharge
characteristics without any capacity fading even at 0.2C current regime. This
process plays a critical role in improving the wettability and electrolyte
retention, the interfacial adhesion between the electrode active material
and the separator and the cycle performance of the resulting lithium
polymer cell assembly. Due to the intimate contact between the electrode
material grains and the polymer electrolyte matrix, the interface does not
create problems arising by insufficient contact. Thus, the cell produced by
hot pressing combined with UV light-induced crosslinking holds a great
potential to be used in high-performance, versatile and cost-effective LIBs.
Finally, the versatile use of these membranes for other applications such

as DSSCs makes this process a strong tool to prepare universal membranes
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with multipurpose feature [24]. Although further efforts are necessary to

reduce the contact resistance, we have successfully indicated the

adaptability of UV polymerisation of PEO to industrial manufacturing

process of all-solid-state energy production and storage devices.
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CHAPTER THREE

Quasi-solid polymer electrolytes based on high

boiling point glyme plasticizers

3.1 INTRODUCTION

In the previous chapter, it was shown that UV-induced cross-linking could
be a versatile tool to incorporate large amounts of room temperature ionic
liquids (RTILs) in polymer electrolyte membranes with the aim of increasing
room-temperature ionic conductivity and, at the same time, retain sufficient
mechanical properties due to the crosslinked nature of the network.
However, despite the excellent properties of RTILs, such as non-volatility,
non-flammability, and intrinsic high ionic conductivity, these materials are
known to reduce substantially the lithium-ion transference number. In the
solution of a lithium salt in a RTIL, only a small fraction of the total cationic
current is carried by lithium-ion, the rest being carried by the positive ion of
the RTIL. Indeed, the lithium-ion transference number is an important

parameter as it accounts for the fraction of the overall ionic current that is
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actually useful for the lithium-ion cell chemistry. Thus, 1-ethyl-3-
methylimidazolium-bis(trifluoromethyl-sulfonyl) imide was replaced by
tetraethylene glycol dimethyl ether and the results are described in this
chapter.

Glymes are well known for complexing with metal-ions through their
multiple ether-like oxygen atoms [1]. When a lithium salt is dissolved in
glyme-based solvents, the resulting solutions show promising ionic
conductivity and Li* ion transport properties [2,3]. Due to the excellent
properties imparted by glymes in the liquid electrolyte, recently they have
received plenty of attention for next-generation systems beyond Li-ion, such
as lithium sulphur [4] and lithium air rechargeable batteries [5].

Most of the systems referring to glyme-based electrolytes are either
blended with thermoplastic materials or directly used in their liquid form.
Little work [6] has been devoted to study their possible implementation in a
self-standing, softly cross-linked thermoplastic polymer matrix. In the
present study, a system based on PEO and tetraglyme was developed, and
directly cross-linked in one-pot along with the supporting lithium salt under
UV irradiation to retain the solid-like nature and dimensional stability. By
concurrent exploitation of photo-induced cross-linking and in situ
functionalization procedures, kinetically driven inhibition of the PEO chains
crystallization was readily achieved at ambient conditions, leading to
polymer electrolytes that possessed solid-like properties without hampering
ionic mobility. They were prepared by mixing PEO as the polymer matrix,
tetraethylene glycol dimethyl ether (tetraglyme, TEGDME) as the active

plasticizer, lithium bistrifluoromethane sulfonimide (LiTFSI) as the source of

92



sl

5

Luca Porcarelli — Chapter Three

Li* ions and 4-methyl benzophenone (MBP) as the light-induced hydrogen
abstraction mediator (photoinitiator). Under UV excitation, MBP may
abstract an acidic proton from a methylene group and generate a free radical
chain [7]. This free radical may combine with another free radical belonging
to the same chain or other —EO- chains to interlink themselves. The final
interlinked solid polymer electrolyte (ISPE) films are mechanically robust,
highly flexible, homogeneous and largely amorphous. They also exhibit
excellent properties in terms of compatibility with the lithium metal
electrode and suppression of hazardous dendrite growth. The sum of these
characteristics enlighten the striking prospects of the newly developed ISPE
as electrolyte separators in both Li-ion and Li metal batteries conceived for
high energy and/or power demanding applications, including hybrid vehicles

and smart grid storage systems.

3.2 EXPERIMENTAL SECTION

3.2.1 PREPARATION OF THE QUASI-SOLID POLYMER ELECTROLYTE

The reactive formulations were based on poly(ethylene oxide) (PEO,
average Mw 100,000, Sigma-Aldrich) and a high boiling point plasticiser
bis[2-(2-methoxyethoxy) ethyl]ether (tetraglyme, TEGDME, Sigma-Aldrich)
along with bis(trifluoromethane) sulfonimide lithium salt (LiTFSI, battery
grade, Solvionic). The photo-induced hydrogen abstraction facilitator was 4-
methylbenzophenone (MBP, Sigma-Aldrich). Calculated amounts of the

materials were heat treated at 70 °C for 3 hours. After blending, the resulting
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mixture was hot-pressed at 90 °C for 15 min to obtain a homogeneous thin
film. The film was later exposed to UV light for 6 min to reticulate the
reactive species, thus obtaining the cross-linked ISPE of average thickness
90 £ 10 um. The solid and non-tacky film was peeled off from the substrate
(Mylar sheet), and used for further characterization. The procedure was
carried out in the dry room (10 m?, R.H. <2% * 1 at 20 °C) produced by Soimar
(Caluso, Italy).

3.2.2 CHARACTERISATION OF THE POLYMER ELECTROLYTES.

The physico-chemical characterization techniques used for sample

characterisation are described in the Appendix.

3.2.3 PREPARATION OF ELECTRODE-ELECTROLYTE COMPOSITES

Electrodes were prepared from a slurry that contains TiO> (Hombicat-
100) or LiFePO4 (Clariant-LP2), carbon black and PVdF in the 70:20:10 weight
ratio, respectively. The slurry was deposited over a Cu (or Al) current
collector foil and later dried overnight (120 °C). In a typical preparation
procedure, appropriate amounts of PEQ, tetraglyme, LiTFSI and MBP were
mixed at 70 °C and mechanically grinded to obtain a viscous paste-like
mixture. This mixture was later deposited over a composite electrode film,
and hot pressed (20 bar, 90 °C) for 15 min to obtain a uniform coating over

the electrode surface. This setup was exposed to UV light for 6 min to obtain
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a cross-linked polymer electrolyte system. Then, electrolyte/electrode disks
(area 2.54 cm?) were cut from the sheet and dried under vacuum overnight
at 40 °C prior to cell assembly. The electrodes we used in the present case
are not pressed/calendared prior to pre-polymer deposition, which can help
in retaining some pores/voids for the electrolyte components to

accommodate while overall processing.

3.3 RESULTS AND DISCUSSION
3.3.1 PHYSICAL — CHEMICAL CHARACTERIZATION

A schematic representation of the preparation procedure, along with the
materials used, is shown in Figure 3.1. In the same Figure, the aspect is
shown of the ISPE formed after UV exposure (right top), which is almost
transparent, tack free, flexible and easy to handle. On the right bottom side
of Figure 3.1, the possibility of interlinking of polymer chains is
hypothesized, with the in situ oligomer formation and plausible grafting of
TEGDME molecules onto the long PEO chains upon 6 min of UV irradiation

(intensity on the surface of the sample of 40 mW cm™2).
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The overall characteristics and composition of the different samples
under study are listed in Table 3.1, including the glass transition
temperature (Tg) values and the gel content (insoluble fraction after cross-

linking) against the corresponding —EO- to Li ratio.

Table 3.1. Composition of ISPEs, along with their T; and gel-content values.

LITFSI® PEOY TEGDMEY TS Gel® EO:Li
PTL-1 10 41.3 41.2 -34 4212 54:1
PTL-2 15 38.8 38.7 38 39%+2 35:1
PTL-3 20 36.3 36.2 -44 3743 23:1

MBP content is 7.5 wt. % of the total weight of materials. Yunits in wt. %. Sunit in °C.

High-resolution FESEM analysis at 50K magnification of sample PTL-1, is
shown in Figure 3.2 (a—d). It shows the characteristics of a soft, cross-linked
polymer electrolyte with rather high degree of amorphous nature. The
micrographs are well in agreement with the results obtained by Schulze et
al. [8], who used a one-pot synthetic strategy based on polymerization-
induced phase separation to generate nanostructured polymer electrolytes
that exhibited an unprecedented combination of high modulus and ionic
conductivity. In the present case, phase separation is not possible as the
material is made of similar —EO— based backbones. Indeed, viscosity as well
as polymerization induced aggregation and-to a certain extent -

rearrangement of the PEO chains could be possible.
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Cross section

)

Top view

Figure 3.2. Micrographs showing the overall morphology of sample PTL-1: cross-section
under secondary electron mode (a,b) and top view (c,d), at different magnifications; (e,f)
shown the images of the sample PTL-1 (at 25°C) under stretch and bend mode,

demonstrating the mechanical integrity and excellent elasticity.
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The photopolymerisation was carried out after keeping the highly viscous
reactive mixture under conditions of mechanical stress (90 °C, pressed at
20 bar) between two Mylar foils [9]. In particular, micrographs clearly
evidence the exceptional homogeneity of the sample, a characteristic
wrinkled structure is repeated on the polymer membrane with no noticeable
presence of pores or voids. Moreover, the images showed in Figure 3.2 (e,f)
demonstrate that the obtained ISPE is stretchable and highly elastic (once
the stress is released, it can go back to the previous shape). These results all
together confirm that the proposed electrolyte is soft, weakly cross-linked,
flexible, and shape retaining at ambient conditions.

The differential scanning calorimetry (DSC) values are tabulated in Table
3.1, and the respective profiles are shown in Figure 3.3. Both the glass
transition and the melting temperatures were determined for all the
samples. T values vary between —34 and —44 °C. As expected, the amount
of salt noticeably influences the T; of the ISPEs prepared with 1:1 tetraglyme
to PEO ratio. Generally, low T values account for a moderately enhanced
segmental motion of the —EO— moieties in the polymer matrix, which is
facilitated by low crystallinity. Moreover, a noticeable change in the peak
associated with the melting of the crystalline region is clearly evidenced: an
increase in LiTFSI content reduces the intensity of the melting peak, which
also results broadened. As noted in Table 3.1, an increase in salt content
reduces the [EO]/[Li] ratio from 54:1 to 23:1. Thus, an increased amount of
Li* ions is available for the coordination with PEO chains, thus reducing the
tendency of forming crystalline phases. Moreover, the cross-linking effect

further reduces the mobility of the PEO main chains. Overall, a relationship
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is present between the phase transition temperature and the salt content:
the higher is the salt content; the lower is the transition temperature. This
is expected as for the typical coordination effect by lithium salt, which
weakly decreases the T, [10].

Furthermore, ISPEs in all cases exhibit crystalline melting peaks near
room temperature during the heating cycle of the DSC analysis. This may be
attributed to low cross-linking density (7.7 x10% mol m= for PTL-1,
calculated at 0 °C), which allows the long enough —EO- chains to rearrange
and crystallize in the matrix [11]. It is worth noting that the melting points of
these newly elaborated polymer electrolytes are well below the typical PEO-
based electrolytes when tested by means of DSC [10,12]. If one calculates
the number of MBP molecules per —-EO— moieties, the latter exceeds 46 + 3
per each photoinitiator molecule. This ratio is sufficient to enforce the
rearrangement of the —EO— moieties to form weak crystalline phases. One
cannot neglect the effect of tetraglyme in diluting the number of cross-
linking per area, as some of the initiator molecules are actively involved in
real-time oligomerization and eventual branching processes. Thus, the
effective cross-linking would be lower than the theoretical calculations from
mole ratios. Overall, the average cross-linking length obtained in the present
study suggests that cross-linking is not sufficient to prevent the PEO
crystallization. It can be hypothesized that a higher degree of cross-linking
may not be also favoured, as it may induce the low molecular weight
tetraglyme and/or its oligomers to squeeze out of the system during thermal
stresses. Thus, an optimum cross-linking was selected, which could assure a

good mechanical integrity along with good plasticizer retention (leak free).
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Figure 3.3 Differential scanning calorimetry (DSC) curves of the ISPEs PTL-1 to PTL-3

containing various amounts of LiTFSI salt.

The thermal gravimetric analysis (TGA) plot is shown in Figure 3.4. It
shows three main weight losses for all the samples. The first one is
associated to tetraglyme loss, the second one to PEO decomposition and the
last one to lithium salt decomposition. The first dip before 100 °C indicates
the loss of humidity that may be absorbed during the handling of the sample
for testing. Taking into account the experimental errors related to the
measurement and the sample preparation, the overall weight loss is
consistent with the polymer electrolyte composition. According to the

differential thermal analysis (shown in dotted lines), the weight loss occurs
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for all the samples above 190 °C, the major contributor being tetraglyme
[11]. Higher amounts of LiTFSI reduce the thermal stability of the polymer
matrix, which is clearly visible in the differential curves (shift of the peak
from 218 to 195 °C). This could be the general trend observed for tetraglyme
kind of plasticizers that show the tendency to decompose in reaction with

fluorinated anions [1].
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Figure 3.4 Thermogravimetric analysis (TGA) of the same series of ISPEs along with related
differential curves (dotted lines of same colour code). Taking into account the experimental

errors related to the measurement and the sample preparation, all weight losses are

consistent with the polymer electrolyte compositions.
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Thus, both DSC and TGA profiles show that no unusual phase changes or
weight losses occur in the temperature range between 25 and 150 °C, which
makes the material thermally stable and useful as a polymer electrolyte
under standard operating conditions in real battery configuration.

Dynamic mechanical thermal analysis (DMTA) were performed. Sample
PTL-1 was considered as the representative for all the samples prepared and
the resulting profiles (both modulus and loss modulus) are shown in Figure
3.5 (a,b). It clearly indicates that the material has low T, which is in
agreement with the DSC analysis.

In addition, the calculated cross-linking density (7.7 x 103 mol m3,
calculated at 0 °C) was found to be comparatively lower than other known
systems [13]. This is an indication that the number of cross-linking points
between the PEO chains is lower than expected, which allows the long
enough —EO- chains to rearrange and crystallize in the matrix.

Tensile tests were carried out on the PTL-1 sample according to ASTM
Standard D638; the Young’s modulus was found to be 0.3 MPa and
maximum force at break was found to be 1.5 MPa. The material can stretch
very well under stress (see Figure 3.6), as justified by the maximum strain

(elongation) of around 17 mm before the membrane was broken.
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Figure 3.5 Modulus profile (a) and loss modulus profile (b) of PTL-1 sample, in which the

results are shown for DMTA tests carried out between —80 to 30 °C. Above 20 °C, the test

failed due to the extra-soft characteristics of the polymer membrane if compared to the

applied force from the instrument (10 N).
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Figure 3.6. Tensile tests (reported as Stress/Strain curve) carried out on sample PTL-1
according to ASTM Standard D638, using a Sintech 10/D instrument equipped with an

electromechanical extensometer (clip gauge).

The insoluble fraction (gel content) of the cross-linked polymer was
determined by extracting with THF for 24 hours using a Soxhlet apparatus.
Gel content values between 37 and 42 % were obtained for the crosslinked
polymer electrolytes, and are given in Table 3.1. These values are
generally lower than that obtained in the previous chapter when PEO and
room temperature ionic liquids (RTILs) were used.

Indeed, tetraglymes possess accessible protons that can take part in the
dehydrogenation reaction under UV irradiation in the presence of the
photoinitiator. Thus, tetraglyme molecules may take part in the

polymerization reaction to form oligomers or react with the radicals
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generated on the PEO backbones. These oligomers formed by tetraglyme
may not remain in the polymer matrix, which may account for the lower
insoluble fraction of the cross-linked material obtained during extraction
with THF.

FTIR studies (Figure 3.7) were performed on sample PTL-1 with and
without UV curing to unravel any drastic difference induced by the
irradiation. The FTIR spectra are identical and no noticeable changes are
observed, which confirms that the soft cross-linking strategy does not induce
any drastic modification in the polymeric components as well as with respect
to the TFSI- anion. Moreover, for comparison purposes, FTIR analysis of
liquid TEGDME added with 10 wt. % of LiTFSI was performed and compared
to the spectra of PTL-1. Differences were found in the obtained spectra. In
general, three kinds of ions can be present in an electrolyte system: free
ions, free ions co-existing with ion pairs and aggregates [14]. PTL-1 analyzed
after UV-curing was almost absent with the peaks corresponding to
aggregates (1236 and 1143 cm™) if compared to the LiTFSI/TEGDME system
that contains the same wt. % of lithium salt. As a result, it can be assumed
that the electrolyte is enriched with free ions and neutral ion pairs, which

can move faster in the polymer matrix.
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Figure 3.7 (a) FTIR profiles of PTL-1 before and after UV curing; (b) FTIR profiles of PTL-1
and liquid TEGDME-LITFSI. The tests were carried out at room temperature.
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3.3.2. ELECTROCHEMICAL CHARACTERIZATION

Electrochemical impedance spectroscopy (EIS) analysis was carried out
between 0 and 85 °C. The Arrhenius plots for all samples are shown in Figure
3.8 A. The plots of PTL-1 to PTL-3 demonstrate the influence of the lithium
salt when PEO to tetraglyme ratio is 1:1. It is widely accepted that ionic
conductivities exceeding 0.1 mS cm~! at room temperature are necessary for
an electrolyte to function in real battery configuration. Nevertheless, the
crystalline domains of PEO-based polymers restrict the ionic mobility.
Recently, Khurana et al. [15] reported a cross-linked —EO— based polymer
electrolyte showing an ionic conductivity higher than 0.1 mS cm™ at 25 °C.
In the present study, even improved ionic conductivities (0.40 mS cm™ for
PTL-3) were achieved for interlinked PEO-based solid polymer electrolytes.
The conductivity values increase with an increase in the salt concentration,
then reaching the maximum for PTL-3 where the -EO- to Li ratio is 23:1.
However, the difference is not huge; indeed, all membranes demonstrate
conductivity values >0.1 mS cm™ at 25 °C. It was decided not to increase the
salt concentration further as for the ion pairing nature of TFSlI-based salts,
which strongly influences the ionic mobility, probably due to the saturation
of the hopping sites [16]. It is worth mentioning that the sample retains good
elastic and mechanical integrity under stress. After several days of
conductivity tests, which were carried out under 10N pressure, it was
observed that the membrane retains its size and shape without any
noticeable damages around the edges. Indeed, the thickness variation after

the test was <2%. This is an encouraging result as ISPEs are super soft, low
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Tg and highly plasticized. Further, it confirms that no leakage of tetraglyme

from the polymer matrix occurs.
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Figure 3.8. (A) Arrhenius plot showing the ionic conductivity vs. temperature for ISPEs

prepared with various LiTFSI content. (B—D) VTF fitting of the samples PTL-1 to PTL-3.

Generally, for polymer electrolytes the dependence of ionic conductivity
upon the temperature is not straightforward. The overall plot that starts

from 0 to 85 °C does not exhibit a linear behaviour. Between 0 to 30 °C, the
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conductivity increases with Vogel-Tamman—Fulcher (VTF) dependence for
all ISPEs. The same behaviour (see Figure 3.8 B-D) is observed above the
melting point between 35 and 85 °C. The deflection around 30 °C reflects the
phase transitions occurring due to the melting of crystalline regions or
rearrangement of —-EO— moieties, which is in agreement with the behaviour

observed by DSC analysis (see Table 3.2).

Table 3.2. lonic conductivity (o, at 25°C) and related characteristics of ISPEs
prepared with different salt content.

Name Ea/Ea’ * tui+ Duis ® 3
PTL-1 43/3.4 0.55+0.06 5.6x10°° 0.11
PTL-2 6.6/3.9 0.48 £0.02 1.2x1077 0.24
PTL-3 7.9/4.5 0.32+£0.08 2.1x10°8 0.40

Ea is the activation energy before deflection (0 to 30 °C). Ea4' is the activation energy after
deflection (35 to 85 °C). tu+is the lithium transference number; Di+is the lithium
diffusion coefficient. *mS cm™™. #kJ mol L. *cm? s71,

The mechanism of ionic conductivity in polymer electrolytes can be
understood from activation energy (Ea) calculations. E, was calculated by
fitting the conductivity values with VTF equation [1]. The corresponding
plots were used to determine the E; of the electrolyte system. The VTF
equation is believed to describe the conduction behaviour of highly
concentrated liquid electrolytes and molten salts [17]. As listed in Table 3.2,
Ea varies from 4.3 to 7.9 kJ mol™%, when the data are fitted with VTF equation

below the deflection point, in the Arrhenius plot of Figure 3.8 (a). When the
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curves are fitted above the deflection point (35-85 °C, Ex), values ranging
from 3.4-4.5 k) mol™ are obtained. The values obtained are superior to the
data reported in the recent literature [18]. Above 0 °C, the ionic conductivity
increases with a VTF-like dependence for all the samples. The discontinuities
around 30 °C may be related to thermal transitions, which may include chain
rearrangement, dielectric relaxations or melting of crystalline domains,
formed by the PEO chains between two cross-linking points. Noteworthy, E;,
increases with an increase in the salt concentration, which is ascribed to the
formation of ion pairs and increased viscosity of the polymer matrix. Thus,
the high ambient temperature conductivity values of the PTL series of
electrolytes are predominantly associated with high ionic mobility.

The lithium-ion transference number (ti:) was calculated using the
method reported by Evans et al. [19]. An optimum ti;: is necessary for the
functioning of a polymer electrolyte in a Li-ion cell. Low tii+ induces the build-
up of anion concentration gradients, which may lead to cell polarization at
high power rates. Low tii+ may also induce dendrites growth in Li-metal cells,
which is one of the major obstacles restricting the widespread intrusion of
such batteries into the market[20-23]. In the family of polymer electrolytes
under study, sample PTL-1 (Figure 3.9) shows the highest transference
number (0.55 + 0.06, Table 3.2) at 25 °C. It is worth noting that at higher salt
concentrations, ti: reduces to smaller values, which may be ascribed to the
formation of anion pairs or aggregates. Overall, the transport number in the
PTL series of samples is comparatively higher than the classical literature
data on polymer electrolytes, but it is close to the data obtained for systems

that contain tetraglyme as co-solvent [24-26].
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Figure 3.9. (a,b) Nyquist plot of a membrane assembled in a symmetric cell (Li/PTL-1/Li) and

tested at 20 °C in the frequency range between 2 MHz and 0.1 Hz, before and after the

chrono-amperometry test; (c) Chrono-amperometry curves obtained for PTL-1 containing

cell, tested at 10 mV polarization until obtaining a steady state current under open circuit

potential conditions. Tests were carried out for all the samples, but only PTL-1 is showed as

the representative.

The reasons for such a high number is the absence of ion pairs, or the

presence of more free ions and neutral ion pairs. Moreover, the

oligomerisation of tetraglyme moieties weakens the coordination between
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Li* ions and O atom of TEGDME. This facilitates the movement of Li* ions
inside the polymer matrix leading to improved transference number values.
It was previously demonstrated by Kriz et al. [26] that tetraglyme can loosen
the coordination of Li* ions with —EO— units of PEO chains, resulting in
improved ion mobility, and might also enable Li* ions to decouple from ion
pairs.

The Li* ion diffusion coefficient (Dii+) can fit very well with the previously
measured ionic conductivity and transference number. Dy (see Table 3.2)
was estimated using the method reported by Ma et al [25]. Typical responses
are noted as natural logarithm of potential (V) versus time (t) at 25 °C. The
results are in good agreement with the corresponding t.i+ values. Moreover,
PTL-1 shows the highest value (5.6 x 107 cm? s71), which is at least one order
of magnitude higher than the literature reports for similar systems
[25,27,28]. The presence of free TFSI ions and neutral ion pairs, which can
move faster due to the reduced solvent salt interactions, thereby increase
the disorder in the polymer matrix [14]. This result is in agreement with the
conductivity, transport number and diffusion coefficient studies as well as
supported by FTIR studies.

A deep understanding of the interfacial properties between the lithium
metal electrode and the polymer electrolyte is necessary in order to provide
more insight over the factors controlling the recharge ability of lithium-
based polymer batteries. PTL-1 sample was examined in terms of
compatibility (interfacial stability) with the lithium metal electrode. Sample
PTL-1 was selected for further characterizations due to the optimal

characteristics exhibited during the previously discussed analyses. As shown
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in Figure 3.10, the PTL-1 based lithium symmetric cell shows stable
resistance after few days of testing. Indeed, the resistance increases during
the initial days of storage indicating an appropriate formation of a thin solid
electrolyte interface (SEIl) layer at the surface of the lithium metal electrode
[29].
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Figure 3.10 3D Nyquist plot representing the evolution of the interfacial resistance with

time for sample PTL-1, using the Li/PTL-1/Li cell configuration.

The resistance rapidly decreases and stabilizes at around 700 Q cm~2 after

about 6 days, accounting for the very stable interfacial characteristics of the
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sample. This behaviour is typical of most of the polymer electrolytes, and is
clearly related to the initial formation of the SEI layer, its stabilization and,
then, the improved contact achieved with time at the interface between the
lithium metal electrode and the polymer electrolyte [30,31].
Electrochemical stability window (ESW) is a fundamental parameter that
determines the durability and energy output of a lithium cell. Figure 3.11
shows the electrochemical stability of sample PTL-1 towards anodic
oxidation and cathodic reduction reactions. The test was performed at 25 °C.
From the cathodic profile, the almost ideally reversible lithium plating and
stripping processes are well evidenced. Overall, a wide electrochemical
window is accessible for the electrolyte to be safely used between 0to above
5.2 V vs. Li/Li*. Such a high anodic stability window can be explained by the
simultaneous oxidative decomposition of both the TFSI anions, tetraglyme
moieties and PEO matrix in the high potential regions [27]. In particular, the
presence of tetraglyme in the electrolyte matrix increases the overall
oxidation stability [24]. Even though the CH;—CH>—0- chemical moiety is
same for both PEO and tetraglyme, the difference may arise from the —CH3z
end group of tetraglyme, which avoids the interaction between the
electrode surface and the —OH terminal groups of PEO. However, the
oxidation stability is anyway superior to the pure PEO-based system, and this
is an intriguing aspect of this electrolyte. This value is excellent when one

envisages the application with high voltage cathode materials.
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Figure 3.11 Electrochemical stability window (anodic and cathodic scan) of PTL-

1. The tests were performed at 25 °C.

Many researchers developed polymer electrolytes that exhibit ionic
conductivity values as high as 0.1 mS cm™ at 25 °C [32,33], but very few
investigated the lithium dendrite nucleation and growth resistance in real
cell configuration [34]. Inspired by the dendrite studies reported by Balsara
et al. [35] and Khurana et al. [15], galvanostatic lithium plating/stripping
measurements in symmetric Li/PTL-1/Li cells were performed to determine
the lifetime of the assembled lithium metal polymer batteries. Such a test is

of utmost importance when very long-term ageing of lithium metal polymer
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cells is envisaged [20]. Measurements were performed at 0.1 and 0.3 mA
cm™ current densities at 25 °C (3 h Li-plating and 3 h Li-stripping). When the
current density was increased from 0.1 to 0.3 mA cm™2, a large change in the
potential is observed due to the formation of a dendritic short circuit [20] as
demonstrated in Figure 3.12. Thus, ISPE can be safely used at 0.1 mA cm™,
which is assumed as a remarkable value for a quasi-solid electrolyte system

operating at ambient temperature.
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14 Short Circuit @25°C
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Figure 3.12. Galvanostatic cycling curve obtained for Li/PTL-1/Li symmetric cell at

fixed current densities of 0.1 mA cm~2 and 0.3 mA cm™2 at 25 °C.

Prolonged galvanostatic cycling tests were performed (Figure 3.13) at 0.1,
0.2 and 0.05 mA cm~2 with plating and/or stripping steps lasting for 30 min.

This test assures the durability and safe operation of the ISPEs in lithium
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metal cells conceived for ambient temperature applications. The total

charge carried during the plating / stripping process is not very high,
however, one can hypothesise that this is a good indication towards
pursuing this path for future studies.
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Figure 3.13. Potential vs. test time of lithium stripping and plating of a

symmetrical lithium cell at various current rates (i.e., 0.05, 0.1, 0.2 mA cm™?) at

25°C.
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To demonstrate its practical application, PTL-1 was assembled in a lab-
scale all-solid-state Li-polymer cell, and galvanostatically cycled at ambient
temperature. The cell was assembled by combining a Li-metal anode with an
electrode/electrolyte composite prepared by in situ UV cross-linking the
ISPE directly over the TiO;-based working electrode (details in paragraph
3.2). One of the major drawbacks of typical truly solid polymer electrolytes
is the insufficient contact between the electrode active materials and the
polymer matrix. Thus, the direct cross-linking step over the electrode surface
is fundamental to obtain a good electrode/electrolyte interfacial adhesion.
The process enables us to obtain a stable and thin (=30 um) polymer
electrolyte film with uniform distribution over the electrode. The general
aspects of the bare electrode, electrolyte and the final aspect of the TiO»-
based electrode film are shown in Figure 3.13 (a,b).

The cross-sectional FESEM images, Figure 3.13 (c), show an intimate
contact achieved between the active materials and the polymer electrolyte.
Particularly at higher magnifications, it can be clearly observed that the
electrolyte layer creates a conformal coating by following the contours of
the electrode particles. This leads to improved active materials utilisation at
the interface between the electrode and the polymer electrolyte, which
correspondingly improves the specific energy and power of the cell. The
oriented cross-linked polymer electrolyte morphology is observable on top
of the electrode Figure 3.13 (c), along with the optimum interface and
interpenetration between the electrode active material particles and the

electrolyte.
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’
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Figure 3.13 (a) Photograph of bare TiO2 based electrode and electrolyte before UV
curing. (b) Freshly prepared self-supporting multiphase electrode/electrolyte composite
obtained by direct hot-pressing and in situ photopolymerisation of the polymer electrolyte
over the TiOz-electrode film supported over copper foil. (c) Cross-sectional FESEM images

showing the optimum interface achieved after UV curing.
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The response of the cell at 0.1 mA cm™2 is shown in Figure 3.14 in terms
of galvanostatic charge/discharge profiles and specific capacity vs. cycle
number. The cell was prepared by just contacting a lithium metal foil at the
polymer side of the electrode/electrolyte composite. The constant current
charge/discharge profiles shown in plot (a) reflect the good properties of the
electrolyte system, showing rather flat potential plateaus during charge and

discharge cycles.
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Figure 3.14 Representative charge/discharge profiles of a cell assembled with the
configuration of Li/PTL-1/TiOz. The cycling test was performed at 20 °C at a current density

of 0.1 mAcm™.
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These are typical of the biphasic Li* extraction/insertion mechanism of
crystalline TiO2 anatase, with a steep potential increase/decay at its end. The
polarization is rather limited, which accounts for an efficient redox reaction
kinetics, due to the limited internal resistance at the electrode/electrolyte
interface as well as the limited cell over potential contributions. In general,
the material shows good cycling stability, as for the good overlapping of the
charge/discharge curves, accounting for a Coulombic efficiency close to
100%, as shown in Figure 3.15.
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Figure 3.15 Graph illustrating the specific capacity vs. number of cycles along with

Coulombic efficiency.
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The PTL-1 also demonstrated the ability to be galvanostatically cycled at
0 and 25°C in lab-scale Li cell comprising a LiFePOs-based composite
cathode. Proof-of-concept charge/discharge profiles are shown in Figure
3.16 - 17, which clearly enlighten the possibility of designing an all-solid
polymer battery system that functions at low temperature even with various
electrode materials. At 0 °C, the all-solid-state cell showed an increased
polarization, but still maintaining an appropriate functioning and

demonstrated typical charge/discharge plateaus of LiFePO4 electrode.
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Figure 3.16 Charge/discharge curve of a lithium test cell assembled with a configuration of

Li/PTL-1/LiFePOa. The test was performed at 25 °C at current densities of 0.1 mA cm™.
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Figure 3.17 Charge/discharge curve of a lithium test cell assembled with a configuration of

Li/PTL-1/LiFePOa. The test was performed at 0 °C at current densities of 0.01 mA cm™.

3.4 CONCLUSIONS

The super soft polymer electrolyte network was architectured from a
thermoplastic polymer matrix of known molecular weight using the rapid
and cost-effective in situ photopolymerisation technique. A multidisciplinary
approach was adopted to understand the role of photopolymerisation in
tailor making the integral and requisite properties of the resulting polymer

electrolyte to achieve acceptable conductivity, ionic mobility and resilience
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towards dendrite-induced short circuit reactions. Significantly, the feasibility
of using such novel electrolyte in real cell configuration at ambient
temperature with various nanostructured electrodes was established by
suitably adopting in situ polymerization directly over the electrode films. The
obstacles related to hazardous dendrites and reactivity towards Li-metal
were nullified, leading to the assembly of superior Li-ion and Li-metal cells
conceived for applications that demand high energy and/or power, including
smart-grid storage and electric-/hybrid-electric vehicles.

The approach can be extended to other energy-related device
applications like Na-ion batteries, dye-sensitized solar cells and
supercapacitors, owing to its simple, scalable, economic and eco-friendly
preparation method, and a great potential to serve as a light-designed cell

component.
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CHAPTER FOUR

Single-ion block copoly(ionic liquid)s as
electrolytes for all-solid state lithium batteries

4.1. INTRODUCTION

In the previous two chapters, the incorporation of polar aprotic
plasticizers was demonstrated to greatly enhance the ambient temperature
ionic conductivity of PEO based polymer electrolytes, also assuring excellent
chemical and thermal stability. However, despite such an increase, these
polymer electrolytes struggle to meet the requirements of real devices due
to limited power delivery caused by cell polarization. The main cause of cell
polarization in solid polymer electrolytes (SPEs) is the formation of strong ion
concentration gradients within the cell during operation [1]. For instance,
lithium ions are over-concentrated at the negative electrode and depleted at
the positive electrode during cell discharge, which leads to the formation of
strong concentration gradients that limit the maximum current available.

Moreover, concentration gradients are suspected to favor the formation

of hazardous lithium dendrites at the negative electrode. An effective way to
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suppress concentration gradients is to bond anions covalently to the polymer
backbone; in such a system, lithium ions are the only mobile species and,
consequently, carry the bulk of the ionic current. This class of polymer
electrolytes, namely single-ion conductors, was introduced in the 90’s and it
is attracting considerable attention nowadays. Given their single-ion nature,
the lithium-ion transference number of such electrolytes noticeably
approaches the unity. However, until the appearance of functional groups
weakly coordinating due to highly delocalized anions, the nature of the
anionic species was limited to sulfate [2,3], phosphate [4] and carboxylic
[2,5,6] groups, providing poor conductivity under anhydrous conditions (10
10_-10%S cm™ at 25 °C).

The success in effectively improving the ionic conductivity was achieved
by the development of ionic liquid like monomers (ILMs) bearing
trifluoromethylsulfonylimide [7-12], tetraphenyl borate [13],
tetraperfluorinated phenyl borate [14] and borabicyclo [3,3,1]nonane
anionic species [15]. However, the ionic conductivity of these anionic PILs
(108 =107 S cm™ at 25 °C) was still lower than the minimum targeted value
of 10> S cm™ (at 25 °C) required for acceptable battery performance [16—
18].

With the aim to further increase the conductivity of anionic PILs, ILMs
were randomly copolymerized with various polar neutral monomers [19,20].
This led to the decrease in polyelectrolytes’ Ty and nearly one order of
magnitude improvement in ionic conductivity, allowing the achievement of
~10%S cm™ at 25 °C [20].
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Further interest turned out to the synthesis of different anionic block
copolymers [21-24], where it is possible to influence the microstructure of
the resulting solid polymer electrolyte by choosing an appropriate neutral
block. The most common architectures are the AB diblock and the BAB
triblock copolymers, where A is the anionic block and B is the block
comprising of a neutral polymer.

One of the latest examples reported by Inceoglu et al. [22] describes the
anionic AB block copolymer obtained by nitroxide-mediated polymerization
of lithium styrenesulfonyl(trifluoromethylsulfonyl)imide monomer onto
poly(ethylene oxide). It was demonstrated that the ionic conductivity in such
polymers is strongly affected by morphology. At low temperatures, an
ordered lamellar phase was obtained, and the “mobile” lithium ions were
trapped in the form of ionic clusters in the glassy polystyrene-rich
microphase. An increase in temperature resulted in a thermodynamic
transition to a disordered phase. Finally, above this transition temperature,
lithium ions were released from the clusters, and the ionic conductivity
increased by several orders of magnitude (from 3.0x108to 2.7x10> S cm at
25 and 60 °C, respectively). Similar results on morphology-conductivity
relationship for AB block copolymer were later published by Rojas et al. [24]
and Elabd et al. [25,26] In 2013, Bouchet et al. [21] reported the anionic BAB
triblock copolymers based on the same lithium poly(styrenesulfonyl
(trifluoromethylsulfonyl)imide) as a B block and poly(ethylene oxide) as a
central A block. The high ionic conductivity (1.3x10° S cm™ at 60 °C) of such
triblock copolymer was governed by the weak interactions of the lithium ions

with the delocalized anion on one hand and by their enhanced dissociation
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provided by PEO part on the other one. A recent paper by Jangu et al. [23]
deals with the synthesis of A-BC-A triblock copolymers featuring a
microphase-separated morphology and high ion transport. The soft central
“BC” block was composed of poly(4-styrenesulfonyl-
(trifluoromethylsulfonyl)imide) and di(ethylene glycol)methyl ether
methacrylate units, while the external A blocks were represented by
polystyrene. The authors were able to achieve ionic conductivity as high as
1.3x10°S cm™ at 25 °C. Finally, it should be mentioned that in spite of rather
high gained ionic conductivity for the listed anionic PILs, only the BAB triblock
copolymers were tested in real Li cell configuration demonstrating good
performance at 60-80 °C [21,27].

With the aim of concurrently decreasing anionic PILs’ glass transition
temperature and increasing their ionic conductivity, a novel series of single-
ion block copolymer electrolytes was prepared, which was based on
poly(ethylene glycol) methyl ether methacrylate (PEGM) and a specifically
designed ILM, namely lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-
(trifluoromethylsulfonyl)imide (LIMTFSI). By controlling the macromolecular
architecture of the polyelectrolytes via reversible addition-fragmentation
chain transfer (RAFT) polymerization, it was possible to develop solid
polymer electrolyte systems with the tailored high ionic conductivity,
lithium-ion transport number close to unity and high electrochemical
stability. Finally, the performance in lab-scale lithium cell prototypes is
shown, which demonstrates the highly promising prospects of these

materials as next-generation electrolytes for truly solid LIBs.
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4.2. EXPERIMENTAL SECTION
4.2.1. MATERIALS

Poly(ethylene glycol) methyl ether methacrylate (PEGM, My, = 475 g mol
1, Aldrich), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB,
>97%, Aldrich), thionyl chloride (>99%, Aldrich), 4-methoxyphenol (99%,
Acros), trifluoromethanesulfonamide (97%, ABCR), lithium hydride (LiH,
97%, Sigma-Aldrich), tetrahydrofuran (THF, anhydrous, Acros), methanol
(Acros), hexane (Acros), dicloromethane (DCM, Acros), acetonitrile (ACN,
HPLC grade 99%, Acros), dimethyl formamide (DMF, Acros), carbon-coated
lithium iron phosphate (LiFePOas, Advanced Lithium Electrochemistry Co.
Ltd.), carbon black Ces (Timcal), carbon coated aluminum current collector
(Showa Denko), lithium metal foil (Chemetall Foote Corporation) were used
without further purification. 2,2’-Azobisisobutyronitrile (AIBN, initiator, 98%,
Acros) was recrystallized from methanol before use. Potassium 3-
(methacryloyloxy) propane-1-sulfonate (Sigma-Aldrich, 98%, Aldrich) was
carefully dried under vacuum (<1 mm Hg) at 25 °C for 2 h prior to use. Carbon
coated aluminum foils were provided by Lithops Srl. Spectra/Por 3
(Spectrumlabs) dialysis tubes with MWCO 3500 Dalton were used for

polymer dialysis.

4.2.2 SYNTHESIS OF 3-(CHLOROSULFONYL)PROPYL METHACRYLATE

Potassium 3-(methacryloyloxy)propane-1-sulfonate (30.0 g, 0.122 mol)

was dried under vacuum at 60 °C for three hours and, then, dispersed in 45
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ml of anhydrous THF under nitrogen atmosphere. Then, 3.4 mL of DMF as
catalyst were added via syringe. The reaction flask was cooled down to 0 °C
and 35 ml of thionyl chloride were added dropwise. The reaction proceeded
at room temperature overnight (12 h). A yellowish and viscous solution was
obtained; the solution was poured into 300 mL of ice water. The lower oily
layer was recovered in a decantation funnel and diluted with 110 ml of
dichloromethane. The solution of 3-(chlorosulfonyl)propyl methacrylate was
washed with water (6 x 40 ml) and dried over anhydrous magnesium sulfate.
After filtering off MgSQa, the obtained slightly yellow oil was dried under
vacuum at RT overnight. Yield: 23.1 g (85%). *H NMR (400 MHz, CDCl3): § =
6.05 (1H, CH2=C(CHs)-), 5.59 (1H, CH>=C(CHs)-), 4.29 (2H, CO-O-CH>-), 3.77
(2H, -CH2-S0Cl), 2.40 (2H, O-CH2-CH,-CH;»-), 1.92 (3H, CH2=C(CH3)-), refer to
Figure 4.1

4.2.3 SYNTHESIS OF TRIETHYL AMMONIUM 1-[3-
(METHACRYLOYLOXY)PROPYLSULFONYL]-1-
(TRIFLUOROMETHANSULFONYL)IMIDE

Trifluoromethanesulfonamide (14.6 g, 0.098 mol) was dissolved in freshly
distilled triethylamine (30 ml, 0.214 mol) and cooled down to 0 °C under
nitrogen atmosphere; the solution was diluted with 80 ml of anhydrous THF.
A solution of 3-(chlorosulfonyl)propyl methacrylate (22.2 g, 0.098 mol) in 30
ml of anhydrous THF was added dropwise to the former mixture. The
reaction proceeded at 0 °C for one hour and at RT for another hour. By means

of filtration, the resulted precipitate was removed and the filtrate was
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concentrated under reduced pressure at room temperature; the residual oil
was dissolved in dichloromethane and washed four times with water.
Anhydrous magnesium sulfate was added to remove traces of water from
the solution and, consequently, removed by filtration. The solvent was
removed under reduced pressure at room temperature and an orange-
yellowish oil was obtained. The product was dried under vacuum at RT
overnight. Yield: 33.3 g (78%). *H NMR (400 MHz, CDCl3): 6 = 8.09 (1H, H-
N(CzHs)3), 6.08 (1H, CH,=C(CH3)-), 5.56 (1H, CH>=C(CHz)-), 4.25 (2H, CO-O-
CH3-), 3.25 (2H, -CH»-S03-N), 3.19 (6H, H-N(CH2CH3s)3), 2.22 (2H, O-CH>-CH>-
CH;-), 1.92 (3H, CH,=C(CH3)-), 1.35 (9H, H-N(CH2CH3)3), refer to Figure 4.2
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Figura 4.1 'H NMR of 3-(chlorosulfonyl)propyl methacrylate recorded in CDCl3
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(trifluoromethansulfonyl)imide recorded in CDCl3

4.2.4 SYNTHESIS OF LITHIUM 1-[3-
(METHACRYLOYLOXY)PROPYLSULFONYL]-1-
(TRIFLUOROMETHANESULFONYL)IMIDE (LiMTFSI)

Triethyl ammonium 1-[3-(methacryloyloxy)propylsulfonyl]-1-
(trifluoromethanesulfonyl)imide (30.0 g, 68.1 mmol) was dissolved in 45 mL
of anhydrous THF with stirring under inert atmosphere at room temperature.

Lithium hydride (1.3 g, 170.3 mmol) was added to the prepared solution in

138



Luca Porcarelli— Chapter Four

one portion and the obtained suspension was stirred overnight at 30 °C.
Then, the unreacted LiH was removed by filtration and the solution was
concentrated under reduced pressure giving a yellowish viscous oil. The
product was washed with hexane (3 x 40 mL), dried at 25 °C/15 mm Hg and,
finally, crystallized from anhydrous DCM in the form of a white crystalline
powder. The powder was collected by filtration under inert atmosphere and
dried overnight at 25 °C/1 mm Hg.

Yield: 18.8 g (80%); mp = 75.1 °C (DSC); Anal. Calcd for CgH11F3LiINOgS2x1H,0
(363.3): C, 26.45%; H, 3.61%; N, 3.86; Found: C, 26.68%; H, 3.58%; N, 3.88%;
'H NMR (400 MHz, DMSO-dg): & = 6.04 (s, 1H, CH,=C(CH3)-), 5.68 (s, H,
CH>=C(CHs)-), 4.17 (t, 2H, CO-O-CH>-, Ju1 = 6.5 Hz), 3.06 (m, 2H, -CH>-SO-N),
2.11 (m, 2H, O-CH,-CH>-), 1.88 (s, 3H, CH2=C(CH3)-), refer to Figure 4.3; 13C
NMR (101 MHz, DMSO-de): & = 166.4, 135.8, 125.7, 124.9, 121.7, 118.5,
115.3, 62.7, 51.3, 23.5, 17.9; °F NMR (376.5 MHz, DMSO-ds): & = -82.8 (s,
CF3); IR (ATR-mode): v = 2981 (w, vcr), 2934 (w, ven), 1702 (s, ve=0), 1663
(w), 1637 (m, vc=c), 1467 (w), 1444 (w), 1411 (w), 1322 (vs, Vasso2), 1263 (s,
Vass02), 1228 (w), 1182 (vs, vcr), 1159 (vs, Vsso2), 1127 (s), 1109 (s), 1065 (vs,
vcr), 1004 (m), 968 (m), 956 (m), 916 (w), 883 (w), 858 (w), 836 (w), 822 (m),
803 (m), 784 (w), 760 (w), 716 (m), 639 (s), 579 (s), 558 (m), 547 (m), 511 (s),
465 (m) cm™.
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Figura 43 'H NMR  of lithium 1-[3-(methacryloyloxy)propylsulfonyl]-1-

(trifluoromethansulfonyl)imide recorded in DMSO-de

4.2.5 RAFT SYNTHESIS OF POLY(PEGM) PRECURSOR

PEGM polymer (poly(PEGM)) was prepared via RAFT polymerization and
used as the starting block for copolymers’ synthesis. The polymerization
procedure was carried out as follows: a solution of PEGM (10.0 g, 21.1
mmol), AIBN (3.0 mg, 0.018 mmol) and CPADB (50.7 mg, 0.18 mmol) in 10.6
ml of DMF was transferred to a round-bottom Schlenk flask and degassed via

three freeze-pump-thaw cycles. Then, polymerization was carried out under
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inert atmosphere at 70 °C. The reaction product had a targeted molecular
weight of 44 kg mol™? at full conversion. Aliquots were removed from the
reaction flask under nitrogen atmosphere using a syringe at predetermined
time intervals throughout the polymerization. H NMR spectroscopy in D20
and gel permeation chromatography (GPC) in THF were used to determine
the reaction kinetics and the molecular weight of the products, respectively.
The desired monomer conversion of ~¥90% was achieved after 8 h. The
resulting viscous polymer solution was diluted with milli-Q water, dialyzed

against water for 3 days and freeze-dried.

4.2.6 RAFT SYNTHESIS OF poly(PEGM)-b-poly(LiMTFSI)

The series of four poly(PEGM)-b-poly(LiMTFSI) were prepared and coded
as LiBC-1, LiBC-2, LiBC-3, and LiBC-4. The example is provided for the
preparation of LiBC-4 sample: the solution of poly(PEGM) precursor (1.0 g,
44 kg mol?, 22.7 umol), LIMTFSI monomer (1.0 g, 2.9 mmol) and AIBN (0.37
mg, 2.27 umol) in 3.2 mL of anhydrous DMF was placed in a typical Schlenk
tube equipped with a magnetic stir bar. The reaction mixture was subjected
to three freeze-pump-thaw cycles, flashed with nitrogen and then placed
into a preheated bath at 70 °C. Aliquots were removed from the reaction
flask under nitrogen atmosphere using a syringe at predetermined time
intervals throughout the polymerization. *H NMR spectroscopy in D20 and
gel permeation chromatography (GPC) in 0.1 M LiCl solution in water/ACN
mixture (4:1 v/v) were used to determine the reaction kinetics and the

product molecular weights, respectively. The desired monomer conversion
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of ~85% was achieved after 8 h. The resulting viscous polymer solution was
diluted with water, dialyzed against water for 3 days and freeze-dried. Finally,
the block copolymer was dried at 60 °C/1 mm Hg for 12 h. All other block
copolymers (LiBC-1 - LiBC-3) were prepared similarly by changing the ratio
between PEGM-based macro-RAFT initiator and lithium-ion LIMTFSI

monomer. Detailed polymerization conditions are given in Table 4.1.

4.2.7 RAFT SYNTHESIS OF RANDOM poly(PEGM-r-LiMTFSI)
COPOLYMER

LIMTFSI (0.60 g, 1.74 mmol), PEGM (0.60 g, 1.26 mmol), AIBN (0.23 mg,
0.0014 mmol), CPADB (3.90 mg, 0.014 mmol) and DMF (1.20 g, 1.3 mL) were
gently mixed in a flask at ambient temperature. The solution was transferred
into a glass ampoule where upon the same procedure was used as for RAFT

polymerization of PEGM.

4.2.8 RAFT SYNTHESIS OF poly(LiMTFSI)

The polymerization was carried out in full accordance with the procedure

described for poly(PEGM) with molecular weight of 44 kg mol™.
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Table 4.1 Polymerization conditions used for the synthesis of poly(PEGM)-b-
poly(LiMTFSI) copolymers?

Monomer RAFT agent Initiator Solvent
Sample
(mol x 1073) (mol x 107°) (mol x 107) (ml)
DMF
poly(PEGM) PEGM (21.3) CPADB (18.2) AIBN (1.83) (10.6)
. LIMTFSI poly(PEGM) DMF
LiBC-1 (0.61) (2.8) AIBN (0.19) (2.3)
. LIMTFSI poly(PEGM) DMF
LiBC-2 (0,69) (2.4) AIBN (0.24) (2.0)
. LIMTFSI poly(PEGM) DMF
LiBC-3 (0,98) (2.1) AIBN (0.21) (2.0)
. LIMTFSI poly(PEGM) DMF
LiBC-4 (1,74) (1.4) AIBN (0.27) (1.9)

@ Polymerization temperature: 70 °C; time: 8h.

4.2.9 SYNTHESIS OF RANDOM COPOLYMER VIA FREE RADICAL
POLYMERIZATION

LIMTFSI (0.50 g, 1.45 mmol), PEGM (0.69 g, 1.45 mmol), DMF (3.57 g, 3.8
mL) and AIBN (0.012 g, 1.0 wt.%) were gently mixed in a flask at ambient
temperature. The solution was transferred into a glass ampoule. After triple
freeze-thaw-pump cycles, the ampoule was sealed under vacuum and

heated to 60 °C for 6 h. The resulting transparent highly viscous polymer
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solution was diluted with water, dialyzed against water for 3 days and freeze-
dried. The resulting polymer was then thoroughly dried at 60 °C/1 mm Hg
for 12 h. Yield: 1.20 g (60 %).

4.2.10 CHARACTERIZATION TECHNIQUES

The physico-chemical characterization techniques used for sample

characterisation are described in the Appendix.

4.2.11 LI CELLS ASSEMBLY AND TESTING

A composition of 60 wt.% of carbon coated LiFePO4, 30 wt.% of LiBC-1 and
10 wt.% of carbon black was used for the preparation of the positive
electrodes. First, powders of active material and carbon black were gently
mixed in a hand mortar and, successively, added to the 5 wt.% solution of
LiBC-1 in water upon stirring. The stirring was continued at room
temperature for 1 h and the suspension was finally homogenized using an
ULTRA-TURRAX mixer for one hour. The obtained aqueous slurry was casted
onto a carbon coated aluminum current collector using a doctor-blade with
a blade height of 300 um. Water was removed by evaporation at ambient
temperature and further drying at 60 °C/1 mm Hg for 24 h. The obtained
composite electrode film’s thickness after drying was 50 um. The layer of
block copolymer electrolyte (LiBC-1) was applied manually directly onto the

surface of the composite cathode, whereupon the assembly was again dried
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at 60 °C/1 mm Hg for 2 4h and transferred inside the glove-box. Lab-scale
LiFePO4/LiBC-1/lithium metal battery prototypes were then assembled using
ECC-Std test cells. The lithium cells were cycled at 70 °C in terms of constant
current charge and discharge between 2.5 and 3.8 V vs. Li*/Li at different

current regimes (C-rates).

4.3 RESULTS AND DISCUSSION

4.3.1 SYNTHESIS OF LITHIUM 1-[3-(METHACRY-
LOYLOXY)PROPYLSULFONYL]-1-(TRIFLUOROMETHANESULFONYL)
IMIDE ANIONIC MONOMER.

The position of the cation in PILs structure is playing a strong influence on
its ionic conductivity [28]. Generally, it was demonstrated, that the cation’s
placement inside or near the main polymer chain leads to PILs with lower
conductivity in comparison with polymer analogues having ions attached via
flexible spacer. The same rule was found to be applicable for anionic PlLs as
well: the modification of polyanions by the introduction of a flexible spacer
between the main polymer chain and the attached anion results in the
increase of ions mobility [28]. This was taken into consideration for the
development of the new anionic ILM with Li* cation consisting of a
methacrylate reactive group, a highly delocalized and chemically bonded
TFSI~ anion and a flexible alkyl spacer (Scheme 4.1). The two initial reaction
steps for the synthesis of 3-(chlorosulfonyl)propyl methacrylate and triethyl

ammonium 1-[3-(methacryloyloxy)propylsulfonyl]-1-
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(trifluoromethanesulfonyl) imide were performed in accordance with the
method published by Shaplov et al. [11]. While for the last step, the optimal
reaction conditions providing the highest yield were elaborated. It was found
that this heterogeneous reaction proceeds quantitatively upon slightly
heating up to 30 °C for at least 12 h. After respective crystallization, LIMTFSI
could be isolated in a pure form. The structure and purity of LIMTFSI was
proved by 'H, 13C and °F NMR, IR spectroscopy and elemental analysis. In
contrast to ILMs with heterocyclic cations, LIMTFSI represents a crystalline,
hygroscopic powder at room temperature with melting point of 75 'C
(measured by DSC).

Scheme 4.1 Synthetic route for the preparation of LIMTFSI monomer
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3.2. RAFT SYNTHESIS OF poly(PEGM)-b-poly(LiMTFSI)

First, the RAFT synthesis of poly(PEGM) precursor with 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid as RAFT transfer agent was
investigated. As it was previously demonstrated [29], DMF can be considered

as the best organic solvent for the polymerization of ILMs in terms of
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achieving high yields and high molecular weights of the resulting
polyelectrolytes. Thus, DMF was selected for RAFT polymerization of PEGM
and, later on, for the block extension with LIMTFSI. The block copolymers
poly(PEGM)-b-poly(LIMTFSI) were synthesized by RAFT polymerization
technique starting from poly(PEGM) macro-CTA precursor (Scheme 4.2).

Scheme 4.2. Synthesis of poly(PEGM)-b-poly( LIMTFSI) copolymers.

S.
>—§: CPADB, AIBN  HO N LiIMFTSI, AIBN ~ HO
H 0o — CN CHj o s —_— CN CHy
p DMF, 70°C g DMF, 70°C

o o}

~ o ~

CHy §9 CHj cHy 8 o— CF.

Although RAFT polymerization of PEGM was intensively studied in various
solvents and with different chain transfer agents (CTAs) [30—32], it was not
possible to find the information about its controlled polymerization in DMF
with CPADB. Thus, initially the study of the PEGM’s polymerization kinetics
was carried out (Figure 4.4). It was revealed that quantitative conversion of
the monomer (~95%) was obtained after 8 h. The experimental M, values
determined by GPC in THF were close to the theoretically calculated ones,
refer to Figure 4.4 (a), while M, values obtained by agueous GPC were found
to be nearly two times lower than the targeted ones. This discrepancy can

be explained by the strong structural difference between the linear
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polystyrene and pollulan standards used for calibration and the synthesized
comb-like poly(PEGM) [33].
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Figure 4.4 Molar mass and PDI evolution versus conversion for RAFT polymerization of
PEGM determined in THF (a) and 0.1 M LiCl solution in H2O/ACN mixture (4:1 v/v) (b).
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Figure 4.5 shows the GPC traces of the poly(PEGM) samples. The shift of
the GPC traces toward shorter elution time with increasing methacrylate
conversion indicated the growth of the poly(PEGM) precursor. Sufficiently
narrow PDlIs (1.3-1.5) along with a linear increase of M, vs. conversion were
observed for the poly(PEGM) samples, thus demonstrating a good control

over the polymerization reaction.

57 %

Elution time (min)

Figure 4.5 GPC traces for the poly(PEGM) precursors in THF.

The starting poly(PEGM) macro-CTA precursor was used to synthesized
block copolymers poly(PEGM)-b-poly(LiMTFSI), the chemical nature of the

block copolymers was confirmed by NMR and FTIR spectroscopy, where the
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repeating monomer units associated to both blocks were found in the final
products. The kinetics of the reaction was found to be similar to that of
poly(PEGM) (Figure 4.6).
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Figure 4.6 Molar mass and PDI evolution versus conversion for RAFT extension of the
poly(PEGM) block with LIMTFSI monomer.

As shown in Figure 4.6, the polymerization of LIMTFSI in the presence of
poly(PEGM) at 70 °C reached ~85 % conversion after 8 h. The number of the
average molar mass M, increases steadily with conversion, showing a linear
behavior, although again the M, values of the samples were found to be
lower than the theoretical ones, as shown in Figure 4.6. The polydispersities
according to GPC were found to be satisfactory, in the range of 1.4 - 1.6. The

GPC traces of the samples taken at increasing reaction times, refer to Figure
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4.7, present basically unimodal peaks with decreasing elution times and

reducing width proving the controlled polymerization.

76%

Elution time (min)

Figure 4.7 GPC traces for RAFT extension of the poly(PEGM) block with LIMTFSI monomer.

After determination of the optimal conditions, a set of block copolymers
with the fixed poly(PEGM)’s length and different size of the poly(LiMTFSI)
extension were successfully prepared (Table 4.2, LiBC-1 — LIBC-4). The
chemical structure of the synthesized block copolymers was confirmed by
FTIR, H, and 3C spectroscopy (Figures 4.8 — 4.10).
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4.3.3. PHYSICO-CHEMICAL PROPERTIES OF POLYMERS

Depending on the temperature, the obtained ionic block copolymers
represented rubber-like or wax like materials. Thermal properties of both
poly(PEGM) and block copolymers were determined by DSC and TGA (Figure
4.11, Figure 4.12 and Table 4.2).

It was found that poly(PEGM) with M, = 35.2 kg mol? shows a glass-
transition temperature (Tg) of -62 °C. The poly(LiIMTFSI) demonstrates a Ty of
95 °C, that is higher than a similar polymer with heterocyclic cation (viz. 14
°C [11]), but lower if compared with lithium poly(styrenesulfonyl
(trifluoromethylsulfonyl)imide) (152 °C [10]). The RAFT random
copolymerization of PEGM and LIMTFSI in 1:1 ratio leads to the significant
decrease in Tg (-2 °C) of the obtained copolymers compared to the parent
poly(LIMTFSI). In its turn, the T of the series of block copolymers LiBC-1 -
LiBC-4 was found to vary in the broad range of -63 to 5 °C and moves toward
lower values by decreasing the LIMTFSI content. It is worth noting that all the
observed Tg values for the synthetized block copolymers were much lower
than that of poly(LiMTFSI) and none of the copolymers exhibited crystallinity,
as the copolymerization of PEGM with LIMTFSI seems to hinder the
formation of an ordered phase. The absence of two distinct T suggests that
appreciable phase separation did not occur in any of the poly(PEGM)-b-
poly(LIMTFSI) copolymers. This indicates good miscibility of the parent
polymers, namely poly(PEGM) and poly(LiMTFSI), most likely due to the good
interactions between the ionic groups of one block and the ethylene oxide

units of the other.
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Figure 4.11 DSC traces of poly(PEGM)-b-poly(LiMTFSI) copolymers.

According to TGA, see Figure 4.12, the onset mass loss temperature
(Tonset) for poly(PEGM) was found to be 160 °C, while for poly(LIMTFSI) it
exceeded 260 °C. TGA of the LiBC-1 copolymer shows a one-step weight-loss
process starting at 170 °C. Independently on their composition, all of the
other block copolymers possessed similar onset loss temperature Tonset Of
~170 °C. This result is particularly important for application in the lithium
battery field, since the thermal stability of conventional liquid electrolytes is

far below this value.
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Figure 4.12 TGA traces of LiBC-1, poly(PEGM) and poly(LiMTFSI).

The ionic conductivity of the polyelectrolytes was measured via
electrochemical impedance spectroscopy and the typical Arrhenius plot is
shown in Figure 4.13. The ionic conductivity values obtained for the block

copolymers at 25 °C follow the order:
0.LiBC-4 (1.6X10_7 S cm‘1)<< c).LiBC-S ~ c).LiBC-Z < o-LiBC-l(z_3x10—6 S Cm-l)

The highest value was measured for LiBC-1 being 2.3x107® S cm™ at 25 °C
(Table 4.2). The observed behavior follows the general trend in relationship
between the Ty of the polyelectrolyte and the ionic conductivity[28]: a

polymer with lower Ty demonstrates the highest measured conductivity. At
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higher temperatures, the curves tend to overlap, but the order described
above is still generally preserved (Figure 4.13). It was found that the
conductivity values of the block copolymers increased up to one order of

magnitude and reached the targeted 10 S cm™ level at 55 °C.
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Figure 4.13. Arrhenius plot of ionic conductivity vs. temperature for the poly(PEGM)-b-
poly(LiMTFSI) copolymers.
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It was of further interest to compare the conductivity of the poly(PEGM)-
b-poly(LIMTFSI) block copolymer with that of poly(LIMTFSI) and random
copolymers of the same composition obtained via RAFT and free radical
polymerizations (Table 4.2). The lowest ionic conductivity (1.1x10712S cm'?)
at 25 °C was demonstrated by poly(LiIMTFSI) with a Tg of 95 °C. This result can
be explained by the low mobility of lithium ions in the glassy polymer phase.
A two orders of magnitude higher conductivity (6.7x1071® S ¢cm™) was
measured for the random copolymer obtained by free radical
polymerization. Finally, the highest value of conductivity (1x10~7 S cm™) was
observed for block and random copolymers with the same molecular weight
obtained via RAFT process. Such difference in conductivity between
copolymers prepared by RAFT and conventional free radical polymerization
can be attributed to the distinction in their molecular weight (M, = 8.0x10*
and 37.5x10%, respectively) as it was demonstrated previously for cationic
PILs [34]. However, the overlapping of the conductivity values for the block
copolymer LiBC-4 and RAFT random copolymer having similar molecular
mass happened more likely due the good miscibility of the parent polymers,
namely poly(PEGM) and poly(LiMTFSI), and the absence of any phase
separation.

The electrochemical stability window of the single-ion block copolymer
LiBC-1 was studied by cyclic voltamperometry (CV) at 70 °C, this sample was
selected due to its higher ionic conductivity among the prepared ones. The
results are shown in Figure 4.14. The anodic breakdown potential of the
sample was found to be 4.3 vs. Li*/Li. Generally, the anodic stability of

electrolytes is determined by the electrochemical stability of the anion, and
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thus, the steep increase of current at 4.3 V is probably associated with the
decomposition of the TFSI functional group of the polymer. During the
second cycle of the voltammetry, the anodic limit shifts up to 4.5 vs. Li*/Li,
which can be likely explained by the growth of a passivation layer at the
electrode/electrolyte interface. Regarding the cathodic scans, a highly
reversible couple of peaks was observed between -0.5 and 0.48 V vs. Li*/Li,
which is evidently associated to lithium plating/stripping and confirms the

efficient transfer of lithium-ions through the polymeric media.
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Figure 4.14. Electrochemical stability window obtained by CV at 1 mV s!
for LIBC-1 at 70 °C.
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Additionally, the couple of reversible peaks at 0.7 and 1.0 V vs. Li*/Li may
be attributed to a redox process involving species (such as oxides) at the
electrode surface. The other couple of faint peaks observable in the potential
range between 1.5 and 3 V is most likely associated with the multistep
decomposition of some impurity traces in some of the reagents (used as
received). Indeed, both peaks suddenly disappear in the subsequent
voltammetric cycles, which clearly accounts for the non-reproducibility of
the process and the fact that it does not influence the overall specific
capacity of the system.

The lithium-ion transference number of the synthesized LiBC-1 block
copolymer was determined using the method proposed by Vincent and
Evans [35]. The test was performed only after the sample reached the stable
interfacial resistance. Thus, major changes in resistance were not interfered
in the transport properties study. The results of EIS and polarization

experiments are given in Table 4.3.

Table 4.3. Lithium ion transference number measurement?

i (x10™* mA) R(Q) to+
initial 9.62 2140
0.83
steady state 8.21 2182

@ potential bias applied: 10 mV
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The typical Nyquist plot of a.c. impedance of a Li | LiBCE-1 | Li cell at 70
°C is shown in Figure 4.15. The cell impedance did not change significantly
during the experiment and the initial resistance value of 2140 Q only
increased to 2182 Q, thus proving that a stable interfacial layer was formed

at the interface.
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Figure 4.15 Lithium-ion transport number analysis: (a) Typical Nyquist plot

of the a.c. impedance of a Li | LiBC-1 | Li cell at 70 °C

The plot of the current response to the applied bias as a function of time
is shown in Figure 4.16. As it can be seen, a quick drop of less than one order

of magnitude (from 9.62 to 8.21 x 10* mA) occurs before reaching the steady
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state. The obtained transport number value of 0.83 is noticeably close to the
unity and, most important, is much higher than that of cationic PILs/Li salts
or PEQ/Li salts composite electrolytes reported previously [36]. Two main
reasons can be adducted to rationalize why the transference number is not
equal to unity: (1) the flexible spacer between the main polymer chain and
the attached anion allows short-range motions of negative charges; (2)
segmental motion of the polyanionic block may happen since the test was
conducted above the glass-transition temperature of the polymer,

consequently allowing additional motions of the negative charges.
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Figure 4.16 Lithium-ion transport number analysis: (a) Typical Nyquist plot

of the a.c. impedance of a Li | LiBC-1 | Li cell at 70 °C, (b) current variation

with time during polarization of the symmetrical lithium cell.
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4.3.4. ELECTROCHEMICAL BEHAVIOR IN LI CELLS

Finally, to further confirm the significance and usefulness of the newly
prepared polyelectrolytes, the lab-scale lithium cell prototypes based on
sample LiBC-1 were assembled using a lithium-metal negative electrode
(anode) and a carbon-coated LiFePOs as a model active material for the
positive electrode (cathode). The cathode for the lithium/LiBC-1/LiFePO4
cells was composed of 60 wt.% of LiFePOas, 30 wt.% of LiBCE-1, and 10 wt.%
of carbon black. While in conventional batteries with liquid electrolyte the
ion conduction inside the cathode is ensured by homogeneous wetting of
the electrolyte through the porosity of the composite electrode, in solid state
batteries the ionic conduction is limited to the contact area with the SPE.
Therefore, a large portion of electrode’s active material particles is ionically
insulated when conventional neutral polymer binders are used. In the
present study, to insure effective ion conduction inside the whole cathode
structure, the LiBC-1 block copolymer was used as both the solid-state
polyelectrolyte and the binder for the active material particles. A sketched
representation of the cell assembly and the resulting morphology of the
composite cathode is shown in the FESEM image of Figure 4.17. The particles
of LiFePOs and carbon additive are uniformly coated with the block
copolymer electrolyte, as it can be clearly observed in the right hand sided
image. Due to the observed high contact-area between the active material
and the ion conductive media an optimal ionic conduction throughout the

whole thickness of the cathode is ensured.
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Figure 4.17 (a) Sketched representation of the cell assembly, where the percolation of the
polyelectrolyte in the whole electrode structure is clearly evidenced (b) FESEM image of the

composite electrode.

The electrochemical behavior of the assembled cells was evaluated at 70
°C, and the results are shown in Figure 4.18. Cycling tests were conducted at
different current rates, where the rate is denoted as C/n, which corresponds
here to a full discharge or full charge of the theoretical cathode capacity (C,
170 mAh g for LiFePQ4) in n hours. The truly solid-state cells were capable
of delivering large capacities up to 130 mAh g (83.3 % of the theoretical
value for the LiFePO4 cathode) at C/15 rate during the initial cycles. Very
good rate capability for a solid polymer cell was obtained upon prolonged
cycling even at higher rate (C/5). It is worth noting that despite a decrease in
capacity was observed after some cycles, the cell was capable to reversibly

charge and discharge at least up to 100 cycles. However, the loss of specific
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capacity during cycling was observed, particularly evident during the first
cycles. Such gradual decrease can be explained by the sequestration of
lithium ions, possibly due to the formation of the passivation layer at the

electrode/electrolyte interface.
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Figure 4.18 Specific capacity vs. cycle number profile of the Li/LiBC-1/LiFePOQs cell at
different charge/discharge rates at 70 °C.

A constant current charge/discharge potential vs. specific capacity profile
is shown in Figure 4.19. The typical potential plateau related to Li* de-

insertion/insertion mechanism is clearly observed.
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Figure 4.19 Constant current charge/discharge potential vs. specific capacity profile

extracted from cycle 2 at C/10 rate.

The charge/discharge efficiency was found to exceed 97 % upon initial cycling
(> 99% at C/5) that confirms the reversibility of the lithium ion intercalation

process as well as the electrochemical stability of the single-ion block co-

polymer electrolytes developed in this study.
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4.4 CONCLUSIONS

In this study, new family of well-defined single-ion conducting block
copolymer electrolytes was synthesized via RAFT polymerization technique.
Copolymers comprise a poly(PEGM) block with a fixed length and a second
block based on the specifically designed ionic liquid like polymer, the length
of which was varied. The detailed investigation of the physical properties of
these ionic block copolymers has pinpointed the impact of polyelectrolyte’s
macro architecture and molecular weight on thermal and ion conducting
properties. The most striking advantages of the suggested approach are
summarized as follows:

1) the possibility to vary the molecular weight of polyelectrolytes and to
gain the desired control over polymer’s Tg and ionic conductivity;

2) the preparation of solid polyelectrolytes with low Tg (up to -61 °C) and
comparatively high o in a dry state (up to 2.3 x 10® and 10°Scm™ at 25
and 55 °C, respectively);

3) the synthesis of polyanions with high lithium transference number (0.83)
and high electrochemical stability (up to 4.5 V vs. Li*/Li).

Owing to the combination of all mentioned properties, the prepared
polymer materials were used as solid polyelectrolytes as well as binders in
the elaboration of lithium-metal battery prototypes delivering large
capacities (up to 130 mAh g?), with satisfying charge/discharge efficiencies
and the capability to reversibly operate at medium current rates (up to C/5).
Further optimization of this material must be focused in improving the

performance at high rates and the stability upon prolonged cycling.
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CHAPTER FIVE

Single-ion conducting gel polymer electrolyte with

wide operating temperature conditions

5.1 INTRODUCTION

In the previous chapter, the control radical polymerization of a
specifically designed anionic monomer was exploited to prepare a novel
class of single-ion conductors. The preferential Li* transport properties were
successfully demonstrated by a lithium-ion transference number
approaching the unity. However, the ionic conductivity of the prepared solid
polymer electrolyte (SPE) was limited to the 10 range. To date, the most
effective approach to increase the ionic conductivity of polymeric single-ion
conductors is to incorporate a liquid plasticizer into the polymer matrix,
hence forming a gel polymer electrolyte (GPE). As a result, room
temperature o values in the order of 10 - 10° S cm™ were reported for
single-ion GPEs, and the addition of plasticizer resulted in an increased
number of dissociated charge carriers and faster pathways for lithium-ion

diffusion in the liquid phase.
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Besides good transport properties, sufficient mechanical stability is
another important requirement in sight of replacement of conventional
electrode separators with GPE membranes. Structural stability is usually
achieved by blending with high Ty materials, such as perfluorinated polymers
[1-3], and chemical crosslinking [4,5]. The great potential of this novel class
of electrolytes was recently demonstrated by reports on lab-scale cells
operating at ambient conditions [1-3,6-9]. However, further research
efforts are still required to improve the power density delivery.

In this respect, the preparation and characterization of single-ion gels is
discussed here. The newly elaborated GPEs are based on a lithium anionic
monomer recently developed by Shaplov et al. [10], namely lithium 1-[3-
(methacryloyloxy)propylsulfonyl]-1-(trifluoromethylsulfonyl)imide
(LiMTFSI), and their use as polymer electrolytes in lab-scale lithium metal
cells is demonstrated. Single-ion GPEs are obtained via thermal
copolymerization of LIMFTSI with mono and bifunctional poly(ethylene
glycol) methyl ether methacrylate monomers (PEGM and PEGDM,
respectively) in the presence of propylene carbonate (PC). The proposed “in-
situ” synthesis allows to incorporate the liquid plasticizer in the gel whilst
forming the covalently cross-linked network. The resulting membranes
showed ionic conductivities exceeding the values usually reported for single-
ion SPE, noteworthy in a wide range of temperature. They also display wide
electrochemical stability window and remarkably high t,;+ approaching the
unity. Furthermore, the self-standing nature of the polymer membranes
allows their effective use as electrodes separating electrolyte. Composite

electrode/electrolyte assemblies were prepared via the same simple
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procedure and successfully cycled in lithium metal lab-scale prototypes in a

wide temperature range even at high current rate (5C).

5.2. EXPERTIMENTAL
5.2.1. MATERIALS

Poly(ethylene glycol) methyl ether methacrylate (PEGM, M, = 500 g mol
1, Sigma-Aldrich) and poly(ethylene glycol) dimethacrylate (PEGDM, M, =
550 g mol?, Sigma-Aldrich) were degassed under vacuum (<1 mm Hg). The
liguid monomers were transferred inside the Ar-filled glove-box (MBraun
UNILab, Oz and H20 content < 0.1 ppm) and treated with molecular sieves
(beads 4A, 8-12 mesh, Sigma-Aldrich) for one week to ensure the complete
removal of water prior to use. Propylene carbonate (PC, battery grade,
Solvionic), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich), polyvinylidene
fluoride (PVdF, Solvay Solef 6020), carbon-coated lithium iron phosphate
(LiFePO4, Advanced Lithium Electrochemistry Co. Ltd.), carbon black C65
(Timcal), lithium metal foil (Chemetall Foote Corporation) were used
without further purification. 2,2’-Azobisisobutyronitrile (AIBN, Sigma-
Aldrich) was recrystallized from methanol before use. Carbon coated

aluminum foils were purchased from Showa Denko.
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5.2.2. SYNTHESIS OF LITHIUM 1-[3-(METHACRYLOYLOXY)
PROPYLSULFONYL]-1-(TRIFLUOROMETHANESULFONYL) IMIDE
(LIMTESI)

LIMTFSI was prepared in full accordance with the procedure reported in
the previous chapter. The product was obtained in the form of a white
crystalline powder. Prior to use, LIMTFSI was dried overnight under vacuum

(<1 mm Hg) at 25 °C and transferred inside the Argon-filled glove-box.

5.2.3. PREPARATION OF SINGLE-ION GPE FILMS

The preparation of GPEs was carried inside the Ar-filled glove box to avoid
moisture contamination. Calculated amounts of LIMTFSI, PEGM, PEGDM and
PC were mixed in a vial and the resulting mixture was stirred until
homogenization. An appropriate amount of thermal initiator (AIBN, 3 wt%
with respect to monomer) was added upon stirring. The clear solution was
poured into a mold made by a Teflon gasket (thickness 200 um) clamped
between two glass plates. Then, the mold was positioned inside a sealed
quartz vessel and transferred outside the glovebox. Polymerization was
carried out at 70 °C for 4 h in an oven. The mold was de-assembled inside
the Ar-filled glove box and the obtained GPE films were used without further

purification. Sample compositions and coding are given in Table 5.1.
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Table 5.1. Composition (in weight %) of the prepared GPE membranes.

Sample LiMTFSI PEGM PEGDM PC
GPE-1 6.4 38.6 5 50
GPE-2 7.5 37.5 5 50
GPE-3 9.0 36.0 5 50
GPE-4 11.3 33.7 5 50
GPE-5 15.0 30.0 5 50

5.2.4. CHARACTERIZATION TECHNIQUES

The physico-chemical characterization techniques used in this chapter

were performed as described in the appendix.

5.2.5. Li BATTERIES ASSEMBLY AND TESTING

A composition of 80 wt% of carbon coated LiFePO4, 10 wt% of PVdF and
10 wt% of carbon black was used for cathodes’ preparation. The active
material and carbon black were gently mixed in a hand mortar and added to
a 5 wt% solution of PVdF in NMP. The suspension was homogenized using
an ULTRA-TURRAX mixer for about half an hour. The obtained slurry was
casted onto an aluminum current collector using a doctor-blade). NMP was
removed from the electrodes by evaporation in an oven at 70 °C, further

dried at 120 °C/1 mm Hg overnight and transferred inside the Ar-filled glove-
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box. The active mass loading per unit area was found to be 3.4 mg cm™. The
surface of the electrode was coated with a thin layer of the monomers
reactive mixture in PC (thickness < 100 um) and sealed inside the glass mold.
In-situ free-radical polymerization was carried out for 4 h at 70 °C under Ar-
atmosphere. Round disks of 14 mm diameter were cut out of the foil, which
comprise the ready-to-use multiphase electrolyte-coated electrode foil.
Lithium metal cells were then assembled in the glove-box inside ECC-Std
electrochemical test cells. They were cycled at 25 and 70 °C at different
current rates in terms of galvanostatic charge and discharge with an ARBIN
BT2000 battery tester.

5.3. RESULTS AND DISCUSSIONS
5.3.1. PREPARATION OF SINGLE-ION CONDUCTING GPEs

The novel GPEs presented here were prepared through thermal
copolymerization of a lithium anionic monomer (LIMTFSI) with
poly(ethylene glycol) methyl ether methacrylate (PEGM) and a small amount
of cross-linker (PEGDM) in the presence of PC as the reaction medium. As a
result, a covalently bonded polymer network was formed where the PC was
trapped inside, thus forming GPE membranes with single-ion conduction
characteristics. Scheme 5.1 schematically represents the one-step process
to prepare single-ion GPEs. While the amounts of crosslinker and PC were
kept fixed (at 5 and 50 wt. %, respectively), the ratio between LIMTFSI and

PEGDM monomers was varied with the aim of tailoring the final properties
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of the gels, including ionic conductivity. Despite the relevant amount of PC
incorporated in the gel, the prepared films were found to be self-standing
and non-tacky. Notably, polymer networks showed excellent compatibility
with PC, and deswelling leakage of the liquid plasticizer was not observed

even upon long storage times.

H CH3 o H CH3
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0078\ /CF3 o)
Li eN;/’s\\O C::_/
LiMTEFSI
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3 hours, 70 °C

L -
-

~ g universidac
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Scheme 5.1 Sketched preparation procedure of single-ion GPEs, along with the structure of

the reagents and the aspect of the final polymer electrolyte.
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5.3.2 CHARACTERIZATION OF SINGLE ION GPEs

Viscoelastic characterization of gel-polymer electrolytes was carried out
by means of DMTA analysis, by measuring the storage (E’) and loss (E"”)
modules and studying the variation of the damping factor tané as E”/E’ ratio.
Moreover, these measurements allowed to identify the glass transition
temperature (Ty) value as the peak of each tané curve. Given the fact that
all the samples contained the same amount of plasticizer (PC) and
bifunctional monomer (PEGDM), appreciable differences in T; values were
not detected and all their values were found in the range of - 6912 °C. As a
representative example for all the samples prepared, the curves of £’ and
tand as a function of the temperature for GPE-3 sample are shown in Figure
5.1. To highlight the role of the plasticizer within the macromolecular
architecture, sample GPE-3 was prepared without introducing PC in the
initial mixture, and the resulting curve is shown for comparison. The T of
this sample increased by 11 °C with respect to its PC-laden counterpart, and
the plot of E' (the values of which were always higher with respect to those
of the PC-based sample) evidences the increased mechanical properties of
the polymeric network when the plasticizer was not introduced in the initial
reactive mixture. Overall, for all of the GPE samples the morphology was
fully amorphous and a single T; was evidenced, which was well below room
temperature, thus rendering this material suitable for actual lithium battery

application.
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Figure 5.1. DMTA traces showing the variation of £’ and tané as a function of temperature

for GPE-3 sample, prepared with and without PC as a plasticizer.

Results of the thermal stability test, evaluated by thermogravimetric
analysis under flowing nitrogen, are shown in Figure 5.2. All of the single-ion
GPEs showed a two-step degradation process (see the differential curve for
GPE-3 in the inset of Figure 5.2) corresponding to the stability of each
component used for samples preparation. The first degradation step was
due to the plasticizer (PC) evaporation; the onset temperature was 110 °C,
whether the decomposition temperature occurred at 150 °C (50% weight
loss of PC). The second step at around 400 °C was assigned to the
degradation of the polymeric matrix, and was in perfect agreement with the
thermal stability of methacrylic architectures. Overall, as evidenced by

DMTA analysis and TGA traces, the newly proposed GPEs can be safely
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implemented in lithium-based battery systems in the temperature range
between —65 and 150 °C.
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Figure 5.2 TGA traces, measured under N2 from 30 to 600 °C, of the GPE samples under

study, the differential curve of sample GPE-3 is shown in the inset.

lonic conductivity of the single-ion GPEs was measured via
electrochemical impedance spectroscopy in the temperature range
between 0 and 80 °C (Figure 5.3). Amongst all the samples, GPE-3,
corresponding to 9 wt% of LIMTFSI, showed the highest o value both at 20
°C (8.6 x 10 S cm™) and 80 °C (1.0 x 103 S cm!). The obtained ionic

conductivities approach practical values for operating a lithium-ion battery
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at ambient temperature and markedly outperform the results reported for

single-ion SPEs presented in the previous chapter.
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Figure 5.3 Plot of ionic conductivity against the inverse temperature for

the prepared GPEs with different amounts of lithium salt monomer.

The ionic conductivity appears to be dependent on the Li* concentration;
the relationship between ionic conductivity and LIMTFSI content at 20 °C is
shown in Figure 5.4. Under isothermal conditions, o increased when

increasing the LIMTFSI content, and such a trend was respected up to 9 wt%
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content. This behavior results from the increased concentration of charge
carriers in the gel. However, increasing the LIMTFSI content above the
optimal value resulted in a decrease of 0. The observed trend is ascribable
to the reduced lithium-ion mobility due to aggregation in ion clusters. It is
worth to point out that the described trend was generally respected in the

entire temperature range considered in this study (0-80 °C).

Temperature 20 °C

1%x10" 4 .

s(S em)
™.

111[}-‘5 T T T T T T T T T
6 8 10 12 14 16

LIMTFSI (wt %)

Figure 5.4 Dependence of ionic conductivity on Li* concentration under isothermal
conditions (20 °C).

186



Luca Porcarelli — Chapter Five 5~

It is worth to point out that the described trend was generally respected
in the entire temperature range considered in this study (0—80 °C). A similar
behavior was observed for solid polymer electrolytes [4,11]; interestingly,
single-ion GPEs seem to follow a similar tendency. To compare directly the
influence of the plasticizer on ionic conductivity, PC-free GPE-3 sample was
also tested. The ionic conductivity of the dry sample was found two order of

magnitude lower than that of the gel (Figure 5.5).
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Figure 5.5 Plot of ionic conductivity against inverse temperature for GPE membranes

with and without PC as plasticizer.
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Thus, the addition of PC has a twofold effect on transport properties; the
most straightforward explanation is the increased mobility of lithium-ion in
the plasticized medium. Furthermore, the effective concentration of mobile
lithium-ion is expected to increase in virtue of the higher dielectric constant
of the gel electrolyte [4,12].

Sample GPE-3, which showed the highest ionic conductivity, was selected
as representative to investigate the electrochemical stability window of this
new class of electrolytes. CV curves obtained at 25 and 70 °C are shown in
Figure 5.6. At both the temperatures, cathodic scans show a couple of
reversible redox peaks between -0.5 and 0.6 V vs. Li*/Li; this process is
associated to the reversible lithium plating and stripping onto/from the
copper electrode. The current density at 70 °C appears to be roughly ten-fold
greater than that at 20 °C; nevertheless, the plating-stripping process
appears to be highly efficient in both cases. During anodic scans, no
appreciable increase in the oxidation currents was observed up to 5.5 V vs.
Li*/Li. Indeed, the anions in the proposed system, responsible for
electrochemical instability at high potentials [13], are covalently bonded to
the polymer network and can be oxidized only at the electrode surface.
Therefore, most likely accounting for the excellent electrochemical stability

in the wide temperature interval between 25 —70 °C.
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FIGURE 5.6 Electrochemical window of GPE-3 obtained by CV in the -0.5 — 5.5 V vs. Li*/Li

interval at a scan rate of 0.2 mv s and different temperatures: (a) 25 and (b) 70 °C.
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The method proposed by Evans and Vincent was used to calculate the
lithium-ion transference number of the prepared gel polymer electrolytes;
again, data for GPE-3 are shown as representative for the series of GPEs
under study. The results of EIS and polarization tests at 25 and 70 °C are given
in Table 5.2. Tests were repeated twice on each cell to guarantee
reproducibility. The value of the transference number at 25 °C was found to
be 0.86 + 0.02, while at 70 °C it slightly increased up t00.90+ 0.02, thus
comparable within the range of experimental error. The obtained results are
in good agreement with most of the literature findings on single-ion
conductors, and a transference number approaching the unity proves that -
unlike a traditional binary electrolyte - the bulk of the ionic current is carried

exclusively by lithium cations.

Table 5.2. Lithium ion transference number results for sample GPE-32

RO Rs IO IS
Cell . ri+
(°C) (Q) (Q) (HA) (HA)
1 25 760 780 4.5 4.1 0.88
1 (after 48
25 1120 1123 4.3 3.9 0.84
h recovery)
2 70 24 25 38.9 36.0 0.91
2 (after 48
70 60 72 36.5 32.1 0.89

h recovery)

@ potential bias applied: 10 mV
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In order to understand the compatibility of the single-ion conducting gel
polymer electrolytes with the lithium metal electrode, two Li/GPE/Li
symmetric cells were assembled, and the evolution of the interfacial
resistance with time was studied at 25 and 70 °C. Measurements were
carried out using electrochemical impedance spectroscopy (EIS) and

resulting profiles are shown in Figure 5.7.
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Figure 5.7 Nyquist plots representing the time evolution of the impedance profile
corresponding to the change in interfacial resistance for Li/GPE/Li symmetric cells tested at

room temperature (top) and at 70 °C (bottom).
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The deviation in bulk resistance (R,, high frequency intercept) and
interfacial resistance (Ri, low frequency intercept) are shown as a function
of time (days). Symmetric cells tested at RT showed an increase in Rj value
with time, which was stabilized after some days and remained stable for long
time. Indeed, Ry values decreased from 1110 to 820 Q cm™. It is an unusual
behavior, and might be arising from the improved contact that is achieved
with time between the lithium metal electrode and the polymer electrolyte.
In the case of the GPE membrane tested at 70 °C, R, and R; increased with
time and stabilized after few days. Then, resistance remained stable even
after 20 days and this is an indication that the prepared electrolyte is pure
and can form a stable interfacial layer with lithium metal, which accounts for

its safe operation in lithium metal batteries.

5.3.3 TESTING IN LITHIUM METAL POLYMER CELLS

Constant current charge/discharge cycling in symmetric Li/GPE/Li cells
was performed to determine the change in overpotential related to the
lithium plating/stripping process while applying different current regimes.
Measurements were performed at different current intensities starting from
3 uA cm=2 up to 0.5 mA cm™ at RT; the experiment was repeated at 70 °C as
well. As can be elucidated from Figure 5.8, the change in potential at high
current density was minimal for the cell tested at 70 °C, while it was much
higher when the device was tested at RT. The obtained results are also in
agreement with the specific capacity values obtained when the cells were

cycled at different C rates.
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Figure 5.8. Plot illustrating the potential as a function of the current rate for a Li/GPE/Li
symmetric cell at RT and 70 °C while performing lithium plating/stripping processes at

different current densities.

GPE-3 gel polymer membrane was finally tested as electrolyte separator
in a lithium metal cell having the configuration Li | GEP-3 | LiFePOa.
Polymerization of the monomer reactive mixture in PC was carried out
directly on the electrode sheets: ready-to-use electrodes, coated with the
single-ion GPE, were prepared with this simple procedure, which is detailed
in the experimental section 5.2.5. This assures that no further electrode

separator is needed during assembly of the lab-scale metal cells, as the GPE
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films possesses sufficient mechanical stability to avoid contacts between the
electrodes even upon testing at high current regimes.

Cycling tests were conducted at different temperatures (25 and 70 °C) to
demonstrate the safe use of this new class of gel polymer electrolytes in a
wide temperature range. The different current rates applied to fully
charge/discharge the working electrode in n hours are denoted as C/n rates.
Figure 5.9 shows the plot of specific discharge capacity at different C-rates,
whether the charge rate was kept fixed at C/10. The cell operating at 70 °C
was able to deliver 143 mAh g™ at low C/10 rate, corresponding to the 84%
of the theoretical capacity of LiFePOa4. Upon increasing the current rate, the
discharge capacity decreased slightly, which is remarkable for a single-ion
conducting polymer electrolyte. The cell was able to deliver up to 110 mAh
gl at 2C corresponding to the 65% of the theoretical capacity. The measured
discharge capacity substantially decreased only at a very high rate;
nevertheless, 48 mAh g?! were measured at 5C, which is definitely
remarkable if compared to the best results reported in the literature so far
[1-3,6-9]. Overall, the performance of the cell was excellent both in terms
of delivered capacity at high C-rates and stable cycling at relatively high
temperature. It is outstanding to pinpoint that the cell operating at 25 °C
was able to deliver high specific capacity up to 126 mAh g™* at C/10, about
110 mAh gt at C/5and 70 mAh gtat C/2. Adrop in the measured discharge
capacity was observed only at relatively high 1C. Overall, such a performance

is definitely outstanding for a single-ion electrolyte operating at RT.
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Figure 5.9. (a) Specific capacity vs. cycle number plots at different discharge rates and

constant C/10 charge rate at 70 °C and (b) room temperature.

To investigate the cycling stability of the newly elaborated single-ion
GPEs, constant current charge/discharge tests were performed at a constant
C/10 discharge rate for over 80 cycles. Regardless of the operating

temperature, the lithium polymer cells were able to reversibly operate
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without limited capacity fading. The capacity retention at 70 °C
corresponded to the 85% of the initial capacity, while at 25 °C it was equal
to 98 % of the initial capacity.

Potential vs. specific discharge capacity profiles obtained at different
current rates are shown in Figure 5.10. At both the operating temperatures,
the well-known discharge curve of LiFePO4 with flat plateau can be readily
detected even when the current up to C/5. The typical potential plateau of
LiFePO4 turned into a slope when the current was further increased, along
with an increased overpotential, which is more evident at lower

temperature.
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Figure 5.10. Potential profile vs. specific capacity plots at different discharge rates and
constant C/10 charge rate at 70 °C.
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Figure 5.11 Potential profile vs. specific capacity plots at different discharge rates and
constant C/10 charge rate at room temperature.

5.4. CONCLUSIONS

Innovative single-ion conducting gel polymer electrolytes based on the
novel LIMTFSI anionic monomer were here presented, which were prepared
via a facile one-step procedure.

Gels showed sufficient mechanical properties to be self-standing and
were able to retain PC inside the polymeric network upon prolonged periods
of storage. Low T; values of around —70 °C were obtained due to the
plasticizing effect of PC, along with thermal stability exceeding 100 °C. lonic
conductivities approaching 10* S cm™ at room temperature and wide

electrochemical stability window of 5 V were measured. The single ion
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conducting nature of these electrolytes was demonstrated via transference
number values approaching the unity.

The sum of the positive characteristics reported above along with the
remarkably stable cycling in lab-scale lithium metal cells enlighten that these
gels might be an ideal candidate as electrolyte separator in the next-
generation of lithium batteries safely operating in a wide temperature

range.
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APPENDIX

Description of the experimental techniques

A.1 GEL CONTENT: EXTRACTION OF THE SOLUBLE FRACTION

During a typical experiment, at least 0.5 grams of each sample were
transferred into a Whatman glass microfibre thimble, and extracted with THF
for 24 hours using a Soxhlet apparatus. After extraction, the thimble containing
the insoluble fraction was thoroughly dried in an over (70 °C) to remove THF.
The obtained solid was then weighted, and the gel content was calculated with

the following formula:

Wtfinal

gel content (%) = x 100

initial
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A.2 FIELD EMISSION SCANNING ELECTRON MICROSCOPY (FESEM)

FESEM measurements were carried out on a ZEISS Supra 40, equipped with
an energy dispersive X-ray spectrometer (EDX). Cross-sectional morphology
characterizations were performed to estimate the uniformity and homogeneity
across the samples thickness; test samples were cracked under cryogenic
conditions after dipping in liquid nitrogen for enough time to avoid any change
in the morphology. For analysis, the samples were subjected to metallization by
sputtering a very thin Cr layer (~10 nm) to minimize the effect of the electron

beam irradiation.

A.3 NUCLEAR MAGNETIC RESONANCE (NMR)

'H and 3C-NMR spectra were obtained with a Bruker Avance 1l 500 MHz.
Chemical shifts are reported in ppm, using the signal corresponding to the

residual protons of the indicated deuterated solvent as an internal standard.

A.4 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

A Bruker ALPHA FT-IR spectrometer was used to record FTIR spectra. The
spectra were collected using 32 scans with a resolution of 2 cm™ in the ATR

mode.
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A.5 SIZE EXCLUSION GEL PERMEATION CROMATOGRAPHY (SEC-GPC)

The molecular weights (Mn, My) and polydispersity index (PDI, Mw/Mp) of
poly(PEGM) samples were determined at 35 °C on a LC-20AD gel permeation
chromatograph (Shimadzu Corporation) equipped with Styragel HR columns
(HR6-HR4-HR2), UV-visible detector (Waters 2487) and refractive index detector
(Waters 2410). THF was used as an eluent with a flow rate of 1.0 mL min.
Calibration was performed with polystyrene standards (Polymer Laboratories,
Varian). The molecular weights (Mn, My) and PDI of block copolymers were
studied using on a PL-GPC 50 gel permeation chromatograph (Agilent) equipped
with an integrated IR detector, a TSK-GEL® SuperAW4000 column (Tosoh) and a
SuperAW-L Guard column (Tosoh). The 0.1 M LiCl and 1.5 x 10> M NaNj3 solution
in water/ACN mixture (4:1 v/v) was used as an eluent with a flow rate of 0.5 mL

min-tat 35 °C. Calibration was performed with pullulan standards (Shodex P-82).

A.6 DIFFERENTIAL SCANNING CALORIMETRY (DSC)

The glass transition temperature (Tg) and melting temperature (Tm) of the
samples were evaluated by DSC with a METTLER DSC-30 (Greifensee,
Switzerland) instrument. In a typical measurement, the samples were cooled
from ambient temperature to —85 °C and then heated at 10 °C min~! up to 120
°C. The T; was calculated as the midpoint of the heat capacity change observed

in the DSC trace during the transition from glassy to rubbery state.
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A.7 THERMO-GRAVIMETRIC ANALYSIS (TGA)

The thermal stability was tested by TGA tests using a TGA/SDTA-851
instrument from METTLER (Switzerland) over the temperature range between
25 and 600 °C under N3 flux at a heating rate of 10 °C min™2,

A.8 DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA)

Glass transition temperature (Tg), storage (E’) and loss (E”’) modules of the
samples were measured by DMTA tests on a MK Il Rheometrics Scientific
Instrument at 1.0 Hz frequency on tensile configuration at a heating rate of 5 °C
minL. The size of the specimen was about 20 mmx4 mmx0.2 mm. The storage

modulus (E’), and the loss factor were measured from —80 up to 30 °C.

A.9 TENSILE STRENGHT MEASUREMENT

Mechanical measurements on the samples were carried out through tensile
experiments according to ASTM Standard D638, using a INSTRON 3366
dynamometer equipped electromechanical extensimeter (clip gauge) with a
load cell of 500N; data were elaborated using the software provided by Instron
S.r.l. A constant deformation of 10 mm min~! was applied on strips of 1 cm in

width, which were blocked at an initial distance of 2.5 cm. At least five
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specimens for each sample were tested; standard deviation in Young modulus
(E) was 5%.

A.10 ASSEMBLY OF TEST CELLS

All of the electrochemical techniques described below were performed using
a CHI600 electrochemical analyzer/workstation (CH Instruments).
Electrochemical cells model ECC-Std were used for the different tests, which
were purchased from El-Cell GbmH. Cells were assembled inside the Ar-filled
glove-box to avoid moisture contamination. Upon testing, the temperature was
controlled using an environmental simulation chamber MK-53 (Binder); cells
were allowed to reach the thermal equilibrium for at least three hour before

each test.

A.11 MEASUREMENTS OF IONIC CONDUCTIVITY (o)

The values of & were determined by electrochemical impedance
spectroscopy (EIS). Symmetric stainless steel/GPE/stainless steel cells were
assembled. Cell complex impedance was measured by applying a 10 mV
perturbation in the frequency range of 100 kHz to 1 Hz at the open circuit
potential (OCV). Depending on the sample, the measurements were carried out

between -20 and 90 °C with increasing 10 or 20 °C steps interval. The ohmic
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resistance (Ra) of the samples, obtained from the Nyquist plot at the low
frequency end of the semicircle, was used to calculate the ionic conductivity
using the following equation (/ is the distance between the electrodes and A is

their area):

The activation energy was calculated from conductivity values obtained at
various temperature and the resulting values are fitted with Vogel-Tamman-—
Fulcher (VTF) equation, which is typically used to describe the relation
between viscosity and temperature near the T of the polymer matrix. The
equation used is given below:

VET
[a -

T-Ty

Inog= Inop -

VFTis equivalent to the activation

where gis the ionic conductivity, E;
energy, R is the gas constant, T is the experimental temperature and Tois a
fitting parameter, usually corresponding to a temperature which is 50 °C

below the Tg.
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A.12 MEASUREMENTS OF LITHIUM IONS DIFFUSION COEFFICIENTS

The Li* diffusion coefficients were estimated using the method proposed by
Ma et al. [1] as a function of salt concentration. Symmetrical cells were
assembled sandwiching the sample in between lithium foils. A constant current
was applied to the cell for a sufficient amount of time to set up a salt
concentration gradient. Then, the current was interrupted, and the potential of
the cell monitored as the concentration profiles relaxed. The curve of the
natural log of potential (V) versus time (t) was plotted. The D+ values were

calculated from the slope of the linear curves using the following equation:

2,
Dy

Slope = — Iz

where L is the thickness of the sample under study. Tests were performed at

least trice to confirm the obtained results.

A.13 ELECTROCHEMICAL STABILITY WINDOW (ESW)

Cyclic voltammetry (CV) was used to determine the ESW of the gel polymer
electrolytes. Electrochemical test cells were assembled by sandwiching sample
film between the working electrode and a lithium disk as counter electrode;
lithium also served as reference electrode. Stainless steel and copper disks were

used as working electrode during anodic and cathodic stability measurements,
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respectively. Potential scans were carried out between OCV and 5.5 V vs. Li*/Li
at a constant rate of 0.1-2 mV s™! to determine the anodic limit. To determine
the cathodic limit, potential was scanned between OCV and -0.5 V vs. Li*/Li at

the same constant rate.

A.14 MEASUREMENTS OF INTERFACIAL STABILITY TOWARDS LITHIUM

Polymer electrolyte samples were characterized in terms of their stability
towards Li-metal surface (interfacial stability) by monitoring the evolution of the
complex impedance response with time of a symmetric Li/GPE/Li cell under OCV
conditions. The test was carried out applying a 10 mV perturbation in the

frequency range between 100 kHz and 0.01 Hz.

A.15 ELECTROCHEMICAL STABILITY WINDOW (ESW)

The lithium-ion transference number (t;;+) was determined using the
method described by Evans and Vincent [2]. Symmetrical cells were assembled
sandwiching the sample in between lithium foils. Cells were subjected to a 10
mV polarization bias (AV) to determine the initial (/) and steady state (/s)
currents. EIS was performed by applying a 10 mV perturbation between 100 kHz

and 1 Hz at the open circuit potential (OCV) to obtain the resistance of the
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passivation layer before (Ri) and after (Rs) polarization. t;;+ was calculated using

the following equation:

I,(AV — ;R))
it =T TN
LAV = IRy
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CONCLUDING REMARKS

A major challenge in the development of next-gen lithium ion batteries is
represented by the design of new electrolyte materials. In the last decades,
polymer electrolytes have been extensively studied due to their enhanced
safety features with respect to conventional non-aqueous liquid electrolytes.
Among different systems, polyethylene oxide (PEO) based ones have attracted
considerable attention due to its unique lithium-ion transport mechanism.
However, practical application of such materials is still precluded due to their
insufficient ionic conductivity at ambient temperature. Nevertheless, PEO
remains one of the most promising candidate to accomplish the goal.

Considering the challenges and expectation for this key component, this
Ph.D. work was focused on the development of novel strategies to improve the
two main properties that control the transport of lithium ions in polymer
electrolytes, namely ionic conductivity and lithium transference number.

In the first part of the experimental work, UV-induced cross-linking has
demonstrated to be a versatile tool to prepare two different families of truly
guasi-solid polymer electrolytes. A room temperature ionic liquid, namely 1-
ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide was used as liquid

plasticizer in the former case, whereas tetraethylene glycol dimethyl ether was
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employed in the latter. In both systems, the presence of a high boiling point
liquid plasticizer was essential to increase substantially the ionic conductivity at
ambient temperature (up to 10% at 25 °C). Noteworthy, the obtained
crosslinking assured the mechanical properties to be well retained despite the
relatively high plasticizer contents. The materials showed outstanding
characteristics in terms of thermal stability (> 170 °C) and electrochemical
window ( > 4.5 in both cases). Additionally, the feasibility of using such material
in LIBs at different temperatures was established, also thanks to a suitable in
situ polymerization procedure directly onto the surface of the electrode films,
fundamental to obtain an intimate interfacial adhesion. Lab-scale lithium cell
showed stable charge/discharge characteristics without any capacity fading
even at 0.2C current regime over prolonged cycling. The simplicity of the
proposed process, along with the wide availability of the materials used, make
these systems very promising and ready to be industrially scaled-up following
the main principles of green chemistry. Indeed, it is worth to be noted that the
newly developed preparation method has led to an international patent
recently published.

In the second part of the Ph.D, work, the attention was focused on single-ion
conducting polymer electrolytes. These systems have been recently proposed
as alternatives to conventional complexes of lithium salts and polymers. An
anionic monomer having a Li* as counter ion, namely lithium 1-[3-
(methacryloxy) propylsulfonyl]-1-(trifluoromethanesulfonyl) imide, was

synthetized and used to prepare the single-ion conducting polyelectrolytes.
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Different macromolecular architectures were prepared: random or block
copolymers with poly(ethylene glycol) methyl ether methacrylate and
crosslinked networks with poly(ethylene glycol)dimethacrylate. All the
described systems showed lithium transference number approaching the unity,
which is a fundamental requirement to reduce cell polarization at high current
rates. By changing the polyelectrolyte microstructure, it was also possible to
tailor the ionic conductivity of both systems. In particular, solid-state single-ion
conducting electrolytes exhibited ionic conductivity values (10> S cm~ at 55 °C)
lower than homologous dual ion electrolytes; prolonged cycling in lithium cells
was nonetheless demonstrated at 70 °C. The ionic conductivity of the
networked single ion conducting polymers was then substantially enhanced (up
to 8.6 x 10 S cm™ at 20 °C) by the incorporation of propylene carbonate as
liquid plasticizer. The obtained gel electrolytes were tested in lab-scale lithium
cells, which showed outstanding performance in terms of rate capability (up to
5C and 1C current rates respectively at 70 °C and ambient temperature) and
cycling stability upon prolonged cycling (more than 3 months of un-interrupted
testing), outperforming the current reports on single-ion conducting gelled
systems.

In conclusion, the strategies presented in this PhD work in terms of
performance optimization of different polymer electrolytes, as well as the
engineering and synthetic procedures here suggested will optimistically

represent reliable solutions for the scientific community for the development of
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the next-generation of safe, cost-effective and environmentally friendly lithium-

ion as well as lithium metal batteries.
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