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Summary

The abuse of fossil source of energy has increased the amount of greenhouse gasses
in the atmosphere and as a consequence, the effects on the climate change became
relevant in every-day life. Society is now implementing the storage technology
based on renewable energy applied to vehicles moved by electrical propulsion
engines. As a result, the production of large-scale lithium-ion batteries has
increased. However, lithium ion batteries are approaching to the theoretical values,
and the researchers are now focused on alternatives for increasing their features.
Lithium metal batteries (LMBs) could be a valid choice because lithium anode
possesses low gravimetric density and high theoretical specific capacity. However,
the use of metallic lithium in these kinds of batteries brought up many problems of
safety and poor cyclability, and those problems are mainly linked to a specific
phenomenon which in literature is known as dendrite formation. The use of solid
polymer swelled in commercial liquid electrolyte, called gel polymer electrolyte
(GPEs) is one of the most relevant solutions for reducing dendrite growth and safety
issues. GPEs with the capability of self-repairing could be a valid alternative to
traditional polymers for increasing the life of lithium metal batteries. Self-healing
process is mainly obtained by chemical interaction involving the formation of
chemical bonds or secondary interactions. As we can assume LMBs can act like a
closed system, the self-capability has to be spontaneously activated. For these
reasons, hydrogen bond interactions are the most interesting chemical interaction
and are mostly used in literature for this scope. By adding the self-capability
process, with the introduction of an additive that can be introduced inside polymeric
structures, it is very interesting to see that this solution is a valid strategy to obtain
the self-healing reaction for gel polymer electrolyte in LMBs. In this PHD
dissertation, the addition of a self-healing component ureidopyrimidinone
methacrylate (UpyMa) is investigated in poly (ethylene glycol) methyl-ether-
methacrylate reticulate structure. Since the self-healing additive is not
commercialized, UpyMa must be synthesized by a coupling reaction involving
methyl-isocytosine and 2-isocyanatoethyl methacrylate as reactants. The product is
finally examined with spectroscopic analysis.



Two UpyMa-GPEs have been synthesized with a UV-polymerization without
any solvents. Moreover, the polymers have been characterized for understanding
the insertion of the additive inside the structure and their morphology. The self-
healing properties are then evaluated at 50 °C and room temperature, in order to
demonstrate its ability to repair after an external damage. In the last part of the
dissertation, electrochemical characterization of the polymers has been carried out
to assess GPE performances in lithium metal batteries.
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Chapter 1

Preface

1.1 CO2 Emissions and Climate Change

Climate change is one of the most important problems humanity has to solve in
third millennium. A lot of human factors define climate change, but the most
important is the emission in the atmosphere of greenhouse gasses, in particular CO2
[1], which have a strong impact on the natural equilibria of the planet. CO>
emissions in the atmosphere started since the first industrial revolution (1750), but
after second world war it increased exponentially. Nowadays, the high
concentration of CO; and other greenhouses gasses in the atmosphere determines
an increase of temperature in all the world. The atmosphere temperature is in fact
1.5 °C higher than in 1970.

For these reasons, starting from III millennium, government of all countries in
the world manage to find a solution. On this perspective, one of the most important
environmental treaties is the Paris Agreement, signed on 2015, on 12" December
at COP21 conference [2].

For these reasons two different scenarios have been described. The first one,
with a global temperature higher no more than of 1.5 °C of the 1970s, the second
one with 2.0 °C. In all the cases, as seen in Figure 1.1, it is important to stop the
constant increasing of CO> of these last years.
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Figure 1.1: Global CO: and CH4 emission trends. Temporal evolution of GHGs and possible
evolution with different scenarios. [1]

The implementation of green technologies is a necessity. The main focus is to
create a new possible life style able to decrease significantly the global greenhouse
amount in the atmosphere, taking it to a zero emission.[3].

European Union is now moving into new forms of technologies to contrast
climate change. In fact, starting from this decade, electrification is now increasing
in all the countries. In fact, European Union is now moving to stop the
commercialization of gasoline cars in 2035, and replace with electrical or hydrogen
vehicles. Moreover, alternative forms of energy could derive from renewable fonts.

In this context, batteries are certainly useful technology for decreasing carbon
dioxide and in general from greenhouse gasses in the atmosphere from transport,
power and industry sectors [4]. Their large-scale use has a strong impact on a green
electrification and for a climate neutral society. For these reasons, lithium ion
batteries have a central role in our life, now and in the future. However, for having
these results, batteries technologies need improvements. In fact, lithium ion
batteries are approaching to theorical values [5]. For these reasons, batteries of the
future must have ultra-high performances respect to nowadays. They must be safer,



with outstanding lifetime and reliability, and they must be sustainable and enter in
a circular economy [6]. Moreover, batteries have to increase their energy and
power, and must have a minor cost for a large-scale production in the factories,
possibly moving to a clean and large-scale circular economy.

For this scope, the European Commission is now implementing support on new
Strategic Action plans for Batteries, involving research and Factories. One of the
most relevant actions made for these scopes is Battery 2030+.

BATTERY 2030+ is the European research initiative with the vision of
inventing the sustainable batteries of the future. The main goal proposed is to enable
Europe for large-scale and long-term vision to reach the goals recommended for the
Electrification transition in European Union [7].

BATTERY 2030+ has got three main themes (accelerated discover of
interfaces and materials; Integration of Smart Functionalities; Cross-cutting areas).
All the main themes are divided in two areas (BIG, MAP, SENSING, SELF-
HEALING, RECYCLABILTY, MANUFACTURABILITY) with a total of six
research areas [8]. The areas of research involved all the fields, starting from the
synthesis of new electrodes with high performances, the integration inside the cells
of smart functionalities, able to increase the life of cells, and the implementation of
recyclability and/ or manufacturability in the factories.
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Figure 1.2: The BATTERY 2030+ vision. BATTERY 2030+ proposes to focus on three main
themes and six research areas that are strongly linked, all contributing for accelerating battery
discovery and development. [§8]

1.2 Self-healing on Lithium battery systems

Mainly focused on theme “Integration and Functionality”, self-healing is one
of the six aims of BATTERY 2030+. Improved batteries have to be sustainable,
ensure better quality, higher reliability, prolonged lifetime and improved safety [9].
To increase the cyclability of the cell, systems require to self-repair autonomously
after a damage. Consequently, systems will be able to restore their pristine
conditions [10] and work for a longer time. This is a great result because a self-
repairing system does not need a constant maintenance: future batteries with self-



repair capability can have lower management costs, lower environmental impact
and, if well designed, higher performance.

Self-healing capability is a process directly inspired by something which
already exists in nature, in fact, there are plenty different self-healing processes like
the immunity system used by the organisms as a defence system. Other mechanisms
are involved to restore pristine structures after being damaged. Self-healing
processes on materials represent a flourishing field of research and a promising way
in the developing of sustainable and long-cycle batteries.

Self-healing is intrinsically linked with sensor systems. If a battery is damaged,
the sensor must be able to capture the anomaly and then transmit the information to
an operator. With self-healing capability, it is possible to implement the process
producing a signal able to give the self-repairing input to the cell. Vice versa, if
self-healing is given without external inputs, the batteries can be able to self-repair
autonomously, and the operator capture the change thanks to the information given
by sensors. This input is sent by the sensor and used for monitoring the self-repaired
level of the cell and the state of health of the battery pack.

Different strategies have been proposed for adding self-healing capability in
LMB. Different materials used in batteries could be implemented with self-healing
(cathode, anodes, separators, etc.). However, gel polymer electrolytes (GPEs) are
the best options. Their use in LMBs can reduce dendrite formation, avoiding short
circuits in the cells. GPEs are also able to maintain the most relevant properties of
batteries, as ionic conductivity, stability of lithium on time etc. The GPEs able to
self-repair represent a good option for future LMBs able to be more efficient, with
a long life-cycle and with high energy density

For all these reasons, gel polymer electrolytes with self-healing capabilities
have been examined in my Ph.D. work. Their synthesis, self-healing properties and
performances in batteries are discussed in the following chapters.

1.3 Summary of Dissertation

In the chapter two, a brief introduction on lithium-ion batteries and lithium-
metal batteries is given. To be more specific, parameters and components for LIB
are described, followed by a division in class for principal gel polymer electrolytes
and solid polymers, with a focus on their pros and cons.

The chapter three is focused on self-healing polymers and examples of self-
healing processes are reported and at the end of the chapter and then a discussion
on GPEs with self-capability properties is carried out.



In the chapter four there is a focus on the synthesis process for
ureidopyrimidinone methacrylate (UpyMa), starting from an organic nucleophilic
addition reaction.

The chapter five is focus on the synthesis of poly (ethylene glycol) methyl-
ether-methacrylate based polymers with UpyMa as additive. Different proportion
of UpyMa in the polymer has been proposed in the polymer in order to select the
best GPE for LMBs. Self-healing and electrochemical measurements are carried
out and discussed.

The chapter six reports the conclusions based on the study and the perspectives
that can be explored more in-depth starting from the results.



Chapter 2

Lithium Ion Batteries

2.1 Introduction

During the III millennium since nowadays, energy storage has been a critical
problem. On this perspective, lithium-ion batteries (LIBs) can be a solution thanks
to their use in electrical vehicles as energy storage pit. Starting from 1990, LIBs
have been commercialized first by Sony, and used in electronical portable devices,
laptops and mobile telephones. In these last decades, LIBs use in electronics and
energy storage has increased, and now, lithium batteries have now completely
substituted the other batteries, in particular lead and nickel-based systems.

The success of LIBs over other battery types is clearly shown in the following
Ragone plot (Figure 2.1). Lithium-ion batteries have a higher energy density (> 200
Wh kg!) if compared with other systems. In the recent years, the progress of
technology allows LIBs to increase the energy density at higher values (~ 250 Wh
kg™ [5]. The increase is strongly linked with the type of material inside the battery.

However, for increasing the energy density and having more efficient systems,
batteries have to achieve a next-level implementation. With this scope, the solid-
state lithium metal batteries represent a valid alternative, because of their high
energy density, approached by lithium anode, and the safety of the polymer
electrolyte. In the following paragraphs a non-exhaustive list of
electrode/electrolyte of LIBs is presented and the most promising polymer families
used in solid state batteries are proposed.
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Figure 2.1: Ragone plot of different battery technologies [5]

2.2 Battery Parameters

It needs several parameters to describe a single cell, each of them taken from
different points of view, as for example performance, economical evaluations or
environmental impact. These parameters depend on the materials involved in the
cell, the reaction applied, the diffusion kinetics of the chemical species and the
transport phenomena. Here a short list of the most important battery parameters is
given:

Open Circuit Voltage (OCV)

The open circuit voltage is the voltage of the cell (or battery) with no load
connected thus, no current is drawn or supplied. It represents the maximum Voltage
available needed within the discharge, or the minimum reachable value to carry out
charges from the cell. This parameter can be evaluated as the variation of Gibbs
free energy level in standard conditions, due to the reactions occurring at the
negative and positive electrode respectively.
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Equation 2.1

Overvoltage

The overvoltage (1) is defined as the difference between the OCV and the
effective voltage shown by the cell during discharge or, in other words as the
difference between the potential of the cell and the OCV during the charging
process.

Cell capacity

The cell capacity is the quantity of electrical charge achieved after the charge
process, and can be described more specifically as the quantity of charges available
during discharge process. This capacity is measured in [C] or [Ah], for example 1
Ah corresponds to 3600 C. The capacity of the cell during an interval between the
time t; and another t; is measured with the following equation:

t
Q= [ 1 dt =1x(t; —t1)
Equation 2.2

The specific capacity of the cell can be gravimetric or volumetric and is defined
respectively as the amount of charge that a battery can accumulate, divided by the
mass units (Ah g!) or volume units (Ah cm™).

Current density
The current density is the ratio of the total current (I) which flows to the
electrodes, and the surface of the electrode (A). It is measured in [A m™]:

. I(®)

t) = ——
JjO=—

Equation 2.3

C rate

The C rate (C) is the measure of the rate at which a battery is charged or
discharged. The parameter is associated to the time required to charge and discharge
the cell completely. For example, 1 C corresponds to the amount of current



necessary to charge (or discharge) the cell in a period of 1 hour. 0.1 C correspond
to the current necessary to charge (or discharge) the cell in 10 hours.

Coulombic efficiency

The coulombic efficiency, Y, is the ratio between the capacity provided during
the cell discharge phase (Qdischarge) and the capacity accumulated during the
previous charge phase (Qcharge)-

Qdischar e
y = &scharge

Qcharge
Equation 2.4

Energy

The energy of an electrochemical cell is defined as the product of the operating
Voltage of the system (V) and the capacity (Q). It is measured in Joule [J], or, more
commonly, in Watt-hours [Wh], which 1 Wh corresponds to 3600 J:

E=Qx*V

Equation 2.5

Power

The power (P) delivered by a power source is defined as the average working
voltage multiplied by the flowing current. It is related to the energy transferred per
unit of time, and it is expressed in Watt [W]:

QxV _E
Tt

t
Equation 2.6

P=V=xi=

2.3 Lithium Ion Batteries Fundamentals

A generic battery is mainly composed by using different units called cells,
linked in series or in parallel.

In comparison with other typologies of batteries, lithium ion batteries are
becoming most popular in the last decades, mainly because of their gravimetric and
volumetric energy density.
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Lithium-ion batteries are composed by four principal parts: anode, cathode,
electrolyte and separator.

The anode is the electrode from which the electrons are released during
oxidation reaction. On the opposite, the cathode is the electrode by which the
electrons are captured because of the reduction reaction.

The electrolyte contains a solvent in addition to a dissociated salt, and it is
normally added to the separator.

The separator is an electrochemically insulating material that divides the anode
and the cathode. This allows the movement of the ions, but avoid the passage of the
electrons. A classical model of separator is a membrane mainly made of
microporous polyolefin.

ELECTROLYTE

POROUS
SEPARATOR

ELECTROLYTE

ANODE (-)

LITHIUM-CARBON
(GRAPHITE)

LITHIUM
ION

LITHIUM-
METAL
OXIDE

CATHODE (+)

Figure 2.2: Schematic representation of components of Lithium Ion Batteries

During the processes different reactions occur at the electrolyte/electrode
interfaces.
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During discharge process, the negative electrode, the anode, releases electrons
to the external circuit because of an oxidation reaction. On the opposite, on the
cathode, electrons are accepted and reduction occurs. In the cell, a flow of anions
and cations move to the corresponding electrodes, closing the electrical circuit.

In lithium-ion batteries, reversible process is available. During charge process,
the flow of the electrons moves on the opposite direction, and the non-spontaneous
redox reaction takes place.

Lithium-ion batteries are also known as “rocking chair batteries”: at the anode
starts a process often named as a “lithium sink” formation. On the opposite, the
cathode is considered as a “lithium source” of Li".

First lithtum-ion battery was produced with an anode of graphite and a LiCoO>
cathode [11]. These types of cells are still the most used batteries in laptops and
portables devices because of their high discharge potential (3.7 V) and for their high
energy density (180 Wh Kg™).

The intercalation process takes place during the discharge/charge. During
discharge process, lithium cations are de-inserted from the negative electrodes. The
lithium cations migrate into the electrolytes and into the positive electrode (LiMO>)
[12]. As it was described before, this process is reversible and takes place on the
opposite side during the charge process. [13]

. In lithium-ion batteries, the cathode is in general composed of LiMO,, in
which M is a transition metal [14]. On the opposite, the anode is composed of
graphitic LiCe. The reaction involved during the discharge/charge process for a
generic LiC¢/LiIMO2 battery is the following:

LixCe+ 2 Lig-xMO2 = 6C + 2LiMO,

In which, the semi reactions involved at the anode and at the cathode are
respectively [15]:

ANODE LixCs= 6C + xLi"+ xe~
CATHODE Lig-xMO2+ xLi" + xe” = LiMO>

12
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Figure 2.3: Schematic description of a lithium ion rocking-chair cell that employs graphitic
carbon as anode and transition metal oxide as cathode [16].

The most common batteries are fabricated with LiCoO: as cathode and graphite
as anode. The electrolyte in the separator is a mixture of organic carbonates with
addition of a lithium salt. However, different other materials for LIBs are used and
a short discussion is described in the following paragraphs.

2.4 Cathode materials

There are several materials that have been developed as active material for a
cathode in lithium-ion batteries. The selection of the cathode depends on the type
of battery and its future use. The most important features for a cathode are: low
cost, easy intercalation of lithium ions in the structure, high stability. The most
typical cathodes used in LIBs are LiMxOy or LiMxZOy where M is transition metal,
and Z is a non-metal element. The most used cathodes in commercial LIBs are
LiCo0O,, LiMn,04 and LiFePOas.
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Figure 2.4: Layered, spinel and olivine structures of cathodes used in LIBs [17].

LiCoO: is the most commercial cathode used in lithium-ion batteries, because
of its high stability, and good electrochemical performances (specific capacity of
140 mAh g’!, operating voltage at 3.8 V vs Li/Li"). This material shows a typical
two-dimensional layered structure. However, LiCoO> has some issues due to the
presence of cobalt metal in the structure, which is more expensive than other
transition metals. Moreover, cobalt is not a “green” metal and its extraction is linked
to regions with very critical exploitation issues, for example Democratic Republic
of Congo, in which ethical and human rights violations still represent a huge plague.
For these reasons, substitution of cobalt with other transition metal is a challenge
for researchers.

LiMn;04 is another cathode used in commercialized lithium-ion batteries,
which presents an olivine structure with three-dimensional interdiffusion channels
for Li". Moreover, manganese is less expensive and more abundant than cobalt, and
its extraction does not involve any ethical issue. These reasons allow cheaper
batteries can be produced than those based on LiCoO». Moreover, LiMn2O4 shows
an operating potential of 2.2-4.2 V vs Li*/Li, and specific capacity of 220 mAh g,
The most relevant problem is that manganese cathode shows high instability [12].

The complete substitution of the cobalt with other transition metals still remains
difficult for commercial cathode. However, cathodes in which cobalt is partially
substituted with other transition metals have been proposed by researchers in the
last decades, as for example nickel, that is cheaper and greener than Co. As a
consequence, LiNi(ix.yyMnxCoyO materials have been synthesized and studied for
future application in lithium ion batteries. The resulting “mixed” cathode has a
controlled ratio of the three metal, depending on the features desired in the cathode.
In particular, the most important are the high capacity (more nickel), better cycle
stability (more cobalt) and high safety and cost (more manganese).
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The most reported “mixed” cathode is LiNig33Mnp33C003302, also named
NMC 111. The cathode was synthesized in 2001 by Ohzuku et al., and shows a
specific capacity of 200 mAh g'!, and an operating potential range between 2.5 and
4.2V vs Li/Li" [18]. NMC 111 could be defined as the precursor of high-energy
and high voltage cathode materials. It was subjected of many systematic
investigations, essential for the development of different systems, such as NMC
442 and the most popular NMC 532, characterized by good electrochemical
performance and relatively low cost [19]. However, the capacity fading associated
with the high-voltage operation is still a significant challenge. Other systems
proposed, as NMC 622 and NMC 811, suffer of shorter life due to faster capacity
fading. Figure 2.5 takes a comparison of the most reported NMC in literature [19].
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Figure 2.5: A map of relationship between discharge capacity, and thermal stability and capacity
retention of Li/Li[NixCoyMn]O:(x = 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85) [19].

LiFePOg4 (LFP) is another commercialized electrode material used as cathode
in LIBs. Different from other transition metals, iron is an environmentally less
impactful material, non-toxic and it is not expensive as other materials. [20]. In fact,
Fe is one of the most abundant elements on Earth’s crust, moreover, it possesses a
high thermal stability (higher than 400 °C). LiFePOg4 has an olivine structure, in
which lithium cations are intercalated into 1D linear diffusion channels [21].
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Unfortunately, this means low ionic conductivity and lower density than other
oxides, and poor volumetric energy density. However, LFP has good
electrochemical features. In fact, the operating voltage of the cathode is 3.4 V vs
Li/Li*, and its specific capacity is 170 mAh g [22]. Thanks to its long cycle life,
low environmental impact, high thermal stability, LFP is a good candidate for wide
range of battery applications, in particular for stationary applications where long
cycle life is a key aspect [23].

Eventually, Table 2.1 summaries the most relevant features of the most common
cathodes used in literature for lithium ion batteries [21].

Crystal Compound Specific capacity (mAhg ") Volumetric capacity Average Level of
structure (theoretical/experimental/typical (mAh cm ?) (theoretical/ ltag develop
in commercial cells) typical in commercial cells) (V)

Layered LiTi5; 225/210 697 1.9 Commercialized
LiCoO, 2741148 1363/550 38 Commercialized
LiNiO; 275/150 1280 38 Research
LiMnO; 285/140 1148 33 Research
LiNig 15Mng 3500 3105 280/160 1333/600 37 Commercialized
LiNigsC0g 1 5Alg.0503 279/199 1284/700 3.7 Commercialized
Li;MnO5 458/180 1708 38 Research

Spinel LiMn; 0,4 148/120 596 4.1 Commercialized
LiCo;04 142/84 704 4.0 Research

Olivine LiFePO, 170165 589 34 Commercialized
LiMnPO, 1717168 567 38 Research
LiCoPOa 1677125 510 4.2 Research

Table 2.1: Comparison of main cathode electrode materials in relation to their main
characteristics: crystal structure, theoretical/experimental/commercial gravimetric and volumetric
capacities, average potentials, and level of development [21]

Binders

In the cathode preparation, a specific non-reactive component called binder is
used. An ideal binder is able to preserve the structure of the electrode during
operation, avoiding any active material detachment from the current collector and
limit problems of safety. Moreover, it must have a good stability, both physical (in
particular thermal) and chemical (it must not show side reactions with the other cell
components). Eventually, it has to be eco-friendly and cheap.

The most used binder in LIBs is polyvinylidene difluoride (PVDF) for its good
electrochemical stability. However, its use is strongly dependent of N-methyl
pyrrolidone (NMP), which is the most used solvent for the preparation of the
electrode with PVDF as a binder. NMP heterocyclic compound is dangerous for the
environment and toxic for human, so its application has to be limited.
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2.5 Anodes Materials for LIBs

A good anode has to be a safe material for humans, able to avoid secondary
reactions between lithium cations and the electrolyte, must be cheap and eco-
friendly and in the end, its specific capacity must be relevant.

Graphite is the most used anode in commercialized lithium-ion batteries
because it possesses a planar structure in which layers are linked by Van der Waals
forces. The intercalation of lithium cations inside the graphite occurs in between
planar graphitic sheets [24]. This anode shows an operating potential of 0.2 V vs
Li/Li" and it is thermically stable, moreover, it is cheap and the theoretical
gravimetric capacity is 372 mAh g™ and the volumetric capacity is ~735 mAh cm .
However, compared to other anodes such silicon and lithium, it has low specific
capacity. During the battery operation, the so-called solid electrolyte interface (SEI)
is formed at the anode surface during the first cycles, and generally it consists of
decomposition products, mainly from the electrolyte [25]. Nevertheless, SEI is also
an insulator, in fact it avoids other decomposition reactions between the anode
interface and the electrolyte. A controlled SEI formation is necessary to avoid safety
issues such as loss of specific capacity and short circuits in lithium-ion batteries.
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Figure 2.6: Crystal Structures of (a) lithiated graphite, (b) lithium titanate (LTO) [21]
The addition of silicon into graphite to form Si/C anode is a valid strategy to
obtain LIBs with high energy density and specific capacity. Silicon is one of the

most abundant elements in the earth crust, so it is economical and green. Moreover,
it can be easily drugged via a low-cost mechanism, to form Li»>Sis with a theoretical
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capacity of 4200 mAh g'! [26]. Indeed, the anode possesses a low de-lithiation
potential (0.4 V vs. Li*/Li), this limits the lithium precipitation on the surface and,
consequently, increases the safety of the devices. However, the main drawback of
Si/C anode is the volume change during the charge/discharge process (the
volumetric expansion is around 300%). The main consequence is a dramatic impact
on the life cycle of the cell due to the volume expansion, fractures and pulverization
of the structure in the electrode, which brings to the loss of the electrical contact
between the active material and the current collector. For limiting the volume
expansion, different solutions, as the insertion of suitable binders, or SEI film-
forming ability of electrolyte, are under investigation by researchers.

Lithium titanate LisTisO12 (LTO) is a valid alternative anode in respect of
graphite. Discovered by Ohzuku in the middle of 1990, LTO has a cubic spinel
structure (Figure 2.6b). With a theoretical capacity of 175 mAh g! and a typical
flat charge and discharge potential of approximately 1.55 V, LTO could be valid
anodic material. Even if it possesses a lower specific capacity than graphite anode,
its high compatibility with non-aqueous electrolyte systems, mixed with high
stability and non-toxic properties, makes it a good candidate for negative electrodes.

Another widely studied negative electrode material is tin. Tin shows a great
interest because of its high theoretical specific capacity (990 Ah g!) and,
consequently, the possibility of obtaining battery with high energy density and
power [27]. However, tin based electrodes show fast capacity fading upon cycling
as well, generally ascribed to the large volume expansion associated to the alloying
reaction with Li.

Titanium oxide TiO: presents high interest research because of its high
potential for lithium intercalation (about 1.75 V), and theoretical capacity around
330 mAh g!. Moreover, it has a high chemical stability and negligible volume
change during charge/discharge (< 4%) which means good cycling and lifetime
[28].

However, the metallic lithium still remains the most interesting material for
anode in batteries. Pure metallic lithium presents the lowest standard electrode
potential (-3.04 V vs SHE) and it is the lightest metallic element [29]. With higher
gravimetric capacity (3861 mAh g!), metallic lithium is now the best candidate for
anode material in future next-generation batteries. However, its high reactivity with
electrolytes, and lithium dendrite growth during charging/discharging process, limit
its applications. The disadvantages of lithium metal anode, and the main solutions
for its application are better described in following paragraph.

In the following table a short list of the advantages and disadvantages of the
most common anodes for LIBs are shown [30]:
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Active anode material

Theoretical capacity
(mAhg ')

Advantages

Common issues

Insertion/de-insertion materials

A. Carbonaceous 200-600 » Good working potential + Low coulombic efficiency
a. Hard carbons 1116 3 Low cost & High voltage hysteresis
b. CNTS 780/1116 3 Good safety «» High irreversible capacity
¢ Graphene

B. Titanium oxides 175 » Extreme safety «% Very low capacity
a. LiTis05 330 3 Good cycle life + Low energy density
b. TiO, 3 Low cost

» High power capability

Alloy/de-alloy materials

a. Silicon 4212 » Higher specific capacities + Large irreversible capacity

b. Germanium 1624 » High energy density +&» Huge capacity fading

c. Tin 993 = Good safety ¢ Poor cycling

d. Antimony 660

e. Tin oxide 790

f. sio 1600

Conversion materials

a. Metal oxides(Fe;05, Fes04 CoO, 500—1200 % High capacity & Low coulumbic efficiency

Co304, M0y, Cuz0/Cu0, NiO, Crz03, » High energy + Unstable SEI formation

Ru0;, Mo0O,/Mo0Os etc.) 3 Low cost o Large potential hysteresis

» Environmentally compatibility « Poor cycle life
b. Metal phoshides/sulfides/nitrides 500-1800 » High specific capacity + Poor capacity retention

(MXy; M = Fe, Mn, Ni, Cu,
Coetc.and X =P, S, N)

» Low operation potential and Low
polarization than counter oxides

& Short cycle life
« High cost of production

Table 2.2: Most common anode materials used for lithium ion batteries [30]

2.6 Electrolyte Solution for LIBs

A good electrolyte solution requires a stable SEI formation, low viscosity, with
a high wettability of the separator. Typically, the electrolyte is a mixture of linear
or non-linear carbonates and a salt. Common organic solvents that can be chosen
for lithium batteries are carbonate esters and ethers, in cyclic or a-cyclic structures
[16]. Carbonyl oxygen in carbonate electrolytes is the binding site for Li" cation.
As a consequence, the solvent molecules with C=0 groups have a relevant role in
the mobility of the cations [31]. A list of organic solvents mainly used in LIBs is
given in Table 2.2 [16]. However, carbonate electrolytes suffer of high
flammability. In fact, their flash point is around 30 °C. Moreover, starting from 5.0
V (vs Li'/Li), carbonates degrade. As a consequence, liquid electrolytes can cause
problems of safety, consumption of materials, and decline of electrochemical
properties in the cells. For these reasons, replacing liquid electrolytes (LE) are now
under investigation by researchers.

The most common salts used in literature are shown in Table 2.3. Salts in the
electrolytes in LIBs are often fluorinated, because of their excellent resistance to
the anodic decomposition. In particular, LiPFs (lithium hexafluorophosphate) is the
most common salt, for its excellent electrochemical properties and good anionic
mobility [32].
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Lithium bis(trifluoromethanesulfonyl)imide, also known as LiTFSI, is a good
candidate to replace LiPF¢. LiTFSI has a good ionic conductivity and high good
thermal stability However, the main problem of LITFSI is the corrosion of the Al
current collector, especially when the battery is in full state of charge[33].

Lithium boxaloborate (LiBOB) possesses an electrochemical stability window
over than 4.5 V, consequently is one of the most common salt for high voltage
cathodes for LIBs [34]. On the opposite, the solubility of LiBOB is a lower than
LiPFg, thus means a minor ionic conductivity when LiBOB salts is used.

Solvent Structure M. Wt T,/°C Ty °C n/cP € Dipole T/°C  d/gem™,25°C
25°C 25°C Moment/debye
EC B 88 36.4 248 1.90, 89.78 4.61 160 1.321
[}‘ ° (40°C)
PC (\)=0 102 -48.8 242 2.53 64.92 481 132 1.200
o
BC 116 -53 240 32 53
YBL E}‘o 86 -43.5 204 1.73 39 423 97 1.199
YVL <:O)=0 100 -31 208 20 34 429 81 1.057
NMO 'L 101 15 270 2.5 78 4.52 110 1.17
C D
DMC [ 90 4.6 91 0.59 3.107 0.76 18 1.063
\O)KD/ (20°C)
DEC J\ 118 -74.3° 126 0.75 2.805 0.96 31 0.969
A N T
EMC ° 104 =53 110 0.65 2958 0.89 1.006
/‘\D u/
EA )?\ 88 -84 77 0.45 6.02 -3 0.902
o
MB 2 102 -84 102 0.6 11 0.898
/\)I\o/
EB 116 -93 120 0.71 19 0.878
P NN

Table 2.3: Lists of organic solvents for lithium battery electrolytes[16]

S em-! G, mScm™!
Salt Structure Al corrosion ] £;|:11P5?35°C) I Min E_(DZ— DMC
(25°0)
LiPFg Li"|PFg|~ No 5.8 10.7
LiClO, LiT[ClOy|~ No 5.6 8.4
LiAsFg LiT[AsFg]~ No 5.7 111
0y -0, 0.0
LiBOB I B, I Li* No ~5.0% ~11.0%
0”70 07
LiTFSI Li"[N(SO,CF;3),]~ Yes 5.1 9.0

Table 2.4: Lists of organic solvents for lithium battery electrolytes [33]

Room-temperature ionic liquids (ILs) represent an interesting category of
electrolytes for the scientific community to produce supplant liquid electrolytes in
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LMBs [35]. ILs are organic salts that have the main properties to be liquid at room
temperature. They have been considered by researchers as systems with properties
of salts and liquids solvents. Differently from liquids, they have a high boiling
points, high viscosity and low volatility. Moreover, as they are salts, it is possible
to combine different cations and anions for obtaining different ILs with different
properties. However, as they are liquids, they possess high Li-salt solubility, and
considerable ionic conductivity [36]. The most known ILs used in LIBs are
imidazolium, pyrrolidinium and piperidinium cations with the combination of
classical anions used in commercial salts (PF¢ is the most used) [37]. Thanks to
high boiling temperature and non-volatility properties, they have been used in new
safer LIBs [38], [39]. Moreover, their use is preferred because of their high
oxidation potential (~5 V vs Li"/Li), non-flammability, their low vapour pressure,
elevated thermal stability, low toxicity. Eventually, they can act as ionic liquid-
derived polymers, as wetting agents’ systems able to form films on the electrode
surface for the protection of lithium metal anode in LMBs [40].

Unfortunately, ILs present low ion-conductivity in respect to liquid electrolytes.
For this reason, the mixtures of IL and liquid carbonates-based electrolyte, must be
well investigated to achieve the safety characteristic and preserve high ionic
conductivity. Even the combination of ionic liquids with lithium salts is a valid
option for increasing the conductivity. Nyholm et al. fabricated an ionic liquid
containing LiTFS], and 1-butyl-1-methylpiperidinium
bis(trifluoromethanesulfonyl)imide. The liquid electrolyte exhibits a conductivity
of 1.3 x 103 S cm™! at room temperature and the cell assembled with SnO: as
electrode has a discharge capacity of 486 mAhg ' when it cycles 80 °C [41].

Cations Structure Anions Structure

Imidazolium ==

H‘/NYNI\MR“ Hexafluorophosphate F
F | F
Rz
Pyrolidinium ~ P<
/
[ |
NZ F
R1/ \Rz
Piperidinium
N+
/ \

Table 2.5: Structures of some commonly used cations and anions in ionic liquid electrolytes [37]
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2.7 Lithium metal as anode for next generation batteries:
perspectives and main challenges

Lithium-ion batteries are now the main power sources for electronics, as mobile
devices, tablets, smartphones, etc. However, the continuous expanding market of
electronics, mixed to the increase of full-electric vehicles and stationary storage
system, has brought to light the need of battery systems with higher performance
standard. Despite their constant improvements, and their commercial success
during the last decades, in different fields the performing duties are not adequate.
The more typical example is electrical vehicle, in which it is required batteries with
performances and fast charges [42]. It is imperative to develop new alternative
battery chemistries with lower costs and higher energy density for both these
applications and the emerging technologies. The substitution of graphite anode with
pure lithium metal can represent the most valid solution for more performant
batteries. In fact, the gravimetric capacity of lithium is 3861 mAh g!, which is ten
times higher than graphite (372 mAh g!) [43]. Moreover, this means that the energy
density of LMBs are 400 Wh Kg! and 1500 Wh L' [44].
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Figure 2.7: Schematic representation and comparison of solid-state lithium metal batteries and
commercial Li-ion batteries [45]
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The simple substitution of the graphite with lithium can provide a battery with
high gravimetric energy density and a minor volume [46][47]. This is a great
advantage for electrical vehicles.

Actually, substantial efforts are made to finally benefit from the advantages of
Li metal anodes in commercial rechargeable cells, and most research programs are
now launched for accelerate this transition. The Figure 2.8 takes a short comparison
of recent roadmaps in the world. In particular, Europe is now moving for become
competitive with the other continents, planning the transition to LMBs starting from
2025 with solid state lithium metal batteries.
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Figure 2.8: Comparison of roadmaps and targets of different R&D programs worldwide.
Evolution of battery chemistry is also depicted. Plot modified from the Battery 2030+ Roadmap [29]

However, different challenges are now limiting the application and the
commercialization of LMBs, first of all the high reactivity of lithium. In fact, its
low standard reduction potential is also the root of its high reactivity [29]. Metallic
lithium is chemically unstable with many electrolytes, polymers and ceramics. Even
when stored under inert conditions, i.e., under argon, lithium readily reacts with
trace residual atmospheric gases, resulting in a surface passivating layer. The most
common products of these secondary reactions consist of LiO, LiOH and Li2CO3
[48]. The so obtained inorganic compounds are called “solid electrolyte interface
(SEI) and affect the coulombic efficiency and long-term cycling of LMBs [49].

However, the most relevant issue related to lithium anode is the dendrite
growth. Lithium dendrite is an uneven deposition of lithium on the surface of the
anode [50]. This phenomenon of dendrite growing, have been studied by different
scientists, the first one was Wranglen in 1960 [51].

Lithium dendrites appears during charging process at very low overpotentials
(0.1 V/Li) and can be observed as a regular deposition of Li-metal on the surface of
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the lithium anode [52]. However, when the overpotential is increased, (0.5-3.5
V/Li), the lithium deposition starts going irregular, and the reaction is followed by
the formation of whisker dendrites. The continuous plating/stripping process brings
to a continuous dendrite growing with mossy (bush like) and shape forms. Dendrite
formation goes on, appearing as a fractal structure until it erupts on the surface of
the separator, causing short circuits of the cells [53] .

Dendrites
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Fractal
3
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Figure 2.9: Schematic representation of lithium growth as observed experimentally under battery
operating conditions [54].

In general, dendrites develop in different morphologies. The most common are
epitaxial, mossy granular, whiskers and fractal. Some morphologies are unstable
and can convert into each other’s or coexist in different types simultaneously.
Dendrites can grow in all directions, but generally they evolve in a single specific
branch.

The main problems caused by the dendrite growth are described as follows:
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e Short circuits of the cells. The growth of the dendrites causes the pierce
of the separator. As a consequence, the negative anode will be in contact
to the cathode, short-circuiting the cells. The short circuiting of the cell
may cause electrolyte ignition and battery explosion. This means low
cell stability and short cycle life.

e Side reactions. Dendrite formation is linked to electrolyte depletion.
Lithium can react with commercial electrolytes. These reactions
irreversibly consume lithium and electrolyte, and, consequently reduce
the specific capacity of the cell.

e Increase of polarization. Side reactions may cause a formation of a film
which is not ionically conductive. As a consequence, polarization
increases, causing malfunction of the cell.

e Volume expansion. With the dendrite growth, the lithium becomes
more porous, occupying a major volume and as a result, there is a fatal
loss of coulombic efficiency and relatively safety issues.

e Formation of “dead lithium”. Dendrites are also able to diverge from
the anode. As a consequence, the detached lithium is able to move easily
into the electrolyte. The main consequence is the loss of lithium during
the charge/discharge process, so it is “dead”. Moreover, this movement
causes loss of coulombic efficiency and safety issues, causing problems
of SEI formation.

(3) Enhance paolarization

(1) Cell short circuit

Dead metal

Ne

(2) Adverse reaction
Dendritic

metal

Pristine metal anode

Figure 2.10: Schematic illustration of problems caused by lithium dendrite formations [55].
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Different strategies have been proposed since 1960s to limit dendrite growth in
LMB:s. First of all, alloying structures have been proposed, as Si, Al, C, to reduce
significantly the dendrite formation [56]. However, the alloy anodes do not solve
the problem of volume changing inside the electrode. For these reasons, it is critical
for alloying anodes to have long cycles life and safe operation [57].

Another strategy is the organic interface design. In this case, a mask is created
between the anode and the liquid electrolyte in order to protect lithium against the
side reactions with the electrolyte. Moreover, the mechanical strength of mask is
also responsible in blocking the dendrite formation [58].

2.8 Polymer Lithium Metal Batteries

Suppression of lithium dendrites during charge/discharge process is the main
solution to solve hazards and unsafety problems in LMBs. For this reason, the
introduction of a solid polymer electrolyte inside the battery system could be a
relevant solution [59]. Polymer electrolytes (PEs) are membranes with similar ion
transport properties of common liquid electrolytes. Since 70’s, researchers have
focused on solid polymer in LMBs to decrease side reactions at the lithium anodes
and the advantages have soon appeared clear. Polymer are able to limit or even
avoid dendrite growth and short circuiting. For these reasons, lithium metal solid
state batteries (LSSBs) are innovative solutions for safer batteries with high energy
density [60]. A good PE must have some features, described in Figure 2.11. The
most relevant are [61]:

e high ionic conductivity. Liquid electrolyte possesses a conductivity at room
temperature of 107 to 1072 S cm™'. Polymer electrolytes are approaching
107 S cm™! at ambient temperature.

e High transference number. A large transference number can reduce the
polarization during charge—discharge processes, and thus increasing the
power density.

e Chemical, thermal and electrochemical stability.

e Mechanical Strength. The mechanical strength is important for limiting the
dendrite growth and avoid the short-circuits.

e High boiling point (>180 °C).

e High level of purity.

e Safer, fire retardants, low cost and eco-friendly.
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Figure 2.11: The strategies to fulfil safe and durable LMBs via using PEs for protecting Li anode,
protecting cathodes, and improving thermal stability [61].

The features of a polymer are strictly dependent on its chemical bonds and its

architecture design.
Polymers have different structures. The most relevant in solid state batteries

are linear, comb-like, hyperbranched and crosslinked [62].
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Linear Comb-like

Figure 2.12: Polymer architecture used in PE [62]

A linear architecture is the simplest structure that can be found in polymer
morphology. In this form, the polymer chains are not linked by chemical bonds or
lateral chains, but only via secondary interaction, as Van der Waals forces. Because
of these weak interactions between the chains, the chains possess a high mobility;
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this often brings to an increased ionic conductivity and high transference number.
Linear polyethylene oxide (PEO) is one of the first polymer studied for application
in lithium metal battery [62]. PEO is a poly-ether with the following chemical
structure: H-(O-CH2-CH>),-OH [63]. Its use in different fields has increased in the
last years (as in different fields for example biological and medical science), mainly
because of its low cost and low toxicity.
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Figure 2.13: Schematic drawing of Li‘ transport in a PEO matrix, assisted by the segmental
motion of the polymeric chains [64]

The ethoxy group is able to complex the Li", as reported in the scheme of Figure
2.12. Moreover, repeated ethylene oxides in linear structure are also responsible of
the transport of lithium ion. The main consequence is a good ionic conductivity and
ion transference number. However, the linear morphology is also responsible to
high level of crystallinity inside the polymeric structure [65]. Because of the
increasing of the amorphous phase, PEO are often use in LMBs at temperature
conditions higher than room temperature (generally 50 °C — 60 °C) [66]. Although
batteries for EVs usually work at high temperature, a solid-state system requires
operation in a wider range, which includes lower temperature ranges.

Linear structure is also responsible to low mechanical strength, because is not
able to contrast dendrites growth. Moreover, the terminal -OH group confers at
polymer hygroscopic features.

Polycarbonates (PCs) have been investigated as an alternative for polymer
electrolytes. In fact, their chemical structure is similar to the cyclic and linear
carbonates used as liquid electrolytes. As a consequence, polycarbonates are high-
molecular weight analogues of the linear alkyl carbonates and they demonstrates
reasonable performances in LMBs. Polycarbonates can coordinate easily the Li"
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with the carbonyl group oxygen, and, as a consequence, the movement of the
lithium inside the polymer is enhanced. Polymer with aromatic structures in the side
chain possess a more rigid structure than the aliphatic ones. Those restrict the
movements of the chains and increase their crystallinity. The more preferred are
polytrimethylene carbonate (PTMC), poly(ethylene carbonate) (PEC) and
poly(propylene carbonate) (PPC) because of their amorphous structure, flexible
chain segments and high dielectric constant.

In different cases, the copolymerization of different polymers is a technique
used to obtain new polymers with more performant properties.

Poly (vinylidene fluoride) (PVDF) is used as polymer electrolyte because of its
peculiar properties. Thanks to its polar C-F bond, it possesses a high dielectric
constant and a good capability in the dissolution of lithium salts [67]. Moreover,
the electrochemical stability of PVDF is high (> 5.0 V vs Li/Li") [68], [69].
However, its application as linear polymer has been limited in LMBs because of its
poor interfacial properties. The C-F bonds are able to create a polymer with a semi-
crystalline nature. As a consequence, the ionic conductivity is lower compared to
other PEs [70]. The copolymerisation of PVDF with hexafluoro propylene (HFP),
shown in Figure 2.14, is a smart solution for increasing its properties. In fact, the
new polymer (PVDF-HFP) has an improved ionic conductivity, because of the
presence of the HFP, that has an amorphous structure, in contrast with the semi
crystalline of vinylene fluoride [71]. Recently, Wang et al. fabricated a PVDF-HFP
based polymer electrolyte for application in LMBs. The polymer exhibits an ionic
conductivity of 9.4 x 107 S cm™! at room temperature and an electrochemical
stability window wider than 5.2 V [72].
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Figure 2.14 Pictorial model of the preparation of a copolymer and an example of copolymer
formed by PVDF and HFP [73]
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To decrease the crystalline structure of polymers, other different architectures
have been proposed.

Architectures with side chains have been explored by researchers for
applications in LMBs. In that case, the side chain of polymer possesses a higher
level of disorder due to the presence of “branches” inside their structure. Depending
on the length of the side chains, it is possible to have different morphologies as
comb-like, and hyper-branched, which are architectures that present incorporated
side chains. The presence of side chains is responsible of the increase of the
amorphous phase. In the case of comb-like and hyperbranched, the mobility of the
side chains could also give high transport of lithium ions.

Polyacrylonitriles (PANs) are one of the classes of polymers major used for the
synthesis of PEs. In fact, their structure has a -CN group as side chains. The
presence of ciano group allows a high interaction with the carbonyl -C=0O groups
of the carbonate liquid electrolytes and Li" ions [44]. This is possible without losing
any mechanical properties of polymer [45]. Moreover, PAN is thermal and
electrochemical stable. It possesses flame resistance and capability to contrast
oxidative degradation [46]. The high ion-solvating ability allows PANSs to be good
candidates for GPEs [47].

However, some issues are related to the CN group, which is responsible of high
crystallinity, causing low ionic conductivity. The crystallinity is due to the polar
interactions between adjacent ciano groups in the polymer side chains. For these
reasons, the copolymerization of PAN with different polymers, as poly(vinyl
acetate) (PVAc) in PAN to form poly-(acrylonitrile-vinyl acetate) (PVA), or
PMMA-incorporated PAV is a solution for enhancing the ionic conductivity and
the mechanical stability [78].

Yang et al. fabricated a polymer electrolyte PAN/PVA based for application
in solid state systems. The polymer exhibits an ionic conductivity of 1.13 x 10* S
cm ! at room temperature, a lithium ion transference number of 0.5, and a discharge
capacity of 159.6 mA h g ! at 0.1 C when a Li/PE/LFP cell is assembled [79].

On the opposite, crosslinked polymers possess higher strength and stability,
because of their reticulate architecture in which all the chains are interconnected.

Polymethyl methacrylates (PMMA) and polyethyl methacrylates (PEMA) are
classes of thermoplastic polymer studied for possible use in PEs [48]. Differently
from other polymers, they have a completely amorphous structure. Moreover, the
polymer chain with ether group is good to increase the movement of the lithium
ions inside the polymeric structure. The ionic conductivity at room temperature is
in the range 5 x 102 — 5 x 107 S cm’!, higher than other polymers used in PEs[81].
Their chemical structure is quite similar to PEO, except for the methacrylate group.
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Poly (ethylene glycol) methyl ether methacrylates (PEGMEM) are a class of PEMA
in which the terminal -OH group is substituted by a -OCH3. As a consequence,
PEGMEMs are less hygroscopic and have a high compatibility with carbonates
solvents. Moreover, from other polymers used in GPEs, PEGEMEM is economical,
and possesses good interfacial stability with lithium [82].

PEGMEM has the advantages of wide availability, good electrochemical
stability and low toxicity [83]. Moreover, mechanical and thermal properties of
PEGMEM could be increased with by a copolymerization. In fact, methacrylate can
be easily modified by reacting with other polymers, forming co-polymers with
different architecture.

The polymerization with polyethylene glycole diacrylate (PEGDA) allows
crosslinked polymer electrolyte with high thermal stability [84]. Xu et al fabricated
a reticulate polymer electrolyte by using PEGDA as crosslinker. The obtained PE
exhibits good ionic conductivity (1.29 x 10* S cm™') and a discharge capacity of
113.3 mAh g ! after 100" cycle at 0.1 C and 60 °C in a Li/PE/LFP full cell [85].
Moreover, it is relatively easy to introduce side chains for giving the polymer
peculiar characteristics. This is easily due to the methacrylate group, that allows
polymerization by thermal or UV polymerization [86]. These methods are relatively
easy, and cheap.

PEGMEM is expected to be beneficial for Li* transport and have the ability to
solvate the Li" or the liquid electrolyte inside of the polymer matrix by the C=0
polar group [87]. As a consequence, PEGMEM systems show good ionic
conductivity, and high electrochemical stability.
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Table 2.6: Polymer matrix, with chemical formula and min characteristics [88].
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The main problems related to the use of polymer electrolyte in LMBs is the
ionic conductivity. For increasing the ionic conductivity, three are the main
strategies used in literature: the addition of solid salt in polymer structure, the
addition of an inorganic filler to decrease the crystallinity of the polymer, the
addition of liquid electrolyte to swell in polymeric electrolyte. For these reasons,
PEs have been classified in three families: solid polymer electrolytes, composite
polymer electrolytes (CPEs) and gel polymer electrolytes (GPEs).

Solid polymer electrolyte is a class in which liquid electrolytes are completely
substituted by solid structure able to move cation ions and stop dendrite growth.
Starting from studies of 1970s, SPEs could be a promising solution for the battery
of the future [89].

There are different subcategories of this huge family: conventional salt-in-
polymer or solid polymer electrolyte, and single ion conducting polymer
electrolytes (SICPEs) are the most important [90]. All solid polymers have mixed
with different lithium salts for increasing the mobility of lithium ions. In general,
salts ~ are  lithium  bis(trifluoromethanesulfonyl)imide =~ (LiTFSI)  or
bis(fluoromethanesulfonyl)imide (LiFSI). SPEs have excellent flexibility, safety
performance, good contact with electrodes. The absence of any liquid electrolytes
allows SPEs being safer. In fact, the full elimination of liquid electrolytes reduces
secondary reactions at the lithium anode. The presence of a solid structure allows
to contrast dendrite formation with a mechanical resistance. However, the main
problem of SPEs is the low conductivity at room temperature (in general lower than
10 S em™) and inferior thermal and electrochemical stability [91].

In order to increase the ionic conductivity at room temperature, different
choices have been proposed. The most promising is the single ion polymer
conducting (SICPEs), which is mainly characterized by the presence of anchored
anionic species into the polymer chain. The presence of negative charges affects the
Li" ion and increases the ionic conductivity. However, the conductivity of SPEs is
far below the classical liquid electrolytes.

Composite polymer electrolytes (CPEs) are a class of materials in which
inorganic particles are inserted into a polymer structure. Oxide nanoparticles are
incorporated into the solid phase of the polymer [91]. The most typical oxides used
are S10; and Al2O3 and TiOz, that are environmentally friendly and cheap [73]. First
studies of CPEs have been reported by Weston and Steel in 1982 [92], by using
alumina and PEO. Insertion of the particles in the polymer structure has the main
rule to decrease the crystallinity of the polymer electrolyte. As a consequence, the
ionic conductivity at room temperature is increased. Moreover, for the presence of
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ceramics inside the polymer, CPEs possess high thermal stability and the high
capability of suppression of the dendrites [93].

However, the main disadvantage of CPE is the poor contact between the
electrodes. This restricts their direct use in LMBs.

Gel polymers electrolytes are a class of polymer electrolytes in which a polymer
structure is swelled in liquid electrolytes, forming a gel structure [94] [81]. GPEs
are mainly based of a polymer, in which liquid electrolytes have the rule of
plasticizer. Different from SPEs, GPEs present higher ionic conductivity (more than
100 folds of improvements over the SPEs), particularly at room temperature. GPEs
possesses a high interfacial contact with electrodes and improved mechanical
flexibility [40] Liquid electrolytes used in LMBs are incorporated inside the
polymer structure, empowering the amorphous structure of the polymer [95]. For
these reasons, GPEs are improved thermal and electrochemical properties. As a
combination of solid and liquid electrolytes, their features are a good compromise
for their use in solid state lithium metal batteries. Gel polymer electrolytes have
been studied since 1975, when Feuillade and Perche introduced them in lithium
batteries [42]. Then, Tarascon et al. reported their GPE with PVDF-HFP in 1 M
LiPFs in ethylene carbonate (EC): dimethyl carbonate (DMC) (1:1 v/v) solution in
LiMn>O4/C battery with a rate capability of 115 mAh g™ [97]. The properties of the
GPEs are determined by the correct choice of liquid electrolyte and polymers.
Liquid component is crucial to increase interfacial stability and ionic conductivity
[43]. Typically, for the preparation of GPEs, commercial carbonates have been
proposed, as, for example 1 M LiPFg in ethylene carbonate (EC): diethyl carbonate
(EDC) (1:1 v/v) solution. The correct choice of polymer structure plays a relevant
role on shape flexibility and mechanical strength [99].

GPEs could be a promising solution for solid state batteries. The main reasons
are summarised in Figure 2.15. However, nowadays there is not a GPE able to be
commercialized in LMBs. For this reason, researchers are still working for finding
gel system able to have the performances for their commercialisation. Even if GPEs
are not commercialized, different systems have properties consistent to the standard
liquid electrolytes for LIBs. As reported in literature, Kuo et al. [100] fabricated a
PVDF-PAN gel polymer electrolyte that showed high thermal stability up to 400
°C and good electrochemical stability up to 5.0 V (vs. Li/Li"). A flexible PVDF-co-
HFP gel polymer was fabricated by Kang et al. [101]. The membrane showed a high
conductivity of 2.3 x 102 S cm™ at room temperature. The results proposed shows
the importance of GPEs family to increase long-term stability of Li metal cells for
future and more performant batteries.
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Figure 2.15: Advantages and disadvantages of solid polymer electrolytes (SPEs), liquid
electrolytes (LEs), and gel polymer electrolytes (GPEs) [102]

2.9 Conclusions

LMBs suffer of safety problems due to high reactivity of lithium metal, and for
dendrite growth during plating/stripping processes. One of the possibilities is the
introduction of solid-state electrolytes. Different options have been discussed,
however, for their versatility, dendrite suppression and high ionic conductivity,
GPEs remain one of the best solutions for more performant lithium metal systems.
For its low toxicity and low cost, amorphous state at room temperature, and
electrochemical properties, PEGMEM based polymers systems have been
investigated for GPE preparation. The architecture selected was crosslinked,
because it is the most interesting for limiting the dendrite growth in solid state
batteries.

One possibility for more attractive PEGMEM polymers for LMBs is giving
them self-healing properties. Even if the solid polymeric structure allows to limit
dendrites, PEs have a degradation process during its use. If the polymer allows self-
repair when works, it can have high electrochemical performances and long
cyclability. Function of self-repair is a priority for more performant and safer
batteries. This self-healing feature can be obtained by introducing an additive in
GPEs. The introduction of self-healing capability in polymers for lithium metal
batteries have been discussed in next chapters.
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Chapter 3

Self-healing Polymers

3.1 Introduction

During its timeline, materials are subjected at external forces. Degradation of
the materials could be physical, or chemical. The main examples are corrosion,
thermal degradation, oxidation or other secondary chemical reactions, UV radiation
or a combination of these factors [103]. As a consequence, the life of materials, and
also their performances, are decreased. Moreover, a ruined material needs to be
replaced, increasing costs and material consumption. The ability of a material to
contrast autonomously degradation is defined self-healing [104].

Self-healing is the ability of the material to self-repair itself after being cracking
by an external force or after secondary reactions. It could be generated by external
(as for example the introduction of an initiator that will create a reaction), or internal
stimuli (as, for example, the use of chemical secondary bond, that are present in the
material). It can also be created by changing the temperature or the pressure
conditions of the materials [105].

Self-healing materials have certain features that allow them to be more
attractive than others. First of all, self-healing materials are able to rebuild the initial
mechanical properties of the cracked parts [106]. Moreover, their life cycles are
longer. Their capability of self-repair allows them to contrast deterioration, and can
overcome the costs derived from repairing and substituting pieces or components
due to continuous damages [107].
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Self-healing features are inspired by nature ability of certain systems to self-
repair [108]. The most common are for example, skin and bones in human body.
But self-healing capability is also present in plants systems. In nature, self-repair is
also important for preventing water losses and is even a system of protection of
external attacks or pathogens invasion [109]. Nature self-healing systems have been
studied by scientists for understanding how they can do this function. Moreover, in
the last decade research has empowered its studies for repeating self-healing effect
in different materials. As a consequence, there is a strong increase of the articles
published in the world, in particular after 2000.
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Figure 3.1: Scientific documents sorted by subject area considering a total of 27 383 documents
(source: Scopus. Search term: self-healing. Query date: September 26, 2020) [110]

Self-healing materials could be divided in two different families, depending on
the self-healing mechanism is produced. Extrinsic self-healing materials are
obtained through the use of a healing agent introduced in the material during the
fabrication. On the opposite, intrinsic self-healing depends on autonomous
chemical or supramolecular bonds, that can be activated spontaneously during the
formation of the crack [110].

In the last decades, researchers have been focusing on the self-healing
capability in all the materials families: metals, ceramics, polymers [111]. Even if
there are some cases of metals [112] and ceramics [113] systems able to heal
themselves after damages, the most interesting studies have been carried out on
polymers. Polymers can be easily modified during synthesis for introduce additives
able to give self-healing capability. Moreover, metals and ceramics could self-
repair at high temperatures, polymers could give self-repair even at room
temperature [114]. For these reasons, SH polymers have been interested scientists
for their synthesis and for their future application. As for example, in lithium metal
batteries, self-healing capability could be easily inserted in polymers separators. In
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this chapter, Self-healing polymers are discussed. Firstly, a brief introduction of
self-healing processes in nature is given. Then, different self-healing mechanisms
are reported. The materials have been divided by physical or chemical self-healing
effects. A list of self-healing polymers for metal battery applications is also
reported.

3.2 Self-healing process in Nature

For the synthesis of different self-healing polymers, scientists take inspiration
of nature and how some natural systems are able to self-repair themselves [115].
Even in plants and animal systems, self-healing features have been found in tissues
and organs. Interestingly, in plants and other living systems, self-healing is divided
in two different steps. The first phase is characterized by a fast sealing of the injury.
This prevents any other biosystem propagations, water loss and protects the body
from external attack [116]. Depending on the systems, the first step, called self-
sealing, required from hours to days. In the second phase self-healing is strongly
remarkable, and the system heals damaged tissues removing the unuseful parts and
restoring them with new ones. On this step, cell division takes place. The second
step generally restores the physical and mechanical properties of the injured tissue
and requires from days to weeks.

uninjured recently injured

Figure 3.2: Observation of latex coagulation after injuring the bark [117]
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Latex plants as Ficus have the capability to self-repair thanks to the latex
emulsions. Latex is a milky plant exudate, collocated in specific plant elongated
cellular micro-tubes called laticifers. When the plant is damaged, the cracked
micro-tubes release the latex. The emulsion is able not only for the role of the plant
defense, but also for coagulating the scar without external stimuli [109], [117].

One of the main human tissues able to self-repair autonomously is the skin.
When the skin is cut, an inflammatory process is activated for cleanse the wound
from foreign cells. In humans, it consists on formation of a fibrin clot and secretion
of chemotactic agents. After that, the wound is repaired by a second phase, in which
the tissue is made. Last, the process is the remodelling phase, in which all the
functional processes of the skin have been turned on, and the self-healing process
gradually stops its function [118].

A vascular self-healing in nature is the homeostasis involved by blood
circulation. When there is an injury on the site of the blood system, immediately
white globules release the transmembrane receptor tissue factor, able to create a
coagulation cascade event in which platelets are involved. Platelets collocate
themselves inside the injury, and triggered a crosslink mechanism for the synthesis
a first thrombus. After that, platelet-platelet interaction stabilizes the loss of blood
into the tissue and the restoration of the initial tube even because of the help of the
fibrin deposition.
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Figure 3.3: Formation of a clot at the site of blood vessel injury[119]
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Secondary and tertiary structures of proteins are made of supramolecular
interactions between amino acids constituted the proteins themselves. Typically,
hydrogen and S-S bond are involved by using carboxylate and amino groups of the
amino acids, or the -SH group of cysteine. In some cases, the n- n interactions,
involved by aromatic structure of cysteine and tyrosine are also relevant for self-
repair. When a protein is damaged, it partially loses its structure and, as a
consequence, its mechanical properties and functions. However, the protein is able
to create a mechanism in which secondary interactions, cracked during the damage,
are restored. As a consequence, the structure of the protein is replaced and, self-
repaired. Titin is a functional structural human protein which is present in the linear
filaments of muscles. When the protein is stressed by a mechanical force, it loses
its structure. However, when the stress is released, titin is able to restore its virgin
structure thanks to the internal H-bond interactions of the amino acids.

Figure 3.4: Experimentally derived conformers for titin and the restoration of its structure after
being stressed [120]
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3.3 Physical Self-healing by Physical O’ Connor model

(a) surface rearrangement and
(b} surface approach

J {c) wetting

Figure 3.5: Stages of self-healing mechanism for polymeric segments [64]

The first example of self-healing mechanisms in polymers are based on physics
principles and have been studied by O’Connor [122]. It is quickly described on
Figure 3.5, and it is based on Brownian effects and/or molecular diffusions of
polymer chains in the matrix when damaged.

The polymer is cracked and divided in two parts. After placing the two parts
one near each other, and after an external stimulus (as for example, a wetting
procedure), the polymer chains of the first cracked part move into the opposite part
and vice versa. The diffusion process of the chains destroys the damage thanks to
randomization process, restoring the pristine structure of the polymer.

The main determining step of physical self-healing procedure is the movement
of the chain into the polymer. Diffusion depends on the nature of the chain polymers
and on its reticulation [123]. Moreover, even external condition can increase (or
decrease) the ability of the polymer to restore itself. In fact, diffusion is favored by
high temperature and pression. Even the presence of a solvent can help the polymer
movement. For these reasons, physic O’ Connor model is famous in SH studies, but
rarely used in self-healing polymers. In fact, self-repair is often given by a chemical
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interaction inside the polymer structure. In this case, chemical reactions involved
for self-healing applicability [124], and basically they are divided in two families,
depending on SH is trigger by formation of new covalent or non-covalent bond
[125]. Depending on the strategy used for the chemical self-healing mechanism,
self-healing could be divided in nanoparticles, vascular or intrinsic polymers.

3.4 Self-healing mechanisms: encapsulated, vascular,
Autonomous chemical self-healing

Self-healing polymers can be divided in three main families, shown on the
Figure 3.6: encapsulated (or nanoparticles), vascular or intrinsic [126]. The three
typologies are different because of the different strategy used for releasing self-
healing capability [127].

a capsule-based b vascular c intrinsic

Figure 3.6: Self-healing systems divided into encapsulated, vascular, autonomous categories [67]

Capsule-based systems consist on a matrix in which there are molecules
entrapped on nanoparticles in the polymer structure [128]. When the polymer is
damaged, capsules release the molecule, which are able to create a healing reaction,
Capsule-based mechanism is used when there is a reaction in which a catalyst is
necessary. If the catalyst is not encapsulated, it can act even when not necessary.
With capsule-based system, the catalyst will only react when released, because it is
entrapped into a shell structure. So, it is possible to activate self-healing effect only
when necessary [129].

One of the most relevant self-healing reaction given by nanoparticles is the ring
opening metathesis polymerization (ROMP). Cyclopentadiene monomers and
ruthenium based catalyst are inserted into different epoxy capsules in a polymer
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matrix. When there is a damage, the capsules are broken, from now on the
monomers and catalyst are free to move inside the scar and begin the
polymerization process. Once they are in contact, the catalyst begins ROMP
reaction, changing cyclopentadiene into polyclopentadiene recovering the material
for damage, and, hence the scar.

Figure 3.7: ROMP Grubb’s Reaction

Tolentino Chivite et al. synthesized a Grubb’s self-healing polymer in which
the materials for the reaction are entrapped into commercial epoxy resins. Self-
healing capability is tested and confirmed at -20 °C [130]. Nevertheless, the high
cost of the ruthenium limited its application. Moreover, the insertion of new
polymer (like polyciclopentadiene), inside the polymer matrix can decrease the
peculiar properties of the pristine polymer.

In vascular systems, catalysts or healing agents are inserted into vascular
structures. These could be single tubes, or could be planes three dimensional
channels. When there is a damage, even vascular systems are broken. The damaged
structure releases the catalyst or the liquid reactant. A self-healing reaction between
reactants takes place, which is able the recover the broken structure. Even if there
are similarities, the vascular system is preferred than the capsule-based if one or
more reactants are liquid.

Autonomous self-healing is an intrinsic capability of the polymer, given by
chemical structure of the main or the side chain of the polymers. When the matrix
is damaged, the polymer is able to self-repair thanks to its capability to create these
interactions without any external stimuli. The mechanism of autonomous self-
healing depends on the chemical bond in the polymer [131].
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3.5 Challenges between vascular autonomous and intrinsic
in LMBs

Unfortunately, extrinsic self-healing requires two conditions necessary for restoring
the initial conditions. Firstly, the two chemicals need to be separated by different
strategies, as vascular and microcapsules. Moreover, the chemicals have to be in
contact for giving their specific reaction only when the system needs a heal. This
mechanism is quite challenging and needs several improvements in complex
systems. Moreover, the healing process is strongly dependent on the microcapsule
(or vascular systems) involved during the crack. In the polymer there could be lots
of vasculars or microcapsules, but only the damaged ones are able to give the
peculiar reaction able to restore the injury. If the polymer is damaged in an area in
which microcapsules or vascular systems are not involved, the polymer is not able
to contrast the injury [132]. Moreover, once the reactants are exposed, and are free
to move into the polymer system, they cannot be replaced. If another crack happens
in the same material, and all the reactants are lost or used during previously self-
repair, the heal procedure cannot be activated. Different strategies have been
studied for empowering microcapsule extrinsic self-healing, such as dispersion of
one reactant in polymer matrix, or use of gases derived from the environment.
However, even in these cases, the application of these strategies in LMBs remains
a big challenge, because of the high reactivity of lithium and the side reaction
presented in battery systems [133].

As a consequence, even if extrinsic approaches are interesting for different
typologies of materials, no relevant applications have been reported in literature in
case of lithium metal batteries [134]. Lithium metal batteries are systems with high
reactivity. The insertion of materials able to create a self-healing reaction inside the
battery and, at the same time, to avoid side reaction is still an issue because the
activation by an external stimulus is a further challenge in a closed system, such as
the electrochemical cell.

On the opposite, autonomous self-healing is related to chemical interactions
able to be activated without an external stimulus. The most used in different fields
are hydrogen bonds, and ionic interactions. Differently from wvascular or
microcapsules, autonomous self-healing has significant advantage [135]. In fact, it
benefits of different healing processes, that could be repeated several times without
any dispersion of materials. On the opposite, the mechanism of vascular and
microcapsules self-healing is strongly dependent on the reactant that is inside the
structure, and the reactant that is free when the crack is given. For these reasons,
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the mechanism of autonomous self-healing is favour on systems which are highly
reactive and closed as lithium metal batteries.

3.6 Application of self-healing in LMBs

Lithium metal batteries are systems subjected to physical and chemicals
deterioration [136]. With the insertion of smart materials able to recover some
functions and contrast mechanical damage, durability and functions of the cells will
last for a long time. Self-healing ability can not only prolong the reliability of the
cells, but avoid the replacement of the materials, reducing the waste of materials
and resources. For these reasons, self-healing capability is considered as one of the
most important smart functionalities (with sensing) to adopt in new batteries [137].
However, different approaches have been discussed by scientists for the insertion
of self-healing inside LMBs. In fact, LMBs are composed of different materials
(electrodes, electrolytes, binders, etc.). Moreover, cells suffer of different problems
(lithium dendrites, formation of SEI, etc.). The insertion of a material able to self-
repair limiting all the problems of the cell is quite challenging. However, self-
healing capability adopted on a single material (as for example, polymer
electrolytes) must solve the problems related to that part of the batteries, in order to
diminish side effect and empower the life of systems.

As described before, several electrodes suffer of volume change due to the
intercalation process of the lithium inside the structure. For these reasons, binder is
used for contrast the problem of volume change as, for example, in silicon anodes.
A binder able to self-repair could be a smart option for empowering the life of
electrode and block volume change of electrodes [138].

Recently, Coskun et al fabricated a self-healing binder for the silicon anode.
The material is composed of hyperbranched B-cyclodextrins, able to easily anchor
silicon and avoid their volume change [139]. Moreover, their good interaction with
adamantane (high association constant of Km = 5.29 x 10* M) can create a high
host-guest interaction. In fact, the typical configuration of cyclodextrins let
molecule host easily hydrophobic structure. For these reasons, when the binder is
cracked, the binder is able to self-repair because cyclodextrins and adamantane
restore easily their primitive structure, in which adamantane is host inside
cyclodextrins [140]. The improved capacities of cells have been obtained, with
good capacity retention after 150 cycles.
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Figure 3.8: Host-guest interaction between Adamantane and cyclodextrin in Silicon anode [139]

Zheng et al. investigated a new binder for silicon anode able to self-repair based
on the metal complex interactions. They fabricated a new alginate polymer able to
interact with Ca?" cations. The structure is able to stabilize silicon change of
volumes. Moreover, when the binder is cracked, the polymer is able to reassemble
itself because of the restoration of the chemical bond between hydroxide and/or
carboxylate group of alginate and positive charge of calcium [141]. The choice of
a good binder is essential for the mechanical stability of both cathode and anode,
and for diminishing the volume change of the electrodes. However, the successful
of self-healing binder are still in progress.

In any cases, for lithium metal batteries, the high reactivity of lithium with
liquid electrolytes remains the main problem to solve. As a consequence, new
polymer electrolytes able to “trap” in their structure carbonates and able to self-
repair are a valid option for stabilizing metal anode and avoid the side reactions
involved between lithium and electrolytes. New PEs able to self-repair when a
dendrite grows is also a valid option for empowering the life of the cells.
Nevertheless, the applicability of self-healing in lithium metal batteries is not so
simple. New SH materials, able to be used in batteries, are able to self-repair
because of chemical reactions or interactions. This means to add another chemical
reaction into system with a lot of chemical and electrochemical interactions. As a
consequence, the self-healing capability must be inert to all the systems involved in
LMBs, as for example, the metals of the electrodes. Moreover, their SH capability
has to be selectively activated when necessary [142]. Last, the molecules
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responsible of SH effect do not have to react with any battery components, giving
side reactions. In brief, any molecule with SH effect included in a polymer
electrolyte should not affect its main properties that are: high ion conductivity, high
ion transference number, high thermal, chemical and electrochemical stability
[143]. The problem is quite challenging for all researchers.

As described in last chapter, several opposite reactions are involved in LMBs.
One of the most relevant is the SEI formation, due to reactions between the liquid
electrolyte and lithium [144]. Nevertheless, SEI could have a role in protection of
lithium metal, SEI formation mainly caused loss of material, low electrochemical
performances and problems of unsafety [145].
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Figure 3.9: Self-healing polymer electrolytes for safer Li-ion batteries: examples of different
categories explored [145]

Moreover, the insertion of a self-healing polymer inside the battery could solve
not only problems of safety, but also could empower life of the cells and the
reliability of batteries. Moreover, the mechanical strength given by PEs into the
lithium metal is a significant response against the dendrites, main cause of short

46



circuits and loss of batteries materials in lithium metal systems. Different polymers
structures have been proposed for synthesis of solid states electrolytes. However,
PEOs and PEGMEMs remain the most promising in literature with the most
applicability. The addition of chemical interactions, given by different additive
added into the side chain of the polymer structure, are the base for give at PEs self-
healing interactions.

Different chemical bonds have been used for giving self-healing capability in
methacrylates. One of the most interesting is the C-C bonds given by spontaneous
Diels-Alder reaction (D-A).

D-A reaction involves two unsatured reactants, a diene and a dienophile, for
the synthesis of a cycloalkene [146]. It is one of organic reactions able to give new
C-C bonds [147]. For these reasons, it is remarkable used in organic chemistry for
synthesis of new compounds. Diels-Alder reactions is quickly described in the
Figure 3.11: when dienophile and diene are one near each other are able to react,
giving rise of two new C-C bonds, a new double bond and the elimination of two
double bonds.

2N —
N

diene  dieneophile

Figure 3.10: Mechanism of Diels Alder Reaction

Thanks to its capability of giving new C-C in certain conditions, Diels-Alder
i1s commonly used in different applications, one is the self-healing capability [148].
In fact, at high temperatures, it is possible to spontaneously activate it, resulting
new C-C bonds and restoring the pristine conditions of the polymer [149]. Under
UV-irradiation conditions, spontaneous Diels Alder could be activated even with
the presence of two alkenes, with the synthesis of new C-C bonds. By using this
mechanism, Chung et al. described a self-healing process on PMMA modified with
photo-cross-linkable cinnamate monomer, 1,1,1-tris-(cinnamoyloxymethyl)ethane,
which involved Diels-Alder reaction under UV treatment [150] .
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Figure 3.11: Mechanism of fracture and repair of thermo and photo-induced healing in
PMMA[150]

However, reversible self-healing mechanism has got several challenges in
lithium metal batteries. In fact, the specific conditions required for giving self-
healing are not directly applicable in commercial smart batteries [151]. In fact, it is
difficult to heat or using a UV irradiation mechanism on batteries for giving self-
healing capability [152]. Moreover, in normal conditions, the system could not be
able to contrast dendrite growth, because only under treatment the SH properties
are activated. Furthermore, a high number of double bonds inside a polymer
electrolyte could be dangerous for the batteries because they could react with
lithium metal. For these reasons, Diels Alder reaction is difficult to apply in self-
healing polymer electrolytes for LMBs.

Even reactions involving chemical bonds (as ROMP) are excluded [153]. In
fact, the mechanism involves an external stimulus, difficult to operate in the case
of a “close-box” as batteries. For these reasons, scientists have been focused on
autonomous intrinsic self-healing, able to induce a healing procedure without any
external interactions.

As a consequence, the most chemical bond used for self-healing application is
autonomous hydrogen bond interaction [154].
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3.7 Hydrogen bond on Self-healing polymers

A hydrogen bond is an electrostatic interaction made by a hydrogen bond with
a high electronegative atom [155]. Generally, the atom is often oxygen (O), nitrogen
(N) or fluorine (F). In these conditions, the hydrogen is poor of electrons because
of the high electronegativity of the elements to which is bound. The hydrogen is
able to interact easily with another molecule in which there is a donor element with
a pair of electrons. H-bond interaction is weaker than covalent bonds. However, it
is stronger than other secondary interactions, as for example van der Waals [156].

One of the most typical examples of hydrogen bond is the molecule of water.
A single water molecule is able to create four hydrogen bonds because of the
interaction between the oxygen lone-pairs and the hydrogen of a second molecule
(and vice versa). The main consequence of hydrogen bond in water is the high
melting and boiling point in comparison with other molecules with the same
molecular weight [157].

However, not only water, or other aqueous ones, are able to give hydrogen
bonds. Different organic species, as biomolecules of polymer or biomolecules, are
able to give strong hydrogen bond interactions [158].

A typical example of molecule is DNA. DNA is made of different
polynucleotides, able to form double helix form. The structure of DNA is given
because of the hydrogen bonds, mainly given by coupling of the nucleobases
composing the nucleotides (the “monomers” that compose the DNA structure).
When DNA is damaged, it is able to self-repair because of the strong interaction
given by the hydrogen bond into the different nucleobases that compose the double
helix. For these reasons, nucleobasis are studied for self-healing capability in
polymers structure.

The applicability of hydrogen bond interaction in self-healing polymers is
mainly studied by different researchers [159]. Hydrogen bond is an autonomous
bond, so it does not need a stimulus for its synthesis, even if its formation is
favourite at high temperature. Its appearance is given automatically when the
hydrogen is close to electronegative elements with a couple of electrons of another
molecule. As a consequence, there is not a chemical reaction involving reactants,
products and by-products, that often are able to react with other chemical species,
which are part of the material. In the case of lithium metal batteries, this is a great
advantage: the presence of high reactive anode as metal lithium imposes a self-
assembly able to be inert with the metal. Moreover, the insertion of species able to
give hydrogen bond interactions in the classical polymers used for the synthesis of
PEs is not an obstacle, in presence of PEGMEM substrates. The presence of an

49



additive able to give strong H-bond interaction in PEs could be an interesting
solution for solid state electrolytes in lithium metal batteries. However, the strong
interaction between H-bonding molecules and water could be an obstacle [160]. In
fact, water-based structures cannot be used in LM Bs because of the strong reactivity
between water and lithium. For these reasons, H-bonds apolar molecules are the
main choice for the construction of strong H-bond self-healing polymers for
application in LMBs.

Different strategies have been considered to insert self-healing functionality
with hydrogen bonds interactions [161]. Typically, the introduction of a single H-
bond interaction for molecules could not be sufficient for application of self-healing
in polymers systems. For these reasons, single molecule able to determine multiple
hydrogen bond systems are often favourable because of its capability of
empowering self-capability in polymer systems [130].

In last years, ureidopyrimidinone (Upy) is a molecule that captured the
attention of researchers [96]. The typical structure of the molecule is able to give
four hydrogen bonds with another Upy molecule. Dimerization of Upy in
chloroform is spontaneous, and has got a AG®gim of -35 kJ/mol. Their force is
intermediate of typical covalent bonds and weak interactions [163].

Ureidopyrimidinone has got great attention for giving self-healing capacity to
classical polymer used for solid state electrolyte. The main reason is their
applicability in self-healing is the multiple H-bonding interactions. Moreover, with
organic synthesis or with classical polymerization processes, Upy group can be
easily inserted into the polymeric structure, because it can easily enter into the
polymerization process by its double methacrylate bond.
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Figure 3.12: Upy quadruple H-bond interaction [82]
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The insertion of a Upy with methyl methacrylate gives ureidopyrimidinone
methacrylate (UpyMa), which is a good option for the synthesis of an additive with
SH properties. Methacrylate group is useful for the insertion of the molecule inside
the polymeric structure of the polymer. Upy group is the part of the molecule able
to give self-healing capability. On the opposite, the double bond of the methacrylate
could be used for the insertion of Upy group inside the polymer structure. Different
types of polymerisation processes, as reversible addition—fragmentation chain-
transfer (RAFT), UV induced or thermopolymerization have been interestingly
used for giving easy polymers with Upy groups in lithium metal batteries [164].

Si0,-Upy additive is used by Xue et al. for the preparation of a PEO composite
polymer electrolyte able to self-repair it in one hour. The polymer is tested in
Li/PEO/LFP cell, showing a discharge capacity of 139 mAh g™! for 60 cycles at 60
°C[165].

Xue et al. designed a self-healing solid polymer electrolyte UpyMa based to be
used in LMBs. Their synthesis is made by using UV-polymerization with PMMA
as main oligomer and LiTFSI is used as a salt for increasing the conductivity of the
material. The polymer is able to self-repair itself after being cracked in 2 hours at
60 °C. Moreover, it showed a discharge capacity of 130 mAh g at 0.1 C rate at 60
°C in Li/polymer/LFP cell assembling [166].

Xue et al. fabricated a single ion electrolyte for solid state batteries. The SPE
is synthesized by using RAFT polymerization. SICP is able to self-repair in 30
minutes at 60 °C. Moreover, its capacity in Li/SPE/LFP cell is 129.3 mAh g and
the cell is tested for 60 cycles at 0.1 C rate at 60 °C.[167].

Xue et al. polymerized a self-healing polymer electrolyte able to self-repair
itself in 2 hours at 60°C. RAFT polymerization was the strategy for the insertion of
ureidopyrimidone methacrylate into the PEGMA polymer structure. The polymer
is tested in Li/polymer/LFP cycling at 0.1 C rate for 120 cycles at 60 °C [168].

There are many other examples of UpyMa used in PEs in LMBs [169].
However, there are different challenges to solve for their application in commercial
systems. Firstly, the conductivity of the system has to be enhanced. PEs in which
UpyMa is inserted possess high conductivity at 60 °C. However, lithium batteries
work mainly at room temperature, conditions in which the conductivity of polymers
are low. Temperature condition is also limiting for cycling cells and for SH features.
A good SH polymer is interesting if it could work at RT with considerably high
cycles and high cell capacity. Eventually, the synthesis conditions of the polymer
are relevant. The high quantity of solvent used in the polymerization is not
environmentally friendly. A direct synthesis of the polymer without the help of the
solvent is considered green and reduce the cost of the final materials.
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3.8 Conclusions

Even if UpyMa is introduced in PEs for giving self-healing features, many
parameters have to better for their future use in LMBs

In conclusion, different are the features for a good self-healing polymer.
Moreover, their applicability depends on the material in which it will be used. For
lithium metal batteries, the main property is the absolutely non-reactivity with
lithium metal. Moreover, a good SH polymer has to be high ionic conductivity, high
electrochemical and thermal stability, high capacity of reduce dendrite growth,
environmental friendly with a low cost. UpyMa as addictive in polymeric structures
as PMMA or PEO is a preliminary additive to be used for synthesis of new smart
materials [170].

For these reasons, different kind of polymer with PEGMEM as oligomer and
UpyMa as self-healing additive have been investigated. Different experiments have
been described for understanding their properties in future self-healing gel polymer
electrolytes. Synthesis of UpyMa and its application in PEGMEM gel polymer
electrolyte have been described in the following paragraphs.
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Chapter 4

Synthesis of Ureidopyrimidinone
Methacrylate

4.1 Introduction

In the last decades, the application of self-healing is remarkable in lithium-
metal batteries production. The self-healing process is a mechanism able to create
spontaneous bonds inside the polymeric structure, and, as a consequence repair a
damaged area. This type of structure has been investigated in this dissertation with
the H-bond interaction, with a focus on ureidopyrimidinone methacrylate, because
of its ability to create multiple hydrogen bonds via dimerization process. For all
these reasons, the application of this molecule as an additive in gel polymer
electrolyte, based on polyethylene glycol methyl ether methacrylate is now
explained. However, UpyMa is not available on the market, so it is necessary to
synthetize it for its use as an additive for GPEs.

4.2 Reaction of the synthesis of UpyMa

The synthesis process of UpyMa is achieved using a coupling reaction between
two commercial reactants, 2-isocyanatoethyl methacrylate (ICEMA) and methyl
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isocytosine (MIS). These two reactants are available on the market (for example
Sigma Aldrich) and are relatively cheap materials. The synthesis is obtained mixing
reactants within an organic solvent, without using any catalysts. The reaction is
described in Figure 4.1. It is obtained by the nucleophilic nitrogen of MIS, which
can attack the carbon of isocyano-group of ICEMA. The result is the synthesis of
the typical ureidic group, and, as a consequence, the UpyMa.
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Figure 4.1: Representative Mechanism of the synthesis of UpyMa by Coupling reaction of ICEMA
and MIS

Amino group of MIS is a typical nucleophilic group with a strong capability to
attack electrophilic species. On the opposite side, the carbonyl group of isocyano
presents one carbon molecule that loses its electron bonds, because of the strong
electronegativity of the closer nitrogen and oxygen. For these reasons, the nitrogen
atom of the amino group of MIS reacts selectively with the carbonyl group of
ICEMA, this leads to the formation of an unstable mid-reaction. The molecule has
anew C-N bond and shows two more charges, positive on the amino group of MIS
and the negative on the oxygen atom within the carbonyl group of ICEMA. During
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this transition a spontaneous transposition happens within the process, in which the
solvent acts as a helper to the reaction. A proton H' is moved from the positive
nitrogen of MIS to the negative oxygen. The product formed is an enol balanced by
a chetonic form, much more stable. This final step brings to the final product of the
coupling reaction, UpyMa.

Thanks to ICEMA and MIS processes, it is easy to synthesize the ureidic group
of the UpyMa, without any losses of product of the reaction. Moreover, double bond
of methacrylate remains untouched during the adding reaction. For these reasons,
the coupling reaction is a good compromise for the synthesis of UpyMa.

4.3 Synthesis of UpyMa

The entire production process of UpyMa could be divided in two parts: the
synthesis process, and the extraction process from the solvents.

First, MIS is added into a dimethyl sulfoxide (DMSO) solvent in a flask. The
solution is then placed into an oil bath at the temperature of 170 °C for ten minutes
with a molar concentration of 1.6 mol/L. Then the second reactant, ICEMA, is
added into the solution. The ratio between MIS and ICEMA is 1.0:1.1. MIS and
UpyMa possess similar solving properties and because of that their separation could
be difficult. On the other hand, ICEMA can be easily removed from solution by
washing the product with organic solvents. Using this proportion, it is possible to
obtain a completely balanced reaction useful to remove easily the reactants not
involved in the reaction.

After adding the ICEMA in the flask, the solution is immediately removed from
the oil bath and located in a water bath at room temperature. The insertion of the
second reactant activates the coupling reaction. In fact, the product starts to get
visible as a white compound. Moreover, the water bath is also useful for preventing
side reactions, such as polymerization of UpyMa, that occurs at high temperature.
In the water bath, the process of UpyMa precipitation continues for two hours at
room temperature. Finally, the UpyMa is entirely visible as a white product, wet by
DMSO solvent. The excess of ICEMA and DMSO is removed by washing the
sample with distilled water and hexane. The product is stored at room temperature
waiting for the evaporation of the residual hexane solvent. However, after the
cleaning process, the compound remains wet and swelled with DMSO and because
of its presence, is necessary to extract the residual solvent for further removing in
the UpyMa.
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The product is placed in CHCl; solution, then to obtain homogeneous solution
an over-satured NaCl water solution is added and mixed. This process leads to the
formation of two-phases, from which the organic phase is removed; the procedure
of extraction is repeated twice. After this step, sodium sulphate is added inside
chloroform solution to absorb the water excess in the product.

Figure 4.2: Schematic representation of the synthesis procedure of UpyMa, followed by the
extraction process.

4.4 Characterization of UpyMa by NMR and FTIR

The product of the reaction is then analysed by 'H nuclear magnetic resonance
(NMR). NMR spectra were recorded by the Bruker 200 MHz NMR analysis is
carried out at room temperature using deuterated chloroform as solvent, which was
dried using a 4 A molecular sieves.
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Figure 4.3: "TH NMR spectrum of UpyMa

As can be seen in Figure 4.3, the peaks represent the hydrogen in the UpyMa
and all protons represent a typical hydrogen in UpyMa, except for the peak at 7.26
ppm, which is of the solvent used for the NMR analysis. The results appear then
consistent to those reported in general literature [171]. Starting from low fields, the
N-H hydrogen is seen at 12.0 ppm. The N-H hydrogen of urea group is at 10.5 ppm.
The N-H direct bond in pyrimidinone group is absent because of its high mobility
into the chemical structure of the molecule. The two =CH> hydrogens can be noted
as different peaks at 6.2 ppm and 5.5 ppm. The peak assigned to the C-H of aromatic
group is at 5.8 ppm. The ethoxy chain N-CH2-CH>-O possesses four hydrogens,
that show their typical peaks on 4.3 and 3.6 ppm. Eventually, the last peaks at 2.1
and 2.0 ppm represent the methyl group inside the molecule. As a consequence, the
final product of the coupling reaction is the ureidopyrimidinone methacrylate. The
typical peak at 2.6 ppm, which is typical of DMSO solvent, is absent.

The correct elimination of the solvents used during the reaction and the correct
synthesis of ureidopyrimidinone methacrylate are confirmed. The final yield of the
reaction is 92.3 %.

Figure 4.4 shows the NMR spectra of ICEMA, MIS and UpyMa respectively.
During ICEMA-MIS reaction, the conversion of isocyanate into urea group can be
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detected. As a consequence, the typical peaks of ICEMA are visible in the NMR
spectra of UpyMa. The blue, orange, red and green peaks showed in Figure 4.4 are
the same in both ICEMA and UpyMa spectra. This means that no side reactions
have occurred, confirming the desired mixture in the UpyMa has been obtained. In
fact, the peaks of double bonds, which are labelled in green, are present in UpyMa
spectra. As a consequence, polymerisation which involves the double bonds did not
occur during the synthesis.

ICEMA
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Figure 4.4: '"H NMR spectra of ICEMA, MIS and UpyMa

The typical peaks of methyl and aromatic groups of MIS, signed in red, blue,
and yellow circles, are present in the UpyMa spectra. In fact, these groups are not
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involved in the reaction. The only difference between the two spectra correspond
to the absence in UpyMa of the peak at 6.5 ppm. The relative peak corresponds to
the amino group (-NHz) of MIS, signed as white circle in Figure 4.4. Its absence is
justified because the amino group is involved in coupling reaction with the
isocyanate of ICEMA. Its absence in UpyMa spectrum confirms the complete
conversion of MIS into the reaction product and as a consequence, the correct
synthesis of UpyMa is achieved.

FTIR spectra of the reaction product and the ICEMA are compared in Figure
4.4. The analysis was performed by using a NicoletTM iS50 FTIR spectrometer
(Thermo Scientific TM) equipped with an attenuated total reflection tool over the
range 4000-400 cm™! with a resolution of 4 cm™ at room temperature. In the UpyMa
spectra, the peaks of ureidic group are derived from the coupling reaction. The most
important peaks are between 1700 cm™ and 1500 cm™. In the FTIR spectrum of the
product, there is a comparison of the classical peaks at 1661 cm™, 1589 cm™ and
1523 ecm’!. It is then possible to see the respective C=0 amidic group, the double
bond C=C of Upy moieties, and the bending of N-H bond of amidic group
respectively [166], [172]. The FTIR spectrum of the product is compared with the
spectrum of the ICEMA. In Figure 4.5, the most relevant difference between the
spectrum is the absence in UpyMa of the characteristic peak at 2267 cm™!. The peak
corresponds to the vibrational stretching of the isocyanate group of ICEMA [173],
[174]. This confirms the removal of the reactant as an impurity of the reaction and
the correct synthesis of the UpyMa.
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Figure 4.5: FTIR spectra of UpyMa and ICEMA.

4.5 Conclusions

In conclusion, ureidopyrimidinone methacrylate is synthesized by using a
coupling reaction and characterized by NMR and FTIR analysis. The extraction
process is then followed by the complete removing process of all the solvent used
in the synthesis. The yield of the reaction is 92.3 %. Both NMR and FTIR analyses
show the typical peaks of the urea group; this is taken as a proof of the reaction of
ureidopyrimidinone methacrylate and to understand the level of purity.
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Chapter 5

Synthesis of Ureidopyrimidinone
Methacrylate based polymers and
characterization

5.1 Introduction

Different mixtures have been studied for the synthesis of polymer electrolytes
for LMBs. The oligomeric poly (ethylene glycol) methyl ether methacrylate has
some interesting properties for battery application, such as low production costs,
high conductivity of lithium ions, synthesis of cross-linked structure by using UV
photopolymerization. Moreover, the insertion of UpyMa inside the internal
structure could give the polymer self-healing effect, via multiple hydrogen bonds
given by dimerization process.

Two different PEGMEM polymers with UpyMa as additive have been
synthesized through UV-polymerization without the use of solvent. The membranes
obtained have been characterized for understanding the correct copolymerization
and the structure. Moreover, self-healing tests have been carried out to prove their
self-repair properties. The electrochemical characterization of the polymers has
been evaluated to discover the required features of membranes to be used as
polymer electrolytes in solid state lithium metal batteries.
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5.2 Synthesis of UpyMa-based polymers through UV
polymerization

The polymer is produced using a matrix composed of different precursors. The
oligomer is the poly (ethylene glycol) methyl ether methacrylate, with a molecular
weight of 500 (PEGMEMS500). As a difference to PEO’s material, the substitution
of -OH at the end of the chain with a methoxy group gives the structure non-
polarizing properties, so that the material can solubilize easily carbonates solvents.
Poly (ethylene glycol) diacrylate with a molecular weight of 575 (PEGDAS75) is
used as crosslinker. Due to the high number of ethoxy groups and the two double
bonds, PEGDA 575 can present reticulate structure with high mobility of lithium.
Since the two reactants are liquids, they can be easily mixed and used for dissolving
UpyMa without the help of any solvents.

To synthesize the polymers by radical polymerization, a UV-initiator is
necessary. The photo initiator chosen is 2-hydroxy-2-methyl-1-phenyl-propan-1-
one (Darocur).

All the reactants are located inside a glove box in controlled argon atmosphere
(MBraunLabstar, O, rate <0.5 ppm; H,O <0.5 ppm) since the presence of the
oxygen can inhibit the radical UV polymerization.

The formula is prepared by mixing the reactants inside a vial. First, UpyMa is
weighted and mixed with the two oligomers. PEGMEMS500 and PEGDAS75 are
added into the vial, fixed in a weight proportion 85:15. The mixing is obtained using
a magnetic stirrer for 20 minutes, at different temperatures (60 °C, 50 °C, RT).
However, even applying an increase in temperature levels, no difference in time to
achieve the homogeneous solution is remarkable and for these reasons, the process
has been developed at room temperature. At this point, the Darocur is added inside
the solution, and the mixing proceeds at room temperature for other two minutes
then the product is casted on a support. The thickness of the final polymer is
controlled by using a Doctor Blade. The casted formulation is irradiated using a UV
lamp for seven minutes with UV 365 nm wavelength.

The formula can be easily casted on glass or directly on the electrodes. The
polymer is casted on a glass support to study the structure and for thermal analysis.
On the other hand, for the electrochemical tests, the polymer precursor is directly
casted on lithium metal anode. The synthesized membranes appear with a
characteristic white colour and have a thickness of 100 um when casted on glass
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support. On the opposite, the polymer synthesized on lithium metal showed a
thickness of 80 pum.

Commercial liquid electrolyte is used to swell the polymer electrolyte for
electrochemical tests. In this case, the liquid electrolyte is LiPFs 1.0 M in 1:1 v/v
mixture of ethylene carbonate (EC) and diethylene carbonate (DEC).

The synthesis proposed for UpyMa PEGMEM polymer electrolytes shows
different advantages, and are different from other techniques, such as RAFT
polymerization or condensation processes, which require organic solvents [152],
[165], [167]. This synthesis process has low impact on the environment and low
production costs since organic solvents are not required and the process is a quick
one-shot synthesis. The possibility of casting the polymer directly on lithium is an
advantage for possible scale-up production.

Two polymers have been synthesized with two weight percentage of UpyMa
inside the formula, which are 5% w/w and 10% w/w respectively. These are referred
as PPUS and PPU10. Other synthesis with higher percentages of UpyMa (more than
10%) have not been considered, because of the low solubility of the UpyMa in the
polymer precursor.

5.3 Characterization of the polymer electrolytes

The membranes synthesized are PEGMEM based polymer with UpyMa
additive that appears as a side chain in a reticulate structure. The well-made
insertion of ureidopyrimidinone inside the polymer is the fundamental to appreciate
the self-healing properties of the membrane as a polymer electrolyte. Moreover, a
good polymer useful in lithium batteries projecting process has to show high
thermal resistance properties. To understand thermal stability process,
thermogravimetric analysis (TGA) has been carried out on a single membrane. The
analysis was performed between 25 °C and 800 °C in nitrogen atmosphere, by using
NETZSCH TG 209F3 instrument, with the polymers casted on a glass support. The
results are shown in the Figure 5.1. All the polymers have showed a degradation
process that starts over 200 °C. The membranes remained stable up to 172 °C,
which is the temperature at which EC:DEC liquid electrolyte begins its thermal
degradation [175]. Due to their stable thermal behaviour, PPUS5 and PPUI10
guarantee stronger safety capabilities in lithium metal batteries range of use. PPUS5
shows the best thermal stability, with a temperature in which 5% of weight is loss
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of 300 °C. On the opposite, PPU10 degrades at 250 °C. The difference is probably
due to the incomplete copolymerization of UpyMa in PPU10.
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Figure 5.1: TGA curves of PPUS and PPU10 samples.

FTIR analysis of the two membranes have been carried out to understand the
copolymerization process that happens on UV irradiation and for this analysis, a
NicoletTM iS50 FTIR spectrometer is used (Thermo Scientific TM). The
instrument is equipped with a total reflection tool over the range 4000-400 cm,
with a resolution of 4 cm™'. The results show a spectrum similar to the proposed
PEGMEM polymers described in literature [166], [176]. However, two
characteristic peaks at 1661 and 1589 ¢cm™! are present in the PPUS and PPU10,
respectively [166]. Such peaks, which are assigned to the group of the UpyMa,
confirm the copolymerisation by the added material inside the reticulate polymer.

Moreover, there is no evidence of the characteristic peak of double bond of
methacrylate at 1630 cm™!, which is a sign of the success of the polymerization
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[176], [177]. The double bond is in fact involved into the radical polymerization, as
a result the formation of the new C-C creates the polymeric reticulate structure and
the side chain with the Upy additive.
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Figure 5.2: FTIR spectra of PPU10, PPUS and UpyMa.

"H-NMR analysis has been evaluated to accomplish the best synthesis process
for UpyMa in PEGMEM reticulate. The spectra were recorded by using Bruker 400
MHz instrument. PPUS and PPU10 have been analysed by using deuterated DMSO
as solvent. The results have been reported on Figure 5.3. The spectra present some
similarities with UpyMa spectrum and showed some characteristic peaks, as those
of the Upy group labelled in violet and yellow circles. The presence of such peaks
inside the NMR structure confirms that UpyMa does not degrade during UV-
polymerisation [178]. Moreover, the spectrum shows a high peak on 3.5 ppm, that
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is referred to all the protons of the ethoxy chain of PEGMEMS500, PEGDAS575 and
UpyMa, and the final methoxy group of PEGMEMS500. At 8.0 and 1.0 ppm phenyl
and methyl group of Darocur are referred respectively.
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Figure 5.3: "TH NMR spectra of PPUS and PPU10 samples.

2D NMR correlation spectroscopy (COSY) is evaluated for understanding the
correct assignation of the peak in 'H NMR. In COSY, correlations will be observed
via cross-peaks or off-diagonal peaks between two different types of protons which
are bonded to adjacent carbon atoms in the structure. Correlations between the same
types of protons only appear as diagonal peaks in the 2D COSY spectrum[179]. In
this case, the COSY confirmed the coupling correlation of the peaks at 4.2 and 3.5
ppm, corresponding to the two -CHz- groups of UpyMa, signed in orange and in
red respectively.
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Figure 5.4: a) COSY spectrum of PPUS b) COSY spectrum of PPU10

'"H-NMR and COSY spectra show the well-made copolymerization of UpyMa
inside the polymeric structure of PEGMEM. However, in every analysis there are
the typical peaks of double bonds at 6.5 ppm. However, all the molecules involved
into the polymerization possess double bonds, so the identification of these peaks
remains a necessity and this is why, diffusion-ordered spectroscopy (DOSY) is
carried out. The DOSY is evaluated with a stimulated-echo NMR pulse sequence
(Oneshot45)40 with an implicit applied delay in gradient recovery (d16) and
magnitude of the gradient purge pulse (pl9) at 0.2 and 0.6 ms,
respectively.

In DOSY, all the hydrogen signals are correlated to its diffusion coefficient D.
The diffusion coefficient is associated to the hydrodynamic radius (R) by the
following formula:

D = kT
"~ 6mnR

Equation 5.1

in which k is the Boltzmann constant, T is the temperature and n is the viscosity of
the solvent. With DOSY, molecules with different sizes give signals with different
diffusion coefficients. The results of DOSY measurements are represented in Figure
5.5.

67



In the case of PPUI10, all the signals have different diffusion coefficient. In

particular, the peaks with different diffusion coefficient correspond to the signal of
the double bonds at 6.5 ppm and the UpyMa. For these reasons, in PPU10 only a
part of the additive is correctly bound inside the polymeric PEGMEM chain.
In the case of PPUS, all the peaks have the same diffusion coefficient, except for
the peak at 2.6, that is typical of DMSO. This corresponds to a copolymerization of
the UpyMa inside the polymer structure. So, the peaks of double bonds are not
linked to the UpyMa but are associated to one of the two double bond of PEGDA.
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Figure 5.5: a) DOSY spectrum of PPUS b) DOSY spectrum of PPU10
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For better understanding the morphology of the polymer samples, their
structure has been investigated by field emission scanning electron microscopy
(FESEM). Samples morphologies were examined using a FESEM,
TESCANS9000G. The FESEM analysis of the samples is depicted in Figure 5.6.
First, the micrographs reveal that samples have a homogeneous surface. At high
magnification, it is possible to see a wrinkled structure, which is due to the presence
of H-bond of UpyMa inside the polymer reticulate. Moreover, cross-section
analysis in images 5.6 ¢) and f) shows that PPUS and PPU10 are characterized by
a compact structure, without voids, proving the polymerization of the membranes.
Moreover, the values of thickness for the membranes are 115 pum and 131 um for
PPUS and PPU10 respectively.

Furthermore, surface energy dispersive spectroscopy (EDS) was carried out to
study the correct distribution of UpyMa inside the polymer structure. In fact,
UpyMa is the only precursor that possesses nitrogen inside its molecular structure.
For these reasons, the nitrogen atom can be related to the content of UpyMa,
demonstrating its position. The results are shown on Figure 5.6 i) and 1). As
expected, the nitrogen element is present in minor quantity respect to carbon and
oxygen. However, EDS reveals that nitrogen is homogeneously distributed on the
surface of the polymers. This demonstrates the homogeneous mix of the UpyMa
inside the polymers through UV radical polymerization.
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Figure 5.6: FESEM micrographs of (a) PPUS surface at low magnification, (b) PPUS surface at
high magnification, (c) PPUS cross-section, (d) PPU10 surface at low magnification, (¢) PPU10 surface
at high magnification, (f) PPU10 cross-section. EDS analysis PPUS showing (g) carbon, (h) oxygen and
(i) nitrogen elements. EDS analysis of PPU10 showing (j) carbon, (k) oxygen and (1) nitrogen elements.

In conclusion, PPUS and PPU10 polymers have been successfully synthesized
and characterized by using a solvent free UV polarization process. The polymers
have been characterized by different techniques, showing the good insertion of
UpyMa inside the reticulate PEGMEM structure given by PEGMEMS500 and
PEGDAS75. Moreover, the polymers reveal high thermal stability and homogenous
structure, important features for their application in lithium metal batteries.
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5.4 Investigation of Self-healing properties of membranes

Self-healing tests have been carried out on membranes to study their behaviour
in self-repairing after a damage. Several experiments have been proposed to
understand how the membrane reacts after an external damage, and how long the
membrane takes to self-heal itself. For this reason, PPU5 and PPU10 have been
casted and synthesized on the glass substrate. The polymer is cut and placed
between two glasses with small pressure applied by paper clips. As can be observed
in current literature, the first tests were carried out at 60 °C [166], [167], [169]. In
fact, the formation of hydrogen bond is kinetically favoured at higher temperature.
For this reason, the damaged polymers are located into an oven. In these conditions,
both polymers self-repair after two hours. The same tests were carried out bringing
the temperature level at 50 °C, then 25 °C (RT). No changes in time of self-healing
process were observed by decreasing the temperature. At room temperature
conditions 24 hours are required to self-repair the polymer. Figures 5.7-5.8-5.9
show the obtained results, carried out by using an optical microscope and by SEM
analysis on every samples.

Optical images of the polymeric samples were obtained by an optical stereo
microscope Leica M80. Scanning electron microscopy (SEM) images of the
polymer samples were performed by SEM Hitachi TM 3030 Plus Tabletop,
operated at 15 kV.

For both samples, the mechanism involved the hydrogen bond by UpyMa
dimerization, which is able to restore the damage even if a small scar is still visible.
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Figure 5.7: Photograph images of PPUS and PPU10 samples between glass-slides, (left) before and
(right) after self-healing process. a) PPUS at 50 -C for 2 h. b) PPU10 at 50 °C for 2h (c) PPUS at RT for
24h (d) PPU10 at RT for 24 h.
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Figure 5.8: Optical images of (a) PPUS and (b) PPU10 samples between glass-slides, (left) before
and (right) after self-healing process at 50 -C for 2 h. SEM micrographs of (¢) PPUS5 and (d) PPU10
samples (left) before and (right) after self-healing process at 50 -C for 2 h.
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Figure 5.9: Optical images of (a) PPUS and (b) PPU10 samples between glass-slides, (left) before
and (right) after self-healing process at room temperature for 24 h. SEM micrographs of (¢) PPUS and
(d) PPU10 samples (left) before and (right) after self-healing process at room temperature for 24 h.
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It is very interesting to see that the two polymers show self-healing capability
at the same conditions.

The difference in percentage of UpyMa does not affect the self-recover of the
polymer. Polymers with limited weight percentage of UpyMa, and same self-
healing conditions, can be of a great interest for a future commercialization, and
that is the reason why PPUS5 could be a more valid candidate instead of PPU10.
Furthermore, it presents lower concentration of UpyMa in respect to other UpyMa
membranes used in solid state batteries.[165]-[167]. However, its use in GPE needs
more investigation.

5.5 Electrochemical performances of polymer electrolytes

The electrochemical performances of the samples have been investigated by
using different analysis for understanding their potential use in LMBs.

First, the liquid electrolyte uptake (LEU) has been quantified with commercial
electrolyte solution 1 M LiPFs in EC:DEC 1:1 v/v. In fact, good compatibility
between the electrolyte and the polymer is relevant for gel polymer electrolyte with
high performances inside the cell. LEU is a simple technique to test how the
electrolyte is swelled inside the polymer for a definite time. LEU is calculated by
the following equation:

LEU M. — Mo 100
= — X
M

o

Equation 5.2

in which Mo and M. are the weights of the membrane before and after
immersion, respectively. Dry membranes are weighted in an inert atmosphere and
then immersed in the electrolyte solution for 18 hours. The high values of
electrolyte uptake results in a good interaction between electrolyte and polymer.

The liquid electrolyte uptakes are described in Table 5.1. The high LEU
obtained in both polymers confirm that the presence of UpyMa inside the structure
is not an obstacle for the creation of gel polymer PEGMEM based for battery
systems.
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LEU

Sample Initial weight Final weight LEU
(mg) (mg) (o)

PPUS 82.3 332.4 304
PPU10 75.4 354.2 370

Table 5.1: LEU values for PPUS and PPU10 samples. The electrolyte solution used consisted of
LiPFs 1.0 M in 1:1 v/v EC:DEC.

Furthermore, the influence of the LEU values is verified by measuring ionic
conductivity for PPUS5 and PPU10 at different temperatures.

To collect ionic conductivity values (o) of the membranes by electrochemical
impedance spectroscopy (EIS) the membranes have been sandwiched between two
stainless steel (SS) blocking electrodes and tested on electrochemical workstation
(CHI660D). The frequency of the EIS test ranged from 1 to 10° Hz with an
amplitude of 10 mV. The measurements were performed between 20°C and 60 °C,
with a 10 °C step.

The ionic conductivities were calculated at each temperature using the equation

o=@ * @)

Equation 5.3

in which the constants I, R and A represent the membrane thickness, the
membrane resistance and surface area respectively, measured at the high-frequency
intercept on EIS spectra.

The results are shown in the Figure 5.10. lonic conductivity of the two polymers
is higher than 10 S cm™! for both the polymer electrolytes. PPU10 shows a slightly
higher results compared to PPUS. However, the difference between the two
polymers are not remarkable. The presence of higher amount of UpyMa inside the
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polymeric structure does not affect the ionic conductivity of the PEGMEM samples.
Moreover, in comparison which other PEGMEM polymer electrolytes, the ionic
conductivity of PPU membranes are promising for their use in lithium metal
systems[166], [167], [180]. Furthermore, even if the best results have been shown
at 60 °C, the ionic conductivity is high even at lower temperature (PPUS and PPU10
show a conductivity of 1.5 x 102 Scm™ and 1.6 x 10 S cm™! at 20°C, respectively).
The results obtained show a typic T-Arrhenius plot, so the conductivity
temperature-dependence data follow the Arrhenius relationship. In this case, it is
interesting to calculate the activation energy (Ea.) of the GPE, which is the barrier,
principally Coulombic, for an ion to hop from counterion to another [181]. Ea is
correlated to the conductivity by the following equation:

—E,4
o = AeRT

Equation 5.4

in which T is the temperature, R is the gas constant and A is the pre-exponential
factor. The activation energy calculated from the slope of the fitted conductivity
line is found to be 0.091 eV for PPU10 and 0.090 eV for PPUS. The difference of
the activation energy appears not to be significant, with a quite high value for
PPU10. The ionic conduction of PPU follows a solvent diffusion mechanism inside
the polymer network with low activation energy, Moreover, the results are similar
to GPEs in literature. Jung et al. [182] prepared a in gel polymer electrolyte PVC
based with an E. of 0.120 eV. Isa et al. [183] fabricated a PMMA-LiBF4 gel
polymer electrolyte with an E, of 0.19 eV. The low activation energy, E., for the
lithium 1s mainly caused by the amorphous nature of the polymer electrolytes that
ease the fast Li* ion movement in the polymer.
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Figure 5.10: Temperature dependence of ionic conductivity for PPUS and PPU10 samples.

Electrochemical stability, in particular at high potentials, is another crucial
parameter for this application. For this reason, linear sweep voltammetry (LSV)
was performed at room temperature on PPUS and PPU10.

The tests have been performed by using an asymmetrical SS/PPU/Li cell in the
potential range of 1.0 and 5.5 V vs Li"/Li. The polymers have been synthesized
directly on lithium anode.

In this case, the precursor solution containing the photo-initiator evenly covers
the lithium metal, which is directly exposed to UV irradiation for seven minutes to
form a well-cross-linked film with high reproducibility. This procedure is carried
out in Ar-filled glove box. In situ polymerization brings back some advantages such
as improved adhesion ability between the anode and the polymer[184], which
decreases the interfacial resistance typical of ex-situ polymerization. The process is
simple and adaptable to battery-processing methods to achieve better interfaces.
Moreover, this procedure guarantees more effective mechanical integrity against
dendrite growth, which in turn result in improved cell performances. In possible
scale up, it reduces the amount of scrap from manufacturing and as a consequence,
the cost is reduced[185].
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The measurements were carried out with an electrochemical workstation
(CHI660D) at a scan rate of 0.2 mV s ™! at room temperature. The results are shown
in Figure 5.11. Basically, no evidence of side reactions has seen from 1.57 to 5.0 V
vs Li*/Li for PPUS, from 1.57 to 4.5 V vs Li*/Li for PPU10. Up to these values, the
current intensity increases because of the degradation of liquid electrolytes.
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Figure 5.11 : (a) LSV plot of a Li/PPUS/SS cell at room temperature. (b) LSV plot of a
Li/PPU10/SS cell at room temperature.

Despite the large electrochemical stability range of the polymer, the stability at
interface with Li metal is another requirement for a GPE in lithium batteries.
Therefore, interfacial stability between polymer and lithium is investigated in a
period of thirty days by using EIS spectroscopy. The membranes were casted on
lithium metal chips in argon atmosphere, and tested at open circuit voltage by EIS
on an electrochemical workstation (CHI660D) in Li/Membrane/Li symmetric
cells. The frequency of EIS ranged from 0.01 to 10° Hz with am amplitude of 10
mV.

Figure 5.13 describes the results of the interfacial stability of the two polymer
electrolytes. Starting from day zero, the impedance spectrum of PPUS has a transfer
resistance of 450 Q. This high value is mainly explained by the poor initial contact
between the lithium and the gel polymer electrolyte. This value increases during the
first day due to the spontaneous SEI formation on lithium metal. However, from the
second day, the transfer resistance decreases at 350 Q. This may be explained by
the fact that in the early stages the SEI layer has not been sufficiently developed.
After two days, a more conformal SEI layer is produced, which eases more
homogeneous charge transport. PPU5 maintains stable contact with lithium metal
electrode, avoiding any side reactions on time. In the case of PPU10, during the
first period, the sequence of events in the lithium surface is analogous to PPUS. In
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fact, the contact between the surfaces and the SEI formation are the main cause of
the increase in charge transfer resistance. However, the increase of resistance
remains constant even in the following days. After the eighteenth day, the value of
resistance was higher than 2000 Q; this value makes the use of PPU10 in lithium
cells impossible. The main reasons could be the continuous formation of SEI.

The different behaviour of the membrane could be also explained by looking at
the different structures of the two polymers obtained by DOSY spectroscopy
(Figure 5.5).

In PPU10, the partial copolymerization could give the increase of the resistance
seen during the interfacial stability. The UpyMa not polymerized could react with
lithium anode, and, consequently, make the use of PPU10 impossible in GPEs.
Instead, in PPUS all the UpyMa is successfully inserted into the polymeric
structure, thus shows the stable contact with lithium seen during the interfacial
stability. Moreover, interfacial stability confirms that the presence of such double
bonds of PEGDA inside the polymeric structure of PPUS does not give any side
reactions with lithium.

Because of the poor interfacial stability of PPU10, PPUS is selected as the most
promising GPE in lithium metal batteries.
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Figure 5.12: (a) Interfacial stability assessed by a Li/PPUS5/Li cell at room temperature. (b)
Interfacial stability assessed by a Li/PPU10/Li cell at room temperature.

Lithium ion transference number (ti+) is an important parameter related to the
lithium ion batteries. It represents the ratio of the electric current carried by lithium
ion to the total current carried by all the species[186], [187]. The higher value of
lithium-ion transference number is a consequence of the high mobility of lithium
cation inside the polymeric structure. Different investigation techniques have
reported for the measurement of Lithium ion transference number, one of the most
used is the developed by Abrahm [188] .

Lithium ion transference number is evaluated by performing
chronoamperometry and impedance spectroscopy measurements. Such method has
been developed by Bruce and Vincent [189] and is generally used to obtain the
lithium transference number in polymers by using a symmetric cell, which is
polarized by applying a constant potential difference (AV) between the electrodes.
As a consequence, the monitored current initially decreases until a steady-state is
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reached. Such decrease is mainly due to the establishment of a concentration
gradient, which reduces the motion of the anions and increases that of the cations.

By using symmetrical Li/PPUS5/Li cell at room temperature, the value of tri+is
obtained by using the following equation:

i Iy x (AV = I,R,)
L+ = 1'% (AV — LRy)

Equation 5.5

where o and Is are the initial and steady-state current values respectively. At the
same time, AV is the applied with DC potential (10 mV); Ro and Rs are the
interfacial impedance values at initial and steady state, respectively.

Lithium ion transference number calculated for PPUS is 0.62. The result shows
a high mobility of lithium cations inside the cell and, consequently, highly lithium
ion conducting electrolyte [187].

Such high value could be explained because of the ethoxy group of the main
chain of the polymer, that easily segregates the lithium cation from the anion,
increasing its mobility inside the GPE. Additionally, some gel polymer electrolytes
with different compositions that are reported in literature show similar lithium
transference number. Yuan et al. [190] fabricated a gel polymer electrolyte with a
lithium transference number of 0.72, while Schaefer et al. [191] synthesized a
polyethylene glycol diacrylate GPE with a lithium transference number of 0.65.
Currently, solid polymer electrolytes containing UpyMa show lithium transference
number lower than 0.62. For example, Xue et al. fabricated different UpyMa SPE
membranes with tri+ lower than 0.30 [166]. The value calculated by Zhou et al. from
a Upy-SiO, based SPE is 0.43 at 60 °C [165]. Other values of lithium-ion
transference numbers in recent solid-state polymers for LMBs are shown in Table
5.2.

In summary, the high tri+ value of PPUS is very promising for the application
of the GPE especially when the cell operates at higher C rates.
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Figure 5.13: The chronoamperometry profile of a symmetric Li|PPUS|Li cell with a polarization
potential of 10 mV. The inset shows the AC impedance spectra before and after polarization at room
temperature.

Even if PPUS has interesting properties for its application in lithium metal
batteries, the selected GPE must possess sufficient mechanical resistance to limit or
eventually suppress Li dendrites formation. Therefore, lithium plating stripping is
performed on a symmetrical Li/PPU5/Li cell at room temperature at different
current density values. Preliminary measurement of lithium plating stripping has
been performed at a current density of 0.1 mA cm™ and a fixed capacity of 0.1 mAh
cm™ for 75 hours. The results confirm the correct deposition of lithium during the
process, therefore the absence of any lithtum dendrite growth and low polarization.
However, the most interesting approach is about higher current density. For these
reasons, the same experiment is proposed at a current density of 1.0 mA cm™ and a
fixed capacity of 1.0 mAh cm™. In that case, the cell shows severe fluctuations, with
a large voltage polarization. This brings lithium dendrites to grow on lithium metal
surface. However, the cell keeps cycling for over 600 hours, limiting the growth of
the dendrites and short-circuits.
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Figure 5.14: Lithium plating and stripping results of the Li/PPUS/Li symmetrical cell at a current
density of 0.1 mA cm? and at a fixed capacity of 0.1 mAh ¢cm™ 2, at room temperature.

The main reason for this feature is the reticulate structure of the polymer, and
the ability of self-healing induced by H-bond dimerization of UpyMa [192]. The
experiment is repeated using Celgard2500 as a separator (black line in Fig. 5.15).
With same conditions, the commercial separator has the same fluctuations.
However, the cell loses its function after 50 hours because of the short-circuits.

The measurements demonstrate the ability of PPUS to limit dendrite growth at
drastic conditions at room temperature.
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Figure 5.15: Lithium plating and stripping results of the Li/PPUS/Li (red) and Li/Celgard + LE/Li
(black) symmetrical cells, at a current density of 1.0 mA cm™2 and a fixed capacity of 1.0 mAh cm, at
room temperature.

The rate capability of PPUS is evaluated by using galvanostatic
charge/discharge tests at different C rates. The C rates were 0.1 C,0.2 C,0.5C, 1.0
C and 0.1 C. Cycling performances were investigated in a voltage range from 2.5
V to 4.2 V. Lithium iron phosphate (LFP) is chosen as cathode. LFP cathode is
prepared by tape-casting a homogeneous slurry of Aleees LiFePO4 with Carbon Ces
(from Imerys) and poly(viniledenfluoride) (Kynar 761 from Arkema) in NMP on
aluminium foil. The weight percentage ratio was 70/20/10 of LFP, Css and PVDF
respectively. After dried at 50 °C for one hour, the electrode rests at room
temperature overnight. The cathode is then cut at 15 mm diameter disc and dried
under vacuum for four hours at a temperature of 120 °C. The rate capability of the
cell is tested on two different temperature: 50 °C and room temperature, in the
voltage range from 2.5 V to 4.2 V. C rates are defined on the basis of LFP theoretical
specific capacity (170 mAh g!). The results are reported in Figure 5.16.

In every C applied, PPUS shows good cyclability with a relevant discharge
capacity. In all the temperature conditions, the cells maintain a high discharge
capacity, with a discharge capacity of 131.5 mAh g at 1 C at 50 °C and a discharge
capacity of 103.6 mAh g'! at 1 C at room temperature. Moreover, the cells restore
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the final discharge capacities of 0.1 C, that are 142 and 137 mAh g! at 50 °C and
room temperature respectively, after nine cycles at higher C.
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Figure 5.16: Rate capability test of a Li/PPUS/LFP cell at 50 -C and at room temperature.

The best results are detected when the cell is cycled at 50 °C, mainly due to the
higher ionic conductivity that the polymer has at that temperature. However, the
results obtained at room temperature are interesting. In fact, on literature basis,
polymer electrolytes are currently cycled at 60 °C [165], [168] and almost never
cycled at room temperature. The application of PPUS in GPE batteries systems able
to perform at room temperature is a good promising aspect for next generation
solid-state batteries.

For these reasons, galvanostatic cycling performance was evaluated at 0.2 C at
room temperature. The results have been shown in Figure 5.17. The cell exhibits an
initial discharge capacity of 143 mAh g!, with a Coulombic Efficiency lower than

90%. This is mainly due to the SEI formation, given by the contact between lithium
and PPUS.
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Figure 5.17: (a) Cycling performance of the Li/PPU5//LFP cell at 0.2C at room temperature. (b)
Charge and discharge curves of the Li/PPUS/LFP cell at 0.2C, carried out at room temperature.

However, this phenomenon is only detected during first cycles. in fact, the
coulombic efficiency increases, becoming near to 100%. The cell is able to reach
300 cycles with 98% coulombic efficiency at room temperature. The capacity
retention of the cell after 300 cycles is 80%, with a specific capacity of 114 mAh g
I, The cell shows a very good electrochemical performance in terms of the number
of cycles obtained at 0.2 C and the temperature condition in which the test is
evaluated. As described in Figure 5.17 b), a significant increase in the cell
overvoltage could be noted for the first 200 cycles, preserving the typical discharge
and charge voltage plateau of LFP. This is mainly due to the liquid leakage of gel
polymer electrolyte during charge/discharge processes. Nevertheless, even after
200 cycles and up to the 300", the increase resulted very limited. Even if the cell
loses capacity by increasing the number of cycles, the capacity loss for cycle is only
0.07 %, and the main reason could be linked to a little decomposition of electrolyte
and the SEI formation. The results are mainly an improvement of gel polymer
electrolytes systems, that generally work at 60 °C at lower C rates [116], [165],
[166]. Post-mortem analysis of the gel polymers electrolytes was evaluated after
300" cycle. Firstly, the cell was investigated by EIS spectroscopy and the result is
compared with the impedance of the same cell before cycling. As can be seen in
Figure 5.18 b), no significant signs of degradation are detected after the cycling
performance. Moreover, SEM analysis of PPUS5 shows no signs of deterioration.
This is a further evidence of good capacity characteristics of the polymer to resist
during charge/discharge processes. Moreover, the surface remains as same as the
one obtained by FESEM analysis, in which fresh membranes were analysed (Figure
5.6).
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Figure 5.18: (a) SEM Analysis of PPUS 1 after 300 cycles at 0.2 C rate at RT, b) Impedance of
Li/PPUS/LFP cell before cycling and after 300 cycles at 0.2 C rate at RT.

To reveal self-healing properties of PPUS inside the cell, a galvanostatic
cycling test is evaluated on a complete Li/PPUS/LFP cell and compared with a cell
assembled with a commercial separator (Celgard 2500).
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Figure 5.19: (a) Cycling performance of a Li/PPUS/LFP cell at 0.2C and room temperature before
and after cutting the PPUS membrane. (b) Cycling performance of a Li/Celgard 2500/LFP cell at 0.2C
and at room temperature before and after cutting the Celgard 2500 membrane.

The cell is cycled for 10 cycles at room temperature at 0.2 C. After that, the
cell is opened in inert atmosphere conditions. After damaging the polymer by a
knife, the cell was re-assembled for galvanostatic cycling at 0.2 C in the same
conditions (10 cycles). Before cycling, the cell was left at rest conditions in order
to enable the polymer to self-repair.

During the overnight rest, the cell with GPE activates the self-healing process
and restores the pristine structure. In fact, during the cycling test, the cell resumes
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a discharge capacity of 115.0 mAh g™ at the 20 cycle. Moreover, the coulombic
efficiency before and after cutting is higher than 90%. FESEM analysis of the self-
healed polymer has been carried out after the 20" cycle. The result is shown in
Figure 5.20, in which the morphology of the membrane is quite similar to the
pristine one with no signs of damages (see Figure 5.6).

On the opposite, the commercial separator loses its electrochemical
performances after the damage. In fact, its specific capacity of the cell drastically
collapses, with a discharge capacity of 67.0 mAh g'! at 20" cycle, and the coulombic
efficiency becomes unstable. The difference in the behaviour of the cells
demonstrates the ability of PPUS to self-repair even inside the cell.

[

Figure 5.20: FESEM analysis of PPUS after being cut and cycled
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5.6 Conclusions

In conclusion, two different polymers have been synthesized by solvent free
UV photopolymerization. The UpyMa additive is polymerized inside the
PEGMEM structure, giving the PPUS and PPU10 membranes. However, of the two
membranes, PPUS5 shows better interfacial stability against lithium, good
electrochemical and thermal stability and electrochemical performances. Its self-
healing properties have been investigated both outside and inside the
electrochemical cell.

The properties of PPUS have been compared with other self-healing GPE
and/or SPE in literature for lithium metal batteries future application. The most
relevant results are shown in Table 5.2.

The ionic conductivity at room temperature (1.5 x 10 S cm™) and lithium-ion
transference number (0.62) of PPUS are higher than other PEs proposed. Moreover,
the cycling performance at room temperature, at 0.2 C for 300 cycles with a high-
capacity retention of 80% is seldom reported for polymer electrolyte systems. All
the tests on PPUS showed remarkable breakthrough in the use of self-healing
polymers in metal battery application.
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Lithium lon Number Capacity Capacity at 1C
. - Conductivit . transference C after Capacit rate in Rate
Synthesis Conditions GPE 1 ¥ SH Properties of . P . y . Refs
(Scm™) number at rate Cvcles cycling Retention Capability test
RT ¥ (mAhg™) (mAh g?)
Photopolymerization in no (LiTFSl is 8.90 x 10 at RT 70 at 60 87.0% at
h ° .22 i 114 .a. 1
DMSO — 80 °C for 48 h added in SPE) 3.7 x 10" at 60 °C 3hat 60°C 0 0 °C 60°C n-a [166]
RAFT polymerization in no (LiTFSl is 5.62x 10® at RT . o 100 at 97.5% at
DMF for 24 h added inSPE) | 8.07x105ate0°c | - Mnatéotc 0.32 0.1 60 °C 138 60 °C n-a. [169]
DMF solution at 50 °C for | No (SPE without 7.48 x 10 at RT 300 at 84.3% at
40 h LiTFSI) 251 x 10 at 60 °C 24 h at RT 0.37 0.1 RT 126.4 RT n.a. [143]
RAFT polymerization in . 0
DMEF at 70 °C for 24 h - yes 13(1)?(’(1(1)2 afggt ¢ | 30minat60°c | 0.89(60°C) 01 % fé 60 129 9%(7)f’cat n.a. [167]
Then at 80 °C for 24 h ’
Condensation No (SPE without 6.31x 10° at RT 100 at 90.0% at n.a. (NO Rate
? 44 2 12 162
polymerization LITFSI) 6.31 x 10“ at 60 °C 60sat 0 0 60 °C 0 60 °C Capability) [162]
Polymerization at 80 °C in no (LiTFSl is 1.79 x 10 at RT 10 min at 60 °C 0.39 01 50 at 60 120.4 85.2% at n.a. (NO Rate [152]
ACN added in SPE) 1.67 x 10 at 60 °C 30 min at RT ’ ) °C ) 60 °C Capability)
Polymerization in MeOH . .
o o no (LiTFSl is 6.31x10%atRT . o 100 at 65.3% at
40 °C for 12 — Then 60°C added in SPE) 501 x 10° at 60 °C 60 min at RT 0.37 (60 °C) 0.2 60 °C 144.8 60 °C 40 [116]
for 24h
Polymerization in EtOH — 8.01 x 10 at RT . 60 at 60 95.9% at n.a. (NO Rate
? o
70 °C for 24h no (CPE) 3.98 x 10“ at 60 °C 60 min at : 0.43 (60 °C) 0.2 °C 139 60 °C Capability) [165]
RAFT polymerization in 2.93x10° at RT o 120 at 92.8% at
DME at 75 °C yes 1.78 x 10 at 60 °C 2hate0°C n.a. 0.1 60 °C 128 60 °C n.a. [168]
Without solvent
o ae 1.50 x 103 at RT 2hat50°C 300 at o Our
UV polymerization -2h at yes 4.51 x 10° at 60 °C 24 h at RT 0.62 0.2 RT 113.8 80% at RT 103.6 work

room temperature

Table 5.2: Electrochemical and self-healing properties of the PPUS membrane compared with last SH polymers in literature with the corresponding

references.
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Chapter 6

Conclusions and perspectives

This PhD work is based on the synthesis of gel polymer electrolytes with the
capability of self-repair after being damaged. The design of different poly (ethylene
glycol) methyl ether methacrylate membranes are mainly discussed and treated.

The insertion of self-healing properties inside polymeric structures is obtained
using different chemical bonds. However, H-bond is the best choice for lithium
metal battery, because it is considered as a closed system and H-bond interaction
does not require external inputs to be activated.

Ureidopyrimidinone methacrylate (UpyMa) is an interesting molecule for self-
healing task applied to gel polymer electrolyte. Its spontaneous dimerization is
responsible of self-heal capability due to the formation of four hydrogen bonds.
Moreover, it is easily inserted as an additive in UV polymerization through its
double methacrylate bond.

Synthesis of UpyMa has been discussed in Chapter 4. UpyMa is successfully
synthesized via a coupling reaction by using two low cost reactants, methyl
1socytosine and 2-isocyanatoethyl methacrylate. After an extraction process, the
product is characterized by using "H NMR and FTIR. The analyses demonstrate the
successful synthesis of the UpyMa, with the absence of polymerization process
and/or any other side reactions, and a yield of 92.3%. Moreover, the results
demonstrate also the purity of the obtained product from all the reactants and the
solvents used during the synthesis.

In chapter 5, UpyMa-based polymers have been synthesized and characterized.
UpyMa additive is inserted inside the polymeric structure of poly (ethylene glycol)
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methyl ether methacrylate through a solvent-free UV photopolymerization process.
This synthesis process has low impact on environment and low production costs
since organic solvents are not required. The possibility of casting the polymer
directly on lithium is an advantage for possible scale-up production. Polymer with
5%w/w and 10% w/w of UpyMa are fabricated and analyzed. The insertion of
UpyMa additive inside the polymeric PEGEMEM structure is confirmed by FTIR
and NMR analysis.

The self-healing properties are demonstrating with SEM and optical
microscope analysis. The two membranes restore their virgin conditions after being
damaged in two hours at 50 °C and 24 hours at room temperature. The self-healing
properties are a direct consequence of the spontaneous dimerization of UpyMa
inside the polymeric structure, Interestingly, the two polymers reveal self-healing
properties at the same conditions, even if the proportion of UpyMa is halved for the
polymer at Sw/w%.

The aspect of UpyMa-based membranes as gel polymer electrolytes in LMBs
has been evaluated. The two membranes show good results in terms of ionic
conductivity and electrochemical stability. However, the poor interface stability of
PPU10 avoids their applicability in future LMBs. On the other hand, PPUS5
represents an ideal GPE due to its thermal and good interface stability, high lithium
transference number, good rate capability at 50 °C and, more interestingly, at room
temperature.

The Li/PPUS/LFP cell is able to work at 0.2 C rate at room temperature for 300
cycles, with an initial discharge capacity of 143 mAh g and a capacity retention of
80%, and a loss of capacity of 0.07% per cycle

The self-healing properties of PPUS inside the cell are successful demonstrated.
The damaged gel polymer electrolyte is able to restore the pristine electrochemical
performances of the cell at room temperature, different from commercial separator, that
loses its performance after the damage. The results obtained demonstrate the successful
insertion of self-healing capability inside the cell.

This work sustains the importance of self-healing gel polymer electrolytes for
increasing the long-term stability in LMBs and wants to be a solid starting point for
smart and safer lithium batteries use in the future.
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