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Chapter 1

Chapter 1. Introduction [ chapter 1]

1.1. Context

In our current society, the demand for energy is increasing every day, due to the ever-
increasing world population. To cope with the energy demand, it was estimated that the
rate of energy production, which was 130 000 TWh in 2010, will have to double by 2050
! This increase must be achieved without increasing CO2 emissions, by limiting fossil
fuel resources and the environmental impact for reasons of global warming which
threatens the planet and our future. Thus, the development of advanced renewable energy

technologies is a global imperative.

In the European Union in 2019, 31% of final energy consumption was used for
transport modes (Figure 1.1a). This makes transport one of the three dominant sectors
requiring the most energy with industry and households. Among the energies used for the
transport sector, about 72% relate to road transport (passenger and freight) (Figure 1.1b).
Given the proportion of road transport in the global energy consumption for transport,
proposing sustainable solutions to improve energy storage for land vehicles has a

significant impact on CO, emissions on a global scale.
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Figure 1.1. Energy consumption in European Union for 2019: a) Final energy
consumption by sector (% of total, based in tons of oil equivalent); and b) Global
energy consumption in the transport sector. Sources: Eurostat, European Environment
Agency (EEA), International Energy Agency - World Energy Outlook (IEA-WEOQO)

Figure 1.2 shows the total CO, emissions (g-km™?) for internal combustion engine
cars (on the left) and electric vehicles (EVs) (on the right) estimated by D. Larcher et al.
Lin with various electricity origins. The CO2 emissions for the car production of internal
combustion engine and EVs are the similar. According to the study, diesel and gasoline
cars emit approximately 190 and 210 g-km™ of CO; respectively, and mostly due to the
fuel combustion. Regarding EVs, it is very important to note that the CO> benefit is highly
dependent on the origin of the electricity. Indeed, the use of electricity produced 100%
hydro estimates a CO2 emission (of 60 g-km™) approximately 70% less compared to cars
with internal combustion engines, but conversely, the use of 100% coal-fired electricity
would emit approximately 40% more of CO; (270 g-km™). In general, with the electricity
production program in Europe in 2012, it was estimated that EVs emitted on average 25%
less CO» than thermal engine cars; and 60% less with the French electricity mix because

80% is from nuclear power.
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Figure 1.2. The CO> benefit of electric vehicles relies heavily on the origin of the
electricity. Total CO, emissions (g.km™2) for internal combustion engine cars (left)
and for full electric vehicles (right) with various electricity origins. *

Y

Fortunately, renewable energies are eventually developing to propose electrical
energies with lower CO> emissions. The European Commission is committed to a desire
in favor of the decarburization of transport and recently published a communication 2 to
propose a low-emission mobility strategy by increasing the efficiency of the transport
system, by deploying alternative energies with low emissions and moving towards low-
and zero-emission vehicles 3. In addition, in June 2022 the European Parliament voted in
favor of banning, from 2035, the sale of new vehicles with combustion engines in Europe
to promote the electrical cars. To complement efforts to seriously alter our energy
patterns, it is essential to improve the electrical energy storage with electrochemical

energy storage in batteries serving as key components of any plausible scenario *°.

3
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1.2. Electrochemical Energy Storage

1.2.1. Battery history

The main goal of the battery industry is to obtain specific levels of battery
performance for different applications (e.g. applied voltage and capacity) with low
production costs. In this context, intensive research is being devoted to the development
of rechargeable or secondary batteries. Hundreds of electrochemical couples were
proposed during the nineteenth and early twentieth centuries, the most notable primary
battery being zinc-manganese dioxide (Zn-MnO3), lead-acid, and nickel-cadmium (Ni-
Cd) being the most common ®. Figure 1.3 illustrates the evolution of batteries and shows
their energy density. Increasing battery performance is associated with the use of novel
materials and concepts leading to increasing loading capacity, cycle life, and safety.
Unlike older battery technologies, the electrolyte in nickel-metal hydride (Ni-MH) and
lithium-ion batteries are not consumed in the battery chemistry. One of the key elements
of these two batteries is that the same ion (H* for Ni-MH and Li* for lithium-ion batteries)
participates at both electrodes, being reversibly inserted and extracted from the electrode

material, with the concomitant addition or removal of electrons ’.

The status of current commercial batteries and possible future chemistries are
summarized in Figure 1.4, which depicts the energy performance characteristics of the
major rechargeable battery types. There is large uncertainty in their respective position in
the graph. The lead-acid battery is the first type of rechargeable battery with lead
electrodes and sulfuric acid electrolytes invented in 1859 by French physicist Gaston
Planté 8. Compared to modern rechargeable batteries, lead—acid batteries have relatively

low energy density. Despite this, their ability to supply high surge currents means that the

4
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Figure 1.3. Battery evolution with respect to their energy density.

cells have a relatively large power-to-weight ratio. These features, along with their low
cost, make them attractive for use in motor vehicles to provide the high current required

by starter motors.

Ni-Cd and Ni-MH batteries are types of rechargeable batteries that use nickel oxide
hydroxide at the positive electrode and an aqueous solution of KOH as electrolyte °. The

negative electrode is metallic cadmium (Cd) for Ni-Cd battery whereas, for Ni-MH
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battery, it is a hydrogen-absorbing alloy. For many years, Ni-Cd batteries were the most
suitable for portable communications systems and computing equipment until the
development of lithium-ion batteries. Ni-MH batteries can have two to three times the
capacity of Ni-Cd batteries of the same size, with significantly higher energy density,
although much less than lithium-ion batteries. Ni-MH batteries are used to power hybrid

vehicles and cheaper electronics.

The lithium-ion battery %12 owes its name to the exchange of the Li* ion between
the graphite (LixCs) anode and a layered-oxide (Li;—xTMO>) cathode, with TM being a
transition metal (usually cobalt but sometimes nickel or manganese). Lithium is the
lightest of all metals, showing a large electrochemical potential and high energy density
relative to its weight. The energy stored is five times higher than that with lead-acid
batteries. Successive work by Stanley Whittingham in the early 1970s, by John
Goodenough in 1980, and Akira Yoshino in 1985 on the lithium battery increased the
interest in developing lithium-ion batteries, and in 1991, the Sony Corporation
commercialized the first lithium-ion battery 3. The Nobel Prize in Chemistry 2019 was
awarded to the three researchers for their contributions to the development of the Li-ion
battery 4. Indeed, Li-ion batteries have brought a great benefit to humankind, as they
have enabled the development of laptop computers, mobile phones, EVs, and the storage
of energy generated by solar and wind power. Nowadays, Li-ion batteries are the most

widely used and still show promising growth potential.

By comparing Li-ion and Ni-Cd batteries, the energy density of Li-ion batteries is
approximately twice as large as the energy density of Ni-Cd batteries ®. On the other hand,

the charging cycle shows similar characteristics to Ni-Cd and Li-ion batteries. Li-ion
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electrochemical cells show high voltages and in the case, for example, of an electrical
apparatus requiring a voltage of 3.6 V, it requires just one cell instead of a package of
three cells of 1.2 V for Ni-Cd batteries. Li-ion batteries show no memory effect in their
charge and discharge cycles, which leads to an increased lifetime. Furthermore, their self-
discharge effect is lower in comparison to Ni-Cd batteries. Despite the mentioned
advantages, Li-ion batteries also show some disadvantages. For example, the temperature

of Li-ion batteries should be controlled in order not to exceed 100 °C.

Alternative batteries such as organic batteries *>-8, lithium-sulfur (Li-S) batteries -
21 and lithium-oxygen (Li-O2) batteries 222, et al. are designed with high energy density
to meet higher requirements for eco-friendly, sustainability, and abundant materials.
However, these batteries have some challenges that still need to be improved to be used

in practical applications, for example efficiency, lifespan, or poor rate capability.

Energy density
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Figure 1.4. Comparison of the different battery technologies in terms of volumetric
and gravimetric energy density °.
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In the automotive industry, there are many options for electric vehicle batteries, each
system offering unique features with advantages and disadvantages. Currently, some of
the most promising approaches are based on lithium-ion batteries, due to their high energy

density 242,

1.2.2. Rechargeable battery technology

A Dattery consists of one or more electrochemical cells, connected in series or
parallel, or both, depending on the desired output voltage and capacity. An
electrochemical cell is a device designed to provide electric energy directly converted
from chemical energy. The active materials store the chemical energy and convert it by
electrochemical oxidation-reduction (redox) reaction. The system is rechargeable in the
case of reversible redox reaction. It is worth noting that the term “battery” is often used
while the appropriate term for the basic electrochemical unit is “cell”. However, for more

simplicity, the term battery (when used) will refer to a reversible electrochemical cell.

The three main components of an electrochemical cell are 182 anode, cathode, and
electrolyte as represented in Figure 1.5a. The discharge processes of a secondary or
rechargeable lithium battery are depicted in yellow in the schematic representation in
Figure 1.5a, and in orange for the charge processes. During the discharge process, the
anode is oxidized (negative electrode), and the electrons flow from the anode through the
external circuit to the cathode (positive electrode), which is reduced to accepting the
electrons. At the same time, cations of the electrolyte move to the cathode to ensure the
charge balance, and anions towards the anode. The discharge is a spontaneous process,

whereas a voltage in the opposite direction should be applied for the charge. During the
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charge step, opposite redox reactions are taking place at each electrode. The current flow
is reversed, cations move from the cathode to the anode and vice versa for anions.
Therefore, anode and cathode are terms only valid during the discharge step of
rechargeable batteries. However, in literature, negative electrodes are often referred as

anodes and positive electrodes as cathodes.

The two electrodes are separated by an electrolyte, which can be solid or liquid with
an insulating separator permeable. The electrolyte conducts ions between the electrodes
to balance the charges; therefore, high ionic conductivity is desirable. Nevertheless, it has
to be an electronic insulator to avoid the short-circuiting of the cell. Thus, the electrons
generated during the chemical reactions flow through the external circuit where they

provide electrical energy.

The cathode is composed of active material, conductive carbon additive, and binder,
as shown in Figure 1.5b. The active material is the chemically active component for the
reversible electrochemical redox reaction. The conductive additive is a carbon material,

generally graphite, Super P, Carbon Black, or Acetylene Black. Its electronic conductor

(A=
e U e :_.~"
fl Li* i
e
Lir
3 ‘ o 2 4
g o = i @ Active material :
E Jit 2 i @ Conductive carbon additive
= © H H
s ® ;
& I = ~y
a) ............................................. b)

Figure 1.5. Schematic drawing representation a) for a typical lithium-ion battery
(LIB); and b) for the cathode composition.
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property allows for maintaining the cathode's electronic conductance. The binder is a
viscous polymer that is capable of bonding the active material with the conductive
additive on the current collector. The binder can provide other benefits to the cathode as

explained later.

Batteries are described by specific terms 2":%, such as capacity (mA.h.g™%), which is
the amount of electrical charge that can be generated due to electrochemical reactions per
unit mass in the cell. The discharge current is often expressed as a C-rate in order to
normalize against battery capacity, which is often very different between batteries. A C-
rate is the current needed to obtain a fully (dis)charge capacity in an established time. A
1C rate means that the discharge current will discharge the entire battery in 1 hour. The
cell voltage (V) is the difference between the cathode potential and the anode potential.
The energy density is the measure of how much energy a battery contains per mass
(Wh.kg?) or volume (Wh.L™?) and can deliver, it is the product of the cell’s voltage and
capacity. The power is another important parameter, which is related to the speed of

access to the energy of the cell (W.kg™).

Cyclic voltammetry (CV) is a technique of electrochemical characterization used to
study the redox properties of electrochemically active compounds 2°. This method allows
the determination of redox potentials at which oxidation and reduction reactions take
place. The potential of the working electrode is ramped linearly with time while
measuring the current. In a cyclic voltammogram, the current is plotted versus the applied
voltage. An example of a reversible redox reaction is depicted in Figure 1.6a. The current

increases when oxidation reactions take place, and it decreases for reduction reactions. In

10
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addition to potential values, cyclic voltammetry also provides important information

about reversibility, stability, and kinetics.

The galvanostatic discharge-charge (GDC) *° is an essential method of battery
characterization where a constant current is applied (C-rate) and the cell voltage is
measured. The capacity of the device is equal to the product of time and current. A
pronounced plateau, as depicted in Figure 1.6b, indicates a lithium
intercalation/deintercalation through a phase change mechanism in the system. The
operating voltage of the device can be directly read from the plateau. The polarization
and energy loss are indicated by the difference between the charge and discharge voltages
for a complete process. Another information obtained from this experiment is the active
mass utilization, which is the ratio between the experimental capacity delivered by the
cell and the theoretical capacity. Coulombic efficiency is the ratio between discharge and
charge capacities, and it is related to the energy that can be delivered in comparison with
the energy required to charge the cell. Finally, the stability of the cell is determined by
capacity retention, which is the ratio between the capacity at a specific cycle number and

the initial capacity.

, A
f\
/
/
Current V) / __r_f:} %
— g
. / o
-~ / >
\/ Charge
: >
a) Voitage b) Capacity

Figure 1.6. a) Cyclic voltammogram for a reversible redox process; and b) typical
voltage profiles for charge (grey) and discharge (green).
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1.3. Polymers in batteries

The application of polymer materials is ubiquitous in all battery components, whether
in the anode, the cathode, the electrolyte, or in the separators. Depending on their role,
polymers require specific properties, which can be redox active, conductive, or on the
contrary insulating. Different polymers developed and tested in the literature for the
binder of cathodes and solid electrolytes are detailed in the two parts below being the two

research axes of this thesis.

1.3.1. Polymer binders for cathodes

Binders for cathodes 3-3* are supporting substances that have the capability of
holding together the active component and conductive additive on the current collector
forming integrated conductive pathways for repeatable battery operation. Even if they are
added to a small portion of the electrode material (typically 2-5% of the mass in
electrodes), they play multiple important roles in battery performance. The main
properties of polymer binders are summarized in Figure 1.7. The binders should be
soluble in the solvent used to make the slurry for a homogeneous distribution during the
fabrication process. The presence of charges, the density, and the flexibility of the
polymer chains are also helpful for good dispersive capabilities in the slurry. The
adhesion to other components and to the current collector, as well as the stiffness,
toughness, and hardness are important mechanical properties of the binders. Indeed, the
electrode has to withstand the forces resulting from the expansion and contraction of the
active materials during charge/discharge cycles. The binders are thermally, chemically,
and electrochemically stable. From a thermal point of view, the binders must have a
degradation temperature higher than the temperatures used for the operation of the final

device as well as for the drying of the electrodes, which can reach high temperature.

12
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Likewise, chemical and electrochemical stability are essential properties of binders to
avoid degradation of the energy storage system by eventual reactions with other
components or instability at high and low potentials. lonic or electrical conduction
capacities are not essential properties for binders but they are advantageous features for
the energy storage device . Indeed, electrical conductivity supports the need for a
conductive additive for electrodes, while ionic conductivity plays a role in electrode
performance. Electrical conductor functionality can be achieved in polymers via a
conjugated network and free charge carriers. Whereas ionic conductivity is affected by
the crystallinity and viscosity of the polymer, or can also be obtained by specific
mechanisms from the presence of functional groups, such as Li ion hopping. The
sustainable aspect is always important for issues of safety, ecological and renewable

resources.
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Figure 1.7. Properties of binders in energy storage devices.

Some examples of polymers used as binders or electroactive materials without other
binder additives in cathode for Li-ion batteries are summarized in Figure 1.8, in which

they are grouped into five categories according to their characteristics. The first category

13
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concerns polymers with good mechanical properties allowing the adhesion strength
between electrode laminates and current collectors. In this group, there is poly(vinylidene
difluoride) (PVDF) %, which is the most commonly used binder because of its excellent
chemical and electrochemical stability. PVDF is typically taken as the reference binder
and can achieve 140 mA.h.g* at 1C with a cathode composition of LiNio 33C00.33Mno 3302
(NMC) / carbon black / PVDF (90/5/5) against lithium metal. On the other hand, PVDF
has disadvantages for which alternative polymers are sought. For instance, PVDF has a
poor binding affinity to electrode components due to van der Waals forces, which are
insufficient to hold the cell together and resist the resulting forces when changing volume
during charge/discharge cycles *’. In addition, PVDF requires conductive additives for
proper electrode function because it is electrically insulating. PVDF also has issues in the
manufacture of electrodes with the organic solvent N-methyl-2-pyrrolidone (NMP) which
is toxic and has a high boiling point of around 203 °C, therefore requiring more energy
and higher temperatures for drying the electrodes. Although PVDF is used for its
chemical stability to be inert with the electrolyte, it can swell or dissolve on exposure to

electrolyte solvent, leading to capacity loss of the cell.

Among the investigations on alternative binders to PVDF, four categories of binders
are discussed here. One of the categories of binders are sustainable polymers. They are
beneficial for the environment, and generally, they show good mechanical properties due
to their composition of several hydroxyl and carboxyl groups %. The three other
categories are differentiated by the polymer property such as electronic or ionic
conductivity, or redox activity, which provide contributions to the electrochemical energy

storage system.

14
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The carboxymethyl cellulose (CMC) and xanthan gum (XG) are proposed as binders
for their mechanical and sustainable properties *>*°, Indeed, they are no-toxic water-
soluble polysaccharides from renewable resources. They are usually employed with
LiFePO4 (LFP) prepared with deionized water. The carboxylic and hydroxyl groups along
the CMC or XG chains contribute to large numbers of possible active bonding sites
between active material, conductive agent, and current collector facilitating electrical and
ionic conducting, holding the electrode integrity, and ensuring good dispersion during the
slurry production and electrode fabrication process. The capacities of 135 and 130
mA.h.g? at 1C rate are reported for CMC and XG respectively, for LFP/carbon
black/binder (90:5:5) against lithium metal. A version of CMC functionalized with Li
(CMC-Li) is suggested as a cathode binder by Qiu et al. **. In addition to the benefits of
CMC explained above, CMC-Li acts as an ion-conducting polymer to enhance the Li*
ion flux during charge/discharge. A capacity of 140 mA.h/g™ at 1C rate is obtained with

a cell configuration of Li || LFP / acethylene black / CMC-Li (80/10/10).

Other ionic conductive polymers such as imidazolium-based PILs are tested as
binders in LFP cathodes in the work of Lee et al. 2. In particular, the poly(1-(4-
vinylbenzyl)-2,3-dimethylimidazolium TFSI) (P3 in Figure 1.8) showed cycling
stability, and specific capacity improved due to the very effective Li* conducting
pathways. A capacity of 137 mA.h.g* at 1C rate is reached in cell Li || LFP / acetylene

black / binder P3 (80/10/10).

A redox-active polyimide (PI) is tested as a binder in LFP cathode by Q. Zhang et al.
43 They showed a larger capacity with 140 mA.h.g? reached at 1C rate with cell

configuration of Li || LFP / conductive carbon / binder (80/10/10) with a mix of binder

15
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PVDF:PI (30:70). In addition, a better rate capability and great cycling stability are
highlighted due to a superior binding ability compared to the LFP cathode with PVDF
binder. Furthermore, redox-active polymers with catechol groups are tested as
electroactive materials without other binder additives in cathode for Li-organic batteries
by N. Patil et al. #* and shown reversible redox activity, high theoretical capacity, and
high redox potential. For example, the homopolymer Poly(4-vinyl catechol) (P(4VCi0))
showed a capacity of 325 mA.h.g™ at 1C for a configuration cell of Li || P(4VCioo) /
buckypaper (20/80). In addition, the performances have been improved with the
incorporation of single-ion conducting functionalities to the catechol polymer by the
design of the single-ion conducting redox-active copolymer, P(4VCgs-stat-LiSS14), that
showed a capacity of 380 mA.h.g* at 1C. This copolymer showed a significant
improvement in the electrochemical behavior and the kinetic limitations intrinsic to the
electrodes benefiting from the hybridization of both the redox-active catechol and the ion-

conducting anion pendants in the same polymer chain.

The last category of binders are polymers functionalized with electronic conductive
properties. Polypyrrole, polyaniline (PANI), and polythiophene are well known examples
of conducting polymers. The electronic conductive properties provide improvement in
the capacity and the rate capability and are good functional binder candidates in Li
batteries. For example, poly(3,4-ethylenedioxythiphene):polystyrene (PEDOT:PSS) used
as binder in cell Li || LFP / PEDOT:PSS (92/8) achieved 105 mA.h.g™* at 1C rate *° and
PANI used as binder in cell Li || LFP / acetylene black / PANI (85/9/6) reached 135

mA.h.g at 1C rate 6,

16



Chapter 1

OH
OH

. P(4VC);g

n S0zH

S
@—H]L PEDOT:PSS

PANI

Figure 1.8. Examples of polymers for cathodes for Li-ion batteries grouped by
properties.
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1.3.2. Solid polymer electrolytes

As explained previously, the electrolyte plays an important role in ionic conduction
between the electrodes during charging and discharging cycles. Electrolytes can be liquid
or solid materials, which include a lithium salt. The electrolytes usually used in
commercial Li-ion batteries are liquids because they have high ionic conductivity and
excellent wettability on electrode surfaces. However, they have some drawbacks such as
problems associated with safety due to the risk of solvent leakage, the use of volatile and
flammable organic solvents, and electrochemical instabilities. Solid electrolytes can
overcome the drawbacks of liquid electrolytes. Indeed, solid electrolytes have higher
thermal stability and they are safer, without the risk of leakage or combustible reaction
products. Nevertheless, the disadvantages of solid electrolytes are their low ionic
conductivity that is lower than that of liquid ones, poor cycle performance, and poor

interface with the electrode.

Among solid polymer electrolytes, the two categories are distinguished such as solid
polymer electrolytes (SPEs) and gel polymer electrolytes (GPEs). GPEs are in fact an
intermediate state between liquid and solid electrolyte. They have the advantage of
possessing both the cohesive property of solids and the diffusive property of liquids #'.
SPEs are the complex between a polymer matrix swollen with a lithium salts, which are
dissolved with the polymeric linkage. The main properties sought for SPEs are high ionic
conductivity, good mechanical strength, appreciable transference number, thermal and
electrochemical stabilities, and good compatibility with electrodes. One of the biggest

challenges is to have high ionic conductivity for SPEs for good battery operation. Indeed,
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in general, the ionic conductivity of SPEs is less than 10®° S.cm™ at 25°C #84° and the

needed value ranges between 10“#and 103S.cm™

Polyethers are the most studied polymers for SPEs due to their electrochemical
stability and because they have a good ability to dissolve lithium salts by complexation
of ions via bonding interactions between ether oxygens and ions *°. In particular,
poly(ethylene oxide) (PEO) is a very promising candidate °!. Its structure of flexible
segments of ethylene oxide and ether oxygen atoms allows it to have good mechanical
properties and a very good complexing agent for lithium ions, as explained above. The
price is another advantage of PEO use, as well as its commercial availability. However,
the ionic conductivity of PEO is impacted by the semi-crystalline nature and reaches only
108 to 10* S.cm? at temperatures between 40 and 100 °C. To increase the ionic
conductivity of PEO, methods of copolymerization, blending, or introduction of
branching or cross-linking are studied °2°%%*, For example, PEO SPE with 20 wt. % of

LiPFs reached 1.5 x 104 S.cm™ at 25 °C °,

Furthermore, various host polymers for the preparation of polymeric electrolytes are
used. Among them, the most studied ones in the literature are polyacrylonitrile (PAN),
polymethylmethacrylate (PMMA), PVDF, or poly(vinylidene fluoride-hexafluoro
propylene) (PVDF-HFP) %, As examples of ionic conductivity values at 30 °C, 8 x 10°
S.cm™ was measured for PAN-based SPE containing LiTFSI salt °’, and 3 x 10° S.cm™

for PMMA-based SPE with LiClO4 salt %8,

Single-ion conducting polymer electrolytes (SICPEs) are a family of SPEs composed

of an anionic polymer with lithium counter-cation. They have the advantage to have a

19



Chapter 1

cationic transference number close to unity (¢,;+ = 1) and support the ionic conductivity
49 For example, 10° S.cm? at 40 °C was measured for lithium poly(4-
styrenesulfonyl(trifluoromethylsulfonyl)imide) (PSTFSI) polyelectrolytes *°, and 6 x10°°
S cm ™t at 25 °C for lithium polyvinyl alcohol oxalate borate (LiPVAOB) . J. Olmedo-
Martinez et al. 8! suggested a mixture of PEO with poly(lithium 1-[3-(methacryloyloxy)
propylsulfonyl]-1-(trifluoromethanesulfonyl) imide) (PLIMTFSI). After optimization of
the blend proportion and molecular weight, an ionic conductivity of 2.1 x 10™*S.cm™ was
obtained at 70 °C. Another example that can be cited, is the work of L. Meabe et al. 2
where copolymers with ethylene oxide units and lithium bis(fluorosulfonyl)imide salt

(LiFSI) were synthesized and showed high ionic conductivity of 3.2x10° S.cm™ at 25°C.

1.4. Motivation and objectives

In order to move away from fossil fuel emissions toward renewable energy sources,
the development of more efficient, cheap, safe, and sustainable electrochemical energy
storage technologies is essential. This topic concerns in particular the energy storage
systems for EVs, which in the near future will largely replace petrol vehicles. The
rechargeable battery is the core component of EVs, which requires high performance.
Lithium-ion batteries are hugely used in EV applications due to their lucrative features
such as lightweight, fast charging, high energy density, low self-discharge, and long
lifespan. However, they still have some challenges due to their complex electrochemical
reactions, stability, and performance degradation, as well as their cost and safety,

especially for flammable liquid electrolytes.
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In this context, two main axes of improvement for lithium-ion batteries are studied
in this thesis. The first goal is the improvement of the battery performance through the
development of functional polymers to be used as a binder in the cathode. The challenges
of binder in the cathode are the sustainability, processing, and the inherent (ionic or
electronic) conductivity or redox property to improve the performance (energy density)
of the battery. The second axis of improvement in this work is the development of solid
polymer electrolytes (SPES) aimed at improving safety by solving the possibilities of risks
of leaks of flammable toxic liquids and the problems related to dendrite growth. The
challenges of the SPEs development are obtaining solid polymers with high ionic

conductivity and lithium transference number and integrating them into a battery.

Within this scope, the specific objectives of this thesis concerning the development

of functional binders for cathodes are:

» Synthesis and characterization of poly(diallyldimethylammonium) type
poly(ionic liquid)s (PILs) functionalized with fluorinated and redox-active anions
for Li-ion batteries.

» Study of structural and electrochemical properties of the synthesized PILs.

» Investigate the potential application of these PILs as binders in high voltage NMC

cathodes in Li-ion batteries.

Finally, the specific objectives of this thesis for the development of solid polymer
electrolytes are:
» Synthesis and characterization of single lithium-ion conducting polymer

electrolytes (SLICPESs) based on borate group.
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» Study of the ionic conductivity of the SLICPEs and the effects related to the
different substituents of the boron atom in the polymers.
» Investigate the electrochemical properties of the SLICPEs for their application in

the batteries.

1.5. Outline of the thesis

In chapter 1, a brief introduction to energy consumption in the European Union
presents the importance related of batteries for vehicles. Then an overview of
electrochemical energy storage with its important applications and their evolution are
explained. The motivation and goals of this thesis are also presented in this chapter. The
most advanced lithium-ion battery technologies are described and the needs and
challenges for the development of polymer binders and solid polymer electrolyte

materials.

In Chapter 2, two families of Poly(diallyldimethylammonium) PDADMA-based
PILs are presented in two distinct parts. The first part presents a family of PDADMA-
based PILs containing fluorine content in the counter anions and are ionic conductive
polymers. The second part shows a PDADMA-based PIL family composed of counter-
anions with redox-active functions. The synthesis and characterization of PILs
functionalized with fluorinated and redox-active anions are presented. Afterward, the
electrochemical activity of redox-active PILs is studied, and finally, the application of
PDADMA-based PILs as binders for high voltage NMC-based cathodes for Li-ion

batteries is presented with the comparison with the conventional PVDF binder.
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In Chapter 3, the synthesis and characterization of new SLICPEs based on borate
group with different functions are reported. An in-depth study of the ionic conductivity
of SLICPEs and the effect of different substituents is presented. To end, the single-ion
polymer electrolytes with optimized ionic conductivity are selected for electrochemical

characterizations and tested as solid electrolytes in a battery.

In Chapter 4, the most relevant conclusions of this thesis are summarized.
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Chapter 2. Pyrrolidinium-based

poly(ionic liquid) binders with [ )
fluorinated and redox-active

anions for Li-ion batteries

2.1. Introduction

Many studies on developing novel materials to improve the performance of Li-ion
batteries (LIBs) have been reported, including redox-active materials ! for positive and
negative electrodes, or ionic conducting polymers for electrolyte and binder applications
24 Although binders comprise only 2-5% of the mass in commercial electrode
configuration, their role is very important to achieve high performance and long cycle
lifes >'. The binder is responsible for providing structural integrity to the electrode and
ensures good contact between the redox-active material, the conductive additive and the
current collector. Poly(vinylidene difluoride) (PVDF) and its copolymers are the standard
choice for binder in lithium-ion batteries. The ionic conductivity in electrodes with PVDF
binders occurs by the absorption of liquid electrolyte onto the electrode surface. The ionic
transport from the electrolyte to the active material of the electrode is essential to facilitate
its charge and discharge. Thus, developing innovative polymer binders with good
adhesion and ion transport or redox active properties are important to achieve high-rate

capability and cycling stability in next-generation lithium batteries. In this research field,
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many polymers are being investigated including water processable polymers &1 and

biopolymers such as carboxymethyl cellulose 14,

An alternative approach is the use of ionic conductive polymers such as poly(ionic
liquid)s (PILs) or single-ion conducting polymers as electrode binders to improve the
whole ionic conductivity through the cell, especially in solid-state batteries *>-'. PILs are
ionic polymers where typically cationic or anionic species of ILs are bonded to the
polymer backbone and have the advantages of ionic conductivity, flexibility and wide
electrochemical stability window >80, Several works have proposed and identified the
advantages on the use of imidazolium type PILs as binders in different battery electrodes,
including lithium-sulfur (Li-S) 17 and lithium-ion batteries >1°1. One of the most studied
PILs is based on the pyrrolidinium type poly(diallyldimethylammonium) bis(trifluoro-
methanesulfonyl)imide (PDADMA-TFSI), which has been applied in different areas
ranging from polymer electrolytes for batteries to gas separation membranes or sensors
2223 As an example, Lee et al. studied imidazolium based PILs in LiFePO4 (LFP)
cathodes and showed that both the cycling stability and specific capacity improved, as a
consequence of very effective Li* and electron conducting pathways when combined with

carbon additive 24,

Others functionality such as redox-activity can be crucial to increase the charge
kinetics of LIBs. Redox-active polymers have gained great interest as electroactive
materials to replace inorganic ones in Li-organic batteries due to their high-rate
performances 122, Moreover, it has been shown that the use of redox polymers as
binders can not only improve the charging kinetics of LIB, but also contribute to extra

capacity due to the existence of reversible redox groups. For instance, K. Hatakeyama-
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Sato et al. presented several non-conjugated redox-active polymers with electron/ion
conductor properties used as binders in Li-ion batteries, such as radical-substituted
polyether or thianthrene polymer which showed fast kinetic and facilitated
charge/discharge reactions ’. In the work of Q. Zhang et al., the redox-active polyimide
was incorporated as a binder into the LFP cathode and showed larger capacity, better rate
capability, and great cycling stability due to a superior binding ability compared to the
LFP cathode with PVDF binder 2. For Li-S batteries, S. Kim et al. have reported polymer
binder system based on poly(acrylic acid) with a grafted redox-mediating function, which
is benzo(ghi)perylene imide 2°. The results showed that the redox-mediating function
assists in the sulfur utilization with the reduction of soluble lithium polysulfide to
insoluble Li,S at the sulfur cathode, it suppresses the shuttle effect and improves battery
performance. Among the different types of redox polymers, polymers containing catechol
groups are really encouraging as cathode materials in Li-organic batteries due to their

reversible redox activity, high theoretical capacity and high redox potential 3-31:32,

In this work, two families of PDADMA based poly(ionic liquid)s are presented in
two distinct parts, the ionic conductive polymers in the first part and redox-active
polymers in the second part. In the first part, four variants of PDADMA based poly(ionic
liquid)s are presented containing counter anions with highly delocalized charge density
due to their fluorine content: bis(fluorolsulfonyl)imide (FSI),
bis(trifluoromethylsulfonyl)imide (TFSI), bis(perfluoroethylsulfonyl)imide (BETI) and
nonafluoro-1-butanesulfonate (CFSO). In the second part, four new PDADMA based
poly(ionic liquid)s are proposed composed of counter-anions with redox-active functions

due to catechol groups: 3,4-Dihydroxybenzoic acid (3,4DHB), 2,5-Dihydroxybenzoic
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acid (2,5DHB), 3,4,5-Trihydroxybenzoic acid (3,4,5THB or Gallic acid), 2,3,4-

Trihydroxybenzoic acid (2,3,4THB).

In each part, the chemical structure, thermal stability and solubility of the polymers
were evaluated by NMR, FTIR and solubility tests in carbonate and N-Methyl-2-
pyrrolidone (NMP) solvents to assess their potential application as battery binders.
Afterward, the synthesized PDADMA polymers were tested as binders in high voltage
NMC (LiNiMnCoO>) based cathodes for Li-ion batteries and compared to the ones with

the conventional binder PVDF.
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2.2. Synthesis of functionalized PDADMA PILs

Two families of PILs have been synthesized from the PDADMA backbone and are
differentiated by the types of counter-anions: fluorinated anions for the first category and
benzoates with two or three hydroxyl groups for the second category. Generally, the
syntheses of PDADMA PILs in this chapter use commercially available
poly(diallyldimethylammonium chloride) (PDADMA-CI) dissolved in a solvent (water
or methanol) and through anion exchange reactions with the addition of salts or benzoates
concerned, the desired polymers are obtained. The anion exchange reactions are different
for the two types of synthesized PDADMA PILs with one-step of salt metathesis reaction
for the family of fluorinated PDADMA PILs as reported in literature 3334, whereas the
benzoate PDADMA PILs were synthesized in two-steps anion exchange reactions with
the first one using a column 342°. The reactions are explained in detail below and in both
cases, the solvents were chosen to dissolve the reactants and precipitate the desired

polymers therein, which facilitates obtaining the pure polymer.

2.2.1. Synthesis of fluorinated PDADMA PILs

Four pyrrolidinium-based poly(ionic liquid)s bearing different fluorinated contents
in the counter anions, named PDADMA-FSI, PDADMA-TFSI, PDADMA-BETI and
PDADMA-CFSO, were synthesized by a salt metathesis reaction between the water
soluble PDADMA-CI with the corresponding salt. As represented in Figure 2.1, one-step
of anion exchange reaction occurs between a chloride anion and the negative ion of a
commercially available monovalent salt (e.g. Z" = Na*, Li*, K*) containing the Y~ of
interest (e.g. Y- =FSI', TESI', BETI  and C4F9SO3"). After mixing, the poly(ionic liquid)s

precipitated and were recovered quantitatively by filtration as white powders.
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Figure 2.1. Anion exchange reaction for the synthesis of the fluorinated PDADMA
PILs.

2.2.2. Synthesis of redox-active PDADMA PILs

Four new pyrrolidinium-based poly(ionic liquid)s ionicaly bonded to benzoate
counter anion bearing two or three hydroxyl groups in different positions were
synthesized by anion exchange reactions as shown in Figure 2.2. Among the four
benzoate counter anions, two are distinguished by two hydroxyl groups
(dihydroxybenzoate named DHB), in the ortho position for catechol form called 3,4ADHB
and in the para position for hydroxyquinone form called 2,5DHB corresponding to the
polymers called PDADMA-3,4DHB and PDADMA-2,5DHB respectively. The other two
benzoate counter anions are composed of three hydroxyl groups (trinydroxybenzoate
named THB) called gallol form in different positions: 2,3,4THB and 3,4,5THB
corresponding to the polymers called PDADMA-3,4,5THB and PDADMA-2,3,4THB

respectively.
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Figure 2.2. Column anion exchange reaction for the synthesis of the redox active
PDADMA PILs.

The four PDADMA redox PILs were synthesized by a two-step anion exchange
reaction. The first step was the preparation of poly(diallyldimethylammonium hydroxide)
(PDADMA-OH) solution by passing a solution of PDADMA-CI in methanol through a
column filled with anion exchange resin (Amberlyte® IRN-78 resin hydroxide form).

The PDADMA-OH collected dropwise was stabilized with an ice bath. In the second step,
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the obtained PDADMA-OH was anion exchanged with the addition of equimolar amount
of hydroxybenzoic acids (3,4DHB, 2,5DHB, 3,4,5THB or 2,3,4THB) depending on the
desired counter anion, and stirred for 2 h at low temperature and overnight at room
temperature (RT). The synthesis was carried out with methanol solvent which was chosen
for its advantage of solubilizing the PDADMA-CI and hydroxybenzoic acid reagents and
of instantaneously precipitating the desired PDADMA redox PILs. Thus, the precipitates

were easily washed with methanol and dried under vacuum at 60 °C overnight.

2.3. Physicochemical characterizations of PDADMA PILs

The chemical structures of the synthesized PDADMA PILs were confirmed by *H,
13C NMR and FTIR spectroscopy, and additional **F NMR were used for fluorinated
PDADMA PILs family. H, $3C and °F NMR spectra of PDADMA-BET]I are presented
in the Figures 2.21-2.23 with the attribution of the peaks as an example for fluorinated
PDADMA PILs. Figure 2.3 shows the *H NMR spectra for PDADMA-3,4DHB and the
Figures 2.24-2.27 show the complementary 'H, and *C NMR spectra for the four
PDADMA redox PILs. In the *H NMR spectra, the peaks attributed in high fields (4.0-
1.0 ppm) correspond to the diallyldimethylammonium and in low fields (7.5-6.5 ppm) to
the hydroxybenzoates. The peak integrals corroborate the structure and confirm the total

exchange reaction with the same proportion for PDADMA and benzoate counter anion.
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Figure 2.3. *H NMR spectra for PDADMA-3,4DHB.

FTIR spectra of the four fluorinated PDADMA PILs and PDADMA-CI precursor are
represented in Figure 2.4a and of the four PDADMA redox PILs in Figure 2.4b.
Characteristics peaks of PDADMA cation were found at 2900-3100, 1640 and 1476 cm ™!
in all PILs spectra. When compared to PDADMA-CI precursor (Figure 2.4a), new peaks
related to the fluorinated anions appeared at 725 and 825 cm™! (attributed to S—-N-S
symmetric and asymmetric stretching, respectively) for all PILs except for PDADMA-
CFSO; 1134 and 1346 cm ™ (-SO, asymmetric stretching) for all PILs; and 1165 cm™!
(C-F3 asymmetric stretching) for all PILs. These results are consistent with previously
reported fluorinated PDADMA poly(ionic liquid)s 333, While the PDADMA redox PILs
are characterized by bands at 3600-3300, 3100, 3000, and 1700-1500 cm™* for O-H, C-H

aromatics, =C-H and C=0 stretches respectively (Figure 2.4b).
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Figure 2.4. FTIR spectra a) for the fluorinated PDADMA,
and b) for the PDADMA redox active PILs.

The thermal behaviour of the synthesized PDADMA PILs was investigated by
thermogravimetric analysis (TGA) to determine the degradation temperature, as shown
in the Figures 2.5a and 2.5b for fluorinated and redox-active PDADMA PILs,
respectively. PDADMA-TFSI, PDADMA-BETI and PDADMA-CFSO present high

thermal stability (355, 375 and 380 °C, respectively), while PDADMA-FSI degradation
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temperature start at 230 °C, and at 203, 274, 203 and 186 °C for PDADMA-3,4DHB,
PDADMA-2,5DHB, PDADMA-3,4,5THB, and PDADMA-2,3,4THB respectively. All
of them fulfilled the requirements to be used as binders in batteries, where the expected

temperature conditions could go up to 100 °C.
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Figure 2.5. TGA curves a) of the four fluorinated PDADMA PILs,
and b) of the four redox-active PDADMA PILs.

A good polymeric binder should be insoluble in the electrolyte of the battery, but
soluble in adequate solvent to make a good electrode slurry and electrode film by tape
casting. To verify these two conditions, the solubility of the polymers was tested in Ethyl
Methyl Carbonate (EMC) and NMP which are typical solvents used for the formulation
of electrolytes and preparation of slurries, respectively. The solubility of the fluorinated
and redox-active PDADMA PILs is shown in Figures 2.6a and 2.6b respectively, and
compared to PVDF which is the most common polymeric binder in cathodes for lithium-
based batteries. The four fluorinated PDADMA PILs are highly soluble (90-100%) in
NMP solvent and relatively insoluble (<20%) in EMC solvent. As a comparison, we can
observed that the most used polymeric binder PVDF is also 100% soluble in NMP, but
presents a higher (30%) solubility in EMC compared to the fluorinated PDADMA PILs.

These results confirm the promising characteristics of the fluorinated PDADMA
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poly(ionic liquid)s to be used as binders. On the other hand, PDADMA redox polymers
are hardly soluble in any solvent, as shown in the Figure 2.6b with less than 15% of
solubility rate in EMC and around 20-25% only in NMP solvent. The solubility in other
solvents such as isopropanol, acetone, ethanol, H.O, Dimethylsulfoxyde (DMSO),
acetonitrile, and Dimethylformamide (DMF) with sonication and heat has been tested but
without success. Therefore, for the preparation of PDADMA redox PIL cathodes, a
mixture of PVDF and PDADMA-DHB (1:1 wt.%) was used as binder, in order to provide

a good cathode film.
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Figure 2.6. Solubility rate in EMC and NMP solvents: a) of the four fluorinated
PDADMA PILs and PVDF, and b) of the four redox PDADMA PILs and PVDF.

2.4. Electrochemical characterizations of redox-active PDADMA

PILs
The redox properties of PDADMA redox PILs were assessed by cyclic voltammetry
(CV) measurements using the standard three-electrode configuration as shown in Figure

2.7a. Redox-active PILs were evaluated by coating the working electrode with a mixture

of Polymer:Carbon (1:1 wt.%) and using an acidic aqueous electrolyte of 0.1 M HCIO4
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in H20. Figures 2.7b-e show the second CV scan with the corresponding redox reaction

mechanisms for each PILs.

The voltammogram in Figure 2.7b corresponds to PDADMA-3,4DHB
electroactivity and shows well-defined peaks of oxidation at 0.72 V and reduction at 0.60
V versus Ag/AgCI, which describe a reversible redox reaction. In an acid electrolyte, the
redox reaction of PDADMA-3,4DHB occurs on the catechol group which oxidizes with
the loss of two electrons and two hydrogens, to form an o-benzoquinone . This reversible
redox reaction is shown in the mechanism schema under the cyclic voltammogram
(Figure 2.7b). The peaks are singles and reflect a simultaneous reaction on the two
hydroxyl groups in positions 3 and 4. Similarly to PDADMA-3,4DHB, the two hydroxyl
groups of PDADMA-2,5DHB reversibly oxidize and reduce from hydroxyquinone to p-
benzoquinone forms (Figure 2.7c¢). Unlike PDADMA-3,4DHB, the redox reaction of
PDADMA-2,5DHB occurs in two steps, showing two distinct peaks of oxidation at 0.41
and 0.63 V versus Ag/AgCl and two reductions at 0.35 and 0.60 V versus Ag/AgCl. These
peaks correspond to the reaction of the two hydroxyls separately which are differentiated
by distinct environments in positions 2 and 5 due to the carboxylate position. The current
intensity for each couple of oxidation and reaction peaks are similar indicating a

reversible process.

Regarding the PDADMA-THB PILs, the redox reaction takes place on two hydroxyl
groups in ortho sites thanks to the geometry and electronic delocalization of benzene of
the gallol function 3", The oxidized forms are o-quinones and the reaction schemes are
shown in the Figures 2.7d and 2.7e for PDADMA-3,4,5THB and PDADMA-2,3,4THB

respectively.
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Figure 2.7. a) Schematic representation of 3 electrodes cell; The second cycle of cyclic
voltammograms at 0.2 mV.s* at 25 °C and redox mechanism for b) PDADMA-2,5-
DHB; c) PDADMA-3,4DHB; d) PDADMA-3,4,5THB; and ¢) PDADMA-2,3,4THB.
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The cyclic voltammograms of PDADMA-3,4,5THB show two oxidation peaks at
0.45 V and 0.60 V versus Ag/AgCl and two small reductions at 0.52 and 0.28 V versus
Ag/AgCl, indicating low reversibility of the redox reaction. The cyclic voltammograms
of PDADMA-2,3,4THB show one broad oxidation and reduction peaks at 0.70 V and
0.25 V versus Ag/AgCl, respectively. Comparing the DHB and THB PILs, we can
conclude that DHB undergoes a more reversible redox reaction than THB anion, due to
the similar intensity in the oxidation and reduction peaks, and the lower peak-to-peak
separation between oxidation and reduction peaks. A similar behavior is reported in the

literature for a comparison of PILs with catechol and pyrogallol functions .

Therefore, PDADMA-3,4DHB and PDADMA-2,5DHB were selected for further
electrochemical characterization. Moreover, the theoretical capacity of PDADMA-
3,4ADHB and PDADMA-2,5DHB is 192 mA.h/g, which make them good candidates as

redox active materials.

Due to the interesting redox properties of both PDADMA-DHB PILs in acidic
electrolyte, they were next investigated in the presence of lithium electrolyte. LiTFSI in
G4:EMC (1:2, v/v) was chosen because it is a common electrolyte for redox polymer,
which showed the best results with catechol PILs in the cathode in the study of N. Patil
et al. %. To study the redox reaction with lithium electrolyte and electrochemical stability
windows (ESW) of PDADMA-DHB PILs, CV tests were performed on lithium coin cells
assembled with cathodes composed of Polymer:Carbon:PVDF with a ratio of 50:30:20
wt.% as represented in Figure 2.8a. The voltammograms with the first two CV scans and
the corresponding redox reaction mechanisms are shown in the Figures 2.8b and 2.8c for

PDADMA-3,4DHB and PDADMA-2,5DHB respectively.
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Cyclic voltammograms at 0.2 mV.stat 25 °C (on left side) and redox mechanism (on
right side) for a) PDADMA-3,4DHB; and b) PDADMA-2,5DHB.

47



Chapter 2

The first cycle in the voltammogram is differentiated with an oxidation peak much
higher than the others, which corresponds to the oxidation of the catechol initial to
quinone stabilized by delocalization of the negative charge over the aromatic system. This
reaction is called activation and takes place during the first oxidation cycle and it is also
impacted by the formation of the solid electrolyte interphase (SEI) layer. In our case, the
PDADMA-3,4DHB and PDADMA-2,5DHB catechols are oxidized and form o-quinone
and p-quinone, respectively. Then, the second step corresponds to the reduction of (o- or
p-)quinone in presence of lithium ions and provide dilithium catecholate functionalities
39, The redox reactions between quinones and dilithium catecholates are reversible with
the transfer of two-successive 1e’/Li* as it is shown in the second cycles with the two
oxidation and reduction peaks. The redox peaks are well defined for PDADMA-3,4DHB
at 3.32 and 3.58 V versus Li*/Li for oxidation and at 3.19 and 3.45 V versus Li*/Li for

reduction.

2.5. Application of PDADMA PILs as binder for high voltage

NMC cathodes in Li-ion batteries

The four fluorinated PDADMA (PDADMA-FSI, PDADMA-TFSI, PDADMA-
BETI, PDADMA-CFSO) and the selected two redox PDADMA (PDADMA-3,4ADHB
and PDADMA-2,5DHB) poly(ionic liquid)s were applied as binders in high voltage
NMC based cathodes and assembled in NMC || Graphite Li-ion full-cell configuration, as
shown in Figure 2.9. The battery performances with the PDADMA-based binders were
compared with the PVDF binder used as reference. The slurries were prepared by a
conventional tape casting method with NMP solvent to obtain positive electrodes with 90

wt.% of NMC, 5 wt.% of carbon additive and 5 wt.% of binder. For the PDADMA-DHB
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polymers, the ratio of binder was fixed to 2.5 wt.% PVDF and 2.5 wt.% PDADMA-DHB

with the PVDF addition for good adhesion of the coating on the current collector.

90NMC/5C/5Binder

% i Separator
‘ \ « 4 Electrolyte &

Anode:
Graphite

Figure 2.9. Schematic representation of components battery for application of PILs as
binders in Li-ion (NMC) cathodes.

Li-ion Cathode:
-

The study of the application of the PDADMA PILs as binders is presented in three
parts. In the first part, the procedure of making the electrodes, the influence of the
molecular weight (Mw) of the PDADMA backbone and the comparison between two
electrolytes are studied in order to determine the best conditions for battery cycling. In
the second part, battery performances with the four fluorinated PDADMAS as binders are
discussed and compared with PVDF. And in the third part, the battery performances of

PDADMA-DHB PILs as binders are reported.

2.5.1. Electrode characterization and standardization protocols

In order to validate the protocol of making electrodes, the cell performances of
electrodes made in laboratory are compared to the performances obtained with a
commercial electrode. The electrodes made in the laboratory respect the same thickness
and density as the commercial electrode in order that these parameters do not influence

performance. The comparison of cells containing PVDF binder in the cathode made in
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laboratory and with commercial electrodes are shown in Figure 2.10. Current-voltage
(IV) pulses were used to measure the internal resistance of the cells “0*! after the first
charge/discharge cycle (Figure 2.10a), as explained in the protocol in the experimental
part (Figures 2.28 and 2.29). The internal resistance of the electrodes made in laboratory
is slightly higher (+8%) compared to the commercial one. The rate capability of the Li-
ion full-cells was assessed by galvanostatic charge-discharge experiments at increasing
current densities from 0.3C to 5C at 25 °C (Figure 2.10b), and the typical voltage profiles
for the NMC cells was observed for cycling at 0.3C and 25 °C (Figure 2.10c). The

capacities are slightly lower (-7% at 0.3C and 5C) for electrodes made in laboratory
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Figure 2.10. Application of PVDF as binders in Li-ion (NMC) cathodes and comparison
with the commercial electrode: a) resistances of the cells measured by IV pulses; b) rate
performance test at 25 °C; c¢) charge-discharge voltage profiles at 0.3 C rate and 25 °C.
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compared to the commercial one. The cell performances with PVDF binder in the cathode
are of the same order for the commercial electrodes and those making in the laboratory.
The slight difference noticed can be explained by the making conditions and steps that
are not automatic or in a continuous line. For example, the electrode foils were set up by
hand for the drying step, or the calendaring step was made individually with the hydraulic
press to obtain the similar thicknesses and densities. The importance is to compare the
electrodes made in the same conditions in order to avoid variation parameters. In
conclusion, the method of preparing electrodes in the laboratory is validated and this
procedure will be used to make the rest of the electrodes in this chapter in order to

compare electrodes making under the same conditions.

Next, the influence of the molecular weight of the polymer on the cell performances
was evaluated in order to optimize the polymer binders. Usually, high molecular weight
polymers have less solubility, which could possibly benefit the binder and stand better
against aging. PDADMA-CI with high (400.000-500.000 g/mol) and low (average
<100.000g/mol) molecular weight were used for the synthesis of PDADMA-CFSO
polymer. The cell performances with the high and low Mw PDADMA-CFSO binders in
NMC || Graphite Li-ion full-cell configuration are shown in Figure 2.11. The
measurements of current-voltage (V) pulses after the first charge/discharge cycle
(Figure 2.11a) show that the internal resistance was reduced to 634 Q/g for the high My
against 702 Q/g for the low Mw. The impedance spectra for high and low My were
measured and compared in Nyquist plots in Figure 2.11b. The resistance is 13 Q for low
Muw, and it is reduced to 10 Q for high Mw. The rate capability test in Figure 2.11c shows
charge capacities measured for high My at 0.3C rate is 125 mA.h/g and decreased by 4%

for low My (120 mA.h/g), while at a high rate (5C) for high My, the capacity measured
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is 83 mA.h/g and decreased by 2.5% for low My (81 mA.h/g). The charge-discharge
voltage profile in Figure 2.11d shows a symmetric profile with 4% higher charge
capacity for high My compared to low Mw. The cells with high and low My binders are
tested with accelerating aging at 3C and 25°C and the results are shown in Figure 2.11e.
The capacity measurements of 1000 cycles allow for comparing the stability of binders
over time. The capacity is 10% decreased for the binder with low My during the first 500
cycles. Then between cycles 500 and 1000, the capacity gap increases, with a larger

capacity decrease for the binder with low Mw. At cycle 1000, the capacity of low Mw
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binder is 22% decreased compared to high Mw.In conclusion, the high Mw PDADMA-
CFSO binder exhibits improved cell stability over time as well as cell performances with
11% reduced resistance, and 4% increased capacity compared to the low My PDADMA-

CFSO. Further in the chapter, only high Myw PDADMA based polymers are discussed.

Regarding the electrolyte, the two electrolyte salts 1.0 M LiPFs and 1.0 M LiTFSI in
EC:DMC have been tested with PDADMA-TFSI binder for the cathode in NMC ||
Graphite Li-ion full-cell configuration. Among all conducting salt, LiPFs remains the

only candidate to be used in the majority of commercial lithium-ion batteries, due to its

140

900
—_ . 130] 03C 0.3C
D g 702 121 o High M, ol T2 10 903
G .5 >a
~ 7001 634 101 21104 4
) < 1004 .
L 600+ __ 8l E % X\ s
% 5001 =) 6 < 8ol —t
- — E 7 b = =
B 4004 N 5 70
X 44 © 60
4 o
— 300 ; ) < 504
[4M] 2 ‘9 U .
c 200+ = i f 40— High M,
2 100- g O &y’ 30+
c o 20 +—+———r—+———r——r——r———
- oA = 2 4 6 8 10 12 14 012345678 910111213141516
a) b) Zre (Q) C) Cycle number
120 ——High M,,
=
= 100
- — ~
- <
gi <C 80
3 £
<3, > 60
> S
8 34 T 404
=) | ©
> 5, O Ll
3]

d)

20 40 60 80

Capacity (mA.h/g)

100 120 140

e)

0 T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000

Cycle number

Figure 2.11. Comparison of PDADMA-CFSO with high and low My, as binder in Li-ion
cathodes: a) resistances of the cells measured by IV pulses; b) resistances of the cells
measured by EIS; c) rate performance test at 25 °C; d) charge-discharge voltage profiles

at 0.3C rate and 25 °C; and e) accelerating aging at 3C and 25 °C for 1000 cycles.
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well-balanced properties, such as high ionic conductivity, good electrochemical stability,
effective aluminum current collector passivation, and effective SEI formation on highly
graphitic anodes *?. While LiTFSI is reported as a good alternative to LiPFs due to the
improvement of the chemical and thermal stability as salt for electrolyte 4344, The goal is
to test if the association of the same counter anion for electrolyte salt and binder, which
is -TFSI in this case, can improve the battery performance as reported by An Ha et al.*

in a study for sodium-oxygen battery.

Figure 2.12a presents the internal resistance results for the electrolyte salts LiPFeg
and LiTFSI with values of 484 and 740 Q/g respectively. In other words, the internal
resistance was increased by 35% with the use of a binder and an electrolyte composed of
the same counter anion, i.e. TFSI. Figure 2.12b shows charge-discharge voltage profiles
for the salt electrolytes LiPFes and LiTFSI with charge capacities of 123 and 114 mA.h/g,
respectively. The charge capacity was reduced by 7% with the salt electrolyte LiTFSI
compared to the LiPFs salt electrolyte. In addition, the charge-discharge voltage profile
for LiTFSI electrolyte is asymmetrical, the discharge capacity lost 16% compared to the
charge capacity. The electrodes with the PDADMA-TFSI binder were immersed in the
two electrolytes and the pictures of this test are shown in Figure 2.12c and d for the salt
electrolytes LiPFe and LiTFSI respectively. The coating with the PDADMA-TFSI binder
was completely dissolved in salt electrolyte LiTFSI, unlike in LiPFs, as clearly shown in
the pictures. In conclusion, higher internal resistance and lower capacity were measured

for electrolyte with LiTFSI salt, which had the same counter anion to the binder and this
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is due to the electrode which dissolves in the electrolyte. Therefore, LiPFg salt electrolyte

is further used in the discussion for studies with PDADMA-based binders.

2.5.2. Fluorinated PDADMA PILs
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Figure 2.12. Application of PDADMA-TFSI as binder in Li-ion cathodes with different
electrolyte salts: 1.0 M LiPFe and 1.0 M LiTFSI in EC:DMC: a) resistances of the cells
measured by IV pulses; b) charge-discharge voltage profiles at 0.3C rate and 25 °C.
Pictures of electrodes with PDADMA-TFSI binder c) in salt electrolyte LiPFg; and d) in
salt electrolyte LiTFSI.
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In this part, the four fluorinated PDADMA polymers are discussed as a binder in
NMC || Graphite Li-ion full-cell and compared to PVDF as a reference, and the cell
performances are shown in Figure 2.13. The internal resistance of the cells measured by
IV pulses after the first charge/discharge cycle is shown in Figure 2.13a. It can be
observed that PDADMA-based binders decreased the measured resistance values by at

least 20% compared to PVDF. The lowest resistance value was measured for PDADMA-
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Figure 2.13. Application of PILs as binders in Li-ion (NMC) cathodes: a) resistances of
the cells measured by IV pulses; b) resistances of the cells measured by EIS; c) rate
performance test at 25 °C; d) charge-discharge voltage profiles at 0.3 C rate and 25 °C.

BETI with 458 Q/g (42% less than PVDF), which could be related to a higher proportion

of fluorine groups in the polymer.
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Electrochemical Impedance Spectroscopy (EIS) was also implemented to elucidate
the different phenomena present in the cells, as well as the magnitude of their
contributions to the total cell impedance (Figure 2.13b). The impedance spectra were
analyzed using an equivalent electrical circuit (EEC) model presented in Figure 2.14a
which was adapted from literature “¢4’. The EEC describes the transfer function of the
electrochemical process in terms of electrical circuit elements: resistance (R) and
Constant Phase Element (CPE) in our case. All the impedance spectra fittings obtained
with the proposed EEC are presented in Figures 2.14b-f and the fitting parameters are
reported in detail in Table 2.1 with the ideal capacitors C calculated from CPE values.
The electrical elements model, the behavior of coupled processes, and the time constants
represent the time response, relaxation, delay, or manifestation of the phenomena that are
associated with resistance, charge storage, or diffusion that occur in the composite of
batteries. According to the interpretation of the EEC model proposed by Suarez et al. %
for the description of composite electrodes for LIBs, the time constants (z) were
calculated and the values are presented in Table 2.2. The comparison of the same
parameters (R, C, or t) for the different binders is interesting to highlight the
contributions linked to the binder influence in cathode since it is the only variable between
these cells. Based on the literature, the different contributions of the existing processes in
the cells were identified in the Nyquist plots, and explained according to their rate of
appearance in the impedance spectra. Thus, three regions were classified: high, medium,

and low-frequencies.
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Figure 2.14. a) Equivalent circuit used for fitting; and the curves of the Nyquist
plots and the fitting corresponding for b) PVDF; c) PDADMA-FSI; d) PDADMA-
TFSI; e) PDADMA-BETI; and f) PDADMA-CFSO.

First, in the high-frequency region, an inductive behavior related to the instrumental

artifact and the wiring between the electrodes with the measuring equipment and the

electrolyte resistance Ry = 2 Q is identified for all binders. The next elements in the EEC

model are associated with the anode and cathode polarization losses for contact, SEI, and

charge transfer, which correspond to the following semi-circles 8,

The R, and C: elements (identified as =) are associated to contact resistance

between particles of active material in the composite. The R, values give an indication

of the level of compactness and homogeneity of the electrodes. In our case, the values of
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R, and C; for the different binders are maintained relatively similar, except for
PDADMA-FSI binder. Indeed, the values of R, are between 2.6 and 3.8 Q (Table 2.1),
but 8.01 Q for PDADMA-FSI binder, in other words, more than double that of the others.
The high R, value for PDADMA-FSI binder reflects the binder contributions to the
formation of highly compact composites as it is observed in the Scanning Electron
Microscopy (SEM) images (Figure 16d for PDADMA-FSI) and discussed later. This
compact composition can even limit the ionic transport, which is translated by high values

of capacitance C; and time constant ;.

Then, in the medium-frequency region, the charge transfer phenomena are
predominant and described by 7, time constant. Between the different binders tested in
our case, there is no great variation in the values of z,. PVDF and PDADMA-BET]I
binders have the fastest time constants, while PDADMA-CFSO and PDADMA-FSI have

intermediate time constants, and PDADMA-TESI showed the slower time constant.

To end, in the low-frequency region, the diffusional phenomena that control the
reactivity of the active material particles are predominant and represented by the semi-
circles in the Nyquist plots in Figure 2.14b. The resistance contribution R, and the
capacitance Cz were related to the binder influence in the cathode lithiation process,
which is the transport of Li-ion from the binder to active material particles *’. As indicated
in Table 2.1, R, is equal to 6.78 Q for the cell with PVDF binder, while it was around 2
Q for the cells with PDADMA binders. This result is corroborated with the results
obtained in the 1V pulse technique and highlights the improvement of the Li-ion transport
through the cathodes with PDADMA-based binders with a reduction in the resistance of

the cell compared to PVDF. In addition to the highest resistance value, Ry, the electrodes
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with PVDF present also a high value of capacitance to the lithiation process (Cz), which

denotes the high accumulation of lithium ions on the surface of the active material

particles. The consequence of this accumulation is the limitation of Li* amount on the

surface of the active material particles, therefore the Li* amount available for the

intercalation process within the active material particles is limited despite their high

availability of energetically favorable spaces (C4) for the reaction process. The time

constants 3 and t, corresponding to the diffusion and reaction processes in electrodes

(Table 2.2), have the shortest times for PDADMA-BETI and PDADMA-CFSO binders,

significantly shorter than the electrodes with PVDF.

Table 2.1. Resistances from Impedance (EIS) fitting. R(Q) andC (F).

Binder R, | R, | Rs | R, C, C, C; C,

PVDF 2.02 | 3.79 | 1.84 | 6.78 |5.24x10"|6.74x10°6|4.02x10?|1.56x10""
PDADMA-FSI | 2.25 | 8.01 | 3.18 | 2.59 |6.14x10|9.81x10°6|2.05x1072| 3.66x10°
PDADMA-TFSI | 2.00 | 3.07 | 3.78 | 2.23 |2.26x10*|1.36x10°%|8.02x10°%| 3.55x10°
PDADMA-BETI | 2.18 | 2.69 | 1.52 | 1.62 |6.60x10(8.26.x10°6|1.52x10°2| 2.43x10°
PDADMA-CFSO | 2.34 | 3,78 | 2.45 | 1.45 |5.46x10%|9.57x106|1.28x102| 1.91x10°

Table 2.2. Analysis of time constants 7 (s) associated with the equivalent circuit model.

Binder Ti=R; XC; T, =R3XCy T3 =R4XC3 T4=R4X Cy4
PVDF 2.0x103 1.24x10° 2.7x101 1.1x1072
PDADMA-FSI 2.5x103 3.12x107 5.3x102 9.5x10°
PDADMA-TFSI 6.9x10°3 5.14x10° 1.8x107 7.9x10°
PDADMA-BETI 1.8x103 1.26x107 2.5x102 3.9x10°
PDADMA-CFSO 2.1x103 2.35x10° 1.9x10° 2.8x10°
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In general, all the PIL binders developed in this work seem to favor the ionic transport
and Li* intercalation processes. This fact is more evident in the electrodes prepared with
PDADMA-BETI and PDADMA-CFSO binders, for which the size and structural
conformation of the mobile anion are known to promote the delocalization of its charge
generating the resonance effect and facilitates the ionic and electronic transport in the

electrode composites.

The resistance values Ry, R,, R3, and R, are added together to calculate the internal
resistance ! of the batteries called Rinteis). Rinters) is compared in Table 2.3 with the
internal resistance values calculated by IV pulse method, called Rintav). For each binder,
Rinte1s) and Rintav) values are in the same range. This made it possible to contrast the
results obtained with the IV pulse technique and to validate the correlation between the

two techniques.

Table 2.3. Resistances calculated by EIS and IV methods.

. EIS method: IV method:
Binder
Rint(eis) (Q/8) Rintav) (Q/8)
PVDF 815 793
PDADMA-FSI 670 614
PDADMA-TFSI 500 519
PDADMA-BETI 425 458
PDADMA-CFSO 680 634

The rate capability of the Li-ion full-cells was assessed by galvanostatic charge-

discharge experiments at increasing current densities and 25 °C (Figure 2.13c). At low
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current density of 0.3 C, full-cells were able to deliver 125, 123, 116, 114, and 115
mA.h.g? with PDADMA-CFSO, PDADMA-FSI, PDADMA-BETI, PDADMA-TFSI
and PVDF, respectively. A consistent capacity reduction was observed for all cells with
the gradual current increase from 0.3C to 5C along with the capacity recovery upon the
switch of the current back to 0.3C. It can be observed that cells with PDADMA-CFSO
and PDADMA-FSI binders delivered higher capacity values than cells with PVDF. At
higher currents (3C and 5C), the capacity of the cell with PDADMA-FSI dropped below
the one observed with PVDF, while cells with PDADMA-CFSO and PDADMA-BETI
binders performed better than the one with PVDF. It is worth mentioning, that cells with
PDADMA-CFSO binder obtained higher capacity values than the ones with PVDF at all
applied current densities. Remarkably, the capacity increase with PDADMA-CFSO

binder was of 9% at 0.3 C and 26% at 5C when compared to standard PVVDF binder.

Typical voltage profiles for the NMC cells cycling at 0.3C and 25 °C are shown in
Figure 2.13d. The similarity in the charge/discharge profiles of the cells at a low state of
charge (SoC) suggests that all cells had similar activation overpotentials; however, at high
SoC values, the cells with PDADMA-based binders showed lower overpotentials as a
result of the enhanced diffusion of Li-ion through them, respect to the cell with PVDF.
As a consequence, the charge capacity obtained for the cell using PVDF was 117 mA.h.g"
! while the ones for the four PDADMA-based binders showed higher capacities, 130

mA.h.g* for the best performing PDADMA-CFSO.

To further study the cycling performance, accelerating aging experiments were
carried out at 50 °C. The results for 500 cycles applying 3C are presented in Figure 2.15a.

It is observed that the capacity loss was slower for the cells using PDADMA-based

62



Chapter 2

binders than for PVDF-based cells, except for the one using PDADMA-FSI, which were
not stable at these conditions. After 500 cycles at 3C and 50 °C, the capacity of cell with
PVDF decreased by 30%, while for the ones with PDADMA-CFSO and PDADMA-BETI
capacity loss was only 9% and 12%, respectively. Additional accelerating aging
experiments were performed at 25 °C applying 1C and 3C, as shown in Figures 2.15b
and 2.15c respectively, and confirmed that PDADMA-CFSO and PDADMA-BETI
binders improved the stability of the battery compared to PVDF reference binder. Note
the impressive result after 1000 cycles at 3C and 25 °C (Figure 2.15c), the capacity of
the cell with PDADMA-BETI decreased by less than 20%, while almost 40% loss was
observed for the cell with PVDF binder. In conclusion, PDADMA-BETI and specially
PDADMA-CFSO binders improved by 9-26% the discharge capacity values of NMC ||

graphite cells at different current densities and the cycling stability in accelerating aging
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conditions, which demonstrate the applicability of these polymers as binder in cathodes

for Li-ion batteries.

In order to assess the effect of each binder on the durability of the Li-ion batteries,
impedance spectra were acquired before and after cycling at 3C rate and 25 °C (cycling
data shown in Figure 2.15c). The impedance spectra obtained before and after cycling
for the Li-ion cells containing the different binders are shown in typical Nyquist plots
representation (Figure 2.16a). As observed, the total cell impedance increased after

cycling in all the cases, especially for the cell with PDADMA-TFSI that had a larger
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Figure 2.16. a) Nyquist plots of Li-ion cells with the different binders and their structure
before and after cycling at 3C rate and 25 °C for 1000 cycles; and SEM images of b)
cathode surfaces before cycling; ¢) cathode cross-section before cycling; d) cathode

surfaces after cycling; and e) BSE images of the cross-section after cycling.
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charge transfer resistance. In the case of PDADMA-BETI and PDADMA-CFSO binders
that have large electronic delocalization in the anions as consequence of the increase of
fluorine atoms in their anion structure, the transport of Li-ion was facilitated and thus, the
charge transference resistance values after cycling were smaller than PDADMA-TFSI.
On the other hand, it was not possible to obtain the impedance spectrum for cell with
PDADMA-FSI because it was not stable over time in the accelerated aging tests (Figure

2.15¢).

The distribution of relaxation times (DRT) method was also used to support the
impedance study before and after cycling, and to identify which part of the battery the
evolution in impedance comes from. The DRT curves for cycles 1 and 1000 are shown in
Figures 2.17a and b respectively. In addition, comparisons of the DRT curves for cycles
1 and 1000 for each binder are presented in Figures 2.17c-f to evaluate the impedance
evolution over time. Two main time regions are distinguished and discussed: between 10
*and 10° s, which indicates the cell contact loss; and between 10 and 10 s, which
represents the charge transfer loss *°. In the region between 102 and 10! s, the impedance
peaks of cells with PVDF and PDADMA-TFSI show a significant evolution between 1
and 1000 cycles compared to the evolution with other binders. This identifies the loss of
contact as one of the major reasons for the increases in impedance for PVDF and
PDADMA-TFSI (which was observed in Figure 2.16a). In the region between 10 and
107 s, the impedance peaks of cells with PDADMA-TFSI and PDADMA-BETI show a
slightly higher evolution than for the other binders. This indicates that charge transfer loss
is the main cause of the impedance increase for these polymers.These results correlate
with the conclusion already observed previously, which is that the use of anions with high

fluorine content favors the mobility of Li-ion in the electrodes. Thus, cells containing
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PDADMA-BETI and PDADMA-CFSO binders exhibited good stability, unlike

PDADMA-TFSI or PVDF.
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The morphology and microenvironment of the positive electrodes before and after
cycling at 3C rate and 25 °C was studied by SEM in order to understand the effect of the
binder on the structure of cathodes and their cycling stability. The SEM images of the
surfaces of the cathodes before cycling are shown in Figure 2.16b and the cross-sections
in Figure 2.16¢. As observed, the NMC particles were evenly distributed over the surface
and bulk of the electrode. This distribution was confirmed by the contrast in backscattered
electron (BSE) images for electrodes embedded and cross-sectioned in Figure 2.18. The
bright particles corresponded to NMC, while the darker parts corresponded to carbon and

binder additives.

Figure 2.18. NMC electrode analysis by BSE images of samples before cycling
embedded and cross-sectioned using an ultra-microtome and diamond knife.

After cycling, the SEM images showed (Figures 2.16d-e) coarser electrode surfaces,
where the shape of NMC particles were distinguished. The visible threads corresponded
to glass fiber traces after disassembling the cells. The biggest differences in the surfaces
before and after cycling were observed on electrodes with PDADMA-FSI binder,
indicating a less stable electrode structure, which could be the reason for the capacity
fading observed in the cycling of Figure 2.15. On the cross-section images, no visible
differences were found within PDADMA-based binders, as well as before and after

cycling. However, PVDF clearly showed a difference in particle dispersion. Before
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cycling (Figure 2.18) NMC particles were homogeneously distributed and surrounded by
carbon and binder, while after cycling (Figure 2.16e) NMC particles were found
compacted on the top of the electrode, lacking of carbon/binder covering, hindering the
ion and electron conductivity. The capacity loss measured for PVDF after cycling was
probably induced by this degradation of the electrode structure. It can be hypothesized
that the use of a binder with ionic conductive properties, like PDADMA-based binders,
contributes to the improvement of ion conduction through the electrode and thus helps in
the performance of the cell and in maintaining the integrity of the electrode during

cycling®.

2.5.3. Redox-active PDADMA PILs

In this part, the two polymers PDADMA-3,4DHB and PDADMA-2,5DHB were
tested as binders in cathode in NMC || Graphite Li-ion full-cell and their cell performances
compared with PVDF are shown in Figure 2.19. The IV pulses after the first
charge/discharge cycle allowed to calculate the internal resistance of the cells and the
values are shown in Figure 2.19a. The internal resistance is 1221 and 1344 Q/g for
PDADMA-3.4DHB and PDADMA-2.5DHB respectively, while it is 745 Q/g for PVDF
binder. In other words, the internal resistance is much higher for PDADMA-DHB
binders, increased by 64% and 80% for PDADMA-3.4DHB and PDADMA-2.5DHB

respectively.

Figure 2.19b shows the results of the galvanostatic charge-discharge experiment at
increasing current densities and 25 °C. In the first three cycles at a low current density of
0.3C, full cells were able to deliver a stable average of 115, 110, and 108 mAh.g* with

PVDF, PDADMA-3.4DHB, and PDADMA-2.5DHB binders respectively. In general, the
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capacity decreases with increasing applied current and the decrease of capacity was

observed greater for PDADMDA-DHB and particularly for PDADMA-2.5DHB. Indeed,

at the initial cycles of 0.3C rate, the capacities were reduced by 4% and 6% for

PDADMA-3,4DHB, and PDADMA-2,5DHB respectively compared to PVDF; whereas

at 5C rate, the capacities were reduced by 18% and 25% for PDADMA-3,4DHB, and

PDADMA-2,5DHB respectively compared to PVDF at 5C rate. Moreover, the capacity

for PDADMA-2,5DHB was reduced by 6.5% compared to its initial value on the switch

from the current back to 0.3C after cycles at high C rate, while the capacities for PVDF

and PDADMA-3,4DHB were recovered their values. In addition, the stability difficulties

for PDADMA-2.5DHB binders were marked by error bars, which increased

progressively, especially at high current.
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Figure 2.19. Application of PILs as binders in Li-ion (NMC) cathodes at 25 °C:

a) resistances of the cells measured by IV pulses; b) rate performance test;
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The voltage profiles for the NMC cells cycling at 0.3C and 25 °C are shown in Figure
2.19c. The charge/discharge profiles show symmetrical capacities of 115, 110, and 108
mA.h/g for PVDF, PDADMA-3,4DH, and PDADMA-2,5DHB binders respectively.
These values confirm the tendency observed previously for cell performances which can

be noted PVDF > PDADMA-3,4DHB > PDADMA-2,5DHB.

The morphology of the cathode surfaces before cycling was analyzed by SEM, and
the images are shown in Figure 2.20. As explained in the study of fluorinated PDADMA
binders, the bright particles correspond to NMC and darker parts to carbon and binder

additives. The electrode with PVDF as reference binder (Figure 2.20a) shows NMC

a) b) )
PVDF PDADMA-3,4DHB/PVDF || PDADMA-2,50HE/PVDF
(1/1) (1/1)
f | ot Rel
T s
H FJ,

OJ\@OH o
OH

OH

Figure 2.20. SEM images of cathode surfaces before cycling for a) PVDF;
b) PDADMA-3,4ADHB/PVDF; and c) PDADMA-2,5DHB/PVDF.
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particles distributed homogeneously on the surface. However, electrodes with
PDADMA-3.4DHB or PDADMA-2.5DHB as binders (Figures 2.20b and 2.20c
respectively) show darker areas that correspond to agglomerates of carbon and binder.
The SEM images show that the electrodes with the PDADMA-DHB binders were not
homogeneous and this is probably due to the low solubility of these polymers in NMP
solvent during the preparation of the slurries. The non-uniformity of the electrodes is
certainly one of the reasons why the performances of these cells are inferior to those with

the PVDF binder and fluorinated PDADMAS.
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2.6. Conclusion

Two families of pyrrolidinium-based poly(ionic liquid)s were synthesized to be used
as cathode binders in Li-ion batteries. The poly(diallyldimethylammonium) was
combined with two different kind of counter anions: the first family containing fluorine
moieties with highly delocalized charge density to obtain PDADMA-TFSI, PDADMA-
FSI, PDADMA-BETI, and PDADMA-CFSO polymers, and the second family, with two
or three phenol groups to obtain PDADMA-3,4DHB, PDADMA-2,5DHB, PDADMA-
3,45THB and PDADMA-2,3,ATHB. The chemical structure, thermal stability and
solubility of the polymers were evaluated by NMR, FTIR, and solubility tests in carbonate
and NMP solvents to assess their potential application as battery binders. In addition, the
synthesized PDADMA polymers were tested as binders in NMC cathodes for Li-ion

batteries and compared to conventional PVDF binder.

Regarding PDADMA with fluorinated counter-anions, the current-voltage (1V)
pulses and EIS results showed that the internal cell resistance decreased by 20-40% with
PDADMA based binders, when compared to the PVDF-containing cell. Galvanostatic
charge-discharge at different currents showed that PDADMA-BETI and PDADMA-
CFSO cells obtained higher capacity values than PVDF at all the studied currents. This
capacity increase with PDADMA-CFSO binder was of 9% at 0.3 C and 26% at 5C, when
compared to PVDF. The cycling stability of the cells in accelerating aging conditions was
also improved by PDADMA based binders, which demonstrate the applicability of these
polymers as binder materials in high voltage cathodes for Li-ion batteries. In conclusion,
it has been demonstrated that the presented PDADMA PILs with fluorinated anions are
highly competitive alternatives to conventional binders, such as PVDF for Li-ion battery

cathodes.
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Concerning the PDADMA with polyphenol counter-anions, their electrochemistry
properties were first studied in acidic aqueous electrolyte. PDADMA-3,4,5THB and
PDADMA-2,3,4THB showed non-reversible redox behavior and were not further
studied, unlike PDADMA-3,4DHB and PDADMA-2,5DHB, which shown interesting
reversible redox peaks due to the catechol/benzoquinone redox pair. Then, PDADMA-
3,4DHB and PDADMA-2,5DHB were investigated in lithium cells. Cyclic voltammetry
analyses showed the unique activation step for the formation of quinone and a reversible
electroactivity between 3.0 and 3.7V vs. Li‘/Li corresponding to the reaction of
benzoquinone/dilithium catecholate redox pair. To end, PDADMA-3,4DHB and
PDADMA-2,5DHB polymers were tested as binders in NMC cathodes and compared
with PVDF used as reference. The results of current-voltage (1V) pulses and galvanostatic
charge-discharge at different currents showed an increase in resistance and decrease in
capacities compared to PVDF. The SEM images showed heterogeneity with polymer and
carbon aggregates for electrodes with PDADMA-DHB binders, which may be one of the
reasons for lower cell performance compared to PVDF. The problem of uniformity of the
electrodes is certainly due to the NMP solvent used during the preparation of the slurries
because the polymers were not soluble enough. To improve the composition of the
electrodes and probably the cell performances, the solubility conditions of PDADMA-
DHB polymer must be resolved. Despite the redox activity observed in cyclic
voltammetry experiments, the application of PDADMA-DHB polymers as binders did

not improve the performances of NMC cells compared to PVDF binders.
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2.7. Experimental part

2.7.1. Materials

Poly(diallyldimethylammonium chloride) (PDADMA-CI) with different molecular
weight (M), namely high (average 400-500 kDa, 20 wt.% in water, Aldrich), and low
(average <100 kDa, 20 wt.% in water, Aldrich), sodium bis(fluorosulfonyl)imide (NaFSl,
99.7%, Solvionic), lithium bis(trifluoro-methylsulfonyl)imide (LiTFSI, 99%, loLiTec),
lithium bis(perfluoroethylsulfonyl)imide (LiBETI, 99%, loLiTec) and potassium
nonafluoro-1-butanesulfonate (KCsF9SO3, 95,0%, TCI), 3,4-Dihydroxybenzoic acid
(3,4DHB, > 98.0%, TCI), 2,5-Dihydroxybenzoic acid (2,5DHB, > 98.0%, TCI), 3,4,5-
Trihydroxybenzoic acid (3,4,5THB or Gallic acid, anhydrous, Sigma Aldrich), 2,3,4-
Trihydroxybenzoic acid (2,3,4THB, > 98.0%, TCI), Amberlyte® IRN-78 ion-exchange
resin OH-form (Acros Organics), 1-methyl-2-pyrrolidone (NMP, >99%, Sigma-Aldrich),
5wt% of poly(vinylidene fluoride) in NMP solvent (5wt% PVDF in NMP, PVDF My
>10%x10° g.molt, KUREHA KF POLYMER), carbon black (acetylene, Alfa Aesar),
NMC 523 (Custom Cells) were used as received. The methanol solvent from SharpLab
were dried with anhydrous magnesium sulfate (MgSQOs) before used. All materials for
electrochemical testing including Graphite electrode foil (active material content >95%,
Custom Cells Itzehoe GmbH), NMC 532 cathode foil (active material content 90%,
density 2.36 g.cm3, Custom Cells Itzehoe GmbH), and the glass fiber sheets (Whatman®,
GF6 grade, Schleicher&Schiill) were previously dried at 100 °C under vacuum for 24 h
before introduced inside a glove box. The solvents used as electrolytes were used and

stocked inside a glove box under argon atmosphere.
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2.7.2. Synthesis of fluorinated PDADMA-PILs

Four fluorinated pyrrolidinium-based poly(ionic)liquids were synthesized by salt

metathesis reactions, similarly to previously reported in literature 334,

Poly(diallyldimethylammonium bis(trifluoromethylsulfonyl)imide) (PDADMA-TFSI):
29.68 mmol of LiTFSI salt were dissolved in 10 ml of distilled water at room temperature
(RT) and added dropwise to an aqueous solution of 24.74 mmol of monomeric units of
PDADMA-CI previously dissolved in 100 ml of distilled water at RT. Mixtures were
stirred for at least 1 hour. After vacuum-filtration, the resulting precipitated polymer
powder was washed in 300 mL of distilled water (stirring for 2 hours at RT) and vacuum-
filtrated. Finally, the white polymer powder was vacuum-dried at 50 °C for at least 48
hours before introducing it to an argon-filled glovebox.

Yield: 9.92 g (95.3%). Found: *H NMR (400 MHz, Acetone-ds): & (ppm) = 3.99, 3.37,
3.27, 2.85, 1.66, 1.48. Peaks in accordance to literature 3334%° 13C NMR (101 MHz,
Acetone-ds): & (ppm) = 122.49 (-CH,-N-), 119.30 (CH3-N-), 72.06 (-CH-), 71.27 (-CHo-
CH-), 54.58 (-CH>-CH-). Peaks in accordance to literature. *°F NMR (376 MHz, Acetone-

de): & (ppm) =-79.73 (s, -CF3).

Poly(diallyldimethylammonium bis(fluorolsulfonyl)imide) (PDADMA-FSI):

The same procedure previously described for PDADMA-TFSI was also used for the
synthesis of PDADMA-FSI. NaFSI salt was used instead and a whitish fluffy powder
could be obtained after drying.

Yield: 8.14 g (96.9%). Found: *H NMR (400 MHz, Acetone-ds): § (ppm) = 3.98, 3.38,

3.28, 2.39, 1.67, 1.46. Peaks in accordance to literature 3334%° 13C NMR (101 MHz,
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Acetone-ds): & (ppm) = 71.37 (-CH2-N-), 54.68 (CHa-N-), 52.90 (-CH-), 39.69 (-CHo-

CH-), 39.07 (-CH2-CH). °F NMR (376 MHz, Acetone-de): 5 (ppm) = -51.6 (s, -F).

Poly(diallyldimethylammonium bis(perfluoroethylsulfonyl)imide (PDADMA-BET]I):
The same procedure previously described for PDADMA-TFSI was also used for the
synthesis of PDADMA-BETI. LiBET]I salt was used instead and a whitish powder could
be obtained after drying.

Yield: 12.39 g (95.8%). Found: *H NMR (400 MHz, Acetone-ds, Figure 2.21): & (ppm)
= 4.17, 3.35, 3.24, 2.21, 1.39, 1.28. Peaks in accordance to literature 3%344°, 13C NMR
(101 MHz, DMSO-ds, Figure 2.22): 5 (ppm) = 122.05 (-CF2-CF3), 119.19 (-CF2-CF3),
116.33 (-CF2-CFs), 113.88 (-CF2-CF3), 110.96 (-CF2-CFs), 108.05 (-CF2-CFs), 69.43 (-
CHa-N-), 54.28 (CH3-N-), 51.27 (-CH-), 39.52 (-CH2-CH-), 37.25 (-CH2-CH). °F NMR

(376 MHz, Acetone-ds, Figure 2.23): & (ppm) = -79.87 (-CF2-CF3); -118.29 (-CF2-CFs).
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Figure 2.21. 'H NMR of PDADMA-BETI PIL.
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Poly(diallyldimethylammonium nonafluoro-1-butanesulfonate (PDADMA-CFSO):

29.68 mmol of KC4FeSO3 were dissolved in 125 ml of distilled water at 60 °C and added
dropwise to an aqueous solution of 24.74 mmol of monomeric units of PDADMA-CI
previously dissolved in 100 ml of distilled water at 50 °C. Mixtures were stirred for at
least 1 hour. After vacuum-filtration, the resulting precipitated polymer powder was
washed in 300 mL of distilled water (stirring for 2 hours at RT) and vacuum-filtrated.
Finally, the polymeric hard rocky powder was vacuum-dried at 50 °C for at least 48 hours.
Yield: 10.01 g (93.5%); Found: *H NMR (400 MHz, Acetone-ds): & (ppm) = 4.06, 3.36,
3.25, 2.21, 1.62, 1.44. Peaks in accordance to literature 3334%° 13C NMR (101 MHz,
DMSO-ds): 6 (ppm) = 121.43 (-CF2-CF2-CF2-CFs3), 118.56 (-CF2-CF2-CF2-CF3), 115.70
(-CF2-CF2-CF2-CF3), 113.47 (-CF2-CF2-CF2-CFs), 110.45 (-CF2-CF2-CF2-CFs3), 108.32
(-CF2-CF2-CF2-CFs3), 105.65 (-CF2-CF2-CF2-CFs), 69.38 (-CH2-N-), 52.93 (CHs-N-),
51.17 (-CH-), 39.52 (-CH2-CH-), 37.25 (-CH,-CH). °F NMR (376 MHz, Acetone-de): &
(ppm) = -81.85 (s, -CF2-CF2-CF2-CFs3), -115.34 (s, -CF2-CF2-CF2-CFs3), -122.00 (s, -CF2-

CF2-CF2-CFs3), -126.65 (S, -CF2-CF2-CF2-CFs).

2.7.3. Synthesis of redox-active PDADMA PILs

Four redox-active pyrrolidinium-based poly(ionic)liquids were synthesized via a
two-step anion exchange reaction with Amberlyte® IRN-78 resin (hydroxide form),

similarly to previously reported in literature *°.

Poly(diallyldimethylammonium)-3,4-Dihydroxybenzoate (PDADMA-3,4DHB):
Initially, 12.9 mmol of P(DADMA)CI were dissolved in 130 mL of MeOH. The
Amberlite® IRN-78 resin previously mixed in MeOH overnight at RT, was loaded for a

bed volume (BV) of 8 cm into a 2 cm diameter column. The P(DADMA)CI solution was
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passed through the column at a slow flow rate with an additional 25 mL of fresh MeOH.
The transparent solution of P(DADMA)OH was collected in a balloon kept at low
temperature with an ice bath. Finally, 12.9 mmol of 3,4-Dihydroxybenzoic acid was
added to the solution collected, and instantly, the white precipitate of PDADMA-3,4DHB
was formed. The mixture was stirred for 2 h at low temperature and overnight at RT. To
finish, the mixture was washed with MeOH, and dried on a rotary evaporator and under
vacuum at 60 °C overnight.

Yield: 2.3 g (66%). Found: *H NMR (400 MHz, D20): & (ppm) = 7.47 (s, 1H), 7.44 (d,
1H), 7.01 (d, 1H), 3.81 (s, 2H), 3.27 (s, 6H), 3.14 (s, 2H), 2.8-2.3 (m, 2H), 1.8-1.0 (m,
4H); 3C NMR (101 MHz, D;0) & (ppm) = 174.18, 147.55, 143.25, 127.26, 122.96,

117.06, 115.61, 70.38, 54.84, 54.17, 52.48, 49.23, 38.53, 38.24, 26.51.
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Figure 2.24. 3C NMR spectra for PDADMA-3,4DHB.
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Poly(diallyldimethylammonium)-2,5-Dihydroxybenzoate (PDADMA-2,5DHB):

The same procedure previously described for PDADMA-3,4DHB was also used for the
synthesis of PDADMA-2,5DHB. 2,5-Dihydroxybenzoic acid was used instead and a
white powder could be obtain after drying.

Yield: 1.9 g (51%). Found: *H NMR (400 MHz, D20): § (ppm) = 7.35 (d, J = 3.0 Hz,
1H), 7.10 (dd, Jm = 3.0 Hz, Jo = 8.7 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H), 3.84 (s, 2H), 3.31
(s, 6H), 3.18 (s, 2H), 2.8-2.2 (m, 2H), 1.6-1.0 (m, 4H); 13C NMR (101 MHz, D20) & (ppm)
= 175.02, 153.21, 147.55, 121.89, 118.37, 117.45, 116.13, 70.44, 54.95, 54.39, 52.67,

49.56, 38.58, 38.34, 26.55.

Poly(diallyldimethylammonium)-3,4,5-Dihydroxybenzoate (PDADMA-3,4,5THB):
The same procedure previously described for PDADMA-3,4DHB was also used for the
synthesis of PDADMA-3,4,5THB. 3,4,5-trihydroxybenzoic acid was used instead and the
solution instantly colored red before quickly forming the whitish precipitate.

Yield: 3.2 g (84%). Found: *H NMR (400 MHz, D20): § (ppm) = 7.22 (s, 2H), 3.88 (s,
2H), 3.35 (s, 6H), 3.22 (s, 2H), 2.9-2.1 (m, 2H), 1.8-0.9 (m, 4H); 3C NMR (101 MHz,
D20) & (ppm) = 174.70, 144.06, 135.82, 127.17, 110.13, 70.53, 55.11, 54.51, 52.80,

49.85, 38.59, 38.31, 26.59.

Poly(diallyldimethylammonium)-2,3,4-Dihydroxybenzoate (PDADMA-2,3,4THB):

The same procedure previously described for PDADMA-3,4DHB was also used for the
synthesis of PDADMA-2,3,4THB. 2,4,5-Trihydroxybenzoic acid was used instead and
the solution instantly colored yellow-green before quickly forming the whitish

precipitate.
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Figure 2.25. PDADMA-2,5DHB a) *H NMR spectra, b) **C NMR spectra.
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Figure 2.26. PDADMA-3,4,5THB a) *H NMR spectra, b) *3C NMR spectra.

82



Chapter 2

PDADMA-2,3,4THB

743
7.41
S6.71
6,69

L1y
10

— 4. 79 D20

—3.87

—~3.51 MaOH

—2.62
—1.45
—1.28

‘j.

-

B.6

2.2

4,2+

- 280

- 260

240

-220

-200

-180

160

=140

- 120

- 100

-80

-a0

-40

-20

7.5 7.0 6.5 6.0 5.5

PDADMA-2,3,4THB

-

—175.
—130.9

(=]

w

-
hY

~148.3

o OH

5.0

- —1229

4.5

—111.4
—107.3

4.0
f1 (ppm)

3.5

3.0

—70.5

2.5 2.0

55.1
54.5
52.8
49.9

\43.2

N385

{
X
\

L5

1.0

—26.6

0.5

18000
F17000
F 16000
15000
14000
F13000
F12000
F11000
10000
F9000
F8000
7000
F6000
5000
F4000
3000
2000
1000

200 190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

80

70

Figure 2.27. PDADMA-2,3,4THB a) *H NMR spectra, b) 13C NMR spectra.
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Yield: 2.3 g (64%). Found: *H NMR (400 MHz, D20): § (ppm) = 7.42 (d, J = 8.7 Hz,
1H), 6.70 (d, J = 8.7 Hz, 1H), 3.87 (s, 2H), 3.34 (s, 6H), 3.21 (s, 2H), 2.7-2.0 (m, 2H),
1.7-0.8 (m, 4H); *C NMR (101 MHz, D20) § (ppm) = 175.75, 150.14, 148.26, 130.92,

122.93, 111.35, 107.25, 70.52, 55.12, 54.52, 52.83, 49.93, 43.21, 38.54, 26.56.

2.7.4. Polymer characterizations

The chemical structures of the synthesized pyrrolidinium-based PILs were confirmed
by H, °F and *C Nuclear Magnetic Resonance (NMR) spectroscopy (Bruker Avance
I11 400 MHz Digital NMR spectrometer) using acetone-ds or deuterium oxide (D20)
solvent and by Fourier Transform Infrared Spectroscopy (Nicolet Magna 6700 FTIR

spectrometer) at RT and under air atmosphere.

The thermal properties were evaluated by Thermal Gravimetric Analysis (TGA)
employing a Q500 analyzer (TA instruments) performed under N2 with a heating rate of
10 °C.min! from RT to 800 °C and the decomposition temperatures (Tq) were measured

by the onset-temperature.

The solubility of polymers was analyzed with a solution of 5 wt.% polymer mixed
for 12 h. The solution was centrifuged twice for 15 min at 3500 rpm. The supernatant was
collected and weighed (m,) in a vial. Then it was dried at 60 °C under vacuum for 12 h
or until a stable weight (m;). The solubility of polymers was calculated using the

following equation:
m;
S(%) = — x 100
mq
where m; and m, correspond respectively to the masses before and after the drying
step.
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Scanning Electron Microscopy (SEM) images were acquired on a JSM IT 300 series

SEM at an accelerating voltage of 2kV.

2.7.5. Electrochemical analysis of redox activity of PDADMA

PILs

The electrochemical characterizations of the PDADMA redox PILs were evaluated
with an Autolab PGSTAT302N by using the standard three-electrode configuration as
represented in Figure 2.7a where a platinum wire, an Ag/AgCl (KCI sat.) and glassy
carbon electrode (GC, with area of 0.07 cm?) were used as counter (CE), reference (RE)
and working electrodes, respectively. 3 pL of slurries containing Polymer:Carbon with a
ratio of 1:1 by wt.% in NMP solvent were drop casted onto the carbon electrode and dried
at RT for 1 h, then at 60 °C for 1 h and under vacuum for another 1 h. The electrolyte
solution was a 0.1 M HCIOg in H20 purged with nitrogen for 30 minutes. The potential
window of the cyclic voltammetry (CV) was cycled from -0.4 VV to 1.2 VV vs Ag/AgCl by

applying 5 cycles at 0.2 mV.s* at 25 °C.

The theoretical capacities Qun¢, (mA.h/g) of PDADMA-DHB polymers were

calculated using the following equation:

_nXx F x 1000
Qtneo = M,, x 3600

where n, F and M,, correspond to the number of charge carrier, the Faraday constant
(96 485 C.mol~1) and the molecular weight of the active material used in the electrode

(g.mol~1) respectively.
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2.7.6. Preparation of the Li-ion batteries

All NMC cathodes were prepared with slurries composed by NMC 532,
acetylene black, and corresponding binder in weight ratio of 90:5:5 in NMP
solvent. The slurries were prepared by mixing with a planetary mixer (twice for 5
min at 2000 rpm) and a rotor stator mixer (twice for 120 seconds at 20 m.s?). Then,
the slurries were casted onto aluminum foil by film applicator (200 um of thickness
and 12.5 mm.s! of velocity) and were dried under vacuum at 90 °C for 12h. 14
mm diameter cathodes were punched and pressed under 6 tons to obtain around 2.4
g.cm™ mass loading. The cathodes were dried again under vacuum at 90 °C for 24

h before cell assembling.

Lithium-ion batteries were assembled using NMC/C/binder as cathode (® 14),
graphite electrode as anode and a glass fiber soaked with 120 uL of 1.0M LiPFs in
Ethylene Carbonate: Ethyl Methyl Carbonate (1:1 vol.% EC:EMC) liquid

electrolyte in CR 2032 coin cells.

2.7.7. Electrochemical characterizations in lithium-ion batteries

Li-ion cells were tested through galvanostatic discharge—charge (GDC)
cycling using a Multi Potentiostat MPG2-6 and VMP3-1 (Bio-Logic). The voltage
range was 3.1-4.2 V vs Li*/Li. Figure 2.28 describes the testing protocol for the
evaluation of the assembled Li-ion cells. It was divided in 5 main steps: Activation,
Capacity check, target on 56% of State of Charge (SoC), IV measurement allowing

Resistance calculation and target to discharged state (SoC = 0%).
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The first step was the activation of the cell which consists of a galvanostatic
charge with a constant current of 0.3C (1C means the current needed to achieve
full capacity in 1h) based on the theoretical capacity from open circuit voltage
(OCV = SoC 0%) to 4.2V for NMC || graphite cells. Then, one discharge-charge
cycle between 4.2V and 3.1V was applied still under galvanostatic current of 0.3C
in order to form the SEI on the graphite electrode and not to perturb the capacity

check.

In the second step, the capacity check was carried out through a galvanostatic
discharge charge cycle with a constant current of 0.3C. From this step, experimental
capacities were extracted and calculated to use as reference for the next steps and define

more precisely the current used for the 1V test on one side, and the SoC = 56% state.

SOC100% ! !
(4.2V)

SOC56%

Capacity 1SOC! IV measurement
check 156%:

SOC0%
(3.1V) Activation

\ 4

Figure 2.28. Battery test program used for Li-ion cells.

The resistance of all Li-ion prototype cells was then evaluated on the same way. The
SoC =56% test was chosen because it allowed the Li-ion cell to be in an area where small

variations of current would have small impacts on the potential; hence, not perturbing the
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measurement of the resistance. The next step was the IV measurement (or DC
measurement). It allowed measuring the overall resistance of the coin cell based on
different applied currents. It provided a reliable evaluation of the different binders, as the
only modification in the different cells evaluated was the binder used in the positive
electrode. Thus, this measurement allowed observing the binder effect on the
performances and, more precisely, the resistance. Overall, this test consisted in applying
for a short period of time (10s) a current of different magnitude (0.3C, 1C, 3C and 5C).
After each current pulse, the cell was charged to the same 56% SoC level as from the start
of this step. Output data from this measurement was the evaluation of the voltage drop as
a function of the applied current (Figure 2.29). This gave a linear relationship following

the Ohm’s law that was used to determine the cell resistance value L.

Ewe/V IV Measurement
3.8
3.75
3.7
365 Time,/min
0 1 2 3 4 5
| (A)
-0.008 -0.006 -0.004 -0.002 0.000
0.00
..
y = 13,74x- 0,003 -0.02
R?=0,9863 ',-' -0.04 =
ot -0.06 >
«* =]
o -0.08
Resistance: 13,74 Q) -0.10

Figure 2.29. Example of Li-ion cell resistance measurement (IV test).

88



Chapter 2

Electrochemical Impedance Spectroscopy (EIS) measurements were
conducted at SoC56 applying a 10 mV perturbation in the frequency range of 1

MHz to 30 mHz.

Each test was repeated at least three times and the results shown are the average with

the standard deviation.
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Chapter 3. Single lithium-ion

conducting polymers with high )
ionic conductivity based on
borate pendant groups

3.1. Introduction

Single lithium-ion conducting polymer electrolytes (SLICPES) have been proposed
as one promising solid electrolyte solution to overcome premature failures in solid-state
lithium metal batteries 2. Single-ion conductors show the limited formation of ionic
concentration gradients in the electrolyte which avoids dendritic growth in the lithium
anode surface 3. Unlike classical solid polymeric electrolytes (SPEs) based on lithium
salts dissolved in polymeric matrices such as PEO °, in SLICPEs the anion moiety is
chemically attached to the polymeric backbone and only the lithium counter-cations are
fully mobile. As a consequence, single-ion conductors show typically high lithium
transference numbers (LTNS) (close to unity) than those observed in dual-ion conduction
SPEs (between 0.2 and 0.5) ®. However, they typically show low ionic conductivity values
vs typical dual ion polymer electrolytes due to reduced concentration of free ionic species

and the limited mobility of lithium cation vs mobile anions.

To date, several polymer chemistries have been proposed and explored for the

preparation of single-ion polymer electrolytes. In most cases, the anionic functional
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groups attached to the polymer backbones are carboxylates, sulfonates 7, sulfonamides,
or tetrahedral borates 8°. It has been observed that fixed anions with high charge
delocalization are preferred to obtain high ionic conductivity since the ionic association
with the lithium ions is weakened and the mobility of lithium cation is improved °. The
highest ionic conductive polymers are obtained with anions like sulphonamides or
tetrahedral borates which have reported ionic conductivity values less than 1x10° S.cm-
! e.g. PLIMTFSI 12 and PSTFSI 3 with 1x107*?, and 7.6x10°° S.cm™ at 25°C,
respectively. Those values of ionic conductivity in homopolymers remain low for proper
battery operation. For this reason, ionic transport and the ionic conductivity values are
increased by formulation of the SLIPCE with plasticizers 2*°, blending with flexible

polymeric matrices such as PEO 6 or block copolymerization 171819,

The main objective of this work is to report the synthesis of an innovative family of
anionic monomers based on a highly delocalized asymmetric borate group and their
homopolymers which shows very high ionic conductivity for a single-ion polymer
electrolyte. To study in-depth the effect of different substituents on ionic conductivity by
changing the size and electron-withdrawing groups. The single-ion polymer electrolytes
with optimized ionic conductivity are selected for lithium transference number

measurements and battery tests.

In Figure 3.1, the general scheme of the methacrylic borate lithium salts and a picture
of the polymer electrolyte membrane is presented. The chemical structures of these
polymerizable lithium borate salts ware designed to integrate a poly(ethoxy methacrylate)

group, a butyl group via a (B-C-) linkage, and two oxyls (B-OR) substituents; which serve
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as flexible polymerizable arm, agent to stabilization-decreasing hygroscopicity 22!, and

modulation of the electron-withdrawing capacity of the borate groups 22, respectively.

Polymerizable
group

Flexible

group

f conduction
"N @ """"""""" "
sp? boron ; .

atom _________ > B ;ro

Electron-withdrawing
R * group '

Figure 3.1. Design strategy for the borate lithium monomers and image of a
homopolymer electrolyte membrane.
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3.2. Polymer synthesis and characterizations

3.2.1. Synthesis of monomers and their polymerizations

The methacrylic borate SLICPESs studied in this chapter were synthesized following
the three steps shown in Figure 3.2a. Different ethoxy methacrylate groups were chosen:
2-hydroxyethyl methacrylate (HEMA) to have one ethoxy repeating unit (ni), and
poly(ethylene glycol) methacrylate with different molecular weights to have seven and
nine ethoxy repeating units (n7, and ng respectively). The first step of the synthesis
involves the covalent bonding of the ethoxy methacrylate group to the boron atom by a -
C-0O-B- bond. This step is carried out by two different methods, named A and B detailed
in Figures 3.2b and 3.2c respectively. Method A allows the synthesis of BMn(OR)2 in
one step by using Tri-R borates as reagents where the R substituents of interest are already
bonded to the boron. The method A is used to synthesize the seven SLICPEs with R as
aliphatic substituents (methyl, ethyl, and isopropyl): pLBBni(OMe)2, pLBBn1(OEt)2,
pLBBny(OiP),, pLBBn7(OMe)., pLBBn7(OEt)2, pLBBn7(OiP)2, pLBBng(OMe),.
Method B split the one-step of method A into two steps; it is used for reagents where the
interesting R substituents are not bonded to the boron. The two steps consist of adding
borane to obtain the bond with the boron atom as -C-O-BHz, then adding the alcohol R-

OH to obtain the two desired -O-R substituents in the form BMn(OR)z.

In the second stage (Figure 3.2a), nBuL.i is added to the boron atom to give rise to
the formation of the boron-lithium salts of the form LBBn(OR),, generating a covalent
bond (-C-B-). Finally, in the last stage, the different monomers were polymerized by a
conventional free radical polymerization method adding 2,2"-Azobisisobutyronitrile

(AIBN) as an initiator (3 wt.%) into a system bubbled with a flow of argon at 60 °C and
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the solution was stirred for 6 h. After the reaction, the polymers were dried on a rotary

evaporator and under vacuum at 60 °C for 24 h and stored in the glove box.

io ic’ 1) MeOH, Nz 4/\4@0
n -BuLi, 1 eq

O%

a) o o 2) AIBN, 3 mol% o
Hexane, -78 °C \a -78°C \a 60 °C, 6h
~“OH R ~0O |_.+ R jlo Lit
\O—B, \O—B:Bu
\
0
K R” R”
HEMA (n=1) SLICPE
-~ BMn(OR): LBBN(OR),
PEGMA (n=7 or 9) (OR) oLBBN(OR)>
io io
B-(OR)z 1 €d g
b) * Method A: C -
Hexane, -78 °C
“OH R 70
b-¢
ko)
R/
HEMA (n=1)
PEGMA (n=7 or 9) BMn(OR):
io io io
BH,, 1 eq R-OH, 2 eq o
) ™ Method B: G e S :
\a Hexane, -78 °C -78°C
~OH "0 R "0
H—E g
¥ ko)
HEMA (n=1) 4
PEGMA (N=7 or 9) BMn(H), BMn(OR)2

Figure 3.2. a) Synthetic routes for the general preparation of pLBB(OR)., and the two
synthetic routes to prepare BMn(OR). following the b) method A, and c) method B.

All synthesized polymers are summarized in Table 3.1 with their corresponding
name. They are classified into four categories of borate polymers created according to the
chemical characteristics of the substituents such as aliphatic, fluorinated, self-solvating
423 and the last group includes a fluorinated substituent and an ethylene glycol one as

shown in Figure 3.3.
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Chapter 3

3.2.2. Structure characterizations

Each synthesized monomer and polymer was studied by NMR and FTIR to confirm
their chemical structures. As an example, Figure 3.4 shows the *H NMR and FTIR
spectra with peak assignment for the monomer LBBn7(OMe). in blue and polymer

pLBBn7(OMe): in red.

All monomers and polymers present similar signals in *H NMR spectra (Figure 3.4a)
such as the butyl group bonded to the boron atom in the region of 0.5 to 1.8 ppm, the
methyl and polyethylene oxide of the methacrylate group around 1.7 and 3.5-3.7 ppm
respectively. Depending on the oxide substituents bound to the boron, the NMR signal is
different, and in the context of our example, it is the methyl group found at 2.5 and 2.8
ppm. The typical markers of methyl methacrylate monomers are the double singlets
between 5.2 and 6.2 ppm corresponding to the methylene group, which are absent for the

polymers confirming the total polymerization in addition to the methyl signal around 1.2

ppm.

The FTIR spectra (Figure 3.4b) show similar peaks for monomers and polymers
corresponding to the alkane groups between 2800 and 3000 cm™* and for carbonyl groups
at 1710 cm™. Besides, the peak corresponding to the alkene groups at 1635 cm™, is present
for the monomers and absent for the polymers, which once again confirms the success of

the total polymerization.
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Figure 3.4. a) *H NMR spectra in D,0, and
b) FTIR spectra for monomer LBBn7(OMe). and polymer pLBBn7(OMe)..
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Figure 3.5a shows the NMR spectra for pLBBn1(OF¢iP)2, pLBBn1(OGlyOFsiP), and
pLBBN1(OGly), polymers. In general, the assignment of peaks in the *H NMR spectra
follows the previous explanations. The signals associated with the butyl group, the butyl
group, the methylene, and the methyl product of the polymerization were noticed by the
decrease of the ratio of these signals to the rest of the signals as a function of the ethoxy
groups of oligomeric chains in each of the spectra. These protons are located in the region
of 3.1 to 3.7 ppm and overlap with the signals of the protons of the CH2 groups of the
ethoxy ethyl methacrylate in the case of the polymers with ethylene glycol chains. The
septet with a chemical shift at 4.6 ppm for pLBBn1(OFgiP), is associated with the
unprotected carbon-alpha proton of the (1,1,1,3,3,3-hexafluoropropan-2-yl)oxy. The
septet shows a decrease in intensity and a slight shift to the high field (4.5 ppm) for the
SLICPE pLBBn1(OGIlyOF¢iP) due to the effect of the addition of (methoxy tetra ethylene

glycol) as a substituent.

The same effect is observed for pLBBn7(OiP);, pLBBn7(OFsiP);, and
pLBBn7(OFeiP)2 polymers shown in spectra in Figure 3.5b. The septet with a chemical
shift at 4.7 ppm for pLBBn7(OFsiP). associated with the unprotected carbon-alpha proton
of the (1,1,1,3,3,3-hexafluoropropan-2-yl)oxy, shows a decrease in intensity and a shift
to the high field (4.2 ppm) due to the effect of substitution of three fluorine atoms by
hydrogens as a substituent in the SLICPE pLBBn7(OFsiP). This behavior is even more
pronounced for the SLICPE pLBBn7(OiP). which all fluorine atoms are substituted by

hydrogens, the septet is shifted to 4.0 ppm.
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Figure 3.5. 'H NMR spectra a) for synthesized ni SLICPES: i) pLBBn1(OFsiP)s, ii)
pLBBn1(OGlyOFsiP), and iii) pLBBn1(OGly)2; b) for synthesized n7 SLICPEs: iv)
pLBBN7(OiP)2, v) pLBBN7(OF3iP)2, and vi) pLBBn7(OFsiP)2.
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In addition to *H NMR analysis, 'B, and °F NMR spectra were studied to
complement the analysis of the chemical structure of polymers and to elucidate the effect
of the different electron-withdrawing groups on the electron density of the borate group.
The B NMR spectra for the SLICPEs pLBBni(OFsiP)2, pLBBNn:(OGlyOFsiP), and
pLBBny(OGly). (Figure 3.6a) present a unique signal associated with the tetra
coordinated boron atoms 24, with chemical shifts of 8, 6 and 4 ppm respectively, where
the high chemical shift implies a higher degree of deprotection and decrease of the
electron density of the central boron atom of the anionic groups, clearly influenced by the

electron-withdrawing capacity of substituent groups. In the same way, the B NMR
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Figure 3.6. a) !B NMR spectra and b) **F NMR spectra for synthesized ni SLICPES:
i) pLBBN1(OFsiP)2, ii) pLBBN1(OGIyOFsiP), and iii) pLBBN1(OGly),; and ¢) !B NMR
spectra for synthesized n7 SLICPEs: iv) pLBBn7(OFiP)2, and v) pLBBn7(OiP)..
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spectra for the SLICPEs pLBBn7(OFsiP)2, and pLBBn7(OiP). (Figure 3.6c) shows
identical unique signal with chemical shifts of 8, and 3 ppm respectively with the same
influence effect by the electron-withdrawing capacity of substituent groups as explained
before. Corroborating that the incorporation of fluorinated groups as substituents
promotes the delocalization of the anionic charge of the boron atom. And the **F NMR
spectra show the high purity for pLBBn1(OFsiP). and pLBBn1(OGlyOF¢iP) compounds

in Figure 3.6b.

3.2.3. Thermal analysis

TGA and DSC were used to determine the Tq and Tg of synthesized SLICPEs
respectively. The values summarized in Table 3.1 show T4 above 88 °C confirming that
SLICPEs are good candidates for solid electrolytes for batteries tested at 60 °C. The Ty
increases with the steric hindrance of the side groups as observed comparing Tg for the ny
SLICPEs such as pLBBni(OGly); and pLBBni(OGlyOFsiP) of -73 and -60 °C
respectively and with higher Ty for the n; SLICPEs such as pLBBn7(OMe)y,
pLBBn7(OEt)2, and pLBBN7(OFsiP)2 of -55, -50 and -40 °C respectively. Moreover, the
Tg increases when the polarity increases as observed with Ty of pLBBn1(OGIlyOFsiP) >

pLBBN1(OGly), and with Tq of pLBBn7(OFsiP)2 > pLBBNn7(OMe); or pLBBn7(OEt)..

Table 3.1. Degradation temperature (Tq) and glass transition temperature (Ty).

Ta (°C) Tg (°C)
pLBBN1(OGly)2 90 -73
pLBBN1(OGlyOFsiP) 130 -60
pLBBn7(OMe):2 100 -55
pLBBn7(OEt) 88 -50
pLBBn7(OF6iP):2 103 -40
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3.3. Study of ionic conductivity

The ionic conductivity of each synthesized SLICPEs was measured and the results

are shown in Figure 3.7. According to three comparison axes discussed in the three next

parts which are the SLICPEs comparing the different oxy-substituents with one ethoxy

unit pLBBn1(OR)2, the SLICPESs with increasing the number of ethoxy units for methyl-

oxy substituents pLBBn(OMe). with n1, n7 or ng, and the last part presents the SLICPEs

with ethoxy repeat unit optimized at n; for different aliphatic and fluorinated oxy

substituents pLBBn7(OR)a.
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Figure 3.7. Temperature dependence of ionic conductivity for SLICPEs with
a) several oxy-substituents and ethoxy unit of 1: pLBBn1(OR),
b) OMe substituents and increasing of ethoxy unit: pLBBn(OMe)2 with ni, n7, and ng,
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110



Chapter 3

3.3.1. Effect of the different pendant groups with one ethoxy
unit: ny

The first axe of comparison targets the SLICPEs with an ethoxy unit fixed at n; and
several oxy-substituents (pLBBn1(OR).) (Figure 3.7a). To easily understand the effect of
the different substituents on the ionic conduction properties, the results will be discussed
in four categories of borate n1 polymers created according to the chemical characteristics

of the substituents explained in Figure 3.7.

First, polymers substituted with low molecular weight aliphatic groups methyl, ethyl,
and isopropyl (Figure 3.7a i-iii): pLBBn1(OMe),, pLBBn1(OEt),, and pLBBn1(OiP)
showed very similar and low ionic conductivity values of 3.29x1078, 4.42x10°, and
7.78x10° S.cm™ at 25 °C, respectively. It is observed that ionic conductivity at low
temperatures is almost not affected by the size of the substituent aliphatic groups. This
behavior is maintained as a function of temperature for pLBBni(OMe)., and
pLBBn1(OEt),. However, pLBBN1(OiP)2 presents greater temperature dependence and its
ionic conductivity value is slightly higher than those found for pLBBn1(OMe)2, probably
due to the generation of conduction spaces and pathways, as a result of the movement of

the larger substituent groups 2.

Second, polymers having borates with fluorinated groups as electron-withdrawing
substituents show a significant increase in the ionic conductivity values (Figure 3.7a iv-
v): pLBBn1(OFsEt), and pLBBnN1(OFsiP)2. This increase in ionic conductivity was
previously observed for fluorinated cross-linked polymer electrolytes due to the increased
mobility of the oligomer chains in the polymeric matrix 22. The ionic conductivity values

were 4.46x107 and 2.36x10” S.cm™ at 25 °C for pLBBn1(OFsEt), and pLBBn1(OFsiP),
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SLICPEs, respectively. At low temperatures, the increase in the number of fluorine atoms
in the electron-withdrawing substituent groups generates a higher electronic
delocalization in the anionic group, which increases the Li-ions mobility. However, at
high temperatures, the sum of thermal and electronic delocalization effects that contribute
to their ionic conduction processes are comparable since they present similar ionic
conductivity values, 8.61x10° and 8.01x10° S.cm™ at 60 °C for pLBBn1(OF3Et), and

pLBBnN1(OF¢iP)2 polymers, respectively.

Third, the pLBBn1(OAc). polymer (Figure 3.7a vi), whose substituent "ethoxy
acetate” groups provide self-solvating effect 23, exhibits similar characteristics of
magnitude and temperature dependence that polymers with fluorinated substituents.
While the SLICPE pLBBn1(OGly). (Figure 3.7a vii) which includes two ethoxy chains
as substituent groups with an O/Li" ratio of 11, was designed and synthesized to promote
the self-solvating effect of borate groups and provide pathways for ionic conduction,
exhibited ionic conductivity values of 1.34x10°, and 4.42x10° S.cm™ at 25, and 60 °C,

respectively.

The highest ionic conductivity values were obtained for pLBBni(OGIlyOFsiP)
homopolymer which combines a fluorinated and an ethylene glycol substituent (Figure
3.7a viii), with also a significant increase in thermal stability (Table 3.1). To our
knowledge, the ionic conductivity values of 3.26x107°, and 1.64x10* S.cm™ at 25, and
60 °C, respectively, are the highest reported for single Li-ion conducting homopolymers
101426 This polymer combines asymmetric substituents in its molecular structure, thus
the electronic delocalization associated with the OFsiP group, which allows for a decrease

in the interaction energy between the Li*-borate group (as explained with the Figure
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3.6a); and the incorporation of ethylene glycol chains as ion conduction pathways,

generating a synergistic effect that provides improved conditions for ionic transport.

3.3.2. Effect of increasing the ethoxy unit (n1, n7, and ny)

The second axe of comparison is focused on the study of the effect of increasing the
ethoxy unit (n1, n7, and ng) on the ionic conduction properties. The compared SLICPEs
must be composed of the same final substituents -(OR)2, which are chosen by methyl-oxy
substituents to have a single variable to properly assess the effect of ethoxy repeat unit
length. The ionic conductivity of pLBBn1(OMe)2, pLBBn7(OMe)2, and pLBBng(OMe)>
are shown in Figure 3.7b, and exclusively in this part for simplicity, pLBBni(OMe)a,

pLBBn7(OMe),, and pLBBng(OMe). will be referred to n1, nz, and ne.

The highest ionic conductivity is measured for the SLICPE with intermediate ethoxy
length (n7) for all temperatures between 20 and 90 °C. Indeed, the ionic conductivity
values for n; were 1.58x10°°, and 7.64x10° S.cm™ at 25, and 60 °C respectively, whereas
the values were less than 10 S.cm™ for n1 and ne. The increase in ionic conductivity with
the increase in the ethoxy repeat unit from 1 to 7 can be explained by the O/Li" ratio
which increases from 5 to 11. In other words, the contribution of ethoxy groups helps the
self-solvating ability of borate groups providing better ionic transport pathways with n;
than for ni. However, when the number of ethoxy repeat units was increased beyond 7,
for example at ng, the measured ionic conductivity was lower despite the O/Li* ratio
increased to 13. In conclusion, the self-solvation capability is improved but also limited
with the Li* concentration. The optimized O/Li* ratio seems to be around 11, which

corresponds to a SLICPE with seven ethoxy units for the aliphatic substituents.
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The activation energies (E,) were calculated using the Arrhenius equation (2) and
the values for the three pLBBn(OMe). SLICPEs are presented in Table 3.2. The E,values
provide information on the strength of the Coulomb interactions and can be related to the
temperature dependence of the ionic conductivity. The E,value for n7 and ng (0.136 and
0.176 respectively) are close and as shown in Figure 3.7b, the curves have parallel
behaviors to each other in the function of the temperature, whereas E, for ny (0.302 eV)
is much larger and shows a very temperature dependent behavior. A reversal of the ionic
conductivity trend was observed between n; and ng above 70 °C, which shows a greater
temperature dependence for n1 with ionic conductivity values of 3.29x108 and 5.81x10°
®S.cm™ at 25 °C and 90 °C respectively, whereas the ionic conductivity was more constant
for ng with values of 1.34x107 and 2.44x10° S.cm™ at 25 and 90 °C respectively. Besides
being explained by the values of E,, this behavior is due to the same reason as that
discussed with pLBBnN1(OiP)2 and pLBBn1(OMe)2 previously, which is the generation of
spaces and conduction pathways as a result of the movement of substituent groups
compared to the proportion of the polymer. The ionic transport is through hopping
between the anionic centers for n1, whereas it is preferentially promoted by the movement

of the ethoxy chains for n7 and na.

Table 3.2. The activation energy for pLBBn(OMe). SLICPEs with n, n7, and ng.

Name E, (eV)
pLBBNi(OMe). 0.302
pLBBN7(OMe). 0.136
pLBBng(OMe): 0.176
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Moreover, the increase in the ethoxy repeat unit changed the appearance of the
polymers such as the increase in viscosity. This effect was well observed for

pLBBNn(OMe). being a powder for n; to increasingly viscous solids for n7 and no.

3.3.3. Effect of the different pendant groups with the ethoxy unit

of n7

Based on the previous study, where the ionic conductivity was optimized with an
increase of ethoxy repeat units to 7 and 11 O/Li" ratios, four SLICPEs with ethoxy repeat
units fixed to 7 (pLBBNn7(OR).) and different aliphatic or fluorinated substituents were
compared in Figure 3.7c. Generally, the ionic conductivity curves are higher for the four
SLICPESs n7 with values of 1.58x10°, 3.95x10°, 4.18x107, 1.80x10™ S.cm™ at 25 °C for
pLBBn7(OMe)2, pLBBn;(OEt),, pLBBn7(OiP);, pLBBn7(OFsiP), respectively,
compared to their n1 homolog with values of 3.29x108, 4.42x107°, 7.78x107°, 2.35x10”’
S.cm™? at 25 °C for pLBBn1(OMe),, pLBBn1(OEt);, pLBBn1(0iP)2, pLBBN1(OFiP),
respectively (Figure 3.7a iii,v). Moreover, n; SLICPEs depend less on temperature than
their ny counterpart and n7 aliphatic SLICPEs follow a similar trend between them with

increasing order pLBBN1(OiP), < pLBBNn1(OMe)2 < pLBBN1(OEt).

Similar to the study of n1 SLICPEs, the ionic conductivity is greatly improved with
the fluorinated substituents for pLBBN7(OFeiP)2. This is explained with the increase of
the Li-ions mobility by electronic delocalization effect with the electron-withdrawing
fluorinated substituent compared to the aliphatic ones (as explained with the Figure 3.6c).
The ionic conductivity of pLBBn7(OFsiP). with values of 1.80x10°, 1.29x10%, and
3.05x10* S.cm™ at 25, 60, and 90 °C respectively, follows very closely the ionic

conductivity of pLBBn1(OGlyOFsiP) with values of 3.26x107°, 1.65x10*, and 3.28x10*
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Scm™at 25, 60 and 90 °C respectively, which is reported as the highest ionic conductivity

for single Li-ion conducting homopolymers.

3.3.4. Influence of the fluorine number

In this part, the evolution of ionic conductivity is discussed for two comparison cases
of SLICPEs with different number of fluorine atoms and the same structures. In the first
case, pLBBn1(OGIlyOFsiP) and pLBBn1(OGIlyOFgiP) are compared. The Figure 3.8a
shows their structures and the Figure 3.8c their ionic conductivity results. For the second
case, pLBBnN7(QiP)2, pLBBN7(OFs3iP)2, and pLBBn7(OFsiP)2 are shown in Figures 8b and

8d.

In the first case (Figures 3.8a and 3.8c), the compared SLICPEs have the same
structure with small variation in the pendant isopropyl group (iP). Three hydrogen atoms
on the isopropyl substituent (OiP) change to three fluorine atoms (OF3iP). Thus the F/Li*
ratio increases from 3 to 6 for pLBBn1(OGIlyOFsiP) and pLBBn1(OGlyOFeiP), and the
ionic conductivity values also increases, from 3.43x10° to 3.26x10° S.cm™ at 25 °C
respectively. As previously explained, the ionic conductivity increases with the presence

of electron-withdrawing substituent so the increase of the F/Li" ratio.

In the second case (Figures 3.8b and 3.8d), the structures of SLICPEs are composed
of two isopropyl substituents with increasing fluorine atoms, such are pLBBn7(QiP),
pLBBn7(OF3iP)., and pLBBn7(OFsiP)2. The F/Li* ratio increased from 0, 6, and 12
respectively, and the ionic conductivity values are 4.18x107, 1.34x107, and 1.80x10°°
S.cm™ at 25 °C respectively. It is worth mentioning that the increasing evolution of the

ionic conductivity is pLBBn7(OFsiP), < pLBBn7(0OiP) < pLBBn7(OF¢iP), therefore the
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ionic conductivity does not evolve following the F/Li* ratio. The ionic conductivity
behavior of pLBBnN7(OF3iP): is the lowest, and even lower than pLBBn7(OiP).. This can
be explained through the charges of the three fluorine and three hydrogen atoms on the
isopropyl substituent (OF3iP), which are balanced together and do not affect the boron
charge so the interaction energy between Li*-borate is stronger, compared to isopropyl
substituents with six hydrogen atoms (OiP)2 or fluorine atoms (OFsiP).. A modeling study

of ionic molecular orbitals could help to understand and validate this hypothesis.
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Figure 3.8. Chemical structures of SLICPEs: a) pLBBn1(OGIlyOF3ziP) and
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Temperature dependence of ionic conductivity ¢) for SLICPEs with 1 ethoxy group,
and d) for SLICPEs with 7 ethoxy groups.

117



Chapter 3

3.3.5. Other electrochemical characterizations for SLICPEs

In highly conductive SLICPEs, ionic transport is determined by the degree of super-
delocalized negative charge distribution of the anionic centers, which decreases the
interaction energy in the ionic pair 1°. Furthermore, generally accepted models for Li*
transport in SPEs involving coupling to the segmental motion of the polymer backbone,
a more flexible backbone is naturally beneficial for conductivity ®. Both assumptions for
the description of ionic transport in SPE are synergically combined in the molecular
structure of the polymers pLBBn1(OGly), pLBBn(OGIlyOFsiP), pLBBn7(OEt),, and
pLBBn7(OFsiP)2, resulting in high ionic conductivity values *. In order to verify the single
lithium-ion-conducting characteristics the lithium transference number (t;;+) were
measured and presented in Figure 3.9. The ny and n7 optimized homopolymers which are
pLBBn1(OGly),, pLBBn1(OGlyOFsiP), pLBBn7(OEt),, and pLBBn7(OF¢iP)2 present
high t,;+ values of 0.92, 0.93, 0.88, and 0.96 respectively. All ¢;;+ values are close to 1

as expected values for single-ion polymers.

The resistance is greatly improved with viscous liquid homopolymers. Indeed, the
Nyquist plots show very high resistances for the two solid SLICPEs with resistance
around 75 kQ for pLBBn1(OGly). and higher than 1000 kQ for pLBBn7(OEt), (inset
Figures 3.9a and 3.9c) while the resistance is improved by a decrease of less than 3 kQ
for the two viscous liquid SLICPEs pLBBn1(OGIlyOFeiP) and pLBBn7(OFsiP)2 (inset

Figures 3.9b and 3.9d).
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Figure 3.9. Lithium transference number (¢,;+) evaluation: typical current transient
obtained at the polarization of 10 mV for Li | pLBBn(OR)2 | Li symmetrical cells at
60 °C (inset: Nyquist plot for the same cell before and after polarization) for the
SLICPEs a) pLBBn1(OGly)z, b) pLBBn1(OGIlyOFsiP), c) pLBBn7(OEt)2, and d)
pLBBN7(OF6iP)2.

Among the new proposed SLICPEs, pLBBn1(OGIlyOFeiP) is selected to be tested as
a solid polymer electrolyte in a battery because it has the best electrochemical properties
with ¢,;+ values close to unity, resistance greatly improved, and most importantly, the

highest ionic conductivity.

To evaluate the electrochemical stability of the homopolymer electrolyte
pLBBNn1(OGlyOFsiP), the cyclic voltammetry of Li | pLBBn(OR): | stainless steel cell at
60 °C was studied and shown in Figure 3.10. pLBBni(OGlyOFsiP) shows
electrochemical stability of 4.2 V vs Li*/Li confirming its excellent properties as SLIPCE

for batteries.
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Figure 3.10. Linear sweep voltammograms (v = 0.2 mV.s!) obtained in the
Li | pLBBN1(OGIlyOFs¢iP) | stainless steel cell at 60 °C.

3.4. Battery performances

The SLICPE pLBBn1(OGIlyOFsiP) was tested in a full cell with LisTisO12 (LTO) |
pLBBn1(OGIlyOFsiP) | LiFePO4 (LFP) configuration as represented in Figure 3.11a. The
battery system is not optimized because there are no electrolytes in the anode and cathode.
Therefore, the battery is first tested with a very low current as a proof of concept. The
battery was charged and discharged at 60 °C between 1.0 and 2.5 V at increasing currents
of 0.04C for two cycles and 0.1C for three cycles as shown in the voltage profiles in
Figure 3.11b. The highest capacity is 238 pA.h measured during the first charge at 0.04C
and gradually decreases to 120 pA.h for the second discharge at -0.04C and finally
decreases to 50-75 pA.h for the cycles at +0.1C. The decrease capacity values is due to

the charge-discharge asymmetry observed in the voltage profile by longer oxidation, well-

observed at a low rate of 0.04C.
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Figure 3.11. Application of SLICPEs in LTO | pLBBn1(OGlyOFsiP) | LFP cell:
a) schematic representation of battery components; b) charge-discharge voltage profiles
for several cycles at currents 0.04C, and 0.1C at 60 °C; and c) Nyquist plots at 2.0 V for
different temperatures.

The cell impedance was measured every 10 °C, from 40 to 80 °C, and the results are
shown in Figure 3.11c. The impedance decreases with increasing temperature from 3.3
kQ at 40 °C to 0.65 kQ at 80 °C. However, the impedances at 50 and 60 °C are similar
with resistances of 1.8 and 1.7 kQ respectively, likewise for the impedances at 70 and 80

°C with resistances values of 0.7 and 0.8 kQ, respectively.
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3.5. Conclusions

In this chapter, a new family of single-ion lithium conducting polymer electrolytes
based on highly delocalized borate groups is reported. Synthesis and characterizations are
analyzed and thermal analysis shows good properties for battery application below 88 °C.
The effect of the nature of the substituents onto boron atoms including aliphatic,
fluorinated, and self-solvating on their ionic conductivity was studied, also the effect of
increasing the ethoxy repeat unit from n1, n7, and ng. The optimized methacrylic borate
SLIPCEs show to our knowledge the highest ionic conductivity reported for a lithium
single-conduction homopolymer with 1.65x10* and 1.29x10* S cm?® for
pLBBn1(OGlyOFsiP) and pLBBn7(OFsiP). respectively at 60 °C. The single ion-

conducting properties were confirmed by its high ¢, ,+ between 0.88 and 0.93.

The SLICPE pLBBn1(OGlyOFsiP) was tested in battery LTO || LFP at 60 °C and 238
(A h of capacity was measured during the first charge at 0.04C and 1.7 kQ of resistance.
To conclude, the performance of the solid state battery is quite low due to the absence of
electrolytes in the anode and cathode, but the results prove the concept and are
encouraging. Indeed, this opens up many possibilities for future work, such as optimizing
the battery configuration or including this monomer in co-polymer or polymer electrolyte

formulations thanks to the versatility of the acrylic polymer chemistry.
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3.6. Experimental part

3.6.1. Materials

All chemicals, including 2-Hydroxyethyl methacrylate (HEMA, 97%, Aldrich),
Poly(ethylene glycol) methacrylate (PEGMA, molecular weight of 360 and 500 g.mol ™,
Aldrich), Borane tetrahydrofuran complex solution 1.0 M in THF (BHs, Aldrich), n-Butyl
lithium 2.5M solution in hexanes, (nBuLi, ACROS), 2,2"-Azobisisobutyronitrile (AIBN,
initiator, 98%, Aldrich), Trimethyl borate (TMB, >98%, Aldrich), Triethyl borate (TEB,
>95%,Aldrich), Triisopropyl borate (TiPB, >98%, Aldrich), 2,2,2-Trifluoroethanol (TFE,
Aldrich), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFiP, >99%, Aldrich), 1,1,1-Trifluoro-2-
propanol (TFP, 97%, Aldrich), were used as received. The products 2-Hydroxyethyl
Acetate (HEA, 75%, TCI), and Triethylene glycol monomethyl ether (TEG, 95%,
Aldrich) were distilled at the rotary evaporator at 70°C and reduced pressure. The
methanol (MeOH) and hexane solvents from SharpLab were dried with anhydrous
MgSO4 before used. BH3-THF and n-Butyl lithium are very highly moisture-sensitive

reagents so they need to be handled under inert atmosphere in all steps.

3.6.2. Synthesis of the single lithium-ion monomers

The seven monomers substituted with aliphatic groups (-R) such as methyl, ethyl and
isopropyl (LBBn1(OMe)2, LBBNn7(OMe)2, LBBng(OMe)2, LBBN1(OEt)2, LBBN7(OE).,
LBBn1(0iP)2, and LBBN7(0iP).) were synthesized following the method A as shown in
Figures 3.2a-b). To synthesize the three monomers LBBni(OMe)2, LBBn1(OEt),, and
LBBn1(OiP),, HEMA (10 mmol, 1.3 g) and dry hexane (30 ml) were charged into a flask
of 100 ml. Concerning the three monomers synthesis of LBBn7(OMe)., LBBn7(OEt)2,
and LBBn7(0iP)2, PEGMA with molecular weight of 360 g.mol™? (10 mmol, 3.6 g) and
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dry hexane (30 ml) were charged into a flask of 100 ml. And for LBBng(OMe). synthesis,
PEGMA with molecular weight of 500 g.mol™ (10 mmol, 5.0 g) and dry hexane (30 ml)
were charged into a flask of 100 ml. Then the solutions were stirred with argon flow and
then cooled in an acetone-liquid nitrogen bath, avoiding solidification of the system. 1
molar equivalent (1 eq.) of Tri-R borates were added dropwise according to the desired
monomer. TMB (10 mmol, 1.04 ml) for LBBni(OMe),, LBBn7(OMe),;, and
LBBng(OMe)> monomers synthesis. TEB (10 mmol, 1.7 ml) for LBBn;(OEt), and
LBBn7(OEt), monomers synthesis. TiPB (10 mmol, 2.2 ml) for LBBn1(OiP), and
LBBn7(OiP). monomers synthesis. The reaction mixtures were slowly heated to RT and
stirred for 2 h. Subsequently, the systems were cooled again in an acetone-liquid nitrogen
bath and 1 eq. of nBuLi 2.5 M in hexane (10 mmol, 4 ml) were added dropwise. The
precipitates formed were heated to RT and stirred for another 2 h more, before being
filtered and washed with cold diethyl ether. The white monomers obtained were placed

in a vial and dried on a vacuum line at 40°C for 24h.

The method B shown in Figures 3.2a and 3.2c was followed to synthesize the
monomers  LBBni(OFzEt)2, LBBnNi(OFeiP)2, LBBn7(OFsiP)2, LBBn7(OFsiP):,
LBBn1(OAC)2, LBBN1(OGly),, LBBn1(OGlyOFsiP), and LBBn1(OGlyOFsiP). 30 ml of
dry hexane were charged into the 100 ml two-neck flask with HEMA (10 mmol, 1.3 g)
except for LBBn7(OFsiP). and LBBn7(OF¢iP). synthesis which used PEGMA with
molecular weight of 360 g.mol™* (10 mmol, 3.6 g). The solutions were stirred with argon
flow and subsequently cooled in an acetone-liquid nitrogen bath, avoiding solidification
of the system. 1 eq. of BH3-THF complex solution of 1 M in THF (10 mmol, 10 ml) were
carefully added "dropwise”, while H> was expelled from the system with nitrogen flow.

Then the reaction mixtures were slowly warmed to RT and stirred for 30 min more.
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Before each addition of the next reagents, the systems were cooled in an acetone-liquid
nitrogen bath, and afterward, the systems were heated to RT for 1 hour to ensure that H»
releases were complete. 2 eq. of alcohols according to the desired monomer were added
dropwise such as TFE (20 mmol, 4 ml) for LBBn1(OFsEt)2; HFiP (20 mmol, 4 ml) for
LBBn1(OFsiP)2 and LBBN7(OFsiP)2; TFP (20 mmol, 4 ml) for LBBn7(OF3iP)2; HEA (20
mmol, 4 ml) for LBBn1(OAc).; and TEG (20 mmol, 4 ml) for LBBn1(OGly).. For
LBBn1(OGIlyOFsiP) and LBBni(OGlyOFsiP), two different alcohols were added
dropwise separately: first, 1 eq. of TEG (10 mmol, 4 ml), and secondly, 1 eq. of HFiP for
LBBn1(OGlyOFsiP) or TFP (10 mmol, 4 ml) for LBBn1(OGIlyOFsiP). Finally, for each
synthesis, 1 eq. of nBuLi 2.5 M in hexane (10 mmol, 4 ml) was added dropwise following
the same temperature control protocol. The reaction mixture was stirred at RT for another
2 hours. Finally, the product was precipitated and washed with cold diethyl ether. The

monomers obtained were placed in a vial and dried in a vacuum line at 40°C for 24h.

3.6.3. Polymerization procedure

The synthesized boron-based monomers were used to obtain a series of SLICPES
using the random radical polymerization method. The following example describes the
procedure used for the synthesis of the linear polymer pLBBni1(OMe)2: LBBn1(OMe):
monomer (0.95 g), AIBN (0.0040 g, 3 wt%), and methanol (0.40 ml) were gently mixed
in a Schlenk tube at RT. To remove as much oxygen as possible, the system was bubbled
for 3 min with a flow of argon and an additional 30 min after the reagents were added.
The reaction flask was then immersed in a hot oil bath at 60°C and left for 6h. After the
reaction, the polymers were dried on a rotary evaporator and finally, thoroughly dried at
60 °C under a high vacuum for 24 h and stored in the glove box. The monomers

LBBn1(OR)2, LBBNn7(OR)2 and LBBng(OR). were used for obtaining pLBBn1(OR)2,
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pLBBn7(OR). and pLBBng(OR). SLICPEs following the same polymerization method

described above and all polymer structures and names are summarized in Table 3.3.

The obtained polymers pLBBni(OMe)2, pLBBny(OEt);, pLBBN1i(OiP)s,
pLBBn1(OF3Et)2, and pLBBni(OFsiP). were white solid; pLBBn7(OMe).,
pLBBn7(OEt)2, pLBBnN7(OiP)2, pLBBng(OMe)2, pLBBn7(OF3iP)., pLBBN1(OGly)s,
pLBBn1(OGlyOFsiP) were gels; and pLBBn;(OFsiP)2, pLBBni(OGlyOFsiP),

pLBBn1(OAC)2 were viscous liquids.

Table 3.3. Chemical structures and names of SLICPEs.

Structure n | Name Full name
poly(lithium butyl(2-((dimethoxyboryl)
% 1 | pLBBN:(OMe); oxy)ethyl methacrylate))
g
poly(lithium butyl(2-((dimethoxyboryl)
5 L+ 7| PLBBN7(OMe) (poly(ethylene glycol) methacrylate))))
Bu I
\B/_
o’ o poly(lithium butyl(2-((dimethoxyboryl)
| | 9 | PLBBNs(OMe), (poly(ethylene glycol) methacrylate))))
j poly(lithium butyl(2-
g 1| pLBBM(OEL), ((diethoxyboryl)oxy)ethyl methacrylate))
B 56 - ly(lithium butyl(2-((diethoxyboryl)
DN poly(lithium butyl(2-((diethoxybory
OW OW 7 | PLBBN7(OEL): (poly(ethylene glycol) methacrylate))))
kﬁ“ : poly(lithium butyl(2-((diisopropoxyboryl)
3 ’ 1 | pLBBM(OiP), oxy)ethyl methacrylate))
g O U - .
N . poly(lithium butyl(2-((diisopropoxyboryl)
\(O/ OY 7 | PLBBN7(OiP). (poly(ethylene glycol) methacrylate))))
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pLBBN1(OF3Et),

poly(lithium butyl(2-((bis(2,2,2-
trifluoroethoxy)boryl)oxy)ethyl
methacrylate))

pLBBnN7(OF3iP):

poly(lithium butyl(2-((bis(1,1,1-
trifluoropropan-2-yl)boryl)oxy)
(poly(ethylene glycol)methacrylate)))

pLBBN1(OFsiP),

poly(lithium butyl(2-((bis(1,1,1,3,3,3-
hexafluoropropan-2-yl)boryl)oxy)ethyl
methacrylate))

pLBBN(OFsiP),

poly(lithium butyl(2-(bis(1,1,1,3,3,3-
hexafluoropropan-2-yl)boryl)
(poly(ethylene glycol) methacrylate)))

poly(lithium butyl(2-((bis(ethane-2,1-

e Pt pLBBnN1(OAC)2 diyl)diacetate)boryl)oxy)ethyl
% methacrylate))
oj \/\ O
A, T
kﬁ poly(lithium butyl(2-(2-(2-
b Dt pLBBN1(OGly). methoxyethoxy)ethoxy)ethyl)boryl)oxy)et
075/20 hyl methacrylate))
oIV X,
% Ot

pLBBN1(OGIyOFsiP)

poly(lithium butyl((2-((2-(1,1,1,3,3,3-
hexafluoropropan-2-yl))(2-(2-(2-
methoxyethoxy)ethoxy)ethyl))boryl)oxy)

? Tca ethyl methacrylate))
7‘2 3
i ’ poly(lithium butyl((2-(((1,1,1-
) . trifluoropropan-2-yl))(2-(2-(2-
B . pLBBN(OGIyOF:iP) methoxyethoxy)ethoxy)ethyl))boryl)oxy)
% O\é/ ethyl methacrylate)
%?{ 3
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3.6.4. Polymer material characterizations

Chemical structure characterizations were investigated by FTIR and NMR
spectrometry for the monomers before the polymerization and for the final boron based
polymers. FTIR (Nicolet 6700 FTIR spectrometer over the range of 4000-400 cm™ 1) were
used at RT and under air atmosphere. H, 1°F, and !B NMR spectroscopy analysis were
carried out with the Avance 111 400 MHz Digital NMR spectrometer. The NMR results

for the polymers is reported below:

pLBBN1(OMe)s, Yield: 0.9 g (97%); 'H NMR (400 MHz, D20): & (ppm) = 3.75-3.44 (dt,
4H, CO-O-CHy-CH,-O-B), 3.24 (s, 6H, B-O-CHs), 1.72 (s, 3H, CHo-C(CHa)-CHy), 1.49
(0, 2H, B-CH2-CH,-), 1.32 (sX, 4H, B-CH,-CHo-CHy), 1.24 (br, 2H, -(CH2-C(CH3))-),

0.87 (t, 3H, (CH2)3-CHs); 1'B NMR (400 MHz, D20): § (ppm) = 8.2 (s, -CH2-B-(OR)2).

pLBBN1(OEt),, Yield: 1.25 g (91%); *H NMR (400 MHz, D20): & (ppm) = 3.63-3.56 (dt,
4H, CO-0O-CH,-CH,-0-B), 3.31 (c, 4H, B-O-CHy), 1.71 (s, 3H, CH2-C(CH3)-CHy), 1.48
(g, 2H, B-CH2-CH-), 1.29 (sx, 2H, B-CH2-CHp-CHy), 1.21 (br, 2H, -(CH2-C(CH3))-),
1.14 (t, 6H, B-O-CH2-CHj3), 0.86 (g, 4H, B-(CH2)3-CHs); **B NMR (400 MHz, D20): &

(ppm) = 8.2 (s, -CH2-B-(OR)>).

pLBBN1(0iP),, Yield: 1.08 g (87%); *H NMR (400 MHz, D20): & (ppm) = 3.98 (m, 2H,
B-O-CH(CHs)), 3.67-3.56 (dt, 4H, CO-O-CH,-CH»-O-B), 1.71 (s, 3H, CH2-C(CHs)-
CHa), 1.49 (g, 2H, B-CH-CH2-), 1.30 (sX, 3H, B-CH2-CH2-CHy), 1.21 (br, 2H, -(CH,-
C(CH3))-), 1.15 (d, 12H, B-O-CH(CHs)2), 1.01 (d, 2H, B-(CH2)2-CH,-CHs), 0.86 (q, 4H,

B-(CH1)3-CHs); !B NMR (400 MHz, D20): & (ppm) = 8.2 (s, -CH2-B-(OR)2).
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pLBBN1(OF3Et),, Yield: 1.05 g (82%); *H NMR (400 MHz, D20): § (ppm) = 3.95 (sp,
4H, B-O-CH,CF3), 3.62-3.54 (dt, 4H, CO-O-CH,-CH,-0-B), 1.70 (s, 3H, CH,-C(CHs)-
CHy), 1.47 (g, 2H, B-CH2-CH,-), 1.30 (sX, 2H, B-CH,-CH.-CHy), 1.24 (br, 2H, -(CH.-
C(CHa))-), 1.10 (m, 2H, B-(CH2)2-CH.-CHs), 0.85 (g, 3H, B-(CH2)s-CHs); 'B NMR
(400 MHz, D20): & (ppm) = 8.2 (s, -CH2-B-(OR)2); *°F NMR (400 MHz, D>0): § (ppm)

= -76.02 (s, CF3).

pLBBN1(OFsiP)2, Yield: 1.32 g (91%); *H NMR (400 MHz, D20): § (ppm) = 4.63 (sp,
2H, B-O-CH(CF3)y), 3.63-3.56 (dt, 4H, CO-O-CH,-CH,-0-B), 1.71 (s, 3H, CH2-C(CHs)-
CHy), 1.49 (g, 2H, B-CH2-CH,-), 1.30 (sX, 2H, B-CH,-CH2-CHy-), 1.24 (br, 2H, -(CH.-
C(CHa))-), 1.11 (c, 2H, B-(CH:)2-CH2-CH3), 0.86 (g, 3H, B-(CH2)3-CHs); !B NMR (400
MHz, D,0): § (ppm) = 7.77 (s, -CH2-B-(OR)2); °F NMR (400 MHz, D20): & (ppm) = -

75.89 (s, CFa).

pLBBnN1(OAC)z, Yield: 1.42 g (71%); 'H NMR (400 MHz, D;0): § (ppm) = 3.79-3.38 (m,
12H, O-CH,-CH,-0-), 1.92 (s, 6H, CO-CHs), 1.76 (s, 3H, CH2-C(CHs)-CHy), 1.53 (m,
2H, B-CH,-CHj-), 1.30 (sx, 2H, B-CH2-CH2-CH,-), 1.29 (br, 2H, -(CH2-C(CHs))-), 1.10
(¢, 2H, B-(CH2)2-CH2-CHs), 0.90 (t, 3H, B-(CH2)3-CHs); B NMR (400 MHz, D20): &

(ppm) = 8.2 (s, -CH2-B-(OR)>).

pLBBN1(OGly), Yield: 3.54 g (68%); *H NMR (400 MHz, D,0): & (ppm) = 3.61-3.53
(m, 28H, O-CH,-CH,-0), 3.07 (s, 6H, CO-CH3), 1.65 (s, 3H, CH2-C(CHs)-CHy), 1.43
(m, 6H, B-CHp-CH>-), 1.25 (m, 6H, B-CH2-CHp-CH.-), 1.16 (br, 2H, -(CH2-C(CH3))-),
1.06 (m, 2H, B-(CHy)2-CH2-CHs), 0.81 (m, 9H, B-(CH2)s-CHs); 1'B NMR (400 MHz,

D20): § (ppm) = 8.2 (s, -CH2-B-(OR)>).
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pLBBN1(OGlyOFsiP), Yield: 2.16 g (91%); *H NMR (400 MHz, D20): & (ppm) = 4.47
(sp, 1H, B-O-CH(CFs)2), 3.62-3.46 (m, 16H, O-CH»-CH,-0), 3.40 (s, 3H, -O-CHj), 1.62
(s, 3H, CH2-C(CHg)), 1.41 (m, B-CH,-CH2-), 1.24 (m, B-CH2-CH2-CH>-), 1.07 (m, B-
(CH2)2-CH2-CHs), 1.02 (br, -(CH2-C(CHs))-), 0.79 (m, B-(CH2)3-CHs); 'B NMR (400
MHz, D,0): § (ppm) = 8.2 (s, -CH2-B-(OR)2); *°F NMR (400 MHz, D,0): § (ppm) = -

78.2 (s, CFa).

pLBBN7(OGlyOFsiP), Yield: 2.97 g (78%); *H NMR (400 MHz, D20): & (ppm) = 4.51
(sp, 1H, B-O-CH(CFs3)(CHa)), 3.54-3.63 (m, 28H, O-(CH2-CH2)7-O), 3.49 (s, 3H, -O-
CHs), 1.71 (s, 3H, CH2-C(CH3)), 1.49 (m, B-CHz-CH2-), 1.30 (m, B-CH2-CH2-CHy-),
1.15 (d, 12H, B-O-CH(CF3)(CHs)), 1.10 (m, B-(CH2)2-CH2-CHs), 1.01 (br, -(CHa-
C(CHs))-), 0.86 (m, B-(CH2)3-CHs); !B NMR (400 MHz, D20): & (ppm) = 8.2 (s, -CH-

B-(OR)2); 1°F NMR (400 MHz, D,0): & (ppm) = -78.2 (s, CFs).

pLBBnN7(OMe),, Yield: 0.9 g (89%); *H NMR (400 MHz, D20): § (ppm) = 3.59 (dt, 28H,
CO-0-(CH2-CH,)7-0-B), 2.54 (sx, 6H, B-O-CHs), 1.70 (s, 3H, CH2-C(CHs)-CH>), 1.47
(g, 2H, B-CH2-CH>-), 1.30 (g, 2H, B-CH2-CH,-CH2-), 1.20 (br, 2H, -(CH2-C(CH3))-),
1.01 (m, 2H, B-(CH2)2-CH,-CHs), 0.83 (g, 3H, (CH2)2-CHs); B NMR (400 MHz, D20):

& (ppm) = 8.2 (s, -CH2-B-(OR)>).

pLBBN/(OEt),, Yield: 4.1 g (77%); *H NMR (400 MHz, D20): & (ppm) = 3.61-3.58 (dt,
28H, CO-O-(CHp-CHz)7-0-B), 2.81 (q, 4H, B-O-CHy), 1.69 (s, 3H, CH,-C(CHa)-CHy),
1.47 (g, 2H, B-CH2-CH2-), 1.29 (q, 2H, B-CH2-CH2-CHy-), 1.19 (br, 2H, -(CH,-C(CHs))-

), 113 (t, 6H, B-O-CH2-CHs), 1.01 (m, 2H, B-(CH2)2-CHy-CHs), 0.85 (g, 6H, (CHz)s-

130



Chapter 3

CHz3); 1'B NMR (400 MHz, D20): & (ppm) = 8.2 (s, -CH2-B-(OR)2).

pLBBN7(0iP),, Yield: 2.1 g (95%); *H NMR (400 MHz, D;0): & (ppm) = 3.98 (m, 2H,
B-O-CH(CHs3)y), 3.63-3.49 (dt, 28H, CO-O-(CH2-CH,)7-0-B), 1.71 (s, 3H, CH2-C(CHs)-
CHa), 1.49 (g, 2H, B-CH2-CH>-), 1.32 (g, 2H, B-CH2-CH2-CH,-), 1.23 (br, 2H, -(CH,-
C(CHa))-), 1.14-1.12 (d, 12H, B-O-CH(CHs),), 1.01 (m, 2H, B-(CH2)2-CH,-CHs), 0.86

(g, 3H, (CH2)3-CHs); 1B NMR (400 MHz, D20): § (ppm) = 8.2 (S, -CH2-B-(OR)2).

pLBBNs(OMe),, Yield: 1.9 g (63%); 1H NMR (400 MHz, D20): § (ppm) = 3.70-3.60 (dt,
CO-0-(CH2-CH,)s-0-B), 2.54 (s, 6H, B-O-CHg), 1.71 (s, 3H, CH»-C(CHs)-CHy), 1.48
(g, 2H, B-CH2-CH>-), 1.30 (g, 2H, B-CH2-CH,-CH>-), 1.22 (br, 2H, -(CH2-C(CH3))-),
1.01 (g, 2H, B-(CH2)2-CH-CH3), 0.82 (t, 3H, (CH2)3-CHs); *'B NMR (400 MHz, D20):

& (ppm) = 8.2 (s, -CH2-B-(OR)>).

pLBBN7(OF3iP),, Yield: 2.7 g (68%); *H NMR (400 MHz, D,0): & (ppm) = 4.51-4.19
(m, 2H, B-O-CH(CF3)(CHz)), 3.70-3.55 (dt, 28H, CO-O-(CH2-CH,)7-0-B), 1.71 (s, 3H,
CH2-C(CHs)-CHy), 1.49 (g, 2H, B-CH2-CH3-), 1.30 (sX, 2H, B-CH2-CHp-CH>-), 1.26 (br,
2H, -(CH2-C(CHs))-), 1.12 (m, 2H, B-(CH2)-CH,-CHs), 1.02 (d, 6H, B-O-
CH(CF3)(CHs)), 0.86 (g, 3H, (CH2)3-CHs); !B NMR (400 MHz, D20): & (ppm) = 8.2 (s,

-CH2-B-(OR)2); °F NMR (400 MHz, D,0): & (ppm) = -75.98 (s, CF3).

pLBBN7(OFsiP)2, Yield: 6.6 g (92%); *H NMR (400 MHz, D;0): & (ppm) = 4.67 (m, 2H,
B-O-CH(CFa),), 3.70-3.55 (dt, 28H, CO-O-(CH2-CH2)7-O-B), 1.71 (s, 3H, CH2-C(CHa)-
CH>), 1.48 (q, 2H, B-CH>-CH>-), 1.30 (sx, 2H, B-CH2-CH,-CH>-), 1.26 (br, 2H, -(CH2-

C(CHs3))-), 1.12 (m, 2H, B-(CH2)2-CH2-CHs), 0.86 (g, 3H, (CH2)2-CHs); B NMR (400
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MHz, D,0): § (ppm) = 8.2 (s, -CH2-B-(OR)2); *F NMR (400 MHz, D,0): § (ppm) = -

75.89 (s, CFa).

The thermal properties of the polymers were evaluated by TGA (SDTQ-600 TA
instruments) with a heating rate of 10 °C.min"! from 30 to 650 °C under an N atmosphere
to measure the Tq, and by DSC (SDTQ-600 TA instruments) with a heating rate of 10
°C.min"! from -70 to 100 °C under N flow. The glass transition temperatures (Tg) were

measured by the onset-temperature extrapolated in the second heating scan.

3.6.5. Preparation of SLICPEs

The SLICPEs made with the white solid polymers such as pLBBnNni(OMe),
pLBBn1(OEt)2, pLBBN1(OiP)., pLBBN1(OF3Et)2, and pLBBN1(OFsiP). were prepared by
dissolution, drop-casting and evaporation. A solution of 10 wt.% of polymer in MeOH
was mixed and 200 pL was drop-casted onto an 11 mm diameter silicone mold. First, the
SLICPEs were dried at RT under nitrogen flow for 6h, and then under vacuum in BUCHI

glass oven at 60 °C for 2h.

The viscous liquid polymers such as pLBBn7(OFsiP)., pLBBn1(OGIlyOFsiP), and
pLBBn1(OAC). were used as is, without the need for any particular physical preparation

for tests.

The SLICPEs made with the gel polymers such as pLBBn1(OGly)2, pLBBn7(OMe).,
pLBBn7(OEt)2, pLBBn7(OiP)2, pLBBn7(OF3iP),, and pLBBng(OMe), were prepared
with a hot press at 60 °C under 10 bars for 5 min. The thickness of the obtained

membranes for the gel polymers were around 100 pum.
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For the tests of gel SLICPEs in contact with lithium metal, the polymers were used
in an Ar—filled glove box. In the first step, the polymers were placed inside sealed airtight
pockets inside the glove box in order to be pressed at 60 °C under 10 bars for 5 min
avoiding moisture environment contact. In a second step, the lithium metal was placed on
the made SLICPE membrane and closed together inside sealed airtight pocket to be

pressed following the same condition that previously.

3.6.6. Electrochemical characterizations

lonic conductivity of SLICPEs was measured on three different samples by EIS using
an Autolab 302N potentiostat/galvanostat (Metronm AG) equipped with a temperature
controller (Microcell HC station). The samples were placed between two stainless steel
electrodes with a surface area of 0.5 cm? and a thickness of 0.1 mm. The measurements
were carried out every 10 °C between 95 and 25 °C with a frequency range set from 0.1
MHz to 0.1 Hz and 10 mV amplitude. The ionic conductivity of SLICPEs were calculated

following Equation (3.1) based on literature 2’

_1d

g = Ry S (3.1)

where ¢ is the ionic conductivity (S.cm™), d is the thickness of the SLICPE (cm), S is the
area (cm?) of electrodes in contact with the SLICPE, R,, is the bulk resistance extracted

from the Nyquist plot obtained in EIS.

The activation energy E, of SLICPEs was calculated according to Arrhenius

Equation (3.2) based on literature 2:

Eq
RT

) (3.2)

g =o0;.exp (
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where g, is the exponential pre-factor related to the conductivity at infinite temperature,
E, is the activation energy for ion mobility, R is the universal gas constant (8.314 J.mol

1 K1), and T is the absolute temperature.

The lithium-ion transference numbers (t;;+) were evaluated in Li | SLICPE | Li
symmetric coin cells employing the direct current (DC) polarization/alternating current
(AC) impedance method. A potential of 10 mV (AV) was applied to polarize the SLICPEs
during a chronoamperometry. t;;+ were calculated following the Equation (3.3)

proposed by Evans-Vincent-Bruce Method 2°:

_ Iss(AV_IORO)

bLit = v TeoRye) (33)

where I is the steady-state current for the sample polarized, I, is the initial value of the
current upon polarization, R, and R,, are the electrode resistances obtained by EIS after

and before the polarization respectively.

The electrochemical stability windows were evaluated with a Stainless-steel |
SLICPE | Li coin cell using linear sweep voltammetry (LSV) in a range from 2 to 6 V vs

Li*/Li at a scan rate of 0.2 mV.s ! at 25 °C.

A full cell was assembled with the SLICPE pLBBn7(OFiP). as solid polymer
electrolyte (SPE), lithium iron phosphate electrode (LiFePO4 or LFP) as cathode (1
mA.h/cm?), and lithium titanate electrode (LisTisO12 or LTO) as an anode (150 mA.h/g)
in CR 2032 coin cell. The viscous homopolymer was fixed inside a Teflon O-ring spacer
with circular samples, 0.5 cm of radius, and thickness of 850 um. The cell was tested
through galvanostatic discharge—charge (GDC) cycling between a voltage range of 1.0

and 2.5 V using a Multi Potentiostat MPG2-6 and VMP3-1 (Bio-Logic). The temperature
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was maintained at 60 °C with a thermostatic chamber during the tests. Impedance
measurements were performed at 2.0V under open-circuit conditions by applying a
voltage of 10 mV amplitude sine wave in the frequency range setting from 1.0 MHz to

30 mHz at different temperatures (40, 50, 60, 70, and 80 °C).
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Chapter 4

Ve

Chapter 4. Conclusion

This doctoral thesis was focused on the development of innovative polymers for the
electrochemical energy storage systems such as lithium batteries. The first chapter
introduced the overall context of the importance of the development and optimization of
batteries, in particular for automotive applications. The batteries that have marked the
history were presented, as well as the operating principle of a battery. Some examples
from the literature of the needs of polymeric binders for cathodes and solid polymer

electrolytes were presented as well as the general goal of the thesis.

In the second chapter, the objective was to improve the performance of the battery
by developing new polymer binders, which could have a beneficial effect on the capacity
or cyclability of the battery. The strategy developed in this chapter was the replacement
of conventional PVDF binder with a functional polymer that can improve the Li-ion
kinetics and transport. Two families of PDADMA-based poly(ionic liquid)s with
different kinds of counter anions were synthesized to be used as cathode binders in Li-
ion batteries. The first family contained four PILs with highly delocalized charge density
in the counter anions by various fluorine moieties, and the second family contained four
PILs with polyphenols as the counter anions. The chemical structure, thermal stability,
and solubility of the polymers were evaluated and confirmed their good conditions for

application as battery binders. The results demonstrated that PDADMA PILs with
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fluorinated anions of the first family were highly competitive alternatives to PVDF for
Li-ion battery cathodes. Indeed, the internal cell resistance decreased by 20-40%, the
capacity increased by 9% at 0.3 C and 26% at 5C (for PDADMA-CFSO), and the cycling
stability of the cells in accelerating aging conditions was also improved with PDADMA
PILs with fluorinated anions used as binders when compared to the PVDF-containing
cell. Concerning the second family of polymers, studies on electrochemical properties
showed interesting reversible redox behavior for the PDADMA PILs with catechol
groups (PDADMA-3,4ADHB and PDADMA-2,5DHB) due to the benzoquinone redox
reaction. However, the application as binders of the PDADMA PILs with catechol groups
did not improve the performances of NMC cells showing decreased capacities and
increased resistances compared to PVDF binders. PDADMA PILs with polyphenols
showed difficulties to be dissolved in solvents and to make uniform and homogeneous
electrodes. Moreover, the low performance could be related to a mismatch of redox

potentials between NMC and benzoquinone redox reactions.

In conclusion, of the second chapter, the PDADMA PILs with fluorinated anions (the
first family) used as binders were very promising to improve the capacity and resistance
in Li-ion batteries, especially the PDADMA-CFSO that showed the best results. On the
other hand, PDADMA PILs with polyphenol groups (the second family) showed
interesting redox activities. However, the results in Li-ion batteries did not show any
improvement in performance when used as binders, but these are materials that deserve

further investigation as redox polymers, as in organic batteries for example.

The second objectives of the PhD thesis was develop an innovative family of single

lithium-ion conducting polymer electrolytes (SLICPES) based on highly delocalized
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borate groups. Different polymer derivatives were synthesized and classified according
to their chemical characteristics of substituents such as aliphatic, fluorinated, self-
solvating, and both fluorinated and ethylene glycol substituents combined. Synthesis and
characterizations were reported, and thermal analysis showed good properties for battery
application below 80 °C. The effect of different substituents on ionic conductivity by
changing the size and electron-withdrawing groups were studied and explained. The
highest ionic conductivities measured were 1.65x10* and 1.29x10* S.cm™ at 60 °C for
pLBBn1(OGlyOFsiP) and pLBBn7(OFeiP)2 respectively. It is worth mentioning that these
are the highest ionic conductivities reported for a single conductive lithium-ion
homopolymer to the best of our knowledge. The lithium transference numbers were
measured between 0.88 and 0.93 and confirmed the single ion-conducting properties. The
SLICPE pLBBn1(OGlyOFgiP) was tested in battery LTO || LFP at 60 °C and 238 pA.h of
capacity was measured during the first charge at 0.04C and 1.7 kQ of resistance. The
results were encouraging and concluded as a proof of concept for the use of the SLIPCE
polymer as a solid electrolyte. However, the performance of the full solid state battery
was quite low due to the absence of electrolytes in the anode and cathode. There are many
possibilities for future work with this project, such as optimizing the battery configuration
or including this monomer in co-polymer or polymer electrolyte formulations thanks to

the versatility of the acrylic polymer chemistry.
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Resumen

A lo largo de la historia, el ser humano ha desarrollado métodos para la conversion
y almacenamiento de energia. Hoy en dia, no solo nuestra sociedad depende de ella a
diario, sino que la demanda energética va aumentando exponencialmente. Paralelamente
al crecimiento de la demanda energética, existe el problema del cambio climatico debido
en parte a las emisiones de CO; derivadas de la actividad humana. La Agencia Europea
de Medio Ambiente (AEMA) revel6 que, en 2019, el 31% del consumo energético fue
destinado a los medios de transporte. Asimismo, entre la energia utilizada para el
transporte, en torno al 72% corresponde al transporte por carretera (pasajeros y
mercancias). Es por esto que el desafio de desarrollar un almacenamiento de energia
eficiente, es fundamental para apoyar la transicion de los combustibles fosiles a las

energias sostenibles.

En esta tesis se han investigado dos lineas de investigacion, divididas en dos
capitulos, con el fin de desarrollar polimeros para baterias de litio. La primera linea de
investigacion se centra en el aglutinante (“binder” in ingles) catédico. El aglutinante es
un polimero capaz de unir el material activo con el aditivo conductor en el colector de
corriente. La segunda area de investigacion se refiere al desarrollo de electrolitos
poliméricos sélidos. Estos tienen la ventaja de ser mas seguros en comparacion con los

electrolitos liquidos frente al riesgo de fugas de disolventes toxicos e inflamables.
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En una primera parte, se sintetizaron y caracterizaron poli(liquidos iénicos) (PILs por
sus siglas en ingles) para probarlos como aglutinantes en el catodo como reemplazo del
PVDF comunmente utilizado en baterias comerciales. Los PILs seleccionados consisten
en un esqueleto de poli(dialildimetilamonio) (PDADMA) con diferentes contra-aniones
que se agrupan en dos familias. Los cuatro PILs de la primera familia se muestran en la
Figura R.1.a, estan compuestos por contra-aniones con diferentes contenidos de fldor y
se llaman PDADMA-FSI, PDADMA-TFSI, PDADMA-BETI, y PDADMA-CFSO. Los
cuatro PILs de la segunda familia se muestran en la Figura R.1.b, estan compuestos por
contra-aniones de benzoato que tienen dos o tres grupos hidroxilo en diferentes posiciones
para las propiedades de oxidacion-reduccion. La estructura quimica, la estabilidad
térmica y la solubilidad de los polimeros se evaluaron mediante pruebas de RMN, FTIR,
y solubilidad en disolventes de carbonato y NMP para evaluar su potencial aplicacién

como aglutinante de baterias. Y, por ultimo, todos los PILs PDADMA se probaron como
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Figura R.1. PILs PDADMA a) primera familia con contra-aniones fluoradas, y b)
segunda familia con contra-aniones benzoato que llevan dos o tres grupos hidroxilo.
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aglutinantes en catodos NMC para baterias de iones de litio y se compararon con el

aglutinante de PVDF convencional.

Los resultados de las pruebas de la bateria de litio obtenidos con las PILs fluorados
(primera familia) mostraron una disminuciéon de la resistencia interna de la celda entre un
20 y un 40%, en comparacion con la celda que contenia PVDF. La carga-descarga
galvanostatica a diferentes corrientes mostro que las celdas PDADMA-BETI y
PDADMA-CFSO obtuvieron valores de capacitancia mas altos que el PVDF en todas las
corrientes investigadas. Este aumento de capacidad con el aglutinante PDADMA-CFSO
fue del 9% a 0,3 C y del 26% a 5 C, en comparacion con el PVDF. Las pruebas de
envejecimiento acelerado también mostraron la estabilidad del ciclo celular con
aglutinantes basados en PDADMA fluorado. Con respecto a los PILs redox (segunda
familia), las propiedades electroquimicas se estudiaron primero en electrolitos acuosos
acidos mediante voltametria ciclica. Los PILs con tres grupos hidroxilo mostraron un
comportamiento redox no reversible en contraste con los PILs con dos grupos hidroxilo,
que mostraron interesantes picos redox reversibles debido al par redox
catecol/benzoquinona. Luego, se estudiaron los PILs con dos grupos hidroxilo en celdas
de litio. Los analisis de voltamperometria ciclica mostraron un solo paso de activacién
para la formacion de quinonas y una electroactividad reversible entre 3,0y 3,7 V frente a
Li*/Li correspondiente a la reaccién del par redox benzoquinona/catecolato de dilitio. Sin
embargo, la aplicacion de PILs con dos grupos hidroxilo como aglutinantes no mejoré el
rendimiento de las celdas NMC, las capacidades disminuyeron y las resistencias
aumentaron en comparacion con los aglutinantes de PVDF. Los PILs con dos grupos

hidroxilo han mostrado dificultad para ser disueltos y hacer electrodos uniformes y
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homogéneos. Ademas, el bajo rendimiento podria estar relacionado con un desajuste de

los potenciales redox entre NMC vy las reacciones redox de benzoquinona.

En conclusion, los PDADMA PILs con contra-aniones fluorados (primera familia)
utilizados como aglutinantes mostraron una gran promesa para mejorar la capacidad y la
resistencia en las baterias de iones de litio, especialmente PDADMA-CFSO, que mostrd
los mejores resultados. Por otro lado, los PILs redox de PDADMA con dos grupos
hidroxilo (segunda familia) mostraron actividades redox interesantes. Sin embargo, los
resultados en las baterias de iones de litio no mostraron una mejora en el rendimiento
cuando se usaron como aglutinantes, pero estos son materiales que vale la pena investigar
méas a fondo como polimeros redox, como una aplicacion en baterias organicas, por

ejemplo.

En la siguiente parte de la tesis, se propuso una nueva familia innovadora de
electrolitos poliméricos conductores de iones de litio (SLICPESs por sus siglas en inglés)
basados en grupos borato con densidad electronica altamente deslocalizada. La estructura
se presenta en la Figura R.2. Se sintetizaron y clasificaron diferentes derivados
poliméricos de acuerdo con sus caracteristicas quimicas de sustituyentes como alifaticos,
fluorados, autosolvatantes, y fluorados y etilenglicol combinados. Se reporta la sintesis y
caracterizaciones, y el analisis térmico mostré buenas propiedades para la aplicacion de
baterias por debajo de 88 °C. Se estudio y explicé el efecto de diferentes sustituyentes
sobre la conductividad idnica al cambiar el tamafio y los grupos atractores de electrones.
Las conductividades ionicas mas altas medidas fueron 1.65x10* y 1.29x10* S.cm™ a
60 °C para pLBBni(OGlyOFsiP) y pLBBn7(OFsiP), respectivamente. Vale la pena

mencionar que estas son las conductividades idnicas mas altas reportadas para un solo
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homopolimero de iones de litio conductor, segun nuestro conocimiento. Los nimeros de
transferencia de litio se midieron entre 0,88 y 0,93 y confirmaron las propiedades de

conduccion de iones individuales.

Polymerizable
group

Flexible (0]

group Single lithium-ion

. conduction

R = ( Li WU — »
|
sp’ boron = ,0 U

atom ________| > 4 |-
o) Electron-withdrawing .~

R —* group

Figura R.2. Estrategia de disefio para los mondmeros de borato de litio e imagen de
una membrana electrolitica de homopolimero.

El SLICPE pLBBn1(OGIlyOFsiP) fue probado en bateria LTO || LFP a 60 °C y 238
WA .h de capacidad se midid durante la primera carga a 0.04C y 1.7 kQ de resistencia. Los
resultados de la prueba de la bateria fueron alentadores y concluyeron como una prueba
de concepto para el uso del polimero como electrolito sélido. El rendimiento de la bateria
era bastante bajo debido a la ausencia de electrolitos en el anodo y el catodo. Hay muchas
posibilidades de trabajo futuro con este proyecto, como optimizar la configuracién de la
bateria o incluir este monémero en formulaciones de copolimero o electrolito polimérico

gracias a la versatilidad de la quimica del polimero acrilico.
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List of acronyms

2,3, 4THB
2,5DHB
3,ADHB
3,45THB
T

AIBN
BETI
BH3

BSE

Cd

CE
CEFSO
CMC
CPE
Cv
DHB
DMF
DMSO

DRT

2,3,4-Trihydroxybenzoic acid
2,5-Dihydroxybenzoic acid
3,4-Dihydroxybenzoic acid
3,4,5-Trihydroxybenzoic acid or Gallic acid
Time constants

2,2 -Azobisisobutyronitrile
Bis(perfluoroethylsulfonyl)imide
Borane

Backscattered electron
Capacitors

Cadmium

Counter electrode
Nonafluoro-1-butanesulfonate
Carboxymethyl cellulose
Constant Phase Element

Cyclic voltammetry
Dihydroxybenzoate
Dimethylformamide
Dimethylsulfoxyde

Distribution of relaxation times

150



Chapter 4

DSC
Ea
EC
EEC
EIS
EMC
ESW

EVs

FSI
FTIR
GC
GDC
GPE
HEA
HEMA
HFiP
v
KC4F9SO3
KOH
LFP
LIB
LiBETI
Li-O2

LiPVAOB
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Differential scanning calorimetry
Activation energie

Ethylene Carbonate

Equivalent electrical circuit
Electrochemical Impedance Spectroscopy
Ethyl Methyl Carbonate
Electrochemical stability window
Electric vehicles

Faraday constant
Bis(fluorolsulfonyl)imide

Fourier Transform Infrared

Glassy carbon electrode

Galvanostatic discharge-charge

Gel polymer electrolyte

2-Hydroxyethyl Acetate

2-hydroxyethyl methacrylate
1,1,1,3,3,3-Hexafluoro-2-propanol
Current-voltage

Potassium nonafluoro-1-butanesulfonate
Potassium hydroxide

LiFePO4

Lithium-ion battery

Lithium bis(perfluoroethylsulfonyl)imide
Lithium-oxygen

Lithium polyvinyl alcohol oxalate borate
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Li-S
LiTFSI
LTNor ¢+
LTO
MeOH

Mw

n

nBuLi
NaFSlI
Ni-Cd
Ni-MH
NMC
NMP
NMR
ocv

P3

PAN

PANI
PDADMA
PDADMA-3,4DHB

PDADMA-2,5DHB

PDADMA-3,4,5THB

PDADMA-2,3,4THB

PDADMA-BETI

Lithium-sulfur

Lithium bis(trifluoro-methylsulfonyl)imide

Lithium transference number

LisTisO12

Methanol

Molecular weight

Number of charge carrier

n-Butyl lithium

Sodium bis(fluorosulfonyl)imide

Nickel-cadmium

Nickel-metal hydride

LiNio.33C00.33Mno.3302

N-methyl-2-pyrrolidone

Nuclear Magnetic Resonance

Open circuit voltage
Poly(1-(4-vinylbenzyl)-2,3-dimethylimidazolium TFSI)
Polyacrylonitrile

Polyaniline

Poly(diallyldimethylammonium)
Poly(diallyldimethylammonium)-3,4-Dihydroxybenzoate
Poly(diallyldimethylammonium)-2,5-Dihydroxybenzoate
Poly(diallyldimethylammonium)-3,4,5-Dihydroxybenzoate
Poly(diallyldimethylammonium)-2,3,4-Dihydroxybenzoate

Poly(diallyldimethylammonium bis(perfluoroethylsulfonyl)
imide
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PDADMA-CFSO

PDADMA-CI
PDADMA-DHB
PDADMA-FSI
PDADMA-OH

PDADMA-TFSI

PDADMA-THB
PEDOT:PSS
PEGMA

PEO

Pl

PILs
PLIMTFSI
PMMA
PSTFSI

PVDF

PVDF-HFP

P(4VC)1o00

P(4VCss-stat-LiSS14)

Qtheo

R
RE

Rint
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Poly(diallyldimethylammonium nonafluoro-1-butane
sulfonate

Poly(diallyldimethylammonium chloride)
Poly(diallyldimethylammonium dihydroxybenzoate)
Poly(diallyldimethylammonium bis(fluorolsulfonyl)imide)
Poly(diallyldimethylammonium hydroxide)

Poly(diallyldimethylammonium)bis(trifluoro-
methanesulfonyl)imide

Poly(diallyldimethylammonium trihydroxybenzoate)
Poly(3,4-ethylenedioxythiphene):polystyrene
Poly(ethylene glycol) methacrylate

Poly(ethylene oxide)

Polyimide

Poly(ionic liquid)s

Poly(lithium 1-[3-(methacryloyloxy) propylsulfonyl]-1-
(trifluoromethanesulfonyl) imide)

Polymethylmethacrylate

Lithium poly(4-styrenesulfonyl(trifluoromethylsulfonyl)
imide)

Poly(vinylidene difluoride)

Poly(vinylidene fluoride-hexafluoro propylene)

Poly(((4-vinyl-1,2-phenylene)bis(oxy))bis(methylene))
dibenzene or Poly(4-vinyl catechol)

Poly(4-vinyl catechol-stat- 4-styrenesulfonic acid lithium
salt)

Theoretical capacities
Resistance
Reference electrode

Internal resistance
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RT

S

SEI

SEM

SLICPE

SoC

SPE

Td

TEB

TEG

TFE

TFP

TFSI

TGA

THB

THF

TiPB

T™MB

XG

Zn-MnO2

Room temperature

Solubility

Solid electrolyte interphase
Scanning Electron Microscopy
Single lithium-ion conducting polymer electrolyte
State of Charge

Solid polymer electrolyte
Decomposition temperatures
Triethyl borate

Triethylene glycol
2,2,2-Trifluoroethanol
1,1,1-Trifluoro-2-propanol
Bis(trifluoromethylsulfonyl)imide
Glass transition temperatures
Thermogravimetric analysis
Trihydroxybenzoate
Tetrahydrofuran

Triisopropyl borate

Trimethyl borate

Xanthan gum

Zinc-manganese dioxide
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