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CHAPTER 1

Objectives and methodology

Abstract

The aim of this thesis is the design of solid-state flexible high perfor-
mance lithium batteries in a single step process. The general frame and

the objectives of the project are presented in this chapter.



2 Chapter 1. Objectives and methodology

1.1 Context of the research

The inherent link between human development and energy manage-
ment is overwhelming. Electrical energy as emerged as the unquestion-
able energy source to power equipments of everyday life. Home appli-
ances, communication tools, laptops, GPS are all relying on electrical
energy and more precisely on the lithium ion battery technology. Re-
cently, development of intelligent clothes, flexible displays or electronics
has created the need of new off-grid energy solutions. Safe, flexible
batteries are now required to be seamlessly integrated to these devices.
The next chapter of this manuscript will provide at best an overview of
present lithium-ion technology, its limitations and futrue perspectives.
Information provided in this chapter will help to understand the scope

of this work.

1.2 The project

The ultimate aim of this work is the creation of a flexible lithium-ion
battery in a single step. The creation of a flexible battery implies many
constraints as it will be discussed in the next chapter. Every component
of the battery has to be flexible as well as the entire assembled battery.
Flexibility implies mechanical constraints inside components as well as
at their interfaces. Aiming to design a battery in a single step is forcing
us to investigate original design processes. Over the past few years,
many methods were developed to create battery component. To design
a flexible battery, a filtration process was selected to allow us to create
the final device in a single step. Nevertheless, before considering the
creation of a full battery, every component of the battery has to be
individually designed and optimized. This thesis therefore implies a
work on the different level of a battery creation. Positive and negative
electrode will be created and their performances optimized in chapter 3.

Separators will be produced by filtration and studied in the chapter 4.1.



1.2. The project 3

Design and characterization of solid electrolyte will be covered in the
section 4.2. Lastly, all the described components have to be assembled
in a single step to produce a full cell with fair electrochemical properties.
These results will be discussed in the chapter 5. The different parts of

this project are briefly described in the following sections.

1.2.1 Current collectors and electrodes design

In chapter three, we will discuss the design of a simple process to
create thin flexible electrodes. At first, conductive networks based on
carbon nanotubes will be created via a filtration process and will be
studied. Filtration process was retained as the best method to produce
the different component of the battery. Carbon nanotubes were se-
lected as base material for current collectors and electrodes due to their
mechanical and electrical interesting properties (see section 2.3). The
produced fabrics must serve as conductive scaffolds for electrodes. This
kind of conductive network was previously reported as an excellent sup-
port for electronics.[!! Previously, single walled carbon nanotubes and
multi walled carbon nanotubes networks were created. A wide range
of conductivities, from 12.5 S.cm™! to 6600 S.cm~! have been reported

and these values will be targeted. 2

Figure 1.1 — Positive and negative electrode fabrication via filtration
process: a dispersion of active materials and conductive MWCNTs are
filtered to create electrodes.

Subsequently in the third chapter, negative and positive electrodes



4 Chapter 1. Objectives and methodology

will be created using the same filtration process. MWCNTs and active
material particles will be mixed up together and filtered with the ob-
jective to form a conductive network entangling the particles (Figure
1.1). All the active materials used during this work are deeply described
in the section 2.2. The complete understanding of their properties and
behavior will help to interpret results. Electrode design using a fil-
tration process has already been put to the test and resulted to the

34 Examples of electrodes com-

creation of high performing electrodes.
posed of carbon nanotubes and conventional materials such as LiCoOq
or graphite have already been reported. As example, Luo and coworkers
created CNT-LiCoOs positive electrode.®) Gravimetric capacities recov-
ered (151.4 mAh.~1) at low current densities (< 0.1 C) were close to the-
oretical capacities of active materials. In addition, electrodes sustained
current densities up to 2 C without major decay. Similar performances
will be targeted. In their study, Park and coworkers tried to create highly
free-standing flexible electrodes by removing aluminum current collector
and adapting slurry composition. [l They proved that it was difficult to
achieve similar performances to those obtained with metal current col-
lectors. The mechanical performances of their PVAF - LiCoO, - Super
P Carbon - CNT electrodes were superior to those of conventional elec-
trodes. Unfortunately, the electrochemical performance was significantly
lower (especially at high current densities). On one hand, gravimetric
capacity was recorded at about 140 mAh.g~! LiCoO, at 1C rate for 50
cyles with less than 5% decrease. On the other hand, rate capabilities
were significantly lower with about 82 mAh.g=! LiCoOy at 5 C rate.
Their explanation relied on the electronic conductivity 10 time lower
than electrodes with traditional metallic current-collector. In this work,
we hope that absence of insulating PVdF binder will provide electrodes

exhibiting sufficient electronic conductivity to sustain high currents.

In this chapter, the impact of different parameters on electrode per-

formances will be investigated. At first, the impact of multi-walled car-
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bon nanotubes amount on the electrical conductivity and the electro-
chemical performances of the electrodes will be considered. Another
studied factor is the pressure applied on the electrodes after their pro-
duction to increase cohesion in the fabrics. Several studies demonstrated
the influence of compactness of electrodes. (7l On the one hand, the ap-
plied pressure improves the electronic conductivity of the electrodes.
Nevertheless, applying pressure on electrode decrease thickness of elec-

(8-10] A compromise has

trodes and reduce voids available for electrolyte.
therefore to be reached to optimize electrochemical performances. Using
commercial materials, we expect to reach cycle stabilities exceeding 100
cycles without significant capacity loss. In addition, the use of carbon
nanotube as current collector and binder should reduce at the minimum
the weight of non electroactive materials. A targeted value is 5 wt. %.
Rate capabilities of 5 C corresponding to a full charge in 12 minutes will

be targeted.

Gelation Calcination

Figure 1.2 — LiCoO4 particles synthesis based on lithium and cobalt
salt precursors via sol-gel process.

Another part of this chapter is devoted to the the synthesis of nanopar-
ticles of active materials via a sol-gel process (Figure 1.2). Controlling
the size and morphology is of primary importance to design perform-
ing electrodes. Decreasing the dimensions of particles should lead to
better electrochemical performances as diffusion paths decrease. 1114
However, size decrease of particles also increases the surface/volume ra-

tio and can promote SEI formation. Electrochemical tests will allow us
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to correlate particle size and electrochemical performances.

Figure 1.3 — Carbon coating of active particles via carbon precursor
calcination.

Lastly, a carbon coating based on sucrose precursor will be envi-
sioned on commercial particles to enhance their electrical conductivities
(Figure 1.3). Since most of the active materials are semiconductors or
insulators, this technique should promote charge collection at the sur-
face of particles. !5l Hopefully, these two materials improvements should

enable us to improve rate capability of electrodes.

1.2.2 Separators and electrolytes design

Developing a filtration process to create batteries implies the use of
dispersible nanomaterials to design separator. In this context, we will
adopt cellulose as base material. In the first section of chapter four,
cellulose nanofibers will be produced from fibers by oxidation and in-
dividualization. Creation of cellulose-based separator through filtration
will later be implemented. Electrochemical characterization will be re-
quired to attest the compatibility with lithium ion technology. Using
this method of separator production, we aim at performances at least
equivalent to commercial separators in a liquid configuration. The elec-
trochemical performances of the two types of materials will be compared
by electrochemical characterization.

Solid polymer electrolytes are today considered as the best solution
to design flexible electrolytes. Among them, poly(ethylene glycol)-based
electrolytes display the highest ionic conductivities. Ionic conductivity
of SPE is strongly correlated to their crystallinity at the expense of me-

chanical properties. The second section of chapter four is devoted to
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)

‘ ’ PEG-grafting _* \‘ ()?

Figure 1.4 — Lithium ion conducting polymer grafting on silica
nanoparticle core.

the inclusion of nanomaterials to PEG-based electrolytes with the ob-
jective to design a performing composite electrolyte with interesting me-
chanical properties. Silica nanoparticles as well as cellulose nanofibers
will be envisioned as mechanical stabilizers (Figure 1.5). Inclusion of
such nanoparticles has already proven its worth. In the best configu-

1 \were measured. [16]

ration, electronic conductivities up to 1073 S.cm™
Poly(ehthylene glycol) will be grafted on silica nanoparticles to high-
light the impact of modified particles over free ones in electrolytes. 17-18]
Lastly, inclusion of cellulose nanofibers inside polymer electrolytes will
be investigated (Figure 1.5). Mechanical properties of electrolytes will

be assessed to underline the effect of nanomaterials inclusion.

PEG electrolyte

SiINP@PEG CNFs

& ) XK=
r[\«l'c\bu 28 ) G\)b E‘ )
RS s YO

50 %~§Q€\ DA
\\\Q‘ \‘_;-\;/j o |

Figure 1.5 — Creation of composite solid electrolyte based on
modified silica nanoparticles or on cellulose nanofibers
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1.2.3 Design of full batteries

The last part of this thesis is devoted to the assembly of previously
produced battery component. In the fifth chapter, positive electrode,
separator/electrolyte and negative electrode dispersion have to be sub-
sequently filtered to produce full batteries (Figure 1.6). Such a design

process should ensure a good cohesion between layers, 19-21]

Moreover, a
one-step process should considerably decrease time needed to produce a
battery. In a first step, batteries will be created in a liquid configuration.
Particular attention will be paid to the electrode balance. Indeed, this
parameter has a great influence on performances. Successive filtrations
to create a battery was previously reported by Leijonmarck et al..[2?
While batteries sustained current densities up to C rate, A significant
decline was noticed on cycling stability after firsts cycles. They mainly
attributed this drawback to parasitic side reactions with water. Special
attention will be given to this point. By this process, we hope to produce
a battery that can support a hundred cycles without major performance

decay.

Anode:
CNT / Li,Ti;O,, composite

| Separator:

\ Cathode:

CNT/ composite

Figure 1.6 — Creation of lithium-ion battery in one step through
filtration process.
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CHAPTER 2

Lithium batteries : materials and concepts

Abstract

Behind their apparent simplicity, lithium-ion batteries are complex
equipments and their operation is even more complex. Battery operation
involves many electrochemical reactions. This implies many changes in
compounds composition and in materials properties. The design of ef-
ficient lithium-ion batteries therefore requires advanced materials and
a deep knowledge in fabrication processes. The creation of lithium-ion
battery is a topic at the crossroads of chemistry, physics and engineer-
ing fields. This chapter unveils materials and principles of lithium-ion

battery design.
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2.1 Insight into lithium-ion batteries

The latest technology developed in the electrochemical battery field
is the lithium-ion cell. Research started in the early 1970s with M. S.
Whittingham’s work. Unfortunately, his choice of electrode material (ti-
tanium sulfide) made it difficult to synthesize and extremely costly for
practical reasons.[!l In 1977, Samar Basu demonstrated the possibility
to electrochemically intercalate lithium ions in graphite.[2?l This paved
the way to use this material as a reliable negative electrode. ¥ In 1979,
John Goodenough and Koichi Mizushima demonstrated the possibility
to create a 4 V cell using lithium cobalt oxide (LiCoQO,) as positive
electrode. "0 Using solid electrolyte (poly(ethylene oxide)- lithium per-
chlorate) allowed Rachid Yazami to later demonstrate the reversibility
of lithium ion intercalation in graphite in 1980.[7) Akira Yoshino assem-
bled in 1985 the first lithium-ion battery prototype using LiCoO, and
carbon electrodes. 8l In 1991 Sony released the first commercial batteries

built on Akira Yoshino’s scheme. %]
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Figure 2.1 — Comparison of the different battery technologies: (a)
Volumetric and gravimetric energy densities; Reproduced from[1% (b)
Power gravimetric density and gravimetric energy density. Reproduced
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Reasons of the growing interest for this new technology can be found
in lithium chemistry. As the lightest and the least dense solid element on
earth (equivalent weight 6.94 g.mol~! and specific gravity 0.53 g.cm™3),
lithium can deliver high theoretical capacity up to 3860 mAh.g= 1. [12,13]
Lithium also possesses the most negative electrode potential (-3.01 V
V8. SHE).[12’14] These unique properties make it an excellent material
for high energy and power batteries. Figure 2.1 clearly demonstrates
this superiority over other technologies in terms of energy densities as
well as in terms of specific power densities. %11 In 2009, lithium-ion
batteries already represented 37 % in market share in terms of revenue
contribution (Figure 2.2). At this time, the biggest part of lithium-ion
batteries were used in portable electronics such as cellphones, laptops.
With the upcoming rise of electrical vehicle,! lithium-ion battery will

certainly have its brightest days to come.

H Lithium-ion

M Lead acid, starter battery

m Alkaline, primary

M Lead acid, stationary

M Zinc-carbon, primary

M Lead acid, deep-cycle
Nickel-metal hydride
Lithium, primary
Nickel-cadmium

™ Other

Figure 2.2 — Revenue contributions by different battery chemistries
in 2009. Data from[?!.

! According to Elon Musk, the Tesla CEO, 276.000 units of Tesla Model 3 were
pre-ordered in the first 3 days of its release in the U.S.market in march 2016.
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A typical commercial lithium ion battery is depicted in Figure 2.3.
It comsists in five major components: a positive electrode, a negative
electrode, two current collectors, a separator, and the electrolyte.[w]
Redox reactions providing the electrical energy occur within the elec-
trodes and more precisely, inside their active materials. In a commercial
battery, the active material of the negative electrode is generally micro-
porous graphite (equation (2.1)).1%17 On the opposite side of the bat-
tery, lithium cobalt oxide (LiCoOs) remains the most common choice as
positive active material (equation (2.2)).11718] Combining these two elec-
trodes produces 3.7 V batteries (equation (2.3)). Close to the electrodes,
two metal foils act as current collectors to ensure proper charge collec-
tion from the surface of the electrodes to the external circuit. The two
electrodes are physically separated by an insulating membrane called
separator to prevent short-cuts. Lastly, electrodes and separator are
generally soaked in liquid organic electrolyte to ensure lithium ions con-

duction. [19]

1«,
1‘,

[\

o Ooooocc (]
e

©e® o%e c%g ® J

Al Positive

CuNegative oL 2 Current collector
Current collector L discharge © \ e

Anode Li* conducting electrolyte Cathode

Figure 2.3 — Schematic representation of the commercial lithium-ion
battery working principle. Reproduced from 20,
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h
& electrode Cg + xLiT + xe™ B Li, Cq4 (2.1)
discharge
h
@ electrode LiCoO,4 e Li;_,CoOy + xLiT +xe~ (2.2
discharge
h
overall LiCoO, + Cg =2 Li, ,CoO, + Li,C;  (2.3)
discharge

During battery charge, the lithium cobalt oxide is oxidized and re-
leases electrons and lithium ions. Electrons are collected by the metal
current collector and travel through the external circuit. At the same
time, lithium ions shuttle in the electrolyte through the separator to
reach the graphite electrode. At this electrode, lithium is reduced on
graphite by electrons from the external circuit. The discharge opera-
tion is the exact inverse process: lithium shuttles back to the lithium
cobalt oxide electrode while electrons travel through the external cir-
cuit. This sums up the principle and composition of the majority of
commercial lithium-ion batteries. Nevertheless, behind this apparent
simplicity, things are more complicated. In addition to electroactive
materials, conducting agents and binders are added to electrodes to en-
sure proper operation. Electrolytes are not just simple organic liquid,
but a complex mixture of various liquids, lithium salts and additives.
Figure 2.4 depicts a glimpse of the vast choice of materials available for
each battery constituent. Moreover, this library is rapidly growing as
the lithium-ion battery field constantly attracts more attention. Indeed,
only few elements of the periodic table do not participate to the lithium
ion battery design.?! The composition of lithium-ion batteries is thus
highly complex and even more when thoses cells are being operated. 12
Each component undergoes significant physico-chemical changes during

operation: new chemical species are created, interfaces are modified,
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conductivities changes... The battery design is therefore a real challenge
and requires particular attention in the choice, the balance and the pro-
cessing of materials. Cells manufacturing hence involves cutting-edge
knowledge in various fields such as chemistry, physics, electronics and

engineering.
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2.2 Electrode active materials

Since the early stages of development of lithium-ion batteries in the
late 80s, many kinds of electrode materials have been investigated. Ideal

electrode materials have to fulfil the following conditions at best: 2226

1. Anode materials have to exhibit the lowest electrochemical poten-
tial possible. The potential of this electrode should be as close
as possible to the electrochemical potential of lithium metal. On
the other side, cathode materials have to present the highest elec-
trochemical potential versus Li/LiT. The voltage of the cathode
should thus preferably be at around 4 V (generally limited by the
electrolyte stability). Combined together, it provides a high cell

voltage.

2. To maximize both gravimetric and volumetric energy densities,
electrode materials should be densely packed and the lightest pos-
sible. To store the maximum energy, materials have to store a large
amount of lithium ions per unit mass or volume. Combination of
high voltage and high capacity leads to high energy storage. The

gravimetric energy density can be estimated as followed :

nk’

il = ——— Ah.g~ ! 2.4
cheoretzcal 3600 * Mw mAh g ( )

with n the number of charge carrier, F' the Faraday constant and
Mw, the molecular weight of the active material.

3. Electrodes must react with lithium very rapidly in a fully reversible

manner. This leads to high power density batteries.

4. Fast lithium ion diffusion in the material is required to sustain the

high rate of redox reactions.

5. High electronic conductivity is required to sustain high currents

during operation and provide high power electrodes.
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6. Materials have to present a charge/discharge efficiency as close as
possible to 100 %. A perfect coulombic efficiency also indicates

the absence of side reaction, providing electrodes of long cycle life.

7. During operation, no significant change in the crystal structure
should occur. Size swelling or structural changes induce strain in
materials and hinder the reversibility of electrochemical reactions,

leading to poor lifespan of materials.

8. Materials have also to present the lowest production cost possible.
The matter of cost is somewhat relative; in high-end applications,

cost is of secondary importance.

9. Materials have to present the best eco-compatibility. Most of
lithium-ion systems contain transition metals such as nickel or
cobalt which are toxic to various degrees. The recent introduc-
tion of nanomaterials in batteries also raises questions for their

end of life treatment.

This summarizes the requirements for perfect electrode materials. As
it is difficult to gather all these properties for a single material, nanos-
tructuration of this material can help to palliate some weaknesses. [27]
Although developed materials are very different in nature, the major-
ity of can be sorted in three main groups depending on their reaction
mechanism: insertion materials, alloy materials and conversion materi-
als (Figure 2.5).128:29]

In insertion materials, lithium ions intercalate into the lattice of bulk
electrode without any major volume increase or host structural change.
This insertion can be homogeneous or heterogeneous depending on in-
teraction between guests and hosts. In alloys, lithium ions and electrons
neutralize metalloids or semi-metals during charge whereas dealloying
is the opposite process of returning lithium ions and the original met-
als. Conversion materials represent a new class where a reaction occurs

between a binary transition metal compound MX and lithium to yield
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metallic nanoparticles embedded in a matrix of LiX. During all these pro-
cesses, the electrolyte and the conducting agents have the sole function
of carrying charged species. They are not active in the electrochemical

process of redox reaction of the active electrode materials.

Insertion

o0
o
00
o0

o
. O 0 _O

Alloying DO

L3OO ‘%‘

O O O .0.

’0.0.0. i

® e 00

Li,M
Conversion

Figure 2.5 — Schematic representation of the different reaction
mechanisms observed in electrode materials for lithium batteries.
Black circles: voids in the crystal structure; blue circles: metal; yellow
circles: lithium. Adapted from[29.

2.2.1 Insertion materials

Insertion compounds represent the vast majority of commercial elec-
trodes. One can find positive electrode materials as well as negative
electrode materials in this class of compound. The fundamental mecha-
nism remains the same, only the redox potential of insertion determines
the appropriate side of battery. 30 During operation, lithium ions (the

guests, LiT) insert or de-insert in the vacancies of the electrode matrix
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(the host, <H>) (equation (2.5)).

Insertion

xLiT + xe” + <H> <Li,H> (2.5)

De—insertion

Insertion compounds can be classified according to the dimension-
ality of the passageway of guests into the host lattice (Figure 2.6).[31]
Examples of one-dimensional (1D) structures are materials crystallizing
in the olivine structure (such as LiFePOy4). The most extensively inves-
tigated compounds are two-dimensional (2D) lattices such as graphite or
transition-metal chalcogenides and oxides (such as LiCoO3). Examples
of three-dimensional (3D) structures are transition-metal oxides spinels
(such as LiMnyOy4 or LiyTisO12). One or two dimensional materials are
particularly susceptible to intercalation reactions due to the presence
of weak Van der Waals forces between either strongly bonded chains
or layers. Three dimensional materials can also be host to insertion
reactions if they provide interstitial sites that can be reached by the
incoming guests.[?’” A common convention in literature is to name 2D
materials as intercalation materials. Intercalation can be regarded as a
special case of insertion. The term intercalation implies the restricting
condition that a layered host takes up guests within its interlayer gaps,
which may result in a volume change perpendicular to the layers, but

which causes no other structural changes. 32

fibers layered
XX ’ '.aoa? |
_'._'-Q_:»/ - — l/
I ey
20000 —— /
1D 2D 3D

Figure 2.6 — Types of insertion compounds as a function of the
dimensionality of passageway. Reproduced from 31,
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From a crystal chemistry point of view, insertion processes occurring
during redox reaction involve a topotactic reversible insertion of lithium
ions. 3] This phenomenon happens without major structural change or
volume expansion, promoting very good cycling stabilities. (34 T return,
topotactic reactions are usually limited to the accommodation of small
amounts of lithium ions as the available interstitial empty sites in the
hosts are limited. This limits greatly the specific capacities of insertion
materials (graphite with 372 mAh.g~! is considered the highest specific
Capacity).[35736] From a chemical point of view, insertion compounds
can be classified in three different classes of materials depending on the
presence or absence of limit compositions associated to structural or
electronic properties modification due to host-guest interactions. [37)

Type I: The perfectly non-stoichiometric compounds

These compounds are defined by the intercalation reaction (equation
(2.5)) where x can range from 0 to a maximum value X;,q, without any
modification of initial properties. Steele defined this type of compound
as solid-solutions prepared by electrochemical injection of ions into non
stoichiometric chemicals.®8 This class of materials is the ideal type of
material for electrodes. These compounds undergo reversible electro-
chemical reactions and transport of matter occurs through a double flux
of charged species (Li™ and e™). Ionic and electronic conductivities in
the bulk of material remain constant whatever the concentration. These
compounds are generally characterized by anisotropic structures such as
lamellar structures of atomic or molecular layers. In this type of solid,
it exists preferential diffusion paths for lithium ions as interplanar inter-
actions are weak compared with intraplanar binding forces. Moreover,
in type I compounds, guest-guest or guest-host interaction are generally
weak. B9 Examples of type I compounds are graphite or transition metal

dichalcogenides such as MoS,. [40:41]
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Type II: The pseudo two-phase compounds

This classification includes compounds that undergo the same elec-
trochemical reaction as type I compounds (equation (2.5)). The dif-
ference comes from the tendency of the guest species Li™ to form an
ordered sub-lattice with the host phase. Pseudo two-phase compounds
result from the strong guest-guest or specific guest-host interactions.
This property implies that only one type of conductivity (Lit or ™) is
needed in the starting material. The other conductivity can appear with
the intercalation reaction and follows the reaction front. This modifica-
tion of conductivity during operation can affect the reversibility of the
electrochemical reaction as the intercalate <Li H> can become electro-

B39 In addition, in

chemically insulating during the de-insertion process.
type II compounds, electrons injected during the intercalation process
are distributed in the empty d-orbitals of the transition metals. The
decrease of oxidation state of the metal results in a change of ionic ra-
dius of the coordination shell symmetry, inducing strains on the host
framework. ®1) Lithium cobalt oxide is a good example of this type of

compound. 42
Type III: The two-phase compounds

In this class of materials, compounds first undergo the same reaction
as type I or II compounds but the formed intercalate compound <Li,H>

is unstable and dissociates (equation (2.6)).

Insertion

xLit +xe” + <H> <LiyH> —— 2phases (2.6)

De—insertion

During this phase separation, the two types of conductivities can
be spread in the resulting two phases. A typical example of this phe-

nomenon occurs in the poly(carbon fluoride) <CF> (equation (2.7)).
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Insertion

xLit 4+ xe”™ + <CF> <LiCF> — <LiF> + <C> (2.7)

De—insertion

In this case, the formed intercalate <LiCF> decomposes in electron
conducting carbon and lithium ion conducting lithium fluoride. For
this reason, these materials cannot be reversibly cycled and thus are
not suitable as electrode materials. 2639 Besides, other materials be-
longing to type III class such as the phospho-olivine LiFePO,4 or the
spinel LisTi5O19 give rise to two suitable phases for electrodes. During
insertion, an unstable Li,FePO, is formed. As a consequence, a rapid
demixing occurs and a two-phase system forms, namely Lij_gFePOy4
(Li-rich) and Li,FePOy (Li-poor).[43-47]

These three types of insertion materials represent a vast and diver-
sified library of chemicals. Among them, lithium cobalt oxide, lithium
iron phosphate, graphite and lithium titanium oxide represent a large
portion of active materials used in commercial applications. The latter

will be described in short.

2.2.1.1 Lithium cobalt oxide layered material

Layered transition-metal oxides LiMOg (M = Mn, Ni, Co or a mix of
different metals) have been the focus of considerable attention in the field
of lithium batteries. 4849 This class of materials is often described as "or-
dered rocksalt” materials. Among these, lithium cobalt oxide (LiCoOq,
LCO in short) is the most widely used in commercial lithium-ion bat-
teries. 9 First reported by John Goodenough et al. in 1981, LiCoO,
has since been intensively studied and documented. [23:51:52]

Depending on the synthesis conditions, lithium cobalt oxide can crys-
tallize in many different forms according to the layer stacking order. For
lithium-ion batteries purpose, the O3-LiCoOq (Figure 2.7 (b)) form with

53-55]

an ABCABC stacking is the more appropriated. | Unless otherwise
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specified, only this O3-LiCoOs crystal form will be described in the up-
coming sections and will be simply refereed as LiCoOs. As depicted
in Figure 2.7 (a), this structure is based on a closed-packed network
of oxygen atoms in which layers of LiT and Co®" ions alternates on
octahedral sites.®628]. In this two-dimensions material, lithium ions
can reversibly be removed and reinserted between cobalt oxide layers,

creating vacancies within the lithium planes. (59:60]
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Figure 2.7 — Lithium cobalt oxide in its layered hexagonal structure:
a) lithium ions layers between CoOq octahedra, b) projection along the
[110] zone axis shows lithium, cobalt and oxygen atoms in ABCABC
stacking. Adapted from (5611,

During cell charge (equation 2.8), lithium ions are progressively re-
moved from the LiCoOs lattice. The phenomena occuring during this

process were deeply theoretically and experimentally described in the
past decades. [57-62-65]

Charge

LiCoOy Li;_CoOg +xe™ +xLit 3.9V (vs. Li/Lit) (2.8)

Discharge

While x < 0.93, the active material behaves as a solid state solution

in a single phase (Li-rich phase) (Figure 2.8 (a)). As delithiation goes on,
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in the region where 0.75 < x < 0.93, the mechanism shifts to a two-phase
process (Li-rich and Li-poor phases in a core-shell structure). [42,66] Thig
coexistence of the two phases gives rise to the large plateau at 3.93 V
(Figure 2.8 (a)).’7 It was shown that this phase transition is driven by
the semiconducting-metal transition occuring during delithiation. 67-68]
Furthermore, the metallic behavior acquired by Li;_,CoO, during the
first delithiation does not revert to its original insulating state in the
following redox cycles. % As lithium ions are removed, the electrostatic
screening of lithium ions decreases and electrostatic repulsion between
CoOs sheets increases. Consequently, a subtle expansion along the c-
axis of the hexagonal lattice is noticeable[™ As seen in Figure 2.8(b),
in the range of 0.75 < x < 0.93, the dependency of the parameter c
of LizCoOq as a function of x splits into two parallel lines. These two
values represent c-parameters of the two hexagonal phases that can be

(7] As the lithium concentration decreases, only the

stable in this range.
Li-poor phase subsists for 0.5 < x < 0.75. If more than half of lithium
ions are removed from the LCO lattice, binding effect of lithium ions
between CoOq layers is too weak and the crystal undergoes an irre-
versible structure rearrangement. At the Lig5CoOy composition, the
lattice undergoes a distortion from hexagonal to monoclinic symmetry.
This reorganization is attributed to the formation of a lithium ion su-
perlattice that involves alternating Li* ions in rows and rows of lithium
vacancies. P7987L72 More accurately, Lu et al. demonstrated that Os-
type of pristine LiCoOs is converted to O;-type Li,CoO2 (x < 0.5) after
first lithium extraction. During the first lithium reinsertion, O1-type
Li;CoOg is converted to Oz2-type Li,CoOy (ABCBAB stacking) (at x =
0.93 ) rather than Os-type (ABCABC stacking).[™! Even worse, it was
demonstrated that LiCoO4 suffers from the dissolution of the metal ions
in the electrolyte that induces oxygen release if delithiation exceed 0.5

(at potentials superior to 4.3 V).[70:7475]

Since this transition is irreversible, the cut-off voltage of LCO cath-
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odes is in most cases set at 4.2 V and delithiation is limited to 0.5
LiT atoms per LCO unit in batteries. Therefore, practical gravimetric
capacity is limited to 140 mAh.g~! instead of 274 mAh.g~! correspond-
ing to the full delithiation of LiC00O,.[" Attempts have been made
to improve LCO crystal stability of Li,CoO2 with x < 0.5.177 Metal-
lic coatings on active particles were performed with success and it was
proven that LCO particles could sustain a 4.5 V cut-off voltage.[26:78]
Cho et al. succeeded to cycle LCO coated particles up to 4.4 V with

—1.[79,80] Nevertheless, such

a gravimetric capacity reaching 170 mAh.g
voltage cut-off increase bring us very close to the electrolyte stability
window. As mentioned before, delithiation of LiCoOs is accompanied
by a change in electrical conductivity. LCO is considered as a p-type
semiconductor in its pristine state. 8! While delithiation occurs, Co3*
are oxidized to Co?*. Only a small concentration of Co** is necessary
to increase electrical conductivity from 1076 to 1072 S.cm~1.[6982 Ag
most of the LMO layered materials, measured lithium diffusion coeffi-
cient in LiCoQOs are pretty poor and values are reported to be comprised
between 10712 m2.s~! and 107! m2.s~! at room temperature. 838 It
is therefore essential to control size and morphology to limit diffusion

path inside active materials particles.
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Figure 2.8 — Lithium cobalt oxide : (a) Voltage profile depending on
lithiation degree and corresponding structural phases (b) lattice
c-parameter of hexagonal unit cell (open symbols represent hexagonal
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In light of these features, LiCoQOs exhibits many of the essential prop-
erties required to play the role of an active positive material in proper
operation conditions. One of the major weakness of this material is
its low practical gravimetric capacity. The voltage of lithium cobalt
oxide with respect to metallic lithium or graphite is sufficient to guar-

36] Tt is also important to note that the

antee high-power density cells.
usual cut-off voltage of LCO cathodes is low enough to avoid electrolyte
breakdown. Despite the optimized and well-controlled synthesis pro-
cess, lithium cobalt oxide is still costly due to high raw materials price.
Therefore, many other layered oxides based on other metals were envi-
sionned to replace LiCoOs, but up to now, LCO remains a first choice

material as positive electrode active material.

2.2.1.2 Lithium phosphate iron olivine

Goodenough and coworkers first reported lithium iron phosphate
olivine (LFP, LiFePOy) in 1996.[87 The material structure consists of a
distorted hexagonal close-packed oxygen framework where lithium and
iron atoms occupy half of the octahedral sites while phosphorus atoms
occupy one eighth of the tetrahedral sites (Figure 2.9 a). 88,891 Ag it can
be seen, LFP is thus a one dimension material. The purity and the size
of crystals is therefore very important for diffusion phenomena (Figure
2.9 b)). In two or higher dimensions materials, points defect do not af-
fect diffusion rates. In contrast, in one dimension material, the presence

of defect in 1D diffusion channel has a drastic effect on diffusion rates.

The reaction corresponding to lithium iron phosphate insertion is
described in equation 2.9. As it was previously mentioned, this com-
pound is part of type III insertion materials. The intermediate formed

insertion component is unstable and dissociate in two phases (Li-rich
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Fast 1D Diffusion

Defect

Figure 2.9 — Lithium phosphate iron: a) olivine structure where red

spheres represent oxygen atoms, brown octahedron iron atoms, purple

tetrahedra phosphorus atoms and green spheres lithium atoms and b)
lithium ion diffusion along 1D channels. Reproduced from 99,

and Li-poor phases).

Insertion

xLit+xe™ +FePOy Li,FPO, — Li;_3FePOy4+Li,FePOy4

(2.9)

De—insertion

Figure 2.10 presents the typical voltage profile of a LFP electrode.
The long flat plateau typical from a two-phase mechanism can be no-
ticed. This plateau is located at 3.45 V, making it an excellent candidate
for high-energy batteries. The theoretical capacity of this active mate-
rial is evaluated at 170 mAh.g~! as LFP can be fully delithiated.
Gravimetric capacity is therefore slightly better than lithium cobalt ox-
ide. One of the major drawback of LFP is the very poor intrinsic elec-
tronic and ionic conductivities. Nevertheless, efforts on size-reduction
to the nanoscale!® and carbon coating strategies, ¥ have enormously

improved commercial LFP performances. 1

For the previous reasons, lithium iron phosphate is considered as

one of the most promising cathode candidate for the next generation
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Figure 2.10 — Lithium Phosphate iron insertion/de-insertion process:

voltage profile and two-phases mechanism. Reproduced from 3.

positive electrode active materials. Not only, LFP meets pretty well the
electrochemical requirements for cathode material but this material can

be produced in a large amount at low cost and presents a low toxicity. [94]

2.2.1.3 Graphite and carbonaceous materials

Carbonaceous materials are the best representative of insertion com-
pounds. Historically, the first synthesis of lithiated carbons was re-
ported by Hérold in 1955 and a complete study of intercalation pro-
cesses was described by Ebert et al. The first comprehensive reports
on carbon anodes with practical relevance were published in 1989 by
Mohri et al.®7 and Kanno et al.[ Since this time and the commer-
cialization of lithium-ion batteries by Sony in 1991, carbonaceous ma-
terials, and particularly graphite, dominate the market of negative elec-

trodes. 99 Therefore, they were intensely studied and optimized for the
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past thirty years.['% Based on their morphology and structure, car-
bonaceous compounds are suitable for lithium-ion batteries and can be
sorted in three main classes: graphitic carbons, non-graphitic carbons
and carbon nanomaterials. While carbon nanomaterials such as car-

[101,102] graphene 193:104or fullerenes'%%) were envisioned

bon nanotubes,
as anodic materials, they showed little pratical success to date. Issues
concerning their cyclability, capacity, cost or scaled up production still
have to be overcome to consider them as commercially viable.%6 Non-
graphitic carbons (or amorphous carbons) present a higher gravimetric
capacity than graphitic carbons but are less dense. Their superior spe-
cific capacity is mainly explained by their disordered structure and their

s.[107.108] \oreover, these carbona-

ability to absorb lithium in cavitie
ceous materials generally present a strong hysteresis during operation
and charge/discharge profiles can vary over time. 23,52 The last class of
carbonaceous materials is graphitic carbons. They represent the vast
majority of anodes in lithium ion batteries. Their excellent behavior
upon cycling and their low cost make them an excellent choice. For

this reason, only this class of material will be described further in this
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Figure 2.11 — Graphite crystallographic structure showing the

hexagonal cell. Adapted from 23,
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Graphitic carbons are constituted of stacked graphene layers (Figure
2.11). Each of these layer is made of sp? hybridized carbon atoms ar-
ranged in a planar honeycomb-like network. The delocalized 7 electrons
of sp? atoms are responsible for the electronic conductivity as well as

the weak Van der Waals interactions between layers. [23:109]

The graphene
layers can be arranged into a ABAB pattern (hexagonal structure) or less
frequently following a ABCABC stacking structure (rhomboedral struc-
ture) along the c-axis. The term graphite is used for carbons having a
layered lattice structure with perfect stacking order. As it can be seen in
Figure 2.11, the structure of graphite crystal is anisotropic. The layered
structure gives rise to two kind of surfaces: prismatic surfaces (edges)
and basal plane surfaces. 32 Obviously, properties along the basal plane
and the edges are very different. For example, in-plane conductivity
(along a and b-axis) reaches 2-3.10* S.cm~! while conductivity along

1 [103] Reactivity of lithium electrochemical inter-

c-axis caps at 6 S.com™
calation also highly differs. While the basal plane is relatively inactive
for lithium insertion (in the absence of defects), edge planes show large
amount of insertion. Properties of graphite particles are thus strongly

s.[110] Hence, the choice

determined by the ratio of basal and edge plane
of active material morphology is of primary importance for electrode

performances (Figure 2.12).

Figure 2.12 — Graphite particle morphologies: (a) natural graphite
flakes, (b) natural graphite spheres and (c) artificial graphite
microfibers. Adapted from 23!,

Besides perfectly crystalline graphite particles, the vast majority of
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Figure 2.13 — Structure of carbons : (a) turbostratic graphitizable
carbon, (b) perfect graphite and (c) non-graphitizable carbon.
Adapted from[23:89],

carbonaceous materials presents defects. Carbons that can be trans-
formed in graphitic carbons via physical treatments are called graphi-
tizable carbon or soft carbons, the others non-graphitizable are called
hard carbons (Figure 2.13(a) and (c¢)). Under heat treatment (between
1000°C and 3000°C), defects of soft carbons disappear and planes be-
come larger. The stacking of these planes is improved and the crystal
structure expands in all directions while distance between planes de-
creases to produce almost perfect graphite particles (Figure 2.13(b)).
Non-graphitizable carbons consists in small hexagonal networks and ex-
hibit a highly disordered structure with crosslinking between domains.
Due to this structure, it is difficult to reorganize the network even at

high temperatures.

Charge

xLit 4 xe™ + Cg Li,C¢  0-0.25V (vs. Li/Li*) (2.10)

Discharge

In graphite anodes, lithium ions react theoretically with six carbon
atoms as described in the intercalation equation (2.10). Theoretical
specific capacity exhibited by graphite is therefore evaluated at 372

mAh.g~!. During the charge, lithium ions intercalate in the carbon ma-
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terial. The voltage rapidly decreases from 3 V wersus Li/Lit to reach
0.25 V, the potential at which intercalation begins. 2% Lithium ions
are intercalated through the edge planes or the structural defects in the
basal plane via a mechanism called staging. While this phenomenon
was intensively studied for years, two models of intercalation are still
debated. "2l The first one, which is commonly admitted, is the staging
model of Rudorff (Figure 2.14 A). Lithium ions intercalate between two
graphene layers to form a single lithium ion layer and lithium ions are not
intercalated into adjacent layers. As lithium ion concentration increases
in graphite, more layers are filled until lithium ion layers and graphene

23,85 Tny the second model, the so-

layers are arranged one after another. !
called Daumas-Hérold model, lithium ions can insert in any layers and

rapidly form lithium island in the middle of graphene layers (Figure 2.14
B).[113-116]
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Figure 2.14 — Intercalation model in graphite: schematic of the (A)

Rudorff and (B) Daumas—Hérold models of ion intercalation into

graphite. Reproduced from [23:115],
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Appart from this difference, the two theories agree to describe tran-
sitions between stages and the coexistence of different phases during the
lithiation process. 7 These different stage transitions occur at precise
voltage as shown in Figure 2.15. The last phase transition from LiCis
to LiCg is known to be as low as 0.065 V versus Li/Li*. This very low
potential value implies that the maximum over-voltage for a graphite
anode during discharge cannot exceed 0.065 V. Otherwise, reduction of
lithium ions to metallic lithium (phenomenon known as lithium plat-
ing) inevitably occurs leading to solid electrolyte interphase (SEI) layer

degradation and formation of lithium dendrites. [118]

As described previously, few changes occur in perfectly non-
stoichiometric compounds through insertion/de-insertion processes.
During the intercalation, the structure of graphite shifts from ABAB
to AAAA with a small increase of the interplanar distance. Volume ex-
pansion is limited to maximum 10 %, which prevents heavy strains in the
structure. 1'% In a full state of charge (LiCg), intercalated lithium ions
have direct neighbours in adjacent layers but not in adjacent benzene
ring of the interlayer. 3%:120] The electronic conductivity of the graphene
layers slightly increases throughout the intercalation process but other

properties change little. [96:121]

Graphite is also greatly appreciated as negative electrode material
for its ability to form a stable interphase with non aqueous electrolytes
(Figure 2.16). In the case of graphite, the solide electrolyte interphase
layer is mainly formed during the first cycle. This layer acts as a passiva-
tion layer, preventing further electrolyte reduction. ™22l As it is known,
the volume expansion during cycling plays a major role in the SEI cohe-
sion and growth.[123:124] In graphite, the lattice mismatch is contained
and the SEI layer does not have to endure too much strain.!!2° The
composition of the SEI layer is influenced by the nature of the active
materials on which it forms. In the case of graphite, the ratio between

organic and inorganic compound in the SEI does not affect the conduc-
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tivities too severly. 126127 The formation and influence of the SEI layer
will be deeply described in section 2.6.5.

In light of these electrochemical considerations, graphite is consid-
ered as the top choice as active material for negative electrodes. More-
over, its low cost, eco-compatibililty and abundance ensure it still has a

bright future despite a limited capacity.

A stagell stage | stage |
03 : y :
~ : : i
i | \ : 1
= : i
O 02 ! 1
8 s>V : :
g |+ ¥ '
2 Vo :
> : H v
Soir b
V2R || I 1 I
o+ P+ +
I ' I LE Il [+ 1
| I 1 >
0 | t(i=const.)
0.22 0.34 0.5 1 x in Li,Cq
[/ Il | stage

Figure 2.15 — Intercalation model in graphite: schematic
galvanostatic curve. Reproduced from [23:115),
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Figure 2.16 — SEI layer formation on graphite. Adapted from (3.
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2.2.1.4 Lithium titanate spinel

The Ligy;Tig—2012 (0 < 2 < 1) solid solution family attracted a
lot of attention in the past decades.228:129) Tnitially, lithium titanates
were investigated for their interesting super-conductive properties at low
temperature.[130’13” Among these compounds, the LiyTisO12 (LTO in
short) structure was first reported by Jonker. [132] 1) 1983, Murphy et al.
demonstrated the reversible insertion of lithium ions in this spinel. 133
Full cells with lithium titanium oxide as anode and various different
positive electrodes were later reported. 134135 Lately, LTO spinel was

even reported as a possible candidate for sodium-ion batteries. 136-138]

Lithium titanate LiyTi5O12 is part of the spinel group. Spinels are a
class of material of general formula A2+B§’+Oi_ that crystallize in the
face centered cubic crystal system. The oxide anions form a cubic close-
packed lattice (32e) and the cations occupy some or all of the octahedral
(16d) and tetrahedral sites (8a). All titanium atoms and one lithium
atom are randomly distributed over the 16d octahedral vacancies (Fig-
ure 2.17(a)). The three remaining lithium atoms occupy tetrahedral 8a
sites. [139,140] Therefore, LigTi5sO12 is sometimes written as Li4/3Ti5/3O4,
or even [Lisq[Ti]164[Li1/3Ti2/3]164[04]32¢- [141,142]

During the charge process, lithiation occurs and lithium ions in-
sert into the 16¢ octahedral vacancies (equation 2.11). This lithium
insertion is accompanied by the transfer of lithium ions from 8a to the
16¢ vacancies. Hence, the spinel structure shifts to the rock-salt struc-
ture [LiQ]166[Ti]16d[Lil/3T12/3]16d[04]32@.[141’145] Besides this lithium in-
sertion, three Ti**t ions are reduced to Ti?* ions during the two-phase
transition. 6l During this structural transition, only a slight contrac-
tion occurs. The volume of the lattice shrinks of about 0.2 %. Due
to this negligible shrinkage, LTO is considered as a "zero strain" mate-
rial for lithium insertion and removal. 79147 This property confers to the
material a superior structural stability and guarantees the mechanical in-

tegrity of electrodes during the charge/discharge processes. The absence
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Figure 2.17 — Lithium titanate LigTi5O12 : (a) spinel structure; red
spheres represent oxygen atoms in a cubic closed-packed array, green
octahedrons are filled with titanium and lithium atoms and blue
tetrahedrons are partially filled with lithium atoms (b) typical voltage
profile of LisTi5sO12. Reproduced from [143:144],

of volume expansion helps to maintain a good contact between LTO par-
ticles, binder and conductive additives leading to extremely good cycle
stability. 148-150] The transition between the two structures occurring
in Ligy,Ti5O12 involves a two-phase equilibrium. [45,140,141] Thig equilib-
rium is responsible for the very flat plateau at 1.562 V in the voltage
profile for 0.09 < x < 2.91 (Figure 2.17 (b)).[1*153] The high voltage
versus lithium exhibited by LTO allows it to be considered as negative
or positive electrode material. Nevertheless, LTO is preferably exploited
as negative active material for two main reasons. First, using LTO as
cathode leads to full cells exhibiting a maximum of 1.5 V, while 3.2 V
batteries can be designed with LTO as anode. !5 Secondly, the high
insertion potential is a great asset to avoid the lithium plating or SEI
layer formation on the negative electrode. Side reactions are avoided
since the decomposition of nonaqueous electrolytes occurs only below
0.8 V.[155°157] The coulombic efficiency of the first cycle is therefore
close to 100 %.
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Charge

xLit + xe™ 4 LigTi5012 Lis ,TisO12 1.56V (vs. Li/LiT)

(2.11)

Discharge

In LTO, only three lithium ions can be reversibly inserted and de-
inserted in the framework of the spinel, limiting the theoretical capacity
to 175 mAh.g~1.[1%8] Other titanium oxides with superior capacities (up
to 335 mAh.g~!) were studied but their cyclabilities are significantly
worse or insertion voltage less suitable. 159162 Given the structure of
Li4Ti5O12 spinel, more lithium ions can theoretically be inserted in the
remaining tetrahedral vacancies of the lattice. It was proven that the in-
sertion of 1.5 or 2 lithium atoms was possible to reach the Lig 5Ti5O12 or
LigTizO12 compositions. 193] This extra capacity is nevertheless impos-
sible to reach without applying a negative potential for lithium insertion
which directly leads to reduction of lithium ions to lithium metal. This
undesired lithium plating on electrode therefore limits the capacity of
LTO spinel to 175 mAh.g=!'. Unlike graphite, LisTi5O12 in its pris-

[164-167]

tine form shows very low ionic or electrical conductivities. In

its spinel form, ionic diffusivity is measured at 1076 cm?2.s— ! [168]

and
electrical conductivitiy of LTO is extremely low and evaluated at 10713
S.cm 1. 169 Therefore, this material can be regarded as an electrical
insulator. During lithiation, the spinel structure turns to a rock-salt
configuration in a two-phase equilibrium and the Li;TisO1o phase is
electrically conducting. 193179 To circumvent these lacks of conductivity,
various morphologies of LTO nanoparticles were reported with the aim
of decreasing diffusion paths (Figure 2.18).[129142.171] Carbon 172175 op
metal 176177 coating on micro-sized or nano-sized LTO nanoparticles
also showed satisfactory results in the design of high cycling rate batter-
ies. Heterogen atom stubstituted LT O particles were also prepared with
substantial improvements in conductivities but unfortunately sometimes

at the expense of the capacity. 178180
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From purely electrochemical point of view, LTO may appear less
attractive than carbonaceous materials (372 mAh.g=! and 0.25 V vs.
Li/Li* for graphite). Nevertheless, LTO being a "zero-strain' material
and the higher insertion potential are two substantial advantages. These
properties are of paramount importance in the design of long-life batter-
ies and LTO is considered as an interesting material for the conception

of HEV or supercapacitors. [146-148,181]

2.3 Passive electrode materials

In this section, we describe materials that do not directly provide
energy but are nevertheless essential to lithium ion battery operation.
Binders and conductive agents are only a small part of the electrode
composition, but play a very important role in the cycling stability and
rate capability. All these components play therefore vital roles in battery
operation but their amount in the battery has to be minimized as they

do not provide energy.

2.3.1 Binders

Although binders only reach 2-5 wt. % in a commercial electrode,
binders are essential to the effective operation.82 Ag previously men-
tioned, the volume of most of active materials expands during lithiation.
Therefore, binders are required to provide cohesion of active matter par-
ticles and to ensure mechanical stabilization of electrodes. In addition,
binders have to meet other important criteria to be efficient. (23]

First of all, they cannot dissolve in the highly polar carbonate or-
ganic solvent used as electrolyte. Nevertheless, suitable polymer binders
have to swell by absorbing a proper amount of electrolyte to ensure
lithium ion conduction within the electrode. Secondly, they have to be
electrochemically stable in the voltage operation window of the battery.

Binders must not be easily reduced at negative electrodes or oxidized
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at positive electrode. Thirdly, binders have to be thermally stable since
temperature can rise above 200 °C during the drying of the electrodes.

Fluorinated polymers such as poly(tetrafluoroethylene) (PTFE) or
poly(vinylidene fluoride) (PVAF) meet all these requirements and are
therefore especially suited to the binder task. Nevertheless, the solubil-
ity of these polymers is limited to only a few solvents and N-methyl-2-
pyrrolidone (NMP) is the most frequently used. The use of this solvent
is a disadvantage as it evaporates slowly in mild conditions. Therefore,
demixing of binder, active material and conducting agents can occur
during the drying process. Hence, water-soluble binders such as car-
boxymethyl cellulose, 183 alginate'84 or styrene-butadiene rubber 8%
are now considered as alternatives as they are easy to process while being
cheaper and greener. Finally, conductive polymers acting at the same
time as binder and conducting agent have been reported. 186187 How-
ever, production costs of these materials are far too high to be considered

at industrial scale to date. 23l

2.3.2 Conducting agents

To compensate the lack of intrinsic conductivity of active materials
and the addition of insulating polymer binders, conducting agents are
needed. Addition of a sufficient amount of conducting agents creates
an electrical path within the electrode. Hence, it ensures the proper
collection of electrons at the surface of the active material to the current
collector. The most common conducting agents are nanosized carbon
spherical particles, named nanocarbons. Lately, carbon nanotubes or

nanofibers are considered as alternative conducting agents. [106:188,189]

2.3.2.1 Nanocarbons

Nanocarbons represent the vast majority of conducting agents. Ex-
amples of these carbon fine powders include among others acetylene
black (AB), Ketjen black (KB), super P or super C carbons. Depending
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on their production method, these nanocarbons vary in size, morphology
and degree of graphitization. These parameters have a direct impact on
their properties. 190

Nanocarbons must meet the three following requirements in order
to be used as conducting agents: electrical conductivity, dispersibility
and wettability. 23] While their graphitic structure ensures suitable elec-
trical conductivity, the two other parameters are more challenging. A
fine dispersion of nanocarbons within the electrode is nevertheless essen-
tial to secure a homogeneous electrical conduction. Modification of the
nanocarbon surface is required to obtain wettability to ensure a good

contact between the organic electrolyte and the particles.

2.3.2.2 Carbon nanotubes

Since the discovery in 1991 by Tijima, "1 carbon nanotubes (CNTs)
have attracted a growing interest. For the past 25 years, the num-
ber of publications or reviews involving these materials has continu-
ally increased.192193] This success is due to the unique properties of
these materials, as it will be briefly described below. Carbon nanotubes
are cylinder-shaped materials composed of sp?-hybridized carbon atoms
arranged in a honeycomb network. Therefore, they can be visualized
as the result of a graphene sheet enrollment (Figure 2.19). Different
types of CNTs can be distinguished based on the number of concen-
tric graphene cylinders composing the material: single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs)
(Figure 2.20).

As depicted in Figure 2.21, three different types of single-walled car-
bon nanotubes exist (i.e. zigzag, armchair and chiral), depending on the
way the graphene sheet is enrolled, also known as helicity. As a result,
electrical properties of CN'Ts can strongly vary from one nanotube to an-
other, yielding to metallic and semiconducting CNTs. Since MWCNTs

are composed of several concentric nanotubes in which helicity is known
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2D Graphene 1D Carbon nanotubes

Figure 2.19 — Schematic representation of a carbon nanotube as an
enrollment of a graphene sheet. Adapted from 194,
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Figure 2.20 — Schematic representation of a SWCNT and a
MWCNT. Reproduced from 199,
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to vary each layer, most of MWCNTS are statistically metallics. 196 The
structure of the nanotube is responsible for its impressive electronic
properties. First, the sp? hybridization of the carbon atoms involves
a complete delocalization of the m-electrons throughout the nanotube.
This m-electron conjugated system allows a high mobility of the charge
carriers along the nanotube. Due to their structure, carbon nanotubes
exhibit remarkable electrical properties. With an electrical conductiv-
ity up to 106 S.cm~1,[1971 CNTs namely constitute excellent electrical
conductors. Second, due to their quasi-one-dimensionality, electrons are
confined in one direction, along the nanotube axis.

Besides these remarkable electrical properties, carbon nanotubes also
exhibit outstanding mechanical and thermal properties. With a Young
modulus (E) comprised between 1 and 5 TPa for SWCNTs, 19 a tensile
strength from 11 to 63 GPa (2% and an elongation at break of 12 %, (200
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zigzag chiral armchair

Figure 2.21 — Representation of zigzag, chiral and armchair carbon

nanotubes. Adapted from 198,

CNTs are one of the strongest and stiffest materials on earth, while being
flexible. 21 About 100 times stronger than steel for a considerably lower
weight, CN'Ts can be useful components for the preparation of composite
materials for diverse applications as varied as sports equipments, bul-
letproof jackets or transport vehicles. Carbon nanotubes also possess
a thermal conductivity higher than diamond,[%” which makes them
good candidates for integration into polymer composites for the prepa-
ration of thermally conductive materials.2°2 The combination of all
these unique properties make them a very interesting material for elec-
tronics. [203] Applications in transistors, [204] capacitors,[205], sensors,[QOG]
flexible electronics, 2% and lithium-ion batteries components!*76 have
therefore emerged. 298 During the last decade, the production cost of
carbon nanotubes decreased from 45 000 to 100 $.kg™!, while their pro-
ductivity reached several hundred tons per year.29 For this reason,

they can now be implemented in practical applications.



48 Chapter 2. Lithium batteries : materials and concepts

2.4 Current collectors

Current collectors have the role to supply electrons to active materi-
als or to withdraw electrons to the external circuits. Their conductivity
is hence primordial and metals are a natural choice. Current collectors
must also be electrochemically stable in the potential operation win-
dow of their electrode. Working potentials of negative electrode are
comprised between 0.01 V and 3 V while working potentials of positive
electrode are superior to 3 V. It is therefore important to avoid reduction
of the current collector at the anode and oxidation at the cathode. The
chemical nature of the metal is therefore different at each electrode and
defined by its polarity. 12219 While taking into account financial consid-
erations, copper is the most appropriate material for negative current
collectors and aluminium for positive current collectors. These metals
are processed in very thin foils to minimize their weight (10-20 pm)
but show sufficient mechanical strength to be processed and ensure the
structural integrity of the electrodes during operation. 23 Lastly, metal
foils have to present sufficient wettability to the electrode slurry and
strong adhesion of the electrode after solvent removing. The surface
state of metal foils is therefore critical and surface treatment can be

required. (211:212]

2.5 Separators

Separators do not participate in electrochemical reactions and have
the sole role to physically separate the cathode and the anode. Nev-
ertheless, they have to present particular properties and to meet some

crucial requirements. (213:214]

The separator has the essential role to pro-
vide a pathway for lithium ion transport between electrodes. Wettability
by liquid electrolyte is therefore an important property as well as their
porosity (Figure 2.22). Separators have to absorb and retain a certain

amount of electrolyte to ensure their lithium ion conduction role. In
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addition, the separators must be chemically stable to the electrolyte
and electrochemically inert under the strong oxidizing and reducing
conditions when the battery operates. Most common used separators
are 25 pm microporous polyolefin films such as poly(ethylene) (PE) or

poly(propylene) (PP).[213] These materials meet all requirements men-

tioned above in addition to outstanding mechanical properties and low
[215]

cost.

Figure 2.22 — Scanning elraphsectron micrographs of Celgard 2325
(PP/PE/PP) tri-layer separator used in lithium-ion batteries: (a)
surface image and (b) cross-section. Reproduced from 214,

2.6 Electrolytes

Beside electrodes, the electrolyte constitutes the third key compo-
nent of batteries. Electrolytes are essential and ubiquitous in all elec-
trochemical devices. The electrolyte acts a medium for the transfer of
charges, which are in the form of ions, between the two electrodes. The
choice of electrolyte is of paramount importance as it can drastically
change battery performances. Therefore, electrolytes have received con-
siderable attention from the scientific community and were exhaustively
documented. 216217 Tq be efficient, electrolytes have to meet the follow-
ing minimal requirements: [23,31,216]

1. The trivial role of electrolyte is the ion conduction between elec-

trodes. Hence, electrolytes with superior ionic conductivity pro-
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duce battery with superior performances. Rapid lithium ion diffu-
sion within the electrolyte is especially important when batteries

are rapidly charged or discharged.

. Electrolyte have to be electronic insulator as no electrons should

directly transfer between electrodes to keep self-discharge to a min-

imum.

. Electrolytes should exhibit high chemical and electrochemical sta-

bilities, especially at the charged surfaces of the electrodes. The
range in volts between their oxidative and reductive decomposi-
tion limits quantifies the stability of an electrolyte. This concept
is known as the electrochemical stability window of the electrolyte.
Obviously, the redox potential of both electrode materials must fall

within this electrochemical window.

. The stability of an electrolyte has to be established for a wide

range of temperature (e.g. -20 °C to 60 °C) to ensure safety during
battery operation. Most of the electrolytes are flammable and may

cause fire or explosions if heated or used improperly.

. The electrolyte should be a low cost material as they represent not

[218]

less than 22 % of the cost of materials to design a battery. In

addition, it should be the more environmentally friendly possible.

Table 2.1 sums up the characteristics of different electrolytes referred

for lithium-ion batteries. Liquid electrolytes consist of salts (electrolyte

solutes) dissolved in organic solvents and exhibit high ionic conductiv-

ities. Ionic liquids consist in molten salts with a melting point below

room-temperature. They do not contain flammable solvents and are

therefore considered safer. Unfortunately, their production cost is very

high. Solid polymer electrolytes consist in lithium salts dissolved in

polymers of high polarity. Unfortunately, these electrolytes present poor

lithium ion conduction. Gel polymer electrolytes consist in a polymer
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matrix swelled with liquid electrolyte and show intermediate properties
between liquid and polymer electrolytes. Besides these main electrolyte
types, it also exists glassy and crystalline electrolytes2!) but to date,

these materials still did not show practical applications.
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2.6.1 Liquid electrolytes

Liquid electrolytes represent the majority of electrolytes in lithium
ion batteries. Among all electrolytes listed previously, they present the
best ionic conductivities with values up to 10~2 S.cm~1.1216] As previ-
ously mentioned, liquid electrolytes consist in lithium salts dissolved in
a solvent. Hence, their ionic conductivity and other properties result

from a complex choice of solvents, salts and additives. [220]

2.6.1.1 Organic solvents

The choice of the solvent to design performing electrolytes is of major
importance. The solvent has to meet several criteria. 23 First, it should
be able to dissolve salts to a sufficient concentration, in other words,
its dielectric constant (¢) should be as high as possible. Second, solvent
viscosity (n) should be low because a fluid solvent facilitates the ion
transport. In addition, the solvent used for electrolyte design should
remain liquid in a wide range of temperature. The solvent should also
present a high flash point to ensure safety during battery operation.
Lastly, as a result of the very active nature of the strongly reducing
anodes and the strongly oxidizing cathodes, solvents with acidic protons

are not appropriate.

A wide spectrum of polar solvents has been investigated and most
of the appropriate ones fall in either one of the following classes: car-
bonates, ethers or esters. Among these solvents, the most commonly
used for lithium ion batteries are listed in Table 2.2 and depicted in
Figure 2.23. As it can be noted in Table 2.2, no liquid meets all the
requirements perfectly and therefore, electrolytic solution formulations
based on single solvents are very rare. Most liquid electrolytes are in-
deed based on a mix of two or more solvents in which lithium salts are
dissolved. The combination of several solvents permits to attain various

functional aims simultaneously.
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Solvent T,,[°C] Ty[°C] e n

Ethylene carbonate 39 248 89.6 1.86
Propylene carbonate -49.2 241.7 644 2.53
Dimethyl carbonate 0.5 90 3.11 0.59
Diethyl carbonate -43 126.8 2.81 0.75
Ethylmethyl carbonate -55 108 2.96 0.65

Table 2.2 — Physicochemical properties of principal
solvents for liquid electrolytes. Data from 23,

o

O

A

Ethylene carbonate ~ Propylene carbonate  Dimethyl carbonate

| i
/\o)l\o/ o7 oS
Ethyl methyl carbonate Diethyl carbonate

Figure 2.23 — Common organic solvents used for liquid electrolytes.
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2.6.1.2 Lithium salts

Lithium salts have been extensively studied by many researchers as
they constitute one of the most prospective way to enhance lithium cell
performances. 221 Lithium salts should meet the following prerequisites
to be used as electrolyte salts. They should be able to dissolve in large
amount and dissociate completely in organic solvents. Ionic mobility of
both ions have to be as high as possible. Lastly, they have to exhibit
high thermal and chemical stabilities.

The candidate that meets thes requirements at best is lithium hex-
afluorophosphate (LiPFg), although this compound presents serious prob-
lems when in presence of water. Indeed, moisture traces present in
electrolyte react directly with LiPFg to generate the highly corrosive

hydrofluoric acid (equation 2.12).[222:223]

LiPF¢ + Ho O — LiF + POF3 + 2HF (2.12)

An alternative choice is lithium perchlorate (LiClOy4). It exhibits high
solubility and good ionic conductivity in organic solvents. In addition,
LiClOQy is stable towards hydrolysis compared to fluoro-type salts. Nev-
ertheless, the high oxidation state of chlorine makes him a very strong
oxidant. At high temperature, it may be explosive in presence of organic

species during battery operation. [224,225]

2.6.1.3 Additives

The recent improvements in the fundamental understanding of lithium
ion battery ageing phenomena are essential for improving battery elec-
trochemical performance and safety. While many side-reactions at elec-
trode interfaces can occur, the most economical approach to circumvent
some of them is the use of electrolyte additives. Over the past several
years, hundreds electrolyte additives with various functions have been

reported. They can be used to enhance conductivity, battery lifespan or
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safety. Hence, the majority of liquid electrolytes contains up to 5 wt. %
of additives. Function and nature of these additives will be here briefly

described. [23:226,227]

SEI formation additives

It was demonstrated that during the first cycle of lithium ion batter-
ies, a solid layer is formed at the interface between the electrolyte and
the electrode. This formed solid electrolyte interphase will be described
in depth in the next sections. The SEI formation is due to the reduction
of carbonate-based solvents on the negative electrode. First the solvent
is reduced into a radical-anion. The latter subsequently decomposes
with two different mechanisms. One of them leads to the formation of
undesirable gaseous species and LigCOgs. The second one leads to the
formation of an insoluble stable lithium alkyl carbonate layer. To pro-
mote the formation of this stable SEI film, SEI formation additives are

added. They can be sorted in three groups:

e Reduction-type additives. This type of additives exhibits higher
reductive potentials than the electrolyte solvents. Therefore, they
are preferably reduced prior organic solvents. The formed radi-
cal anion subsequently polymerizes into an insoluble solid product
covering the surface of the electrode. In the case of graphite anode,
this protective layer deactivates the catalytic activity of graphite
and prevent its exfoliation. Vinyl carbonates are great examples

of this additive type.

o Reaction-type additives. This type of additives is not directly elec-
trochemically reduced during the SEI formation process. However,
those additives are able to either scavenge formed radical anions,
or combine with the final products form more stable SEI com-
pounds. Omne can find dioxide carbon precursors in this class of

additives.
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e SEI morphology modifiers. As previously mentioned, the stability
of SEI layer is affected by the content of inorganic compounds.
In a classic LiPFg-carbonate electrolyte, the major inorganic com-
pounds are known to be LioCOg and LiF. The latter has been
identified bo be partly responsible of SEI instability. Electrolyte
additives such as boron compounds were therefore developed as

they are extremely efficient to dissolve lithium fluorides.

Overcharge inhibitors

Overcharge inhibitors are added to ensure safety of battery opera-
tion. Overcharging the battery results in chemical and electrochemical
cathode degradation reactions but also in elevation of the temperature
inside the battery. To circumvent this problem, redox-shuttle additives
are added to electrolytes. These chemicals exhibit slightly higher redox
potentials than the normal cut-off voltage of battery. When the cell
exceeds its cut-off voltage, redox-shuttle additives are oxidized at the
positive electrode to prevent overcharge. They are later transferred at
the anode and reduced during the discharge process.
Ionic conductivity enhancers

As previously mentioned, the ionic conductivity of electrolytes deeply
depend on the dissociation of lithium salts in the organic solvent. To
promote this dissolution, ionic solvation enhancers are added to liquid
electolytes. Crown ethers were reported to be effective additives by
isolating lithium ions from their anion counterpart. Nevertheless, this
lithium complexation can impede battery performance by slowing down
lithium ion diffusion.
Flame retardants

Safety concern has been a major priority in lithium ion battery de-
velopment. To date, the flammability of the organic solvents in liquid
electrolytes is still a major problem in lithium ion battery technology.
Therefore, many researches have been focused on the development of

fire-retardant additives to decrease the flammability of the liquid elec-
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trolytes.

Besides these main electrolyte additives, one can also cite: cathode
protection agent, salt stabilizers, corrosion inhibitors, wetting agents or
viscosity modifiers. The design of performing electrolyte therefore relies

on complex formulation and requires great attention.

2.6.2 Ionic liquids

Tonic liquids refer to salts in the liquid state. To be considered as elec-
trolyte for lithium ion batteries, these salts have to be liquid in the tem-
perature range of battery operation and to dissolve sufficient amounts of
lithium salts. The unlimited combinations of cation/anion forming ionic
liquids offer a broad library of chemicals. That allows to finely tune their
physico-chemical properties as electrolyte candidates. 225231 Compared
to liquid electrolytes, ionic liquids are more electrochemically stable and
thermally resistant as well as less flammable. For these reasons, they
are envisioned to replace liquid electrolytes. 232 However, their perfor-
mances in lithium ion batteries and their production cost is prohibitive

for the development of commercial devices to date. [233:234]

2.6.3 Solid polymer electrolytes

Solid polymer electrolytes (SPEs) can be viewed as a special vari-
ation of a solution-type electrolyte in which lithium salts are dissolved
in polar macromolecules. Since Wright discovered in 1975 that ions
can be transported within certain polymers, 23° they became potential
candidates for various applications, in particular lithium ion batteries
electrolytes. 236] The use of SPEs leads to solid-state batteries which

have several added advantages over traditional liquid batteries: [23:237)

1. They produce higher energy density batteries.
2. Safety is enhanced as no leakage can occur.

3. SPEs do not release gases at high temperature and are not flammable.
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4. No separator is required in all solid-state configuration.

5. Batteries can be manufactured in various shapes and designs in-

cluding flexible or ultrathin batteries.

Such as for liquid electrolytes, in SPEs, the polymer should be able
to dissolve sufficient amount of lithium salts to exhibit appropriate ionic
conduction. Therefore, only polymers including polar elements such
as oxygen, nitrogen and sulfur have been investigated. 238 In addition,
to exhibit appropriate ionic conductivity, polymers should display the

following characteristics: (23]

1. The polar group must include an electron donating group for cation

solvation.
2. The polar group must exhibit ion coordination abilities.

3. Adequate spatial conformation of the chain to allow salt dissocia-

tion without steric hindrance.

4. A low glass-transition temperature (T,) for an important flexibility

of polymer chains to promote lithium ion conduction.

The most important characteristics for SPEs is naturally a high ionic
conductivity. Ion transport in polymers was therefore heavily studied
and documented. 239243 Solid polymer electrolytes consist in lithium
salts dissolved in a polymer matrix and can be viewed as a solution of
complexes of alkali metal salts (MX) with polymer hosts (RY) (Equation
(2.13)).

mMX + (—RY =) — (MX)pm - (—RY = )n, (2.13)

Up to now, the commonly spread theory states that in a polymer
matrix, predominating ionic conduction only occurs in amorphous re-

gions. 244 In this theory, the lithium ions can dissociate from polymers
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segments and the polymer chain motion in the free volume space is
responsible for the ionic conduction (Figure 2.24 a)). Hence, this mech-
anism called ion-hopping can only occur if polymer segments are free
to undergo fairly large-amplitude excursions. Therefore, below the glass
temperature transition (Ty), ionic conductivity drops dramatically as
polymers are in a rigid glassy state. In this theory, crystalline regions of
polymers are therefore an obstacle to lithium ion conduction. 243 NMR
studies tend to approve this theory and demonstrate that ionic conduc-
tion only takes place in the amorphous region of PEQO, the crystalline

complex only acting as a salt reservoir. [240]

| Amorphous region | (3) —_—

Polar group Anion Polymer local segment

Crystallization region (b)

Figure 2.24 — Lithium ion conduction in polymers in a) amorphous
region and b) in crystalline region. Reproduced from (247]

A more recent theory defended by Bruce and co-workers introduces a
different conduction mechanism for lithium ion motion in polymers. (48]
Here, crystalline regions of polymers can be viewed as channels for
lithium ion conduction (Figure 2.24 b)). In this configuration, the
lithium ions reside inside channels formed by interlocked polymer cylin-

ders. The negative anions remain located outside and do not coordinate
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lithium ions.?* Inside the polymer channels, lithium ions are free to
move along the electric field. In addition, this theory demonstrates that
ion transport in crystalline polymer electrolytes is dominated by the
lithium cations, whereas both ions are generally mobile in the amorphous
phase. Nevertheless, it is important to note that this type of conduc-
tion was demonstrated only for a specific type of complex with certain
discrete compositions. While those theories are still debated, 259 results
tend to prove that ionic conductivity is higher in amorphous polymers
than crystalline ones. Therefore, researches in SPEs strive to decrease

at best crystalinity degree of polymers used in electrolytes.

Among researches conducted in the 40 past years, poly(ethylene
oxide) (PEO), poly(propylene oxide) (PPO), polyphosphazene (PPhz)
and polysiloxanes were the most studied polymers due to their supe-
rior ionic conductivities (Figure 2.25). For its interesting properties and
for economic reasons, studies are particularly concentrated on PEQ. [251]
Polyethylene oxides and polyethylene glycols have a similar chemical
structure but are synthesized via two different ways. Polyethylene ox-
ides are obtained by polymerization of ethylene oxide while polyethylene
glycols are obtained by polycondensation of ethylene glycol molecules.
Usually, low molecular weight polymers (<20000 g.mol~!) are named
PEG and high molecular weight ( > 20000 g.mol~!) are named PEO.

Nevertheless, generally both names are used interchangeably.

The interesting ionic conductivity displayed by PEO can be ex-
plained by its structure. Poly(ethylene oxide) is constituted of repeating
-CH2-CHs-O- units. Oxygen is a stronger electron donor than sulfur or
nitrogen that helps for lithium salt dissolving. Moreover, the ethylene
oxide unit (EO) represents the minimum steric requirement with an op-
timal spacing of the heteroatoms. 22 In addition, PEO presents a low
glass transition temperature (around -60 °C), conferring its chains a good
flexibility at room temperature. PEQO is considered as a semi crystalline

polymer with about 60 % of the bulk being crystalline and the reminder
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present as an amorphous elastomeric phase at room temperature. The
melting point of crystallites is known to be around 60°C. Therefore, the
ionic conductivity strongly varies around this temperature. While val-

1

ues around 10™® S.cm™! are commonly admitted at room temperature,

ionic conductivities reach values up to 107* S.cm™! for temperatures
higher than 65 °C. [253-255]
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Figure 2.25 — Arrhenius plot of the conductivity of various
polymer-salt adducts. (1) PEO; (2) cross-linked PEO; (3) poly
(propylene oxide)(PPO); (4) poly(ethylene adipate)(PEA); (5)
poly(ethylene succinate)(PES); (6) polyphosphazene(PPhz); (7)

poly(N-methylaziridine)(PmAz). Reproduced from (252,

The lithium ion conductance of electrolyte does not depend solely on
ionic conductivity but also on geometry and size of battery since they
influence ion pathways. Therefore, it does not exist a minimal ionic
conductivity required for electrolytes. Nevertheless, a common value of

10~* S.cm ™! is generally admitted to be the strict minimum to produce
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sufficient performing batteries even in the case of thin electrolyte layers.
For this reason, the ionic conductivity of pure PEO is insufficient to
design performing solid lithium ion batteries. Hence, particular atten-
tion is required to decrease its crystalline degree at room temperature.
One of the most practical approach to enhance ionic conductivity is the

addition of plasticizers such as small organic molecules, polar polymers

or nanoparticles (Figure 2.26). 256259
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Figure 2.26 — Inpact of additives on ionic conductivity in PEO-based
solid polymer electrolytes. Reproduced from 242

Addition of small organic molecules such as liquid carbonates,257]
succinonitrile, 269 phtalates 26 or citric acid[202 as plasticizers was re-
ported as an effective way to promote ionic conductivity. These plasti-
cizers decrease crystallinity, and T, but also promote lithium salt disso-
ciation. Addition of liquid carbonates should be kept to a minmum
so that the ion conduction mechanism does not change. In a large
ratio, addition of liquid carbonates conducts to the formation of gel
polymer electrolytes. Addition of polar polymers such as poly(ethylene

) [263]

glycol , poly(acrylic acid) (PAA) and poly(methyl methacrylate)
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(PMMA) (262] of Jow molecular weight was also investigated to enhance
ionic conductivity with convincing results. Lastly, the addition of micro
or nanoparticles in PEO-based electrolytes was reported as another effec-
tive way to promote ionic conductivity. 256 This class of solid polymer
electrolyte is commonly named composite polymer electrolyte (CPE).
For the last decade, numerous studies reported that the dispersion of
various particles such as SiOo, [264-267] TiOo, [267] Al O3, (262,268,269] ZrOo
particles261:270 and molecular sieves 2™ in PEO-based electrolytes en-
hanced both ionic conductivity or mechanical properties. 238272 The
characteristics of CPEs obtained by addition of stable ceramic nanopar-
ticles depend on their size as well as their surface chemistry. 273! Stud-
ies report that nano-sized particles that present a high-surface area are

5. [274-276] Tt wag

the most effective to inhibit crystallinity of PEO chain
demonstrated that the surface chemistry of added particles plays a signif-
icant role in the lithium ionic conduction. 2™ Polymer-particle interface
can provide a preferential pathway for lithium on conduction at the ce-
ramic surface that can enhance ionic conductivity. 273 Moreover, a mod-
ification of the surface chemistry of silica can also improve the mechani-
cal strength of CPEs.[272278.279] Reports showed that the use of ceramic
nanoparticles as fillers for low and moderate-molecular weight PEO-
based electrolytes yields to materials with the mechanical properties of
solids, but having the processability of liquids. 279281 Lastly, crosslink-
ing of SiO2-PEO composite polymer electrolyte was demonstrated as a

possibility to create dimensionally stable solid electrolytes. 282

2.6.4 Gel polymer electrolytes

Gel polymer electrolytes (GPE) are prepared by mixing polymers,
organic solvents and lithium ion salts. This produces a gel where the
solid polymer matrix is swelled by organic solvents. With the massive
presence of liquid electrolyte in the GPE (up to 60 wt. %), the conduc-

tion mechanism is here close to the one encountered in classic liquid elec-
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trolytes. Therefore, GPEs generally exhibit very high ionic conductivi-
ties (up to 1073 S.cm™1), close to the ones of pure liquid electrolytes. [258]
Organic solvents used to swell GPE are comparable to the ones described
in the previous section. Traditionally, the polymer matrix is constituted
by polyacrylonitrile, poly(viniylidiene fluoride), poly(methyl methacry-
late) or poly(ethylene oxide). While the ion conduction occurs mainly
in the liquid, the polymer maintains the mechanical strength of GPE
and stores the liquid. As a result of their composition, GPEs can be
viewed as the best of both worlds: the polymer matrix provides me-
chanical resistance to the electrolyte while the organic solvent ensures
a high ionic conductivity. Nevertheless, the properties offered by both
elements are conflicting and GPEs can not present at the same time
very high mechanical properties as well as very high ionic conductivities.
Hence, incorporation of inorganic fillers into GPE is generally required
to improve mechanical strength as well as transport and electrochem-
ical properties. 238 For the last decade, GPE have gone through con-
siderable development in composition and performances.[258:283] They
represent undoubtedly an important breakthrough in lithium battery
technology and are now referred as Li-po batteries. Nowadays, they
are omnipresent and unavoidable in portable electronics. Nevertheless,
safety of this technology still present risks as shown by recent Galaxy

Note 7 battery issues.!

2.6.5 Inferfacial electrode—electrolyte reactions

Lithium-ion batteries are complex systems and their ageing processes
are even more complicated. The decrease of performance originates from
various causes and some of them are related to the reactions occuring
at the electrode-elecrolyte interphases.2*¥ During battery operation, a
layer presenting the properties of a solid electrolyte is formed at the sur-

face of active materials.[1°5] Rate capability, cycle stability, irreversible

!Swiss credit analysts estimated that Galaxy Note 7 battery issues could cost
Samsung a total of $17 billion.
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capacity loss, exfoliation of graphite and safety are therefore highly de-
pendent of the quality of the formed interfaces. It is therefore imperative
to have a fundamental understanding of the chemical and electrochemi-
cal phenomena at the interface between electrode and electrolyte to pre-
vent capacity or power fading of batteries. As liquid electrolytes serve as
a medium for lithium ion shuttling between electrodes, electrochemical
reactions within active materials are promoted by an enlarged interface
area between active materials and the electrolyte. Nevertheless, this in-
creased surface also promotes electrolyte decomposition. Hence, many
scientists deeply investigated and described the complex reactions of
electrolytes alteration during battery operation. 285 Ageing mechanisms
occurring at the anode or the cathode are significantly different. At the
negative electrode, electrolyte components undergo a reductive decom-
position and form a layer refereed as solid electrolyte interphase (SEI).
At the positive electrode, an oxidative decomposition of the electrolyte

gives rise to a layer refereed as positive electrode/electrolyte interface
(EEI). 286

Changes at the negative electrode/electrolyte interface are reported
to be a major source for ageing of batteries and were deeply investigated
in the last decade.[1%5:287-290] Figure 2.27 depicts some of the various
changes occuring at the interface between a common graphite electrode
and a carbonate-based electrolyte. As it can be seen lot of those side re-
actions have negative effects such as gas formation, graphite exfoliation,
lithium plating, precipitation of formed species. Obviously, these side-
reactions represent a major cause of lithium battery decay. Nevertheless,
if properly controlled, specific electrolyte decomposition reactions lead
to the formation of a SEI, a stable passivating film on the surface of the

active material (Figure 2.27 b)).

Lithium ion battery anodes generally operate at voltages outside of
the electrochemical stability window of electrolyte components. 2% The

onset potential of SEI formation is not a fixed value and depends on
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Figure 2.27 — Changes at the graphite/electrolyte interface.

Reproduced from 291,

the nature of various factors such as the electrolyte and the nature of
electrodes. Different values ranging from 0.8 V to 2 V can be found
in literature 292294 byt 0.8 VI196:157] ig the most widely adopted practi-
cal value for carbonates-based electrolytes with graphite anodes. At this
voltages, liquid electrolytes are reduced on the surface of the electrode to
form a vast library of negative or radical negative species. 289 These de-
composition products subsequently form solid lithiated species such as
(CH2CH20CO3Li)2, LiO(CHy)2CO2(CH,)2OCO2Li, Li(CHy)2OCO-Li
and LioCOj3. This electrolyte decomposition is therefore accompanied by
irreversible consumption of lithium ions, decaying coulombic efficiency
and battery performances. 2!l The solid electrolyte interphase formed
by decomposition products acts similarly as a solid electrolyte layer.
This SEI is electrically insulating but permeable to lithium ions.?3 In
addition, if properly formed, the porosity of SEI allows lithium ions to
pass but no other electrolyte components. 2% The solid electrolyte inter-

phase therefore acts as a reasonably protective film on active material.
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Its formation occurs in the first cycles of battery life and prevent further
electrolyte degradation reactions.

On the other hand, oxidative decomposition reactions can occur at
the positive electrode. This decomposition of carbonate solvents begins
at a relatively high potential (generally above 4.5 V versus Li/Lit).[216]
For this reason, electrolyte degradation at the positive electrode is lim-
ited as the voltage of lihium ion battery cathode generally does not
exceed 4.2 V. Therefore, few studies have reported surface electrode elec-
trolyte inteface layer formation on positive electrode materials. [288:296-298]
The composition of the positive EEI layer generally consists of similar
solvent and salt decomposition products to those found on negative elec-
trodes although their production mechanism is different. The oxidative
decomposition at the positive electrode results mostly from chemical nu-
cleophilic reactions driven by the lithium rich surface chemistry of the

electrode material. [286]

2.7 Battery Assembly

2.7.1 Conventional battery assembly

The commercial lithium-ion battery assembly itself is not very com-
plex and has not changed significantly over past decades. The process is
depicted in Figure 2.28. A slurry composed of the active material, the
polymer binder, the conducting agents, solvents and additives is made
up. The composition of the slurry has to be precisely controlled to pro-
duce electrodes with adequate properties. 299 The slurry is later coated
on current collectors for each electrode. The thickness of the coating is
carefully defined by the manufacturer to maximise performances of the
battery. Thicker electrodes increase electron paths to current collector

[300] Too thin electrodes decrease

and thus decrease their conductivity.
the capacity as current collector-electrode ratio increases. Typically,

an electrode with a 50 pm thickness is coated on a 10 pm current col-
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Figure 2.28 — Value chain for the conventional production of
Lithium-ion cells. Reproduced from [31]

lector (Figure 2.29).11219] Cells are subsequently assembled by stacking
anode-separator-cathode units. This process can be carried out through
different approaches: Z-folding, flat winding or cylindrical rolling (Fig-
ure 2.28). This choice defines the shape and capacity of produced cells.
Lastly, conductors are connected to current collectors, batteries are filled
with liquid electrolytes and carefully sealed. This industrial process is
now in its mature phase and it is possible to produce performing batter-
ies in a large scale at a reasonable cost (total production cost has been
divided by ten in the last decade to reach about 200 U.S. $/kWh in
2015). Nevertheless, safety operation as well as performances still need
to be improved to be considered in sensitive applications or electric ve-
hicles. Moreover, their rigid enclosure in prismatic or cylindrical cells

holds them back for further integration.
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ihoi. MO‘I'

Figure 2.29 — Cross-section of a Li-ion 18650 cell: low magnification

and high magnification highlighting the compact and dense structure

with well-defined interfaces. The red square contains a complete unit
cell of the battery. Adapted from [12:302],

2.7.2 Flexible lithium batteries

In this ever-changing world, novel device forms such as curved cell-
phones, flexible electronics or intelligent clothes continuously appear.
These equipments require adapted power sources for a seamless in-
tegration, leading to the development of new battery configurations.
Recently, paintable,393] flexible, B stretchable, 3] transparent, (396]
cable-shaped, 37 3D, B08] yltra-thin 399310 or ultra-thick 311 battery
configurations were reported. The broad spectrum of possible uncon-
ventional configurations was already deeply and exhaustively detailed
in literature. 12:308] Therefore, this section only focuses on flexible con-
figurations.

The recent development of flexible 207 and wearable 312:313] glectron-
ics attracted a lot of interest in the last years. While flexible electronics
or display screens are now a reality, mass production of flexible power
sources have not been implemented yet.! Nevertheless, in the last years,
the scientific community have paved the way for such energy sources

design. [394:314-317] Plexible batteries are often associated with current

!Samsung and Apple recently patented flexible configurations but they are based
on connected rigid multi-case frame battery.
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collector-free batteries. While the presence of copper or aluminum bulk
metal foils enhance charges collection and mechanical stability of elec-
trodes, their presence complicates the design of flexible configurations.
Indeed, metal foils can suffer irreversible damages in stretchable or flexi-
ble configurations and there exists a strong risk of electrode delamination
due to mechanical stress in such configurations. **4 However, it is im-
portant to point out that the unit cell described in Figure 2.29 is flexible

as it can be folded or winded during battery assembly. 318!

The stacking
of a large number of units to provide more energy and the casing con-
fers the battery its rigidity. To design flexible batteries, the electrodes
as well as the separator have to be flexible. In addition, these three
components have to sustain mechanical constraints without delamina-
tion of battery layers during operation. [319-321] Qeveral approaches are
available to design flexible batteries. Today, flexible batteries are still in
the development phase and most components are tested individually and
assembled in liquid configuration. The design of flexible batteries with
liquid electrolyte can be considered from two angles. A first possibility is
to create separately the electrodes and the separator during a first step.
In a second step, the different components are assembled to create the
battery. A second possibility is the creation of the battery in one step
during which the different constituents of the battery (electrodes and
separator) are deposited successively layer by layer. Batteries produced
according to these two methods are later filled with liquid electrolyte
and sealed. Using liquid electrolyte guarantees a homogeneous distribu-
tion of the electrolyte within the battery. Presence of liquid electrolyte
is a big safety concern because a large extent of mechanical deformation
that is commonly exerted on flexible batteries. Producing a solid, flexi-
ble battery is a real challenge that adds considerable difficulty. Indeed,
it is very difficult to add a solid electrolyte once the battery is assembled.
The most feasible way is the use of polymer electrolyte. In this case it is

possible to consider the addition of a polymer electrolyte precursor in its
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liquid form and then proceed its polymerization in the assembled bat-
tery. However, this solution hardly guarantees electrolyte homogeneity
and conductivity. The second possibility to create a solid flexible bat-
tery is the direct incorporation of the electrolyte inside electrodes and
separator during the design of the different elements. The continuity of
the properties of the electrolyte between the different layers must then

be assured.

Regarding the choice of materials, a wide panel is also open to sci-
entists. It is possible to move towards traditional compositions of ma-
terials (active materials, conductive additives and binders). Besides, it
is also possible to focus on nanotechnology-based materials that com-
bine several interesting properties. Since it is impossible to cover the
whole range of flexible configurations developed by scientists, we will fo-
cus on paper-like configurations involving cellulose or carbon nanotubes.
We will describe here the achievements of flexible batteries obtained by

combining different approaches and choice of materials.

2.7.2.1 Cellulose-based electrodes and separators

One first possible approach to design flexible configurations is based
on paper-electronics. 322-326] Cellulose is a promising base material for
the realization of flexible battery component. In addition to its interest-
ing physical and chemical properties, this eco-friendly material is avail-
able worldwide and at a reasonable price.32%] As raw material, it was
demonstrated that commercial printing paper can be used to produce
separators as well as scaffold for electrodes. Printing paper does not
require heavy pre-treatement to be used in battery industry.327 For
example, Yao et al. soaked commercial paper in 0.3 M HCI for ten
minutes before washing and drying. This simple treatment is enough
to remove mineral fillers and fluorescent whitening agents and result in
a more porous open structure which is beneficial for paper-supported

electrodes. [328]
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Figure 2.30 — Polypyrrole(PPy)-coated paper electrode fabricated by
soaking and polymerization method. Adapted from [329.

The creation of paper-supported electrodes can be achieved in dif-
ferent ways. As cellulose-based papers are insulating, it is mandatory
to deposit a conductive layer on the surface. As example, a layer of
graphite from pencil as conductive material can be deposited on the pa-
per surface. 330 Secondly, the active material is deposited on the paper-
supported electrode. This step can be done by polymerizing the pre-
cursor of an active material. Using this method, Yuan et al. created
graphite/poly(pyrrole) hybrid electrodes on paper for flexible solid-state
supercapacitors (Figure 2.30).[329] The active material can aslo be de-
posited by electrodeposition. Yao et al. demonstrated the creation
of graphite/poly(aniline) paper electrodes by electrodepostion (Figure
2.31).1328]
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Figure 2.31 — (a) Schematic diagram of the fabrication of
G/PANI-Paper. Scanning electron microscopy images of (b) blank A4
printing paper, (c,d) graphite paper, (e¢) G/Poly(anyline) paper.
Adapted from 328,
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The active material can also be deposited on the paper electrode by
a simple filtration method. 327 It was reported that carbonaceous active
materials such as graphene, [331] graphite[?’?’ﬂ and carbone nanotubes 327
were successfully used as active materials to create electrodes using this
method (Figure 2.32).

GNS
suspension

(A

Y2 ?%‘ﬁ

]
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Filter Paper l—P> Cellulose fibers GNE‘ "‘73""5 ory GNSs filled in voids

0) 0 Filtration cellulose fibers

Figure 2.32 — Graphene-cellulose paper electrode fabricated by
vacuum filtration method. Adapted from 324,

Active materials as well as conductive layer can also be directly syn-
thesized on the paper scaffold. Lately, Chen et al. reported the sucessful
synthesis of MnOs nanosheets supported on cellulose based carbon pa-
pers. Cellulose filters were first carbonized in a tube furnace to provide
conductive paper. In a second step, the carbonized papers were im-
mersed in KMnOy4. MnOs nanosheets are formed due to the reaction
between MnO4~ and carbon. The prepared electrodes presented high
and constant capacitances over more than 6 000 cycles. 23]

Electroactive materials and conductive agents can be incorporated
direclty into the electrodes directly during the creation of the cellulose
fiber network. 334 Jabbour et al. prepared paper-cathodes by filtration
of an aqueous slurry containing cellulose fibers, carbon black particles
and LiFePQy particles on a Buchner funnel. They demonstrated that
such electrodes could sustain 200 cycles at C/2 rates delivery a capac-
ity close to 100 mAh.g~1.33] In the same way, they produced nega-
tive paper-supported electrode by filtering cellulose fibers and graphite
powder. This time, the performance is more modest with load speeds
not exceeding 1C.5321 With a similar method, Kang et al. produced

performing electrodes by filtration of a mix of graphite nanosheet and



2.7. Battery Assembly 75

Woven Fabric Fibers

(a) / B— 3@5 Individual Cotton Fibrils
. T y
!
=y 4 =
= ~
e Microfibrils
o

2cm ‘
Figure 2.33 — Textile-based electrodes : (a) Schematic of SWNTs
wrapping around cellulose fibers to form a 3D porous structure. (b)
Conductive textiles are fabricated by dipping textile into an aqueous

SWNT ink followed (c) textile conductor based on a fabric sheet with

100 % cotton (d) The schematic drawing of the stretchable
supercapacitor with SWNT /fabric as electrodes and with stretchable
fabric as the separator. Adapted from [39],

cellulose fibers!336]

Spray coating methods were also used to produce paper supported
electrodes. 337 Gerbadli et al. produced electrodes using air-spray coat-
ing. 338 A cathodic aqueous slurry was prepared with LiFePOy, as active
material, carbon black as conductive additive and cellulose microfiber
as well as CMC as binder. A commercial spray was used to finally de-
posit the slurry on a paper. Using the same method, they also produced
negative electrodes based on carbon and graphite. [338]

Textiles-based electrodes were also reported. 399 Porous textile made
of cotton fibers was be dipped in a SWCNTs ink to produce highly
conductive textiles with conductivity of 125 S.em™! (Figure 2.33). Such
conductive textiles show great flexibility and stretchability. In addition
it is possible to create supercapacitor from these electrodes. 3%

Seprators can be produced by the same filtration method inspired
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from paper industry. With little adaptation such as inclusion of nanopar-
ticles, modification of cellulose fiber surface or choice of length of fiber,
it is easy to produce a broad range of specific cellulose fabrics with dif-
ferent properties. 327:339:340] Depending on the conditions of its design,
porosity and resistance can be tailored to the final application. 341 A
mix of cellulose nanofibers and nanoparticles is dispersed in an aqueous
solution. The dispersion is later filtered to produce paper separator.
The produced fabrics present similar electrochemical performances to

those of traditional PE or PP-based separators.

2.7.2.2 Carbon nanotube-based electrodes

Flexible cellulose substrates are a very promising material and can
be used as a scaffold to support conductive active materials to achieve
high performance in many flexible energy storage systems. However, the
addition of inactive cellulose paper substrate can considerably lower the
energy density and power density of lithium ion batteries. Therefore,
it is interesting to replace cellulose fibers with active charge storage
materials. 312 This can substantially enhance the electrical conductivity
of electrode or the device specific capacity as well as energy density and
power density. 324 To replace the cellulose fibers, different materials have
been tested: graphene, carbon nanotubes, carbon-fiber and carbon-free
materials. To build flexible electronics, the use of carbon nanotubes is
widely reported. [342,343] T ike cellulose nanofibers, carbon nanotubes are
one-dimensional materials. This property allows them to be considered
as a binder in a composite material. However, they have the great
advantage to exhibit a very high electrical conductivity unlike cellulose
nanofibers. The active materials can be integrated inside the scaffold by
differents methods such as co-deposition, 344 or filtration. 345347 These
methods produce highly conductive flexible electrodes embedding the

electroactive materials (Figure 2.34).

As example, Du et al. created porous flexible electrode by filtering
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Figure 2.34 — Electrodes based on CNT conductive scaffolds : a)
electrodes obtained by filtration and b) electrodes obtained by
co-deposition process. Adapted from [344:347,

a MnO, - CNT dispersion. 347l They have demonstrated that their elec-
trodes possess very good electrochemical properties by testing them in
flexible solid-state supercapacitor configuration. Capacitance retention
was almost constant over 6000 cycles and coulombic efficiency was close
to 100 %. 347

Luo et al. produced composite electrodes made of LiCoO4 and super
aligned carbon nanotubes (SACNT) via a co-deposition method (Figure
2.34 (b)).B* The LiCoOy -SACNT composite displayed a high con-
ductivity of 3.8 x 10?2 S.m~! with only 1 wt. % of SACNTSs, which is
attributed to the great intrinsic conductivity (3 x 10* S.m~! for the
pure SACNT film. As the amount of SACNTSs increased to 5 wt. %,
the conductivity of the composite rose to 2 x 10?2 S.m~! wich underlines
the impact of carbon nanotube content. The LiCoOs -5 wt. % SACNT
composite fabric presented the best cycling stability (151.4 mAh.g~! at
C/10 with capacity retention of 98.4 % over 50 cycles (Figure 2.35). The

-1

rate capability was evaluated at 137.4 mAh.g™" at 2 C, corresponding

to capacity retention of 90.8 % compared to C/10 rate.
Electrical properties of carbon nanotubes make them a first choice

materials as flexible conductive support for electroactive materials. 176
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Figure 2.35 — Rate performance of the binder-free LiCoOg - SACNT
composite cathodes produced by co-depositon process. Reproduced
from (344,

Another approach is therefore the direct functionnalization of CNT
with active materials. Silicon, 348 FePoy, B491Sn0,, 359 Ti0, 351 or or-
ganic polymer such as poly(2,2,6,6-tetramethylpiperidinyloxy-4-yl meth-
acrylate) (PTMA) [346:352] were already successfully deposited on the sur-
face of CN'Ts to provide performing core-shell structure materials (Figure
2.36). These hybrid materials can subsequently be assembled through
a filtration process to form electrodes without the addition of binder or

conducting agents.
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Figure 2.36 — Functionalized carbon nanotubes as composite
materials for electrodes: a) TEM image of TiOs-coated CNT; SEM
image of Si-coated CNT fabric; and ¢) TEM image of
PTMA-functionalized CNTs. Reproduced from [348:351,352]
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2.7.3 Flexible battery assembly

As explained above, the creation of a complete battery can be achieved

in one step, or by assembling the performed components.

(a) )
LTO or LCO
CNT
(b)

Peel

Substrate

LTO/CNT

Figure 2.37 — (a) Schematic of fabrication process for free-standing
LCO/CNT or LTO/CNT double layer thin films by doctor-blade
coating. CNT can be easily peeled off due to the poor adhesion of

CNTs to the substrate, (b) schematic of the lamination process: the

freestanding film is laminated on paper with a rod and a thin layer of

wet PVDF on paper. Picture of the Li-ion paper battery before
encapsulation. Adapted from [353]

In the first case, the different parts of the batteries are created sep-
arately and can be assembled in a rolling process. Cui and coworkers
have produced a complete battery by this method (Figure 2.37).[353]
At first, they produced LTO-CNT and LCO-CNT electrodes by doctor
blade method. The electrodes were then laminated to a paper sheet as
a separator. A liquid electrolyte was then added before sealing the bat-
tery. The laminated Li-ion paper battery sustained 20 cycles at C/10
rate with no significant failure. After first cycle, coulombic efficiencies
were evaluated between 94 % and 97 %.

To produce a solid state battery in a single step, Liu and coworkers

have used successive doctor blade steps. 3% The cathode was composed
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of LiFePQy4 as active materials, nanocarbon as conductive agent and a
PEO-lithium salt mixture as the electrolyte. The next electrolyte and
separator layer was composed of the same PEO-lithium salt mixture.
The last anode layer was of a composition similar to that of the anode
with LisTi5O12 as the active material. Despite limited electrochemical

performances, they proved that the concept worked.

Water dispersion Waterdispersion Waterdispersion of
of NFC + Graphite of NFC + Si0, NFC + LiFePO,
I I
NFC + SiO. NFC + Sil
Fllleﬁm Fllleﬁr Fnlteﬁr Filter paper

Vacuum Vacuum Vacuum Vacuum

Figure 2.38 — Illustration of the sequential filtration steps during the
production of a paper battery cell. Reproduced from [341]

Last, different groups proved that successive filtrations of suspen-
sions can allow the design of full-batteries in a single step. 33341 Ag
example, Liejonmarck and co-workers made a full cell through a paper-
making process by sequential filtration of water dispersions containing
the battery components (Figure2.38). Anodic layer is composed of cel-
luose nanofibers and graphite, separator is composed of cellulose nanof-
bers and silica nanoparticles and cathodic layer is composed of cellulose
nanofibers and LiFePQOy particles. A typical liquid electrolyte was used
to fill battery. Under various current densities, the recorded cycling
performances were promising with reversible capacities of 146 mAh.g~*
LiFePOy4 at C/10 rate and 101 mAh.g~! LiFePOy4 at 1 C rate (Figure
2.39). Under constant density corresponding to C/2 rate, discharge ca-
pacities decreased fastly during the first 150 cycles to reach 60 mAh.g™*

LiFePOy.
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battery. (b) Electrochemical results for paper battery cells. Adapted

from 1341,

Bibliography

Whittingham, M. Science 1976, 192, 1126-1127.
Zanini, M.; Basu, S.; Fischer, J. E. Carbon 1978, 16, 211-212.

Basu, S.; Zeller, C.; Flanders, P. J.; Fuerst, C. D.; Johnson, W. D.;
Fischer, J. E. Materials Science and Engineering 1979, 38, 275-283.

Samar, B. Rechargeable battery - patent US4304825. 1981.

Mizushima, K.; Jones, P. C.; Wiseman, P. J.; Goodenough, J. B. Solid
State Ionics 1981, 3-4, 171-174.

Goodenough, J. B.; Mizushima, K. Fast ion conductors - patent US
4357215 A. 1982.

Yazami, R.; Touzain, P. Journal of Power Sources 1983, 9, 365-371.

Yoshino, A.; Sanechika, K.; Nakajima, T. Secondary battery - patent
US4668595. 1985.

Yoshio, M.; Brodd, R. J.; Kozawa, A. Lithium-Ion Batteries - Science
and Technologies; Springer, 2009; p 49.

Tarascon, J. M.; Armand, M. Nature 2001, 414, 359-67.

International Energy Agency (IEA), Technology roadmap: FElectric and
plug-in hybrid electric vehicles; 2011; p 52.



Bibliography 83

[12]

[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]
[25]
[26]
[27]

[28]

[29]
[30]

Vlad, A.; Singh, N.; Galande, C.; Ajayan, P. M. Advanced Energy Mate-
rials 2015, 5, 1-53.

Peidong, Y. The Chemistry of Nanostructured Materials; World Scientific
Publishing Co, 2003.

Moura, S. J.; Perez, H. ASME Dynamic Systems and Control Magazine
2014, 15-21.

Frost and Sullivan, World Lithium-ion Battery Market; 2010.
Daniel, C. JOM 2008, 60, 43-48.

Gulbinska, M. K. Lithium-ion Battery Materials and FEngineering;
Springer, 2014.

Scrosati, B.; Schalkwijk, W. A. Advances in Lithium-Ion Batteries;
Kluwer Academic Publishers, 2002.

Park, J.-K. Principles and Applications of Lithium Secondary Batteries;
Wiley-VCH, 2011.

Patil, A.; Patil, V.; Wook Shin, D.; Choi, J. W.; Paik, D. S.; Yoon, S. J.
Materials Research Bulletin 2008, 43, 1913-1942.

Nitta, N.; Wu, F.; Lee, J. T.; Yushin, G. Materials Today 2015, 18,
252-264.

Gulbinska, M. K. Lithium-ion Battery Materials and FEngineering;
Springer, 2014.

Park, J.-K. Principles and Applications of Lithium Secondary Batteries;
Wiley-VCH, 2012.

Armand, M.; Tarascon, J.-M. Nature 2008, /51, 652-657.
Megahed, S.; Scrosati, B. Journal of Power Sources 1994, 51, 79-104.
Whittingham, M. S. Chemical Reviews 2004, 104, 4271-4301.

Roy, P.; Srivastava, S. K. Journal of Materials Chemistry A 2015, 3,
2454-2484.

Reddy, M. V.; Subba Rao, G. V.; Chowdari, B. V. R.; Rao, G. V. S.
Chemical reviews 2013, 113, 5364-457.

Palacin, M. R. Chemical Society reviews 2009, 38, 2565-2575.

Wu, Y. Lithium-ion batteries : Fundamentals and Applications; CRC
Press, 2015.



Bibliography

Julien, C.; Mauger, A.; Vijh, A.; Zaghib, K. Lithium Batteries - Science
and Technology; Springer, 2016.

Winter, M.; Moeller, K.-C.; Besenhard, J. In Lithium batteries Science
and Technology; Nazri, G.-A., Pistoia, G., Eds.; Springer, 2003; p 144.

Schollhorn, R. Angewandte Chemie International Edition in English
1980, 19, 983-1003.

Dresselhaus, M. Intercalation in Layered Materials; Springer Science,
1986.

Wachtler, M.; Winter, M. Journal of Power Sources 2002, 105, 151-160.

Zaghib, K.; Julien, C. M.; Prakash, J. No TitNew Trends in Intercalation
Compounds for Energy Storage and Conversion; The electrochemical so-
ciety, 2003.

Bernier, P.; Fischer, J.; Roth, S.; Solin, S. In Chemical Physics of Inter-
callation IT; Media, S. S.-B., Ed.; 1993.

Mahan, G. D.; Roth, W. L. Superionic conductors; Plenum Press, 1976.
Armand, M. Materials for advanced batteries; Plenum Press, 1980; p 145.
Han, Y.; Chu, Z.; Sun, H.; Feng, Y. RSC Advances 2016, 6, 14253-14260.

McKelvy, M.; Glaunsinger, W. The Annual Review of Physical Chemistry
1990, 41, 497-523.

Zhang, Q.; White, R. E. Journal of The Electrochemical Society 2007,
154, AB87-A596.

Bai, P.; Cogswell, D. a.; Bazant, M. Z. Nano Letters 2011, 1-10.

Kearley, G. J.; Peterson, V. K. Neutron Applications in Materials for
Energy; Springer, 2015.

Li, D.; Zhou, H. Materials Today 2014, 17, 451-463.

Liu, H.; Strobridge, F. C.; Borkiewicz, O. J.; Wiaderek, K. M.; Chap-
man, K. W.; Chupas, P. J.; Grey, C. P. Science 2014, 344, 1252817.

Brodd, R. J. Encyclopedia of Sustainability Science and Technology;
Springer, 2012.

Ohzuku, T.; Ueda, A. Solid State ITonics 1994, 69, 201-211.

He, P.; Yu, H.; Li, D.; Zhou, H. Journal of Materials Chemistry 2012,
22, 3680.



Bibliography 85

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Hu, C.; Yuan, X.; Wu, Y.; van Ree, T. In Lithium Ion Batteries: Funda-
mentals and Applications; Wu, Y., Ed.; CRC Press, 2015; pp 19-34.

Antolini, E. Solid State Ionics 2004, 170, 159-171.

Yamaki, J. In Encyclopedia of Electrochemical Power Sources; Garche, J.,
Ed.; Elsevier, 2009.

Shao-Horn, Y.; Weill, F.; Croguennec, L.; Carlier, D.; Ménétrier, M.;
Delmas, C. Chemistry of Materials 2003, 15, 2977-2983.

Yabuuchi, N.; Kawamoto, Y.; Hara, R.; Ishigaki, T.; Hoshikawa, A.;
Yonemura, M.; Kamiyama, T.; Komaba, S. Inorganic Chemistry 2013,
52, 9131-9142.

Gabrisch, H.; Yazami, R.; Fultz, B. Electrochemical and Solid-State Let-
ters 2002, 5, A111.

Villars, P.; Cenzual, K. Crystal Structures of Inorganic Compounds - Part
5; Springer, 2007; p 177.

Reimers, J.; Dahn, J. Journal of The Electrochemical Society 1992, 139,
2091-2097.

Arroyo y de Dompablo, M. E.; Marianetti, C.; Van der Ven, A.; Ceder, G.
Physical Review B 2001, 63, 144107.

Chen, H.; Grey, C. P. Advanced Materials 2008, 20, 2206-2210.
Kramer, D.; Ceder, G. Chemistry of Materials 2009, 21, 3799-3809.

Shao-Horn, Y.; Croguennec, L.; Delmas, C.; Nelson, E. C.; O'Keefe, M. a.
Nature materials 2003, 2, 464—467.

Carlier, D.; Van der Ven, A.; Delmas, C.; Ceder, G. Chemistry of Mate-
rials 2003, 15, 2651-2660.

Jalem, R.; Mochiduki, Y.; Nobuhara, K.; Nakayama, M.; Nogami, M.
Physical Chemistry Chemical Physics 2012, 14, 13095.

Ohzuku, T.; Ueda, A. Journal of The Electrochemical Society 1994, 141,
2972-2977.

Xiong, F.; Yan, H. J.; Chen, Y.; Xu, B.; Le, J. X.; Ouyang, C. Y. Inter-
national Journal of Electrochemical Science 2012, 7, 9390-9400.

Dawoud, B.; Amer, E.; Gross, D. International Journal of Energy Re-
search 2007, 31, 135-147.



86

Bibliography

[67]

[68]

[69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

Van der Ven, A.; Ceder, G. Journal of Power Sources 2001, 97-98, 529—
531.

Ménétrier, M.; Saadoune, I.; Levasseur, S.; Delmas, C. Journal of Mate-
rials Chemistry 1999, 9, 1135-1140.

Nishizawa, M.; Yamamura, S.; Itoh, T.; Uchida, I. 1998, 1631-1632.

Amatucci, G.; Tarascon, J.; Klein, L. Solid State Ionics 1996, 83, 167—
173.

Bak, T.; Nowotny, J.; Rekas, M.; Sorrell, C. C.; Sugihara, S. Ionics 2000,
6, 92-106.

Shao-Horn, Y.; Levasseur, S.; Weill, F.; Delmas, C. Journal of the Elec-
trochemical Society 2003, 150, A366—A373.

Lu, X.; Sun, Y.; Jian, Z.; He, X.; Gu, L.; Hu, Y.-s. S.; Li, H.; Wang, Z.;
Chen, W.; Duan, X.; Chen, L.; Maier, J.; Tsukimoto, S.; Ikuhara, Y.
Nano Lett 2012, 12, 6192-6197.

Julien, C. M.; Mauger, A.; Zaghib, K.; Groult, H. Inorganics 2014, 2,
132-154.

Osaka, T., Datta, M., Eds. Energy Storage Systems for Electronics; CRC
Press, 2000; pp 253-351.

Park, B.; Kim, Y. J.; Cho, J. In Lithium Batteries: Science and Technol-
ogy; Gholam-Abbas, N., Pistoia, G., Eds.; Springer, 2003; pp 410-444.

Xia, H.; Lu, L.; Meng, Y. S.; Ceder, G. Journal of The Electrochemical
Society 2007, 15/, A337.

Li, X.; Liu, J.; Meng, X.; Tang, Y.; Banis, M. N.; Yang, J.; Hu, Y.; Li, R.;
Cai, M.; Sun, X. Journal of Power Sources 2014, 247, 57-69.

Cho, J.; Kim, Y. J.; Kim, T. J.; Park, B. Angewandte Chemie - Interna-
tional Edition 2001, 40, 3367-3369.

Cho, J.; Kim, Y. J.; Park, B. Journal of The Electrochemical Society
2001, 148, A1110.

Shibuya, M.; Yamamura, S.; Matsue, T.; Uchida, I. Journal of The Elec-
trochemical Society 1996, 143, 3157-3160.

Tukamoto, H.; West, A. R. Solid State Sciences and Technology 1997,
144, 3164-3168.



Bibliography 87

[83]

[84]

[85]

[36]

[87]

[88]

Thomas, M.; Bruce, P. G.; Goodenough, J. B. Journal of the electro-
chemical society 1985, 132, 1521-1528.

Thomas, M.; Bruce, P.; Goodenough, J. B. Solid State Ionics 1986, 19,
794-798.

Winter, M.; Besenhard, J. O.; Spahr, M. E.; Novak, P. Advanced Mate-
rials 1998, 10, 725-763.

Van der Ven, a.; Aydinol, M.; Ceder, G.; Kresse, G.; Hafner, J. Physical
Review B 1998, 58, 2975-2987.

Padhi, A.; Nanjundaswamy, K.; Goodenough, J. Electrochemical Society
Meeting. LiFePO4: A Novel Cathode Material for Rechargeable Batter-
ies. 1996; p 73.

Streltsov, V. A.; Belokoneva, E. L.; Tsirelson, V. G.; Hansen, N. K. Acta
Crystallographica Section B 1993, 49, 147-153.

Zaghib, K.; Mauger, A.; Julien, C. M. Rechargeable Batteries, Green
Energy and Technology; Springer, 2015; pp 25—65.

Malik, R.; Burch, D.; Bazant, M.; Ceder, G. Nano Letters 2010, 10,
4123-4127.

Wang, J.; Sun, X. Energy Environ. Sci. 2015, 8, 1110-1138.
Wang, J.; Sun, X. Energy Environment Sciences 2011, 34, 5163-5185.

Yamada, A.; Koizumi, H.; Sonoyama, N.; Kanno, R. Electrochemical and
Solid State Letters 2005, 8, A409-A413.

Wang, Y.; He, P.; Zhou, H. Energy Environ. Sci. 2011, 4, 805-817.
Guerard, D.; Herold, A. Carbon 1975, 13, 337-345.

Ebert, L. B. Annu. Rev. Mater. Sci 1976, 6, 181-211.

Mohri, M.; Yanagisawa, N.; Tajima, Y.; Tanaka, H.; Mitate, T.; Naka-
jima, S.; Yoshida, M.; Yoshimoto, Y.; Suzuki, T.; Wada, H. Journal of
Power Sources 1989, 26, 545-551.

Kanno, R.; Takeda, Y.; Ichikawa, T.; Nakanishi, K.; Yamamoto, O. Jour-
nal of Power Sources 1989, 26, 535-543.

Chen, J. Materials 2013, 6, 156-183.

McKinnon, M. In Solid State Electrochemistry; Bruce, P., Ed.; Cambridge
University Press, 1995; p 163.



88 Bibliography

[101] Xiong, Z.; Yun, Y.; Jin, H.-J. Materials 2013, 6, 1138-1158.

[102] De Las Casas, C.; Li, W. Journal of Power Sources 2012, 208, 74-85.

[103] Raccichini, R.; Varzi, A.; Passerini, S.; Scrosati, B. Nature materials
2015, 14, 271-9.

[104] Sun, W.; Wang, Y. Nanoscale 2014, 6, 11528-11552.

[105] Loutfy, R. O.; Katagiri, S. In Perspective of fullerene nanotechnology;
Osawa, E., Ed.; Kluwer Academic Publishers, 2002; pp 357-367.

[106] Lahiri, I.; Choi, W. Critical Reviews in Solid State and Materials Sciences
2013, 38, 128 166.

[107] Mabuchi, A. Tanso 1994, 165, 298.

[108] Surampudi, S.; Koch, V. Lithium Batteries. Pennington, NJ, 1993; pp
93-24.

[109] Burchell, T. D., Ed. Carbon materials for advanced technologies; Perga-
mon, 1999.

[110] Chung, D. D. L. Journal of Materials Science 2002, 37, 1475-1489.

[111] Zhang, Z.; Zhang, S. S. In Rechargeable Batteries: Materials, Technolo-
gies and New Trends; Zhang, Z., Zhang, S. S., Eds.; Springer, 2015; pp
1-25.

[112] Besenhard, J. O.; Fritz, H. P. Angewandte Chemie-International Edition
in English 1983, 22, 950-975.

[113] Kirczenow, G. Canadian Journal of Physics 1988, 66, 39.

[114] Lerf, Dalton Transactions 2014, 43, 10276.

[115] Sole, C.; Drewett, N. E.; Hardwick, L. J. Faraday Discussions 2014, 172,
223-237.

[116] Sethuraman, V. A.; Hardwick, L. J.; Srinivasan, V.; Kostecki, R. Journal
of Power Sources 2010, 195, 3655—-3660.

[117] Gallagher, K. G.; Dees, D. W.; Jansen, a. N.; Abraham, D. P.; Kang, S.-
H. Journal of the Electrochemical Society 2012, 159, A2029-A2037.

[118] Zhang, S. S. Journal of Power Sources 2006, 161, 1385-1391.

[119] Winter, M.; Wrodnigg, G. H.; Besenhard, J. O.; Biberacher, W.; No-

vak, P. Journal of The Electrochemical Society 2000, 147, 2427.



Bibliography 89

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

Kambe, N.; Dresselhaus, M. S.; Dresselhaus, G.; Basu, S.; McGhie, A. R.;
Fischer, J. E. Materials Science and Engineering 1979, 40, 1-4.

Dresselhaus, M. S.; Dresselhaus, G. Annual Review of Materials Science
2002, 51, 1-181.

Nie, M.; Chalasani, D.; Abraham, D. P.; Chen, Y.; Bose, A.; Lucht, B. L.
Journal of Physical Chemistry C' 2013, 117, 1257-1267.

Pinson, M. B.; Bazant, M. Z. Journal of the FElectrochemical Society
2013, 160, A243—-A250.

Sethuraman, V. A.; Van Winkle, N.; Abraham, D. P.; Bower, A. F.;
Guduru, P. R. Journal of Power Sources 2012, 206, 334-342.

Dresselhaus, M.; Dresselhaus, G. Advances in Physics 1981, 30, 139-326.

Peled, E.; Bar Tow, D.; Merson, A.; Gladkich, A.; Burstein, L.; Golod-
nitsky, D. Journal of Power Sources 2001, 97-98, 52-57.

Kostecki, R.; McLarnon, F. Journal of Power Sources 2003, 119-121,
550-554.

Deschanvres, A B RAVEAU,; Sekkal, Z. Materials Research Bulletin
1971, 6, 699-704.

Zhu, G.-N.; Wang, Y.-G.; Xia, Y.-Y. Energy & Environmental Science
2012, 5, 6652-6667.

Johnston, D. C.; Prakash, H.; Zachariasen, W. H.; Viswanathan, R. Ma-
terials Research Bulletin 1973, 8, 777-784.

Moshopoulou, E. G. Journal of the American Ceramic Society 1999, 82,
3317-3320.

Jonker, G. On reactivity of Solids. Proceedings 3rd Int. Symp. 1956; p
1957.

Murphy, D. W.; Cava, R. J.; Zahurak, S. M.; Santoro, A. Solid State
Ionics 1983, 9-10, 413-417.

Ohzuku, T.; Ueda, A.; Yamamoto, N.; Iwakoshi, Y. Journal of Power
Sources 1995, 5/, 99-102.

Lu, W.; Belharouak, I.; Liu, J.; Amine, K. Journal of Power Sources
2007, 174, 673-677.

Kitta, M.; Kuratani, K.; Tabuchi, M.; Takeichi, N.; Akita, T.; Kiy-
obayashi, T.; Kohyama, M. Electrochimica Acta 2014, 148, 175-179.



90

Bibliography

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]
[147]

[148]

[149]

[150]

[151]

[152]

Yu, X.; Pan, H.; Wan, W.; Ma, C.; Bai, J.; Meng, Q.; Ehrlich, S. N.;
Hu, Y. S.; Yang, X. Q. Nano Letters 2013, 13, 4721-4727.

Sun, Y.; Zhao, L.; Pan, H.; Lu, X.; Gu, L.; Hu, Y.-S.; Li, H.; Armand, M.;
Ikuhara, Y.; Chen, L.; Huang, X. Nature communications 2013, 4, 1870.

Wilkening, M.; Iwaniak, W.; Heine, J.; Epp, V.; Kleinert, A
Behrens, M.; Nuspl, G.; Bensch, W.; Heitjans, P. Physical chemistry
chemical physics : PCCP 2007, 9, 6199-6202.

Wagemaker, M.; Simon, D. R.; Kelder, E. M.; Schoonman, J.;
Ringpfeil, C.; Haake, U.; Liitzenkirchen-Hecht, D.; Frahm, R.; Mul-
der, F. M. Advanced Materials 2006, 18, 3169-3173.

Lu, X.; Zhao, L.; He, X.; Xiao, R.; Gu, L.; Hu, Y.-S.; Li, H.; Wang, Z.;
Duan, X.; Chen, L.; Maier, J.; Ikuhara, Y. Advanced materials 2012, 24,
3233-8.

Zhao, B.; Ran, R.; Liu, M.; Shao, Z. Materials Science and Engineering
R: Reports 2015, 98, 1-71.

Sorensen, E. M.; Barry, S. J.; Jung, H.-K.; Rondinelli, J. M.;
Vaughey, J. T.; Poeppelmeier, K. R. Chemistry of Materials 2006, 18,
482-489.

Sun, L.; Wang, J.; Jiang, K.; Fan, S. Journal of Power Sources 2014,
248, 265-272.

Wagemaker, M.; van Eck, E. R. H.; Kentgens, A. P.; Mulder, F. M.
Journal of Physical Chemistry B 2009, 113, 224-230.

Sun, X.; Radovanovic, P. V.; Cui, B. New J. Chem. 2015, 39, 38-63.

Ohzuku, T.; Ueda, A.; Yamamoto, N. Journal of The Electrochemical
Society 1995, 142, 1431-1435.

Zhao, H. In Rechargeable Batteries: Materials, Technologies and New
Trends; Zhang, 7., Zhang, S. S., Eds.; Springer, 2015; pp 152-187.

Gao, L.; Huang, D.; Shen, Y.; Wang, M. Journal of Materials Chemistry
A 2015, 3, 23570-23576.

Amatucci, G. G.; Badway, F.; Du Pasquier, A.; Zheng, T. Journal of The
Electrochemical Society 2001, 148, A930.

Pang, W. K.; Peterson, V. K.; Sharma, N.; Shiu, J.-J.; Wu, S.-h. Powder
Diffraction 2014, 29, S59-S63.

Scharner, S. Journal of Electrochemical Society 1999, 146, 857.



Bibliography 91

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

Colbow, K. M.; Dahn, J. R.; Haering, R. R. Journal of Power Sources
1989, 26, 397-402.

Yi, T.-F.; Jiang, L.-J.; Shu, J.; Yue, C.-B.; Zhu, R.-S.; Qiao, H.-B. Jour-
nal of Physics and Chemistry of Solids 2010, 71, 1236-1242.

Verma, P.; Maire, P.; Novak, P. Electrochimica Acta 2010, 55, 6332—6341.

Edstrom, K.; Herstedt, M.; Abraham, D. P. Journal of Power Sources
2006, 153, 380-384.

Bryngelsson, H.; Stjerndahl, M.; Gustafsson, T.; Edstrom, K. Journal of
Power Sources 2007, 174, 970-975.

Noailles, L. D.; Johnson, C. S.; Vaughey, J. T.; Thackeray, M. M. Journal
of Power Sources 1999, 81-82, 259.

Zachau-Christiansen, B.; West, K.; Jacobsen, T.; Atlung, S. Solid State
ITonics 1988, 28-30, 1176-1182.

Kuhn, A.; Amandi, R.; Garcia-Alvarado, F. Journal of Power Sources
2001, 92, 221-227.

Arroyo-de Dompablo, M. E.; Moran, E.; Varez, A.; Garcia-Alvarado, F.
Materials Research Bulletin 1997, 32, 993—-1001.

Dylla, A. G.; Henkelman, G.; Stevenson, K. J. Accounts of Chemical
Research 2013, 46, 1104-1112.

Yi, T.-F.; Yang, S.-Y.; Xie, Y. Journal of Materials Chemistry A 2015,
3, 5750-5777.

Wilkening, M.; Amade, R.; Iwaniak, W.; Heitjans, P. Physical Chemistry
Chemical Physics 2007, 9, 1239.

Lin, X.; Pan, F.; Wang, H. Materials Technology 2014, 29, A82-A8T7.

Aravindan, V.; Lee, Y. S.; Madhavi, S. Advanced Energy Materials 2015,
5.

Naoi, K.; Ishimoto, S.; Isobe, Y.; Aoyagi, S. Journal of Power Sources
2010, 195, 6250-6254.

Takai, S.; Kamata, M.; Fujine, S.; Yoneda, K.; Kanda, K.; Esaka, T.
Solid State Ionics 1999, 123, 165-172.

Stenina, I.; I'in, A.; Yaroslavtsev, A. Inorganic Materials 2015, 51, 62—
67.



92 Bibliography

[170] Ge, H.; Song, Y.; Song, H.; Tian, H.; Song, X. M.; Li, N.; Wu, S.; Liu, D;
Gao, X.; Shi, X. Ceramics International 2015, 41, 3869-3874.

[171] Cheng, L.; Yan, J.; Zhu, G. N; Luo, J. Y.; Wang, C. X.; Xia, Y. Y.
Journal of Materials Chemistry 2010, 20, 595-602.

[172] Jung, H. G.; Kim, J.; Scrosati, B.; Sun, Y. K. Journal of Power Sources
2011, 196, 7763-7766.

[173] Wang, J.; Zhao, H.; Li, Z.; Wen, Y.; Xia, Q.; Zhang, Y.; Yushin, G.
Advanced Materials Interfaces 2016, n/a-n/a.

[174] Wang, Y.; Zou, W.; Dai, X.; Feng, L.; Zhang, H.; Zhou, A.; Li, J. Jonics
2014, 20, 1377-1383.

[175] Jian, Z.; Zhao, L.; Wang, R.; Hu, Y.-S.; Li, H.; Chen, W.; Chen, L. RSC
Advances 2012, 2, 1751-1754.

[176] Liu, Z.; Zhang, N.; Wang, Z.; Sun, K. Journal of Power Sources 2012,
205, 479-482.

[177] Erdas, A.; Ozcan, S.; Nalci, D.; Giiler, M.; Akbulur, H. Progress in Clean
Energy; Springer International Publishing, 2015; pp 15-28.

[178] Yi, T. F.; Shu, J.; Zhu, Y. R.; Zhu, X. D.; Zhu, R. S.; Zhou, A. N. Journal
of Power Sources 2010, 195, 285-288.

[179] Chen, C. H.; Vaughey, J. T.; Jansen, A. N.; Dees, D. W.; Kahaian, A. J.;
Goacher, T.; Thackeray, M. M. Journal of the Electrochemical Society
2001, 148, A102-A104.

[180] Wolfenstine, J.; Allen, J. L. Journal of Power Sources 2008, 180, 582—
585.

[181] Deng, S.; Li, J.; Sun, S.; Wang, H.; Liu, J.; Yan, H. Electrochimica Acta
2014, 146, 37-43.

[182] Chou, S.-L.; Pan, Y.; Wang, J.-Z.; Liu, H-K.; Dou, S.-X. Physical Chem-
istry Chemical Physics 2014, 16, 20347-20359.

[183] Li, J.; Lewis, R. B.; Dahn, J. R. Electrochemical and Solid-State Letters
2007, 10, 10-14.

[184] Li, J.; Zhao, Y.; Wang, N.; Ding, Y.; Guan, L. Journal of Materials
Chemistry 2012, 22, 13002.

[185] Yan, X.; Zhang, Y.; Zhu, K.; Gao, Y.; Zhang, D.; Chen, G.; Wang, C.;

Wei, Y. Journal of Power Sources 2014, 246, 95-102.



Bibliography 93

[186]

[187]

[188]

[189)]

[190]

[191]

[192]

193]
[194]
[195]
[196]

[197]

[198]

[199]

[200]

201]

[202]

[203]

Zhao, H.; Wei, Y.; Qiao, R.; Zhu, C.; Zheng, Z.; Ling, M.; Jia, Z.; Bai, Y.;
Fu, Y.; Lei, J.; Song, X.; Battaglia, V. S.; Yang, W.; Messersmith, P. B.;
Liu, G. Nano Letters 2015, 15, 7927-7932.

Sengodu, P.; Deshmukh, A. RSC Advances 2015, 5, 42109 — 42130.

Li, X. L.; Zhang, Y. L.; Song, H. F.; Du, K.; Wang, H.; Li, H. Y
Huang, J. M. International Journal of Electrochemical Science 2012, 7,
7111-7120.

Zhang, Q.; Yu, Z.; Du, P.; Su, C. Recent patents on nanotechnology 2010,
4, 100-110.

Spahr, M. E.; Goers, D.; Leone, A.; Stallone, S.; Grivei, E. Journal of
Power Sources 2011, 196, 3404-3413.

lijima, S. Nature 1991, 354, 56-58.

De Volder, M. F. L.; Tawfick, S. H.; Baughman, R. H.; Hart, a. J. Science
2013, 339, 535-539.

Ibrahim, K. S. Carbon letters 2013, 1, 131-144.
Geim, A.; Novoselov, K. Nature Materials 2007, 6, 183—191.
Sharma, V. K.; Jelen, F.; Trnkova, L. Sensors 2015, 15, 1564-1600.

Bandaru, P. R. Journal of Nanoscience and Nanotechnology 2007, 7,
1239-1267.

Mittal, G.; Dhand, V.; Rhee, K. Y.; Park, S.-J.; Lee, W. R. Journal of
Industrial and Engineering Chemistry 2015, 21, 11-25.

Monthioux, M. In Carbon Meta-Nanotubes: Synthesis, Properties and
Applications; Monthioux, M., Ed.; Wiley, 2012.

Bussy, C.; Ali-boucetta, H.; Kostarelos, K. Account of Chemical Research
2013, 46, 692-701.

Chuah, S.; Pan, Z.; Sanjayan, J. G.; Wang, C. M.; Duan, W. H. Con-
struction and Building Materials 2014, 73, 113-124.

Chang, C. C.; Hsu, I. K.; Aykol, M.; Hung, W. H.; Chen, C. C.;
Cronin, S. B. ACS Nano 2010, 4, 5095-5100.

Han, Z.; Fina, A. Progress in Polymer Science (Ozford) 2011, 36, 914—
944.

Baughman, R. H.; Zakhidov, A. A.; De Heer, W. A. Science 2002, 297,
787-92.



94

Bibliography

204]
[205]

[206]

[207]
[208]
[209]

[210]

[211]

[212]

[213]

[214]
[215]
[216]
[217]

[218]

[219]

[220]

[221]

[222]

Peng, L. M.; Zhang, Z.; Wang, S. Materials Today 2014, 17, 433-442.

Niu, C.; Sichel, E. K.; Hoch, R.; Moy, D.; Tennent, H. Appl. Phys. Lett.
1997, 70, 1480-1482.

Vashist, S. K.; Zheng, D.; Al-Rubeaan, K.; Luong, J. H. T.; Sheu, F. S.
Biotechnology Advances 2011, 29, 169-188.

Park, S.; Vosguerichian, M.; Bao, Z. Nanoscale 2013, 5, 1727-52.
Franklin, A. D. Proceedings of the IEEE 2003, 91, 315-335.

Zhang, Q.; Huang, J. Q.; Qian, W. Z.; Zhang, Y. Y.; Wei, F. Small 2013,
9, 1237-1265.

Myung, S.-T.; Hitoshi, Y.; Sun, Y.-K. Journal of Materials Chemistry
2011, 21, 9891.

Kang, S.; Xie, H.; Zhai, W.; Ma, Z.-f.; Wang, R.; Zhang, W. International
Journal of Electrochemical Science 2015, 10, 2324-2335.

Whitehead, A. H.; Schreiber, M. Journal of The Electrochemical Society
2005, 152, A2105-A2113.

Lee, H.; Yanilmaz, M.; Toprakci, O.; Fu, K.; Zhang, X. Energy Environ-
ment Sciences 2014, 7, 3857-3886.

Arora, P.; Zhang, Z. Chemical Reviews 2004, 104, 4419-4462.
Orendorff, C. J. The Electrochemical Society Interface 2004, 21, 61-65.
Xu, K. Chemical Reviews 2004, 104, 4303—4417.

Xu, K. Chemical Reviews 2014, 114, 11503-11618.

Jha, A. In Nezt-Generation Batteries and Fuel Cells for Commercial,
Military, and Space Application; Jha, A., Ed.; CRC Press, 2012.

Minami, T.; Hayashi, A.; Tatsumisago, M. Solid State Ionics 2006, 177,
2715-2720.

Aurbach, D.; Talyosef, Y.; Markovsky, B.; Markevich, E.; Zinigrad, E.;
Asraf, L.; Gnanaraj, J. S.; Kim, H. J. FElectrochimica Acta 2004, 50,
247-254.

Aravindan, V.; Gnanaraj, J.; Madhavi, S.; Liu, H. K. Chemistry - A
FEuropean Journal 2011, 17, 14326-14346.

Ue, M.; Takeda, M.; Takehara, M.; Mori, S. Journal of Electrochemical
Society 1997, 14/, 2684—2688.



Bibliography 95

[223]

[224]

[225]

[226]

[227]

[228]

[229]

230

[231]

[232]

[233]

[234]

[235]
[236]

[237]

23]

[239]

Kawamura, T.; Kimura, A.; Egashira, M.; Okada, S.; Yamaki, J. I. Jour-
nal of Power Sources 2002, 104, 260—264.

Jasinski, R.; Carroll, S. Journal of Electrochemical Society 1970, 117,
218-219.

Newman, G.; Francis, R. W.; Gaines, L. H.; Rao, B. M. J. Electrochem.
Soc. 1980, 127, 2025.

Zhang, S. S. Journal of Power Sources 2006, 162, 1379-1394.

Haregewoin, A. M.; Wotango, A. S.; Hwang, B. J. Energy Environment
Sciences 2016, 9, 1955-1988.

Armand, M.; Endres, F.; MacFarlane, D. R.; Ohno, H.; Scrosati, B.
Nature Materials 2009, 8, 621-629.

Garcia, B.; Lavallée, S.; Perron, G.; Michot, C.; Armand, M. Electrochim-
ica Acta 2004, 49, 4583-4588.

Srour, H.; Chancelier, L.; Bolimowska, E.; Gutel, T.; Mailley, S.;
Rouault, H.; Santini, C. C. Journal of Applied Electrochemistry 2016,
406, 149-155.

Ye, Y.-S.; Rick, J.; Hwang, B.-J. Journal of Materials Chemistry A 2013,
1, 2719-2743.

Markevich, E.; Baranchugov, V.; Aurbach, D. Electrochemistry Commu-
nications 2006, 8, 1331-1334.

MacFarlane, D. R.; Tachikawa, N.; Forsyth, M.; Pringle, J. M.
Howlett, P. C.; Elliott, G. D.; Davis, J. H.; Watanabe, M.; Simon, P.;
Angell, C. A. Energy & Environmental Science 2014, 7, 232-250.

Goodenough, J. B.; Singh, P. Journal of The Electrochemical Society
2015, 162, A2387-A2392.

Wright, P. V. British Polymer Journal 1975, 7, 319-327.

Hallinan, D. T.; Balsara, N. P. Annual Review of Materials Research
2013, 43, 503-25.

Giridhar, P.; Prasad, K. A.; Kalaiselvi, N.; Gopalakrishnan, K.; Gane-
san, M.; Veluchamy, A. Bulletin of FElectrochemistry 1999, 15, 414-418.

Long, L.; Wang, S.; Xiao, M.; Meng, Y. Journal of Materials Chemistry
A 2016, 26, 10038-10069.

Ratner, M. A.; Shriver, D. F. Chemical Reviews 1988, 88, 109-124.



96

Bibliography

[240]

[241]

[242]
[243]
[244]

[245]

[246]

[247]

[248]

[249]

250]

[251]

252
253

[254]

[255]

[256]
[257]

[258]

[259]

Watanabe, M.; Ogata, N. British Polymer Journal 1988, 20, 181-192.

Shukla, N.; Thakur, A. K.; Shukla, A.; Marx, D. T. International Journal
of Electrochemical Science 2014, 9, 7644-7659.

Fergus, J. W. Journal of Power Sources 2010, 195, 4554-4569.
Armand, M. Advanced Materials 1990, 1, 278-286.
Meyer, W. H. Advanced Materials 1998, 10, 439-448.

Dygas, J. R.; Misztal-Faraj, B.; Florjanczyk, Z.; Krok, F.; Marzantow-
icz, M.; Zygadlo-Monikowska, E. Solid State Ionics 2003, 157, 249-256.

Berthier, C.; Gorecki, W.; Minier, M.; Armand, M. B.; Chabagno, J. M.;
Rigaud, P. Solid State Ionics 1983, 11, 91-95.

Chen, R.; Qu, W.; Guo, X.; Li, L.; Wu, F. Materials Horizons 2016,

Gadjourova, Z.; Andreev, Y. G.; Tunstall, D. P.; Bruce, P. G. Nature
2001, 412, 520-523.

Gadjourova, Z.; Martin y Marero, D.; Andersen, K. H.; Andreev, Y. G.;
Bruce, P. G. Chemistry of Materials 2001, 13, 1282-1285.

Wang, Y.; Zhong, W. H. ChemElectroChem 2015, 2, 22-36.

Bruce, P. G.; Vincent, C. Journal of the Chemical Society, Faraday Trans-
actions 1993, 89, 3187-3203.

Armand, M. B. Annual Review of Materials Science 1986, 16, 245-61.
Quartarone, E. Solid State Ionics 1998, 110, 1-14.

Quartarone, E.; Mustarelli, P. Chemical Society Reviews 2011, 40, 2525—
2540.

Fontanella, J.; Wintersgill, M.; Calame, J. Solid State Ionics 1983, 8,
333-339.

Manuel Stephan, A.; Nahm, K. S. Polymer 2006, 47, 5952-5964.
Das, S.; Ghosh, A. FElectrochimica Acta 2015, 171, 59-65.

Song, J.; Wang, Y.; Wan, C. Journal of Power Sources 1999, 77, 183~
197.

Xue, Z.; He, D.; Xie, X. Journal of Materials Chemistry A 2015, 3,
19218-19253.



Bibliography 97

260]

[261]

[262]

263]

[264]

265

[266]

267]
268]
269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

Fan, L. Z.; Wang, X. L.; Long, F.; Wang, X. Solid State Ionics 2008,
179, 1772-1775.

Mariah, S.; Yasin, M.; Ibrahim, S.; Johan, M. R. Scientific World Journal
2014, ID 547076.

An, S. Y.; Jeong, I. C.; Won, M.-S.; Jeong, E. D.; Shim, Y.-B. Journal
of Applied Electrochemistry 2009, 39, 1573-1578.

Ito, Y.; Kanehori, K.; Miyauchi, K.; Kudo, T. Journal of Materials Sci-
ence 1987, 22, 1845-1849.

Xie, J.; Duan, R. G.; Han, Y.; Kerr, J. B. Solid State Ionics 2004, 175,
755-758.

Pan, C.-Y.; Gao, J.-h.; Zhang, Q.; Feng, Q.; Chao, M. CIESC Journal
2008, 15, 295-300.

Lin, D.; Liu, W.; Liu, Y.; Lee, H. R.; Hsu, P. C.; Liu, K.; Cui, Y. Nano
Letters 2016, 16, 459-465.

Ketabi, S.; Lian, K. Electrochimica Acta 2015, 154, 404-412.
Klongkan, S.; Pumchusak, J. Electrochimica Acta 2015, 161, 171-176.

Jayathilaka, P. A. R. D.; Dissanayake, M. A. K. L.; Albinsson, I.; Mel-
lander, B. E. FElectrochimica Acta 2002, 47, 3257-3268.

Croce, F.; Sacchetti, S.; Scrosati, B. Journal of Power Sources 2006,
161, 560-564.

Jiang, Y. X.; Xu, J. M.; Zhuang, Q. C.; Jin, L. Y.; Sun, S. G. Journal of
Solid State Electrochemistry 2008, 12, 353-361.

Walls, H. J.; Zhou, J.; Yerian, J. A.; Fedkiw, P. S.; Khan, S. A
Stowe, M. K.; Baker, G. L. Journal of Power Sources 2000, 89, 156—
162.

Scrosati, B.; Croce, F.; Persi, L. Journal of The Electrochemical Society
2000, 147, 1718.

Capuano, F.; Croce, F.; Scrosati, B. Journal of The Electrochemical So-
ciety 1991, 138, 1918-1922.

Wieczorek, W.; Florjanczyk, Z.; Stevens, J. R. Electrochimica Acta 1995,
40, 2251-2258.

Croce, F.; Appetecchi, G. B.; Persi, L.; Scrosati, B. Nature 1998, 394,
456-458.



98 Bibliography

[277] Kumar, B.; Scanlon, L. G. Solid State Tonics 1999, 12/, 239-254.

[278] Zhang, Q.; Archer, L. A. Langmuir 2002, 18, 10435-10442.

[279] Raghavan, S. R.; Riley, M. W.; Fedkiw, P. S.; Khan, S. A. Chemistry of
Materials 1998, 10, 244-251.

[280] Khan, S. A.; Baker, G. L.; Colsons, S. Chemistry of Materials 1994, 6,
2359-2363.

[281] Fan, J.; Fedkiw, P. S. Journal of the Electrochemical Society 1998, 144,
399-408.

[282] Hou, J.; Baker, G. L. Chemistry of Materials 1998, 10, 3311-3318.

[283] Stephan, A. M. Furopean Polymer Journal 2006, 42, 21-42.

[284] Peled, E. Journal of Electrochemical Society 1979, 126, 2047-2051.

[285] Aurbach, D. Journal of Power Sources 2000, 89, 206-218.

[286] Gauthier, M.; Carney, T. J.; Grimaud, A.; Giordano, L.; Pour, N
Chang, H.-H.; Fenning, D. P.; Lux, S. F.; Paschos, O.; Bauer, C.;
Maglia, F.; Lupart, S.; Lamp, P.; Shao-Horn, Y. The Journal of Physical
Chemistry Letters 2015, 6, 4653-4672.

[287] Aurbach, D.; Zinigrad, E.; Cohen, Y.; Teller, H. Solid State Ionics 2002,
148, 405-416.

[288] Peled, E.; Ardel, G. Journal of Electrochemical Society 1997, 144, 208—
210.

[289] Zhang, X.; Kostecki, R.; Richardson, T. J.; Pugh, J. K.; Ross, P. N.
Journal of The Electrochemical Society 2001, 148, A1341-A1345.

[290] Wang, Y.; Nakamura, S.; Ue, M.; Balbuena, P. B. Journal of American
Chemical Society 2001, 123, 11708-11718.

[291] Vetter, J.; Novdk, P.; Wagner, M. R.; Veit, C.; Moller, K. C.; Be-
senhard, J. O.; Winter, M.; Wohlfahrt-Mehrens, M.; Vogler, C.; Ham-
mouche, A. Journal of Power Sources 2005, 147, 269-281.

[292] Besenhard, J. O.; Winter, M.; Yang, J.; Biberacher, W. Journal of Power
Sources 1995, 54, 228-231.

[293] Aurbach, D.; Levi, M. D.; Levi, E.; Schechter, A. The Journal of Physical
Chemistry B 1997, 101, 2195-2206.

[294] Kang, S. H.; Abraham, D. P.; Xiao, A.; Lucht, B. L. Journal of Power

Sources 2008, 175, 526-532.



Bibliography 99

[295]

[296]

[297]

298]

299

[300]

301]

302]

[303]

304]

305]

[306]

307]

308]

[309]

310]

Agubra, V. A.; Fergus, J. W. Journal of Power Sources 2014, 268, 153—
162.

Lu, Y. C.; Mansour, A. N.; Yabuuchi, N.; Shao-Horn, Y. Chemistry of
Materials 2009, 21, 4408-4424.

Kanamura, K.; Toriyama, S.; Shiraishi, S.; Takehara, Z.-i. Journal of
Electrochemical Society 1995, 142, 1383-1389.

Aurbach, D.; Markovsky, B.; Salitra, G.; Markevich, E.; Talyossef, Y.;
Koltypin, M.; Nazar, L.; Ellis, B.; Kovacheva, D. Journal of Power
Sources 2007, 165, 491-499.

Newman, J.; Tiedemann, W. AIChE Journal 1975, 21, 25-41.
Zhao, R.; Liu, J.; Gu, J. Applied Energy 2015, 139, 220-229.

Schlechtendahl, J.; Eberspécher, P.; Schrems, S.; Sekler, P.; Verl, a.;
Abele, E. Future Trends in Production Engineering; 2013; pp 47-54.

Thomas, C. Fast Structural and Compositional Analysis of Aged Li-Ion
Batteries with “ Shuttle € Find ”; 2011.

Singh, N.; Galande, C.; Miranda, A.; Mathkar, A.; Gao, W.; Reddy, A.
L. M.; Vlad, A.; Ajayan, P. M. Scientific Reports 2012, 2, 6-10.

Hu, Y.; Sun, X. Journal of Materials Chemistry A 2014, 2, 10712-10738.

Hu, L.; Pasta, M.; La Mantia, F.; Cui, L.; Jeong, S.; Deshazer, H. D.;
Choi, J. W.; Han, S. M.; Cui, Y. Nano Letters 2010, 10, 708-714.

Yang, Y.; Jeong, S.; Hu, L.; Wu, H.; Lee, S. W.; Cui, Y. Proceedings of
the National Academy of Sciences 2011, 108, 13013-13018.

Kwon, Y. H.; Woo, S. W.; Jung, H. R.; Yu, H. K.; Kim, K.; Oh, B. H,;
Ahn, S.; Lee, S. Y.; Song, S. W.; Cho, J.; Shin, H. C.; Kim, J. Y. Advanced
Materials 2012, 24, 5192-5197.

Oudenhoven, J. F. M.; Baggetto, L.; Notten, P. H. L. Advanced Energy
Materials 2011, 1, 10-33.

Ruzmetov, D.; Oleshko, V. P.; Haney, P. M.; Lezec, H. J.; Karki, K.;
Baloch, K. H.; Agrawal, A. K.; Davydov, A. V.; Krylyuk, S.; Liu, Y.;
Huang, J.; Tanase, M.; Cumings, J.; Talin, A. A. Nano Letters 2012, 12,
505-511.

Koo, M.; Park, K. I.; Lee, S. H.; Suh, M.; Jeon, D. Y.; Choi, J. W.;
Kang, K.; Lee, K. J. Nano Letters 2012, 12, 4810-4816.



100

Bibliography

[311]

312]

313]

[314]

315]

[316]

[317]

318]

319]

320]

[321]

[322]

323]

[324]

325]

326]

327]

Lai, W.; Erdonmez, C. K.; Marinis, T. F.; Bjune, C. K.; Dudney, N. J.;
Xu, F.; Wartena, R.; Chiang, Y. M. Advanced Materials 2010, 22, 139—
144.

Zeng, W.; Shu, L.; Li, Q.; Chen, S.; Wang, F.; Tao, X. M. Advanced
Materials 2014, 26, 5310-5336.

Stoppa, M.; Chiolerio, A. Sensors (Switzerland) 2014, 14, 11957-11992.

Gwon, H.; Hong, J.; Kim, H.; Seo, D.-H.; Jeon, S.; Kang, K. Energy &
Environmental Science 2014, 7, 538.

Zhou, G.; Li, F.; Cheng, H.-M. Energy & Environmental Science 2014,
7, 1307-1338.

Yang, P.; Mai, W. Nano Energy 2014, 8, 274-290.

Li, L.; Wu, Z.; Yuan, S.; Zhang, X.-B. B. Energy & Environmental Sci-
ence 2014, 7, 2101-2122.

kyu Park, Y.; gyung Park, G.; gi Park, J.; won Lee, J. Electrochimica
Acta 2017, 247, 371-380.

Gaikwad, A. M.; Arias, A. C.; Steingart, D. a. Energy Technology 2015,
3, 305-328.

Ostfeld, A. E.; Gaikwad, A. M.; Khan, Y.; Arias, A. C. Scientific Reports
2016, 1-10.

Singh, M.; Kaiser, J.; Hahn, H. Journal of The Electrochemical Society
2015, 162, A1196—-A1201.

Tobjork, D.; Osterbacka, R. Advanced Materials 2011, 23, 1935-1961.
Hu, L.; Choi, J. W.; Yang, Y.; Jeong, S.; La Mantia, F.; Cui, L.-F.;
Cui, Y. Proceedings of the National Academy of Sciences of the United
States of America 2009, 106, 21490-21494.

Yao, B.; Zhang, J.; Kou, T.; Song, Y.; Liu, T.; Li, Y. Advanced Science
2017, 4, 1700107.

Nguyen, T. H.; Fraiwan, A.; Choi, S. Biosensors and Bioelectronics 2014,
54, 640-649.

Hu, L.; Cui, Y. Energy & Environmental Science 2012, 5, 6423.

Zolin, L.; Destro, M.; Chaussy, D.; Penazzi, N.; Gerbaldi, C.; Ben-
eventi, D. J. Mater. Chem. A 2015, 3, 14894-14901.



Bibliography 101

328]

329]

330]

331]

332]

333]

334]

335]

336]

337]

338]

[339]

340]

[341]

342]
343]

[344]

Yao, B.; Yuan, L.; Xiao, X.; Zhang, J.; Qi, Y.; Zhou, J.; Zhou, J.; Hu, B.;
Chen, W. Nano Energy 2013, 2, 1071-1078.

Yuan, L.; Yao, B.; Hu, B.; Huo, K.; Chen, W.; Zhou, J. Energy & Enuvi-
ronmental Science 2013, 6, 470.

Lin, C. W.; Zhao, Z.; Kim, J.; Huang, J. Scientific Reports 2014, 4, 1-6.

Weng, Z.; Su, Y.; Wang, D. W.; Li, F.; Du, J.; Cheng, H. M. Advanced
Energy Materials 2011, 1, 917-922.

Jabbour, L.; Destro, M.; Gerbaldi, C.; Chaussy, D.; Penazzi, N.; Ben-
eventi, D. Journal of Materials Chemistry 2012, 22, 3227-3233.

He, S.; Hu, C.; Hou, H.; Chen, W. Journal of Power Sources 2014, 246,
754-761.

Leijonmarck, S.; Cornell, A.; Lindbergh, G.; Wagberg, L. Nano Energy
2013, 2, 794-800.

Jabbour, L.; Destro, M.; Chaussy, D.; Gerbaldi, C.; Penazzi, N.;
Bodoardo, S.; Beneventi, D. Cellulose 2013, 20, 571-582.

Kang, Y.-R.; Li, Y.-L.; Hou, F.; Wen, Y.-Y.; Su, D. Nanoscale 2012, /,
3248.

Zhang, X.; Shi, W.; Zhu, J.; Kharistal, D. J.; Zhao, W.; Lalia, B. S.;
Hng, H. H.; Yan, Q. ACS Nano 2011, 5, 2013-2019.

Lorenzo Zolina, Matteo Destroa, Denis Curtilb, Didier Chaussy, N. P.;
Davide Beneventib, C. G. CHEMICAL ENGINEERING TRANSAC-
TIONS 2014, 41, 361-366.

Kim, J. H.; Gu, M.; Lee, D. H.; Kim, J. H.; Oh, Y. S.; Min, S. H;
Kim, B. S.; Lee, S. Y. Nano Letters 2016, 16, 5533-5541.

Nystrom, G.; Razaq, A.; Strgmme, M.; Nyholm, L.; Mihranyan, A. Nano
Letters 9 2009, 3635-3639.

Leijonmarck, S. et al. Journal of Materials Chemistry A 2013, 1, 4671—
4677.

Cai, L.; Wang, C. Nanoscale Research Letters 2015, 10, 1-21.
Park, S.; Vosguerichian, M.; Bao, Z. Nanoscale 2013, 5, 1727.

Luo, S.; Wang, K.; Wang, J.; Jiang, K.; Li, Q.; Fan, S. Advanced Materials
2012, 2/, 2294-2298.



102

Bibliography

[345]
[346]
[347)

[348]

349]

350]
351]

352]

353]

354]

Yue, L.; Zhong, H.; Zhang, L. Electrochimica Acta 2012, 76, 326-332.
Aqil, A. et al. Chem. Commun. 2015, 51, 9301-9304.
Du, L. et al. J. Mater. Chem. A 2014, 2, 17561-17567.

Evanoff, K.; Benson, J.; Schauer, M.; Kovalenko, I.; Lashmore, D.;
Ready, W. J.; Yushin, G. ACS Nano 2012, 9837-9845.

Kim, S.-W.; Ryu, J.; Park, C. B.; Kang, K. Chemical Communications
2010, 46, 7409-7411.

Chen, G.; Wang, Z.; Xia, D. Chemistry of Materials 2008, 6951-6956.

Cao, F. F.; Guo, Y. G.; Zheng, S. F.; Wu, X. L.; Jiang, L. Y.; Bi, R. R.;
Wan, L. J.; Maier, J. Chemistry of Materials 2010, 22, 1908-1914.

Ernould, B.; Devos, M.; Bourgeois, J.-P.; Rolland, J.; Vlad, A.; Gohy, J.-
F. Journal of Materials Chemistry A 2015, 00, 1-8.

Hu, L.; Wu, H.; La Mantia, F.; Yang, Y.; Cui, Y. ACS Nano 2010, /,
5843-5848.

Liu, Y.; Gorgutsa, S.; Santato, C.; Skorobogatiy, M. Journal of The
Electrochemical Society 2012, 159, A349.



CHAPTER 3

Current collectors and electrodes design

Abstract

In this chapter, the process to create thin flexible electrodes is described.
Both anodes and cathodes were obtained via filtration process. Mate-
rials and compositions were carefully chosen to optimize performances
and lifespan of electrodes. To improve rate capabilities, active materials
particles were synthesized in an attempt to decrease their diameter and
thus diffusion paths. Lastly, carbon coating was envisioned to increase
electrical conductivity of the particles and to prevent overvoltage leading

to degradation.
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3.1 Current collectors

3.1.1 Carbon nanotubes buckypapers

Manufacturing processes for lithium-ion battery production have
changed little for the past 20 years and metallic current collectors still
represent 10 % of the total weight of the battery in most of the cases.
While the number of scientific publications on lithium batteries is con-
stantly growing, current collectors do not attract lot of attention. A
flexible, lightweight and highly electron conductive current collector is
nevertheless a key element to enable fabrication of high performance flex-
ible lithium-ion batteries. Here, we describe the building up and char-
acterization of conductive MWCN'Ts buckypapers via filtration process.
Typically, 10 mg of MWCNTs were dispersed in 250 ml butanol and
vacuum filtered on 0.22 pm PVAF filters (9.6 cm?). This consistently
leads to the production of 10-15 pm thick flexible buckypapers. This
manufacturing process enabled us to create flexible conductive current

collectors or conductive scaffolds for electrodes (Figure 3.1).

™~

<

Figure 3.1 — MWCNTs buckypaper fabrication by filtration of a 10
mg MWCNT dispersion in butanol on 0.22 pm PVAF filter. This
method repetitively produced 10-15 pm thick MWCNTs buckypapers.

Figure 3.2 presents SEM images of the surface of MWCNTs at differ-
ent magnifications. With an average length over 1.5 pym, entanglement

of CNTs confers cohesion to fabrics. In addition, images show the very
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high porosity of fabrics due to random organization of tubes. The poros-
ity of MWCNTs buckypapers prepared by the same filtration method
was estimated between 87 % and 91 % by several groups by helio pyc-
nometry or Hg porosimetry. ! These images (Figure 3.2) also reveal the
absence of amorphous carbon as only one dimension objects are visible.
This confirms a CNT loading close to 100 %. Energy dispersive X-ray
spectroscopy (EDX) was performed on MWCNTSs to assess the purity
of CNTs. Analyses revealed the presence of 1.20 at. % of aluminum
and some iron traces in MWCNTs. The presence of these elements is
attributed to iron supported on aluminum oxide, a common catalyst
for the chemical vapour deposition process for CNT synthesis. These
two metals were eliminated by concentrated nitric acid washing. The
success of this purification step was confirmed by EDX analysis which
revealed the quasi absence of metal traces (only 0.02 wt. % af aluminum
remaining). Nevertheless, this process is time consuming and takes us
away from a green process to create lithium-ion batteries. Moreover
this procedure can also create oxidized defects in MWCNTSs deteriorat-
ing their electrical properties. This purification procedure was therefore
abandoned as the presence of these transition metal traces does not in-
terfere in lithium-ion battery as it will be confirmed by electrochemical

analysis.

Figure 3.2 — SEM images of a MWCNTs current collector surface
createed by filtration process at different magnifications: a) 10,000 x,
b) 60,000 x.
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Electrochemical analysis of MWCNTs buckypapers were performed
in Swagelock cell. This set-up is described in the experimental part of
this chapter and in Figure 3.3. In this device, the two electrodes are
placed on both sides of the insulating separator. In half-cell configu-
ration, one of the electrode is replaced by lithium metal as reference
electrode. Originial Swagelock cells were modified by the addition of a
spring to maintain the elements. On Cyclic voltammetry was operated
on pristine MWCNTs fabrics at 1 mV.s~! to demonstrate their stability
at both positive or negative electrodes (Figure 3.4). Two electrochem-
ical phenomena are are visible. The reduction peak located in Figure
3.4 a) at 0.3 V during the first cycle can be attributed to two origins.
The first one is the insertion of lithium ions in MWCNTs and the partial
exfoliation of graphene layers of the tube. This reduction phenomenon
was previously described by Zhang and coworkers. 2 The second origin
of this peak is the SEI formation on carbon substrates at potentials close
to 0 V ws. Li/LiT. Carbonates are reduced on MWCNTs and form a

passivating layer on their surface. These two phenomena are only visible

an L] o
== )

oy —
a 0 o

Figure 3.3 — Swagelock cell configuration: 1) stainless steel current
collectors, 2) insulating separator, 3) sprin and 4) teflon body.

during the first cycle.

The second peak is observed in Figure 3.4 b) when the potential in-

creases beyond 3.7 V for the first cycle and when the potential increases
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beyond 4.5 V for subsequent cycles. This well known phenomenon and
is attributed to electrolyte decomposition on cathodic side of lithium-ion
batteries. For carbonates electrolytes based on on LiPFg, carbonates ox-
idizes into ROH species at voltages superior to 4.2 V during first cycle.
This subsequently hydrolyzes the LiPF6 salt and initiate a thermally
activated autocatalytic electrolyte decomposition cycle involving POF3
as a reactive.®¥ During the first cycle, MWCNTs are covered by a
surface film from electrolyte decomposition. This passivation film for-
mation seems to inhibit a massive solvent oxidation at potential below
4.5 V. Consequently, the electrolyte may be stable with very high spe-
cific surface MWCNTs buckypapers at potentials as high as 4.2 V.56
Except from these two peaks, no redox phenomena were observed in
both voltammograms. This confirms the possibility to use these MWC-
NTs as current collectors or conductive scaffold in electrodes without

supplementary purification.
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Figure 3.4 — Cyclic voltammograms of MWCNTs buckypaper
performed at 1 mV.s~! in half-cell configuration versus lithium metal
electrode : a) for negative current collector in the 0 V - 3 V range and

b) for positive current collector in the 2.5 V - 5 V range.
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To highlight the contribution of MWCNTs to the future electrode
capacity, their gravimetric capacity was evaluated (Figure 3.5). MWC-
NTs buckypaper were evaluated in half cell configuration versus lithium.
The absence of plateaus in the charge/discharge curves of MWCNTs
buckypaper reveals a pure capacitive behaviour of the component. The
capacitive response of pure MWCNT buckypapers was evaluated at 31.2
mAh.g~! (in the potential range of 1 — 4.2 V vs. Li/Li*). Such a small
contribution will therefore be neglected in the subsequent electrode ca-
pacity evaluation. While every extra capacity is valuable for batteries,
electrode contains less than 10 wt. % MWCNTs and current collectors
represent less than 5 wt. % of the electrode weight. In this case, the im-
pact of additional capacity is therefore minimal for a global lithium-ion
battery. Nevertheless, the capacity of MWNTs can reach much higher
values in specific synthesis conditions (up to 225 mAh.g™!) and find
applications in supercapacitor configurations. [7.8]
4.0+
3.5
3.0 1
2.5+

Voltage [V]

2.0
1.5
1.0

T T T T T T T
0 50 100 150 200 250 300
Capacity [uA.h]

Figure 3.5 — Charge/discharge curves of a 1 mg MWCNTs
buckypaper performed in half cell configuration versus lithium metal
electrode under 0.1 mA current density.
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Finally, the electrical conductivity of MWCNTs buckypaper was

I via 4-point probe measurements performed at

evaluated at 67 S.cm™
different positions on 5 different fabrics. This result is very close to sim-
ilar fabrics made of oxidized carbon nanotubes which was evaluated at
40 S.cm~ 1.1 By comparison, conductivities of metal foils of usual cur-
rent collectors present much higher value (0.58 105 S.cm~! for copper
and 0.37 10% S.em™! for aluminium). In the Swagelock configuration,
this conductivity contrast is not too damaging for performances as the
electron paths do not exceed microns. However, on longer distance, the
lower electron conductivity can be a serious drawback. For our further
electrodes studies, it was considered that conductivity of MWCNTs fab-
rics as sufficient to serve as conductive support for electrodes. It is also
important to note that the 4-point probe method provides an evaluation
of the lateral electrical conductivity in the x-y plane of fabrics but no
information on the transversal conductivity. As the anisotropy of fabrics
was not established, no conclusion on the transversal conductivity can
be drawn.

In this first part of the work, flexible multi-walled carbon nanotube
fabrics were successfully created via a filtration process. The electro-
chemical stability at both positive and negative electrodes was estab-
lished and proved their possible use in lithium-ion batteries operational
range. In addition, carbon nanotubes can also present better chemical
stability than traditional metal foil current collectors. Indeed, most of
usual carbonated electrolytes contains lithium hexafluorophosphate salt
that can catalytically decompose into hydrofluoric acid in the presence of
water traces. The latter was reported to cause major problems of metal
current collector corrosion.!% Instead, MWCNTs are very stable in the
same conditions. Therefore, MWCNTs fabrics used as current collector
can be a great advantage. The use of these MWCNTs networks will now

be used as conducting scaffold for electrodes.
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3.2 Carbon nanotubes - active materials elec-

trodes

As described previously, scientists have envisioned many different
active materials and production methods for electrodes. In this section,
we will focus on the most commercially used materials : lithium cobalt
oxide (LCO, LiCoO2) and lithium iron phosphate (LFP, LiFePOy) for
positive electrodes and graphite or lithium titanate (LTO, LisTi5O12)
for negative electrodes. Previously prepared MWCNTs buckypapers will

be used as conductive scaffolds for electrodes. 11

3.2.1 Lithium cobalt oxide based cathodes

The first investigated active material is the lithium cobalt oxide.
Its electrochemical properties and economic considerations make it one
of the best compromise based on the criteria mentioned in section 2.2.
Therefore, it remains today the most common active material for positive
electrodes in commercial lithium ion batteries.!* As described previ-
ously, electrochemical performances of LCO are hindered by its layered
hexagonal structure. It implies strong orientation effects as diffusion
can occur in only two directions.'213] Moreover, in their initial state
LiCoO4 crystals are electrical insulators. Although LiCoQOs particles
acquire semiconducting properties through delithiation, their electrical
conductivity remains weak. Hence, particular care has to be taken to
improve conductivities in LCO-based electrodes. In this study, we re-
place both polymer binder and conductive additives by multi-walled car-
bon nanotubes to provide well-performing electrodes. In this case, we
take advantage of both MWCNTs morphology, structure and chemical
composition. Carbon nanotubes will act within electrodes as a conduc-
tive scaffold. Many other advantages of the implemented process for
electrode fabrication such as simplicity, cost and environmental consid-

erations will be developed further.
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3.2.1.1 Design of MWCNTs-LCO electrodes

The process implemented to create flexible electrodes is a vacuum
filtration process. MWCNTs and LiCoOs particles are dispersed in vari-
able amounts in 250 ml of butanol using sonic bath for at least 15 min-
utes. Dispersions are then directly vacuum filtered on PVdF filters. Nice
fully flexible self-standing cathodes have been recovered by peeling after
drying (Figure 3.6). The electrodes were later dried under vacuum at
60 °C for at least 24 hours.

Figure 3.6 — Positive electrode fabrication by filtration of a 5 mg
MWCNT and 45 mg LiCoO4 dispersion on 0.22 pm PVdF millipore
filter.

This vacuum filtration process presents several major advantages
on other reported methods to create electrodes. As described previ-
ously, the conventional manufacturing process of lithium-ion batteries
electrodes involves several steps and are costly. !4 In most of the cases,
the active material is dispersed with binder and conductive additives in
N-methyl-2-pyrrolidone (NMP) to form a slurry. The used solvent is
expensive and the recovery system is a large capital investment. 1516 Li
et al. proved that replacing NMP by distilled water in their electrode
production process leads to a decrease of 70 % of the manufacturing
price and 12 % of the total cost of battery. !0l Unfortunately, it is dif-
ficult to disperse MWCNTs in pure water. MWCNTs have tendency

to assemble in bundles due to the strong van der Waals interaction en-
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ergy estimated at 500 eV.pm~! for tube-tube contact.[!” Polymer or
charged species are therefore often used as surfactants to secure stable
MWOCNTs dispersions. 1819 The introduction of these chemical species
requires additional washing steps to ensure that no chemicals interfere in
subsequent electrode operation. In our study, the use of butanol as dis-
persant does not require any surfactant addition or additional washing
step.20) The drying step is also largely reduced in our filtration pro-
cess. While it takes 12-24 hours at 120 °C in the industrial process to
remove NMP, 19 our electrodes can be successfully dried after 6 hours
at 60 °C under vacuum. The vacuum filtration process described here
only involves butanol as dispersant. Butanol is less expensive and more
environmental-friendly than NMP. Moreover, after electrode filtration,
butanol is easily recovered and reused several times without any supple-
mentary purification steps. Nevertheless, the filtration process implies
the use of large quantity of solvent. The fabrication process of a 1 cm?
electrode in the common casting process require only few milliliters of
NMP for the electrode slurry. In comparison, the fabrication of a cm? of
electrode via our filtration process require 25ml of butanol. Dispersion
of materials and especially MWCN'Ts always requires large quantities of
solvents. As example, commercially stable MWCNTs dispersions gener-
ally do not contain more thant 5 wt. % of MWCNTs.

While the use of conductive polymer binder was already re-

21-23] the vast majority of electrode implies the use of insulating

ported,
PVdF for cost and practical reasons. Due to their morphology, MWC-
NTs act naturally as a binder. When added in a sufficient amount,
they create a network entangling active matter particles and use of ad-
ditional polymer binder is therefore unnecessary. The sp?-hybridized
carbon atoms lattice ensure electrical conductivity along the carbon nan-
otubes and contact points between them ensure conduction through the
whole network. 24 Multi-walled carbon nanotubes were preferred over

single-walled carbon nanotubes (SWCNTs) for many reasons. First of
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all, MWCNTs can be produced by chemical vapor deposition in very
large quantities at low cost.?® Secondly, it was reported that the elec-
trical conductivity of MWNCTs is superior than the conductivity of
SWNCTs. 26 Indeed, depending on the orientation of the graphene sheet
wrapping, individual CNT walls can be metallic or semiconducting.
MWCNTs comprising many CNT walls, are therefore typically metallic

2 [27] Lastly, properties of

and can carry currents of up to 109 A.cm™
MWCNTs are less susceptible to be altered during ultrasound-assisted

dispersion. (28]

SEM (Figure 3.7a)) proved that we obtained a composite presenting
a constant thickness. That allows us to fully control the mass loading of
fabrics during production. Electrodes with typical mass loading of 5.25
mg.cm ™2 and a uniform thickness of 28-30 pm were repeatedly produced
for the purpose of this study. SEM images also confirmed that each
active material particle is tightly entangled by a conductive MWCNTs
network, efficiently binding the LiCoOg particles (Figure 3.7 b)). This
intimate contact ensures a good charge transfer between electroactive
LiCoO4 particles and the MWCNTs network. As previously discussed,
this effectively prevents local overvoltage and degradation of the active

material.

Figure 3.7 — SEM images of LiCoOy-MWCNTs fabrics: a)
cross-section view of the electrode and b) high magnification view of
electrodes surfaces.
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To highlight the impact of the MWCNT content on electrode per-
formances, cathodes with variable amounts of MWCN'Ts were created.
Fabrics containing between 5 wt. % and 15 wt. % of carbon nanotubes
were prepared. At 5 wt. % of MWCNTSs, electrodes still presented
a good mechanical integrity and this ratio can be envisioned for elec-
trode production. Electrodes with up to 97.5 wt. % of active material
were also successfully produced, however fabrics containing such low
amounts of MWCNTs are becoming brittle and difficult to handle in a
single electrode configuration. In usual electrodes, the amount of con-
ductive additive is often superior to 5 % of the electrode weight. 29/ This
amount is necessary to reach the percolation threshold in fabrics. It
was demonstrated that the morphology of conductive additives strongly
influences this percolation threshold and hence the electrical conductiv-
ity of electrodes.3%3! Tt is therefore not surprising that 1D materials
such as carbon nanotubes offer better conductivities than particle-based
electrodes. 32331 Theoretically, 0.5-1 wt. % CNTs can completely re-
place the commonly used conductive nanocarbons. 3435 Nevertheless,
this amount of carbon nanotubes is insufficient to ensure cohesion within
the electrode. For this reason, an insulating polymer binder usually
required. In this configuration, 2 wt. % of NC7000 MWCNTs! are
required to reach percolation treshold (electrical conductivity was eval-
uated at 1 mS.cm™!). In our electrode filtration process, we obtain
electrodes with excellent mechanical integrity with no added polymer
binder and only 5 wt. % of MWCNTs.

In a first step, our electrodes were evaluated in half-cell configura-
tion versus lithium metal as reference. Cycling between 3.0 V and 4.2
V was carried out at different current densities (from C/20 to 10 C)
for 3 consecutive cycles to evaluate gravimetric capacity and the rate
performance of the cathodes (Figure 3.8). At this point, it is important

to note that electrode masses were evaluated with a balance capable of

INC7000 is the MWCNTs grade provided by Nanocyl during this study.
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measuring within £+ 0.1 mg. As our electrodes and fabrics are in the 1.5

mg - 4.0 mg weight range, the mass error can be significant and close to

6.7 %.
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Figure 3.8 — Electrochemical performances of LiCoOo-MWCNT
electrodes containing different amounts of MWCNTSs: charge capacity
evaluated under various current densities in half cell configuration
versus lithium metal electrode.

At low or intermediate current densities (< 1 C rate), electrodes
present almost the same performances with a gravimetric capacity rang-
ing from 123 mAh.g~! to 145 mAh.g=!. The error in calculated capaci-
ties is mainly related to mass measurement and is maximum 2.3 %. The
impact of carbon nanotubes is barely noticeable. This result is fully
satisfying considering that LiCoQOs gravimetric practical capacity is 140
mAh.g~1.136] At higher rates, the impact of the amount of MWCNTs
on the electrochemical performances is noticeable. Cathodes containing
15 wt. % MWOCNTS still present an acceptable capacity retention (106
mAh.g!) at 5 C but electrodes with lower MWCNTs content failed to
sustain such rates, delivering less than 50 % of the theoretical capac-
ity. Kanamura et al. studied the performances limitations of LiCoOs
particles. They proved that at low or intermediate rate ( < 30 C), the

charge transfer control was predominant over solid state diffusion inside
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the particles. 37 The limited performances of our electrodes seem there-
fore due to a lack of connectivity between conductive scaffold and LCO
particle. At 10 C rate, even the performances of 15 wt. % MWCNTs
electrodes performances faded. Similar results were reported by Luo et
al. with LiCoOs-super-aligned carbon nanotubes electrodes obtained by
co-deposition. 38 At the twenty-fifth cycle, current density was set back
at a C/10 rate to verify that electrode did not experience irreversible ca-

1 was evaluated

pacity loss. A gravimetric capacity of 135 to 144 mAh.g™
and confirmed that the active material preserved its initial condition. As
a comparison, Zang et al. evaluated the performances of a classic elec-
trode made of 90 wt. % LiCoOs, 5 wt. % carbon black, and 5 wt. %
PVdF. The rate capability of their system was evaluated very similar
to the perfomances of LiCoO2-MWCNTs electrodes. The gravimetric
capacity of electrode gradually fades to reach about 40 mAh.g=! at 8 C

rate. 39
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Figure 3.9 — Voltage profile of the first charge/discharge cycle under
various current densities for LiCoO2-MWCNTs electrodes (90:10 wt.
%).

The charge/discharge curves of electrodes containing 10 wt. % MWC-
NTs reveal the loss of plateau at high rates (> 2C)(Figure 3.9). On the
C/20 and C/10 charge profiles, inflexion of the curve can be identified

at 4.18 V. This indicates the beginning of the transition from hexagonal
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to monoclinic phase as described in Figure 2.8.374041 Tt is therefore
interesting to slightly decrease the cut-off voltage to prevent material
degradation. Polarisation is also visible and increase with current den-
sities. At 2C rate, a 0.25 V gap can be identified between charge and
discharge curve. Such phenomena in the voltage profiles of electrodes
can be partially explained by an insufficient electrical conductivity in
the fabrics containing less than 10 wt. % of MWCNTs.

The electrical conductivity of fabrics was evaluated via 4-probe mea-
surements for different electrode compositions (Figure 3.10). The homo-
geneity of the results was controlled by at least 5 measurements at dif-
ferent positions. Results show that the network of 100% pristine MWC-
NTs presents an electrical conductivity of 67 S.cm™!, which is in good

24] Electrical conductivities of cathodes con-

agreement with literature
taining between 5 wt.% and 15 wt. % MWNCTs were recorded between
4.4 S.em™! and 9.6 S.cm™! which is in good accordance with litera-
ture.[*2 As before, the lateral component of electrical conductivity is
here measured. By comparison, electrical conductivities of electrodes
containing spherical nanocarbons are generally comprised in the range
between 1073 S.em™! and 1 S.cm™1. [*24] Electrical conductivities mea-
sured were compared to conventional electrodes produced by Doctor
Blade deposition. Electrodes composed of LiCoOs, PVdF as binder and
acetylene black and/or super P carbon in various proportions were pro-
duced. The polymer was dissolved in NMP solvent. Conducting agents
and active material particles were dispersed homogeneously before cast-
ing the slurry on aluminum foil. Electrodes were peeled off the alu-
minum foil and dried under vacuum. Their conductivity was evaluated
by the same 4-probe method as previously. The sample with the com-
position 80-5-7.5-7.5 (LCO-PVAF-AB-Super P in wt. %) presented the
best conductivity evaluated at 0.67 S.cm™!. Given this, we can assume
that electrical conductivities of MWCNT-LCO electrodes produced by

the filtration process are significantly better. Nevertheless, these fab-
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rics failed to sustain high current densities during electrode operation.
The variation of electrical conductivities is not important enough to
explain the performance gap between fabrics at high current densities.
The performance decay at high current density of electrodes containing
less than 10 wt.% of MWNCTs was therefore attributed to the bad con-
tact between carbon nanotubes and LCO particles. This contact is of
paramount importance for charge collection at the surface of particles.
Lastly, one can notice that the performances of our electrodes at 2 C rate
can ve considered satisfying. Indeed, at current densities higher than C

(46,47 Unless

rate, capacity gradually fade even for commercial batteries.
otherwise specified, only electrodes containing 10 wt. % of MWCNTs

will be produced later in this manuscript.

m 100% CNT
m LiCoO, cathode

Conductivity (S/cm)

[ o nro, ' aco. 1 1m0, ¥ 90, T gm0, |

100% 15% 10% 7% 5%
Amount of MWCNT in LCO cathodes

Figure 3.10 — Electrical conductivity of LiCoO2-MWCNTs composite
cathodes with various MWCNT contents (red bars). Pure MWCNTs
buckypaper electrical conductivity is also evaluated (balck bar).
Four-probe measurement was realised under a 20 mV and current.

The lifespan of lithium cobalt oxide fabrics was subsequently eval-
uated. Cathodes containing 10 wt. % of MWCNTs and 90 wt. % of
LCO particles were created. Their cycling stability was studied at C
and C/2 rates. Best results over 3 attempts are presented in Figure

3.11. Electrode cycled at C/2 rate presented a 12.5 % capacity loss af-
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ter 100 cycles while electrodes cycled at C rate showed a 31 % capacity
loss. If a 12.5 % capacity loss is still acceptable after 100 cycles, that ex-
periment proved that simple MWCNTs-LCO based electrodes cannot be
envisioned as high performance cathodes due to the important capacity
fade at intermediate or high C rates. With the exception from the 8 first
cycles, coulombic efficiency readings were consistent and reached values
over 99.5 %, indicating effective operation of the battery. A coulombic
efficiency close to unity demonstrates limited faradic losses or parasitic
side reactions that consume charges. This is of major importance as it
hinders lifespan of electrodes. Studies identified time and heat as major
factors hindering coulombic efficiency.[*8! In literature, two major rea-
sons were identified for capacity decay of LCO-based electrodes. [49:50)
First of all, reactions between the electrolyte and lithium cobalt oxide
can occur. These unwanted side reactions result in a constant growth
of the surface layer leading to an increase of charge transfer resistance
(Rer). Secondly the degradation of LCO itself due to its structural
transformation in the crystal. While LCO particles can tolerate some
elastic strain, a major anisotropic strain will imply fractures in the crys-
tal.36] The absence of polymer binder involves a risk of particles de-
cohesion and a risk of disconnections between particles and conductive
additives during cycling. In addition, during battery life, carbonates
from electroyltes decomposes on the surface of MWCNTs, this can de-
teriorates the contact between carbon nanotubes and the active matter
particle. In this case, contacts between MWCNTs and LCO particles
can easily be lost. Moreover, MWCNTs present a very high specific sur-
face area (~ 250 m2.g~1), increasing the risk of electrolyte degradation
during battery life. [51-5%]

With the objective of collecting information about passivation layer
formation on electrode, electrochemical impedance spectroscopy (EIS)
was performed on LCO-MWCNTs half-cells at different times of the cy-
cling stability test. EIS was conducted after cell assembly, after the
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Figure 3.11 — Cycling stability evaluation of LiCoOo-MWCNT
electrodes (90:10 wt. %) under various current densities in half-cell
configuration versus lithium metal electrode: evaluation of capacity
retention and coulombic efficiency at C rate and C/2 rate over 100

cycles.

first charge and the first discharge and finally after the twentieth and
hundredth discharge (Figure 3.12). As previously described, half-cells
were cycled in a potential range of 3 to 4.2 V vs. Li/Lit. The observed
pattern are typical for lithium battery half cells. The semi-circle is as-
cribed to charge transfer resistance Ror, the straight line is attributed
to diffusion properties of lithium ions in the solid material also called
Warburg impedance Zyw . 5657 The impedance after the first and sec-
ond charges show a small second compressed semi-circle. This second
semi-circle can be attributed to the surface film impedance.5. A first
observation is the large difference in impedance response between the
initial step and subsequent measurements. As mentioned earlier, it was
demonstrated that lithium cobalt oxide particles move from a semicon-
ducting to a metallic behaviour during their first delithiation. ®®%9 This
change of electronic conductivity explains that the imaginary part of the
measurement tends to approach to the real axis 7Z’. Impedance spectra

at the initial state, first, twentieth and hundredth discharge present a
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semi-circle in the medium-high frequencies and a inclined straight line
at lower frequencies. Figure 3.12 shows a significant increase of half-cell
impedance throughout cycling, revealing an increase of the charge trans-
fer resistance. This was attributed to the growth of a passivating film
on electrodes. As previously mentioned, this increase in charge transfer
resistance was reported as a major factor for capacity decay in LCO-
based electrodes. 4959 Nevertheless, similar profiles of EIS performed at
the twentieth and at the hundredth cycle demonstrate the stability of

the passivating film.
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With the objective of improving the lifespan of MWCNTs-LCO elec-
trodes, fabrics have been pressed. The pressure applied on electrodes
during their manufacturing is a well-known process used to improve co-
hesion and compactness in fabrics. 6962 A pressure of 3 t.m=2 or 6 t.m 2
was applied for 15 sec on electrodes. A similar electrode without post-
production treatment was also evaluated for comparison. The electrode
lifespan was evaluated at C rate for at least 200 cycles to gauge the
impact of this post production process (Figure 3.13). A first cycle was
performed at C/20 rate to allow passivation layer to be formed in good
conditions. Results proved that applying pressure on electrodes after
drying significantly increases cycling stability and performances of the
electrodes. While the LCO reference electrode suffered a 57 % loss in
capacity after 200 cycles, the decay in capacity of fabrics pressed under
3 t.m~2 was only of 13.1%. Electrodes pressed under 6 t.m~2 showed
intermediate results with a capacity decay of 30 %. The results obtained
for the 3 t.m ™2 pressed electrode are satisfying since the decays of 4.1%
and 13.1% after respectively 100 cycles and 200 cycles can be compared
with literature.[%3) As a benchmark for comparison, Ning et al. indeed
observed a capacity decay of about 6% and 8% after 100 and 200 cycles
in Sony commercial batteries cycled at 1 C rate.! Improvement in cycle
stability can be attributed to better cohesion in electrodes. Electrode
thickness was measured before and after pressing operation. While pris-
tine electrodes thickness was evaluated at 30 pm, thickness of 3 t.m™2
and 6 t.m ™2 -pressed electrode thickness was evaluated at 18 pm and 13
pm. As previously mentioned, carbon nanotubes buckypapers contains
approximatively 90 % voids. In this case, the majority of electrode mass
is composed by LCO particles. In terms of volume occupation, we can
estimate that LCO represent about 47.6 % of the total volume of a non

pressed electrode. Therefore, voids still represent the vast majority of

! Analyzed cells were commercial LCO/graphite Sony US 18650 (1.4 Ah) lithium-
ion batteries. Cells were cycled at various current densities and voltage cut-off set at
4.2 V.
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the remaining volume of electrode. With 3 t.m~2 and 6 t.m ™2 -pressed
electrodes the volume is reduced to 60 % and 43 % of the initial volume
of electrode containing same LCO masses. Applied pressure enhances
therefore considerably contacts between MWCNTs and particles. The
better electrical conductivity between them helps to prevent local over-
voltage and active material degradation. However, results presented on
Figure 3.13 show that applying too much pressure on electrodes damages
the lifespan of electrode. The explanation of this phenomenon proba-
bly lies in two factors. First, the applied pressure improve compactness
of electrode and reduce voids available for liquid electrolyte. Lithium
ion conduction can be hindered. Second, applying a high pressure on
fabrics can weaken or fracture the crystal structure of LCO particles.
The thickness of 6 t.m~2 pressed electrode was measured at 14 pm, a
size close to LCO particles diameter. Building on this analysis, it is
preferable to apply moderate pressure to improve electrode lifespan. To
further improve electrode performances we investigated the synthesis of

LCO nanoparticles.

3.2.1.2 LCO nanoparticles synthesis

To improve cathode behavior at high current densities, it was planned
a home made synthesis of LiCoOy particles. Commercial LCO particles
were measured on SEM images with a diameter of several microns. As
previously explained, one of the major disadvantage of LiCoOs parti-
cles is their hexagonal layered structure. This implies that diffusion of
lithium ions and electrons occurs in only two directions. Decreasing
particle size and hence diffusion paths could greatly increase cathode
performances. The reduced size of particles should also promote an in-
timate contact with MWCNTs. This section will focus on the synthesis
of LiCoOy nanoparticles. Size of 100 nm will be targeted to improve

electrochemical performances.
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Figure 3.13 — Impact of different applied pressure on cycling stability
of MWCNT-LiCoO; electrodes (90:10 wt. %): gravimetric capacities
were evaluated in half-cell configuration versus lithium metal electrode
et C rate over 200 cycles.

Among the numerous methods described in the literature, 6465 the
sol-gel process was retained as the best way to create nanoparticles. [66-68]
In the appropriate conditions, this method can produce highly homo-
geneous nanopowders. Parameters of this process like stoichiometry,
evaporation rate or calcination temperature are highly tunable. By con-
trolling these conditions, we should be able to fully control size and
shape of the synthesized particles. Other major advantages of this pro-
duction method are its relative simplicity and short processing time.
While traditional way to produce LCO particles sometimes imply high
temperature or pressure for several hours, the sol-gel process can be con-
ducted at atmospheric pressure and at lower temperature within a cou-
ple of hours. A large choice of lithium and cobalt precursors is available
for sol-gel process. Lithium acetate and cobalt acetate were preferred
for cost reasons. These salts were dissolved in different ratios in mQ
water. The lithium/cobalt ratio is a very important parameter. Dur-

ing calcination at high temperature, a fraction of lithium can evaporate
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leading to a cobalt excess. The latter excess leads to the formation of
the Co30y4 spinel. [0 Moreover, the synthesis of slightly overstoichiomet-
ric Liy15C002 was reported as less susceptible to undergo transition to
the monoclinic phase. ™ Therefore 1.02, 1.04 and 1.06 lithium to cobalt
ratio samples were prepared. Different amounts of ethylene glycol, citric
acid and acrylic acid or poly(acrylic acid) were added to the solution to
create the gel matrix. Table 3.1 provides an overview of the main gel
composition calcined for LCO particles synthesis. These solutions were
poured into aluminum or alumina ceramic pans and solvent was removed
by gentle heating. Homogeneous red or purple gels were recovered. Gels
were then heated and calcined under various thermal conditions (e.g.
various annealing temperatures, annealing times or cooling rates). The
typical set up for LiCoO4 nanoparticles production is depicted in Figure
3.14. It implies a first step at low temperature (200 °C - 400 °C) to
start the nucleation of an important amount of LCO crystal.l57 In a
second step, temperature is increased to 400 °C - 800 °C to allow the
crystals growth. A final temperature superior to 700 °C is required to
form the adequate crystalline phase. The variation of composition and
calcination conditions generated a vast library of lithium cobalt oxide

powders.
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Figure 3.14 — Temperature profile of a typical LCO particles
synthesis procedure. Ajustement in temperature and time of step 1
and 2 were evaluated.

Figure 3.15 shows diffraction patterns of LiCoO2 powders synthe-
sized in different conditions. Apart from the blue pattern corresponding
to the entry 2 of Table 3.1, all other XRD patterns correspond to sam-
ples produced from entry 8. The blue curve differs from the others by
the two marked peaks *. These peaks correspond to the Co3Qy4 spinel
phase formed when a lack of lithium ions occurs during calcination. Be-
sides, all the other peaks perfectly correspond to the commercial lithium
cobalt oxide. All the other diffraction patterns obtained from powders
corresponding to gel entry 8 in Table 3.1 differs by their calcination tem-
paratures (400 °C - 700 °C). These patterns show the transition between
the LT-LiCoOz cubic spinel-like structure (LT-LiCoO2) to the rhombo-
hedral layered LiCoOy (HT-LiCoO5).[™ The changes in the crystalline
structure were identified in literature as the splitting of the 222 and 440
peaks (marked f). At 500 °C, we can assume that we have a mix of the

68,7275 A last piece of information can be ob-

two crystalline phases.
tained by analyzing the width of the peaks. One can see that the peaks
of the home-made LCO sample are larger than the peaks corresponding
to the commercial LCO. This indicates possible aggregation of nanopar-
ticles in larger clusters. This transition between a cubic to an hexagonal

layered phase can be tracked in cyclic voltammetry. Figure 3.16 shows
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cyclic voltammograms of LiCoOs samples of entry 8 calcined at 500 °C
and 600 °C. Both curves show a reversible redox process at 3.98/3.87 V,
which refers to the oxidation and reduction of the layered HT-LiCoO4
phase. Less pronounced peaks between 4.0 V and 4.2 V were attributed

by Santiago et al. to order/disorder phase transitions. [76]
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Concerning the LiCoO3 synthesized at 500 °C, an irreversible process
at 3.37 V can be attributed to the LT-LiCoOy phase. In this structure
Lit insertion/desinsertion is an irreversible process. This irreversibil-
ity can be related to the difference between the volume of the sites for
LiT ions insertion in the layered and in the spinel structures. In the
spinel structure, tetrahedral sites related to Li* are smaller than octa-
hedral ones in the layered structure. This difference explains the poor

reversibility of LT-LiCoOs spinel structure.
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Figure 3.16 — Cyclic voltammograms of LiCoO2-MWCNTs electrode
(90:10 wt. %) evaluated at 1 mV.s~! rate in half-cell configuration
versus lithum metal electrode in the 3.0 V - 4.25 V range.

The morphology of particles created was investigated via scanning
electron microscopy. Figure 3.17 presents the morphology of some LCO
particles synthesized under various conditions. Figures 3.17 a) and b)
show a sample of composition entry 5 calcined for 2 hours at 200 °C and
10 hours at 600 °C. Despite enjoyable size of individual particles, ag-
gregation in this sample is clearly visible, particularly in Figure 3.17 a).
Moreover, dispersion of particle size is really high. It was assumed that
the organic/inorganic ratio was not appropriate and leads to aggregation
of particles. In addition 10 hours calcination can induce aggregation of
nanoparticles in bigger aggregates. Figures 3.17 ¢) and d) correspond to
gel of entry 8 of Table 3.1 while Figures 3.17 e) and f) correspond to gel
of entry 11 and 12, respectively, of Table 3.1. These samples were first
heated at 200 °C for 4 hours, followed by a step at 400 °C for 2 hours and
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finally 4 hours at 700 °C. After calcination, the powders were crushed
using mortar and pestle to break biggest aggregates. More aggressive
methods could have been employed but it could damage the crystal
structure of particles.®!) On Figure 3.17, it can be noticed that the size
of the particles was much better controlled. Images d) and e) depict par-
ticles with average diameter of 300 nm. In image f), particles were sized
at an average diameter of 150 nm. This reduced size (diameter of com-
mercial particle is around 10 pm) should help to improve electrochemical
performances as diffusion paths decrease. Unfortunately, these pictures
also reveal the apparition of aggregation phenomena. Aggregation of
particles will at the opposite hinder diffusion of lithium ion in the center
of particle and affect the performances. Gel composition and calcination
set up are therefore of paramount importance for morphology control.
As previously said, the aggregation phenomenon can also be tracked on
XRD patterns. On Figure 3.15, we can see that home made LCO sample
present broader peaks than commercial samples. This enlargement of

peaks is also a proof of crystal aggregation.
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(f)

Figure 3.17 — SEM micrographs of synthesized lithium cobalt oxide
particles with different composition: a) and b) correspond to entry 5;
c) and d) to entry 8 and e) to entry 11 and f) to entry 12 of Table 3.1.
These samples were first heated at 200 °C for 4 hours, followed by a
step at 400 °C for 2 hours and finally 4 hours at 700 °C.
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Electrochemical performances of home-made lithium cobalt oxide
particles were then evaluated. At first, electrochemical performance
of particles was evaluated in a traditional configuration. Active ma-
terial particles, PVdF binder and carbon conducting agent were mixed
together in NMP solvent to form a slurry. The latter was casted on
aluminum foil to create electrodes. Unfortunately, most of these ex-
periment were not conclusive as sample failed to successfully complete
several cycles and reproducibility was difficult to achieve. The main rea-
son was the inhomogeneity in thickness and composition of electrodes.
Later, electrodes were designed using filtration process. Reproducibility
of measurement was much better. The results presented in the follow-
ing are reported for LCO particles prepared from gel of entry 8. These
samples were first heated at 200 °C for 4 hours, followed by a step at
400 °C for 2 hours and finally 4 hours at 700 °C and 2 hours at 800 °C.
Figure 3.18 depicts the typical behaviour of LCO-MWCNTs (90:10 wt.
%) fabrics under various current densities. Experiment was repeated 3
times and the best results are here presented. The gravimetric capacity
recovered at C/20 rate is evaluated at 105.5 mAh.g=!. This recorded
performance is not the one expected as the gravimetric capacity of LCO
cycled between 3 V and 4.2 V should reach 140 mAh.g=!. At higher
rates, the gravimetric capacity rapidly drops to be close to zero at 5 C
rate. At C rate, the recovered capacity was only 57 mAh.g~!, barely the
half of the capacity recovered for commercial LCO in the same fabrics.
At the twentieth cycle, the current density was set back to a C/10 rate

and a capacity of 82.5 mAh.g~!

was recovered. This indicates that high
current densities did not damage the material too severly. Nevertheless,
one can notice that the active material loss 15 % of its capacity between

cycle 5 and 25.

To improve cycle stability of these electrodes, a 3 t.m™? pressure
was applied for 15 seconds to enhance the cohesion in fabrics. Capac-

ity of home-made lithium cobalt oxide samples was then evaluated at
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Figure 3.18 — Electrochemical performances of electrodes containing

LiCoOs particles synthesized at 700 °C with composition of entry 8 of

Table 3.1: charge capacity of LiCoO2-MWCNT electrodes (90:10 wt.

%) evaluated under various current densities in half cell configuration
versus lithium metal electrode.

C rate for 100 cycles (Figure 3.19). During the first cycle at C/20

L which is consistent

rate, the capacity was evaluated at 111 mAh.g™
with the previous tests. However, gravimetric capacity recovered at C
rate in the subsequent cycles was significantly better (93.5 mAh.g™!
for cycle 2). Nevertheless the capacity decay over 100 cycle was evalu-
ated at 42 % with 55 mAh.g=! at the hundredth cycle. This is signif-
icantly lower than the typical recorded values for commercial samples.
Recorded coulombic efficiency was consistent over 99% (after cycle 6),
which shows no significant problems of electrolyte degradation. The de-
crease of gravimetric capacity was therefore mainly attributed to the
aggregation of nanoparticles of LiCoO2 observed on XRD patterns and
SEM micrographs. This causes local over-voltage that irreversibly dam-
ages the particles crystalline structure. Improvement of electrochemical
performances compared to commercial particles is not noticeable. Nev-
ertheless, little technical optimization of synthesis could certainly lead

to the production of better performing nanoparticles. Indeed, particle
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size is an important factor influencing diffusion path and SEI forma-

tion. Theses parameters have a direct impact on cyclability and rate

capability. [65:77-79]
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Figure 3.19 — Cycle stability evaluation of electrodes containing
LiCoOs particles synthesized at 700 °C with composition of entry 8 of
Table 3.1. Evaluation of LiCoO-MWCNTs (90:10 wt. %) electrodes:
capacity retention and coulombic efficiency at C rate over 100 cycles.
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3.2.1.3 Carbon coating on LCO particles

Another method to improve electrochemical performances of elec-
trodes containing LCO particles is the creation of a protective and/or
conductive coating. A protective coating covers the active sites of active
materials and therefore reduce the electrolyte decomposition so that its
structural stability can be enhanced. A conductive coating can be de-
signed to increase electrical conductivity on the surface of the particles
of electrode active materials. As previously said, pristine LiCoOq parti-
cles present very poor electrical conductivity. Traditional electrodes are
composed of a dispersion of active matter particles in a blend of polymer
binder and conductive carbon nanoparticles. Electron transfer between
the electrode and the particles is thus very dependent on the composition
and the quality of the blend. As nanocarbons are difficult to disperse
in solvents and in polymers, it is therefore likely that electrical contacts
between the electrodes and the active matter particle occur in only a
few regions of its surface. Replacing this blend of polymer and conduc-
tive additive by carbon nanotubes was a first step to improve electron
collection on the surface of particles but it can still be improved. The
next step was to create a conductive carbon coating on nanoparticles to
improve further the electron exchange between carbon nanotubes and

active materials.

Sucrose was chosen as carbon precursor for carbon coating for its
abundance and low cost. Poly(acrylonitrile) (PAN) was chosen due to
the absence of oxygen in its composition. LiCoOs particles were sus-
pended in sucrose or PAN solutions of various concentrations. After
evaporation of the solvent, coated particles were calcined at 600 °C in
air for a reduced time lapse. Air was preferred to a reductive atmosphere
to preserve LiCoOy particles. Indeed, reductive atmosphere can dam-
age LiCoOy by reducing Co** to Co3t. Particles with various LiCoO»
weight ratios were prepared as described in the experimental part. Fig-

ure 3.20 represents different samples of carbon coated LCO particles.
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Samples b) and c¢) containing sucrose were calcined for 10 minutes at
600 °C. Samples d) and e) and f) containing PAN were calcined at 500
°C for 30 minutes and 15 minutes respectively. As it can be seen, sucrose
seems to provide a nice uniform coating on LCO particles while it was
difficult to obtain convincing results with PAN. On Figure 3.20 d) e) f),
it can be observed that the coating varies considerably from one particle
to another. Moreover, the use of PAN leads to an important aggregation
of LCO particles. Lastly, PAN involves DMF as solvent which increases

ecological impact on the process.
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Figure 3.20 — SEM micrographs of different carbon coatings on
lithium cobalt oxide particles: a) pristine LiCoOs particles; b)LiCoOq
particles coated with a 0.16 wt. % sucrose solution; ¢) LiCoOs2
particles coated with a 2.1 wt. % sucrose solution; d), e) and f)LiCoOq
particles coated with a 5 wt. % PAN solution.



3.2. Carbon nanotubes - active materials electrodes 141

-4 LiCoO, pristine
o ' ! —& Sucrose 3.77%

120 S A S s S H —m- Sucrose 0.33%
| ' = _Sucrose 0.16%

100

Gravimetric capacity [mAh.g"]
@
o
1

(]
o
1

40

2 4 6 8 10 12 14 16 18
Cycle #

Figure 3.21 — Electrochemical performances of carbon coated LiCoO2
particles for various carbon precursors contents calcined at 600 °C in
air: charge capacity of LiCoO2-MWCNTs electrodes (90:10 wt. %)
under various current densities in half-cell configuration versus lithium
metal electrode.

Only electrochemical performances of sucrose coated particles will
be presented as no convincing results were obtained with carbon-coated
LCO particles produced with PAN as carbon precursor. The inhomo-
geneity of coatings and particle aggregation are probably the main rea-
son of failure in this case. Positive electrodes were cycled under different
current densities to investigate the impact of carbon coating on electro-
chemical performances (Figure 3.21). For low carbon contents (0.16 and
0.33 %), at low C rate (below C/10), no significant influence of the car-
bon coating can be noticed. The electrochemical performances seem to
be similar as for non-coated LCO particles. At intermediate cycling rates
(starting from C/2 rate), the impact of carbon coating is quite notice-
able and degrades electrochemical performances. At 2C rate, less than
half of the gravimetric capacity could be recovered with such treated
LiCoOg particles. For a higher carbon content (3.75 wt. % sucrose con-
tent), the cathode could not even sustain low cycling rate. At C/20,
the LiCoO, gravimetric capacity was measured at 73 mAh.g~!, half of

the capacity recovered without carbon treatment. This damaged per-
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formances proved that attempts to coat LiCoQOs particles with effective
conductive or protective carbon layer failed. The organic layer observed
in SEM images is therefore probably non-conductive and degrades the
electrochemical performances of LCO particles at intermediate current
densities.
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Figure 3.22 — Analysis of carbon forms at the surface of carbon
coated LiCoOg particles by calcination of sucrose calcined at 500 °C:
XPS Cls peak decompositon evidencing various oxidized carbons
forms.

X-ray photoelectron spectroscopy was performed on these samples
to determine the composition of the carbon layer on LCO particles . As
it can be seen in Figure 3.22, the carbon 1s peak can be decomposed
in three different peaks. Each of these component represents various
degree of carbon oxidation with the peak situated at the highest binding
energy corresponding to the most oxidized form of carbon (C=0). [80,81]
The main peak located at 284.8 eV can be attributed to C-C bonds and
represents 83.8 % of the total carbon content. These carbons present a
sp? hybridation as there is no visible sign of shake-up between 291 eV and
292 ¢V. 132 In addition, the presence of m bonds does not necessarily prove
the conductivity of the carbon form. A good electrical conductivity is
also related to the absence of defect in the structure of the material.
The two other peaks located at 286.6 eV and 288.3 eV are attributed to

oxidized forms of carbon and represent respectively 5.9 % and 10.3 %
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of the carbon content. Such amounts of oxidized carbon forms on the
coating of LCO particles creates a non conductive layer that can damage
the electrochemical performance degradation.

83] or cellulose from biomass (4 were already indeed reported

Sucrose!
to be effective carbon precursor for graphitization. Unfortunately, at-
tempts to create a conductive or protective shell on LCO particles with
this method failed to improve performances. Several other methods or
carbon precursors for conductive coating were already reported with
success. 8587 However, they often imply significant increase of manu-

facturing costs of the active material.
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3.2.2 Lithium iron phosphate based electrodes

Lithium phosphate iron is the second active material tested for the
production of positive electrode via filtration method. As previously
mentioned, LFP is a promising material but its 1D structure requires
a highly conductive electrode matrix. Usually, LFP particles require

conductive coating to produce effective electrodes. 58-89

LFP-MWCNTSs (90:10 wt. %) fabrics were again tested in half-cell
configuration versus lithium metal anode at various current densities
(Figure 3.23). LPF-MWCNTs electrode were cycled in the 3.0 V - 4.0
V range. As it can be noticed, the electrode delivers only part of its ca-
pacity even at low or intermediate cycling rates (< C). A maximum of
132 mAh.g~1 was recovered compared to the theoretical 170 mAh.g .
At higher rates gravimetric capacity faded gradually to zero at 10 C
rate. The initial capacity was recovered after 35 cycles but the start of
a decline is noticeable. This experiment has been repeated several times
and the best results are presented in Figure 3.23. At first glance, the
results can seem disappointing but they are indeed promising. It is well-
known that performing cathode based on pristine LiFePO, particles are
difficult to produce. 8389 LiFePOQ, particles present a good ionic con-
ductivity in only one dimension but a very weak electrical conductivity
in the matter. This drawback hinders the performances of electrodes
and LiFePOy particles treatments are generally required. 859 The be-
havior observed in Figure 3.23) is typical for electrodes prepared with
pristine LFP particles. Nevertheless, with an appropriate preparation,
it was proved that LiFePOy-based cathode can deliver very good perfor-

mances. [90,91]

Cheng and coworkers proved that by intergating nanosized
LiFePQ4 particles in a porous carbon matrix cathode can retains 96.7
% of its initial capacity (over 80 mAh.g~! LiFePO4/C composite)at 10
C over 1000 cycles. Moveover, their cathode could sustain high cylcing
rates such as 20 C and still delivering 60 mAh.g~! LiFePO,/C compos-

ite. [90]
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Figure 3.23 — Electrochemical performances of LiFePO4~-MWCNTs
electrode (90:10 wt. %): charge capacity evaluated under various
current densities in half-cell configuration versus lithium metal
electrode.

Subsequent tests were realized with electrodes pressed at 3 t.m ™2 to
increase cohesion in the fabrics and improve performances Such a treat-
ment has proved its effectiveness for LCO-MWNCTs cathodes. The
cycling stability was evaluated over 100 cycles at constant C rate versus
lithium metal anode in the 3.0 V - 4.0 V range for two different cells
(Figure 3.24). In this case, the initial capacities were both evaluated
at around 125 mAh.g~!. This proved that pressing of electrode was a
powerful tool to improve performances as capacity of electrode was pre-
viously evaluated at 84 mAh.g~! for pristine electrodes at C rate. Un-
fortunately, one can notice that recorded gravimetric capacities declined

constantly to reach only 79 mAh.g™?

after 100 cycles. That represents
37 % capacity lost which is not acceptable for electrodes. The recorded
coulombic efficiencies are significantly low ( between 0.9 and 1). This
low coulombic efficiency was reported as an indicator of cycling degra-
dation.®?) Coulombic inefficiency relates parasitic reactions that occur

in the cells at a reaction rate that is independent of the cell cycling
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rate. That amount of parasitic reactions that occur for a given cycle is
related to the time of cycle.[*8 This parasitic reactions can come from
electrolyte, active matter or additive degradation (shortcuts in battery
were excluded here as experiment was reproduced). In our study (Figure
3.24) charge/discharge were operated within one hour, which is pretty
short time. The bad coulombic efficiency is therefore related to a very
high parasitic reaction rate. On Figure 3.24, one can see that there is
a strong correlation between the coulombic inefficiency and the loss of
capacity rate. It could therefore be concluded that the LFP particles
are degraded during battery operation. XRD analysis could be a tool to
check the crystal structure of LFP particles after cycling and should be
envisioned. One of the possibility retained is the progressive obstruction
of 1D channels of LPF structure with electrolyte degradation. The cre-
ation of a protective porous coating a the surface of LFP could prevent

such degradation of electrochemical performances.
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Figure 3.24 — Cycle stability evaluation of LiFePO4~-MWCNTs
electrodes (90:10 wt. %) electrodes ( 3 t.m~2 -pressed): evaluation of
capacity retention and coulombic efficiency at C rate over 125 cycles.

The voltage profiles of a cycling stability test was analyzed (Figure
3.25). The typical flat voltage plateau of this two-phases compound

can be observed. This charge plateau is located at 3.50 V for initial
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charge and at 3.36 V for initial discharge. Electrode over polarization is
therefore present and constant over time. During first cycle, the over-
polarization was measured at a minimum of 69 mV. Polarization arises
from the internal resistance of the electrode materials. 994 It increases
the charge potential above the redox potential and decreases the dis-
charge potential. The overpotential is also known to be the driving force
behind electrochemical phase transitions in insertion electrodes. This
phase transformation is enhanced by increasing applied overpotential
for lithium metal olivine phosphate. A complete study of overpotential
effect on LFP crystals was realised by Tang et al.l%) They proved that
the crystalline-crystalline (AF,_,. ) and crystalline-amorphous (AF._,, )
phases transitions are overpotential (A¢) dependent. Above A¢p = 16.6
mV, the phase transition (AF,_,,) is promoted over the phase transition
(AF._. ). Moreover, above the critical A¢ = 28.5 mV, the nucleation
barrier for amorphous phase vanishes. Here is some serious clue of the
gradual loss of capacity of electrodes. The overpotential oberved on Fig-
ure 3.25 is directly linked to the poor electrical conductivity of LiFePoy
particles and the insufficient electronic contact with MWCNTs.

This study of LiFePos-MWCNTs proved that filtration process is
an effective way to create electrodes. The measured performances are
encouraging but underline the importance of modification of LiFePoy
particles. This material is very promising but much higher performances
can be reached by size-decreasing, ion doping, conductive/protective

coating, or inclusion in a conductive matrix of the particles.96-99)
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Figure 3.25 — Voltages profile of the LiFePO4-MWCNTs (90:10 wt.
%) 3t.m~2-pressed electrode evaluated on a half-cell configuration
versus lithium metal at C rate during the first 100 cycles. Charge

curves are depicted in red and discharge curves are depicted in blue.
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3.2.3 Lithium titanate based electrodes

Lithium titanate oxide (LTO) was envisioned as the base material
for our negative electrodes. As previously mentioned, this material is a
promising candidate as anode active material for numerous applications
despite its higher price than graphite. Its highly stable spinel-structure
undergoes only very minor volumetric changes upon cycling and provides
therefore a material with good cycling stability. Moreover, the solid
electrolyte interphase formed at potentials below 1 V wversus Li/Li" is
strongly reduced on LTO as its insertion potential is 1.6 V. This is
of paramount importance since MWCNTs present a very high specific
surface area and the SEI could significantly increase in this case the
electrical resistance of the anodes.

In this section, anodes were created by the same vacuum filtration
process as previously described . Dispersion of MWCNTs-LiyTi5O12 in
various ratios were filtered to provide nice flexible self-standing elec-
trodes. As for positive electrode fabrication, butanol was used as dis-
persive solvent to avoid the use of surfactants. Typical anodes were
produced with a mass loading of 5.25 mg.cm™2 and a uniform thickness
of 32 pm. SEM images also confirmed that electrodes with homogeneous

and constant thickness were created (Figure 3.26).

$R

Figure 3.26 — SEM images of LiyTi5O12-MWCNTSs fabrics (90:10 wt.
%) a) cross-section view of the electrode and b) high magnification
view of electrode surface.

The rate performance was investigated by cycling these anodes be-
tween 1.0 V and 2.0 V at different current densities (Figure 3.27). At
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L was recovered for anodes

C/10 rate, a capacity around 162 mAh.g~
containing 15 wt. % MWOCNTs. This is in good agreement with the
theoretical capacity of LTO (175 mAh.g_l). At 1C rate, the LisTi5O12
capacity was evaluated at 145 mAh.g~! providing thus excellent perfor-
mances. Here again, the error on calculated capacities is mainly related
to mass measurement and is maximum 3.4 %. Above 2C rate, the ca-
pacity faded rapidly with no capacity retention at a 10 C rate. Electrical
conductivities were similar to LCO-MWOCNT fabrics and measured be-
tween 4.4 S.cm™! and 9.6 S.cm™!. With respect to LCO cathodes, the
influence of the amount of MWCNT was less pronounced for LTO an-
odes. No significant differences were noticed between anodes containing

5 wt. % MWCNT and 15 wt. % MWCNT.
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Figure 3.27 — Electrochemical performances of LTO-MWCNTs
electrodes containing various amounts of MWCN'Ts: charge capacity
under various current densities in half-cell configuration versus lithium
metal electrode.

The cycling stability of electrodes containing 7 wt. % of MWCNTs
was evaluated at 1C rate (Figure 3.28). The results showed impressive
performances with the capacity evaluated at 142 mAh.g~! dropping only
at 98 % of its initial capacity after 100 cycles. Coulombic efficiency read-
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ings were consistently over 98.5 %. These excellent results demonstrate
the possible application of our manufacturing process for this kind of
electrodes. With little technical optimization, LTO-MWCNTs will not

only present extreme lifespan but also sustain higher current densities.
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Figure 3.28 — Cycle stability evaluation of LisTi5O1o-MWCNTs
electrode (90:10 wt. %) : evaluation of capacity retention and
coulombic efficiency at 1C rate over 100 cycles in half-cell configuration
versus lithum metal electrode.

Electrochemical impedance spectroscopy (EIS) was performed on a
LTO-MWCNTs half-cell at various times of the cycling stability test.
EIS was conducted after cell assembly and after first and hundredth
charges (Figure 3.29). As before, half-cells were cycled in a potential
window of 1 to 2 V vs. Li/Li*. One can notice a similar pattern as EIS
performed on LCO-MCNTs electrodes. As previously, the semi-circle
can be ascribed to charge transfer resistance Ror. The straight line is
attributed to diffusion properties of lithium ions in solid materials (War-
burg impedance Zy ). Electrochemical impedance spectroscopy shows
an increase in charge transfer resistance between cycles. This can be
related to a modification of particles surface. Formation of SEI is not
obvious on LTO-based electrodes. As previously mentioned, SEI layer is

generally formed under a 1 V potential. Nevertheless, the morphology of
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LTO particles or the presence of metal traces can catalyze and promote

the SEI formation at superior potentials. 2190101 While this increment

of Rer is clearly noticeable, it seems to have no consequence on cycling
stability of LTO-MWCNT electrodes as shown in Figure 3.28.
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Figure 3.29 — Electrochemical impedance spectroscopy of
LiyTisO12-MWCNTSs electrodes evaluated in half-cell configuration
versus lithium metal electrode at different cycling indexes.
Measurement were performed under 5 mV perturbation at various
cycling indexes.

Lastly, after 100 cycles, cells were dismantled to recover LTO-MWCNT
fabrics. Figure 3.30 shows SEM images before and after electrochemi-
cal analysis to highlight the created passivating film. It can be noticed
that individual particles of LTO as well as individual MWCNTs can be
identified in Figure 3.30 a). After cycling, electrodes are covered by a
passivating film and nor particles neither MWCNTs can be distinguished
(Figure 3.30 b)).
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Figure 3.30 — SEM micrographs of LisTisO1o-MWCN'Ts electrodes
surface: a) at initial state and b) after 100 cycles.
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3.2.4 Graphite based electrodes

The last active material tested to design negative electrode by fil-
tration is graphite. Graphite is undoubtedly the most studied and most
commercially used material for negative electrodes. The numerous ben-
efits of this material were deeply described in section 2.2.1.3. It was
therefore important for us to apply our electrode manufacturing method
to this material to prove its effectiveness. Therefore, we prepared meso-
carbon microporous beads - MWCNTs fabrics with the same process as
described previously. A dispersion containing 5 mg of MWCNT and 45
mg of MCMB was filtered through millipore device. Electrodes were
peeled off and dried overnight at 60 °C under vacuum. As demonstrated
in Figure 2.14 a), graphite delivers its full gravimetric capacity at very
low potentials versus Li/Li*. It is therefore important to avoid over-
potential leading to metal lithium plating on electrodes. Moreover, the
low potential of graphite electrodes induces solid electrolyte interphase
formation on the anode. The use of a large amount of carbon nanotubes
presenting huge specific surface is therefore a risk. Figure 3.31 describes
the behaviour of two MCMB-MWCNTs (90:10 wt. %) electrodes cy-
cled at cut-off voltages of 10 mV. One of these electrode was pressed
at 3 t.m 2 for 15 seconds before electrochemical analysis. Electrodes
performances were evaluated under various current densities in half-cell

configuration versus lithium metal electrode.

Even at very low cycling rates (C/10), the pristine MCMB-MWCNTs
fabric presents very low gravimetric capacity (57 mAh.g=!) with respect
to theoretical capacity (325 mAh.g™1). [102]' According to the staging the-
ory, at 10 mV, graphite base-anodes should almost deliver their full ca-
pacity, which is not the case here. At higher current densities, recovered
gravimetric capacity faded quickly and can be considered as almost zero
at C rate. The 3 t.m 2 pressed MCMB-MWCNTs electrode presents a
much better capacity at low current density. At C/10, a gravimetric ca-

pacity of 163 mAh.g~! was measured. Intimate contact between graphite
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Figure 3.31 — Impact of a 3 t.m~2 pressure applied for 15 s on
electrochemical performances of MCMB-MWCNTs electrodes (90:10
wt. %): charge capacity under various current densities in half-cell
configuration versus lithium metal electrode.

particles and MWCNTs is a key factor for electrode performances. After
35 cycles, current density was set back to C/10 but unfortunately, the
initial capacity of the active material was not recovered. Figure 3.31
demonstrates that electrodes suffered irreversible damages at moderates
or high current densities. High current densities applied on graphite
anode can lead to local overpotential. This was previously reported as

a reason of irreversible gravimetric capacity loss. (103,104]

Figure 3.32 presents the voltage profiles of MCMB-based electrodes.
In the literature, it can be seen that the majority of MCMB capacity is
recovered during a long flat plateau (Figure 3.32 a)). It implies that even
a small polarization of electrode can dramatically hinder the capacity of
electrodes. Figure 3.32 b) represents the voltage profile of our pressed
fabrics. Here, the transition between stage IV, stage I1I and stage II can
be clearly observed. Omne can also notice a polarization of electrodes,
even at low current densities. This polarization is responsible for the

weak recovered capacity through de lithium dendrite formation. It can
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Figure 3.32 — Voltage profiles of MCMB-based electrodes: a) MCMB
electrode as reported by['%) and b) MCMB-MWCNTSs fabrics (90:10
wt. %) pressed at 3 t.m~2 cycled at C rate versus lithium metal
electrode with 10 mV cut-off voltage.

be assumed that the active materials undergoes a rapid degradation due
to the formation of lithium dendrites. The phenomena of growth, and
dissolution of lithium dendrites, and dead lithium residues occurs at
potential close to zero vs Li/LiT and is mainly responsible of graphite

electrode degradation. 196!

Subsequent tests were realized with two electrodes pressed under 3
t.m~2 aiming to determine the lifespan of graphite electrodes. These
electrodes were produced with the same composition as previously de-
scribed. Electrodes were cycled at a 10 mV cut-off voltage at C rate
(Figure 3.33). The first thing to notice is that an average capacity of
150 mAh.g~! was recorded for five hundred cycles for both sample. That
is not in accordance with the previous results (Figure 3.31 ) The recorded
gravimetric capacity are significantly higher in the second experiment.
We can therefore emit a doubt on reproducibility of experiments. At
potential close to 0 V ws Li/LiT, just a small local overpotential on
electrodes can drastically change recorded performances. Going back
to results presented on Figure 3.33, we can observe that capacity re-

mains constant over 500 cycles over 27 days. This proves the stability of
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Figure 3.33 — Cycle stability evaluation of two different
MCMB-MWCNTS electrodes (90:10 wt. %) pressed 6 t.m™2 :
evaluation of capacity retention and coulombic efficiency at 1 C rate
over 500 cycles in half-cell configuration versus lithum metal electrode.

MCMV-MWCNTs electrodes over time. The coulombic efficiencies were
constant and recorded above 0.99. This traduces a good behavior of elec-
trodes during operation with no major parasitic reactions. Nevertheless,
the gravimetric capacities remains low compared to the theoretical ca-
pacity of MCMB that is 325 mAh.g~!. On Figure 3.33, the capacity
recorded for sample 1, rapidly decreases from 274 to 149 over the 42
firsts cycles. More experiments are needed to determine the exact cause
of this lack of capacity. Nevertheless, it is likely that at low potentials,

lithium plating occurs. 106!

3.3 Conclusion

In this chapter, we have developed a fast and reliable method to re-
peatedly produce self-standing flexible electrodes. 197 Unlike usual pro-
cesses, this filtration method does not require toxic or costly solvents.
Besides active material and MWCNTs, no chemicals are required to pro-

duce electrodes. Only butanol was used to produce electrodes and it can
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be very easily recycled.

Electrochemical tests have proven that these binder-free electrodes
present satisfying performances regarding rate capacity retention and
cycle stability. Half-cell configuration tests have shown that both per-
forming positive (LCO and LFP) and negative electrodes (LTO and
MCMB) containing amounts of MWCNTs as low as 7-10 wt. % can
be successfully produced. Several active materials were investigated in
this section and all of them sustain at least hundred charge/discharge
cycles without major degradation at low or intermediate current densi-
ties. However electrode performances at higher current densities have
to be improved. The huge specific surface of MWCNT and the weak
contact between active matter particles and MWCNTs must be taken
into account. Post production treatment such as pressure applied on

electrode is a very effective method to improve cohesion on fabrics.

In a second time, home-made synthesis of active matter particles
was attempted. LiCoOs nanoparticles of high purity were successfully
synthesized. Crystallographic and electrochemical analysis proved that
the process envisioned to create such nanoparticles is reliable. Moreover,
the size of the particles was found to reach requirements. Unfortunately,
further optimization is required to avoid particle aggregation in order to

enhance electrochemical performances.

Lastly, the creation of a conductive carbon-coating based on sucrose
was investigated. Unfortunately, this low cost and abundant carbon
precursor does not allowed to improve performances. It turned out that
under mild conditions, the accordingly formed carbon layer can hardly
be graphitized. Improvement of fabrics manufacturing is an easiest and
less expensive way to improve electrochemical performances of MWC-

NTs electrodes and investigations should be pursued.
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Experimental part

Materials

Lithium cobalt oxide (LiCoOz, LCO, 9 pm, 99.9 %), lithium iron
phosphate (LiFePOy, LFP, 1.86 pm, 98 %), lithium titanate (LisTi5O12,
LTO, 1.9 nym, 98 %) and mesocarbon microbeads graphite powder
(MCMB, 11 pm, 99.6 %) were purchased on their battery grade from
MTIXTL. Butanol (HPLC grade, 99.7 % Sigma-Aldrich) was used
without any further purification. Thin multiwalled carbon nanotubes
NC7000 (MWCNT, av. diameter: 9.5 nm, av. length: 1.5 pm, carbon
purity 90 %) were kindly provided by Nanocyl. Lithium foils (Alfa Ae-
sar, 99.9 %) are used as reference electrode. Separator films (Celgard,
25um trilayer (PP-PE-PP)) are purchased from MTIXTL. A mixture
of ethyl carbonate, dimethyl carbonate and diethyl carbonate 1:1:1 in
volume (EC:DMC:DEC) with 1 M of lithium hexafluorophosphate was
purchased from Novolyte and used as electrolyte. All components were
stored under controlled atmosphere and used as received. Lithium ac-
etate (Sigma-Aldrich, 99.95 %), cobalt(Il) acetate tetrahydrate (Acros,
98 %), cobalt nitrate hexahydrate (Sigma-Aldrich, 98 %), citric acid
monohydrate (Sigma-Aldrich, 99 %) ethylene glycol (EG, Fluka, p.a.)
and acrylic acid (Sigma-Aldrich, 99 %). Dimethyl formamide (DMF,
Sigma-Aldrich, 99.8 %), poly(acrylonitrile) (PAN, Sigma-Aldrich) and
sucrose (Fisher, 99.9 %) used for carbon coating were used as received.
Copper (II) nitrate trihydrate (Acros Organics, 99 %), ethylenediamine
(Fluka, 99.5%), hydrazine (Sigma-Aldrich, 35 wt.%) used for copper

nanowire synthesis were used as received.

Typical procedure for CNT buckypapers production

MWCNTSs were dispersed in a large amount of butanol (typically 10
mg / 250 ml) using ultrasonic bath for 15 minutes. Dispersions were

vacuum filtered on hydrophobic PVdF 0.22 pm filters using a Millipore
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set-up. MWCNT buckypapers were first dried in ambient air at room

temperature for 24 hours, then at 60 °C under vacuum for 48 hours.

Typical procedure for electrode production

Cathodes were prepared by dispersing variable amounts of MWC-
NTs and active matter particles (LCO or LFP) in 250 ml butanol using
ultrasonic bath for at least 15 minutes. Anodes were prepared in the
same way by dispersing variable amounts of MWCNT and active matter
particles (LTO or MCMB) in 250 ml butanol using ultrasonic bath for
at least 15 minutes. Dispersions were vacuum filtered on hydrophobic
PVdAF 0.22 pm filters using a Millipore set-up. Electrodes were first dried
in ambient air at room temperature for 24 hours, then at 60 °C under
vacuum for 48 hours. Electrodes were stored at 60 °C under vacuum for
48 hours and utilized in the days after production. For longer storage,

fabrics were stored in argon-filled glove-box.

Typical procedure for LiCoQO, particles synthesis

Lithium acetate (1 g, 15.16 mmol, 1.02 eq.), cobalt acetate tetrahy-
drate (3.7 g, 14.85 mmol, 1 eq.) and citric acid monohydrate (4.77 g,
22.74 mmol, 1.5eq.) were dissolved in a 20 ml vial containing 15 ml of
mQ water. To help dissolution, the vial was sometimes heated at 50
°C. Ethylene glycol (1.265 ml, 22.74 mmol, 1.5 eq.) was added and the
solution was stirred for 2 hours for a complete homogenization. The
solution was poured in an aluminum pan and heated at different tem-
perature to complete evaporation of solvent and gelation of the solution.
The gel was then calcined at different temperatures for different times.
Typically, samples were heated at low temperature (200 °C - 400 °C)
for 1h to 2h to form solid particles. Then, samples were calcined at
higher temperature (500 °C - 800 °C) for 1h to 5h to convert LT phase
to HT phase. The obtained black solid was crushed using a planetary

ball miller.
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The same procedure was followed with cobalt nitrate hexahydrate as

cobalt precursor and acrylic acid as gel precursor.

Typical procedure for carbon coating of LiCoO, particles

A stock solution was prepared by dissolving sucrose (500 mg) in 500
ml of mQ water. LiCoOs particles (1 g) were suspended in 10 ml of a
mix ethanol/water (3:1). The appropriate amount of sucrose solution
was added to reach the desired weight LiCoOz/sucrose ratio (0.1 - 5 wt.
% sucrose). The solvent was evaporated under reduce pressure. The

obtained black solid was milled and calcined at 600 °C for 10 minutes.

Swagelock cell assembly

Cells were assembled in Swagelock cells purchased from X2Labware

(Figure 3.34). Metallic current collectors of Swagelock cells (item 1)
were cleaned under ultrasound in acetone and RBS alkaline detergent
successively. Teflon bodies of Swagelock (item 6) cells were cleaned in
a piranha solution for 1 hour. All parts were dried under vacuum at 60
°C overnight. All cells were assembled under argon atmosphere (<0.1
ppm H20, <0.1 ppm O3) in a MBraun glovebox.
Cells were assembled in half-cell configuration with lithium metal foil as
reference and counter electrode (item 5). Analyzed element (MWCNTSs
buckypapers or MWCNTs-active materials electrodes) are represented as
item 3. Trilayer (PP-PE-PP) Celgard films were employed as separator
(item 4).

Electrochemical characterizations

Electrical conductivities were measured by a 4-point probe station
(Lucas Lab L320) coupled with a Keithley 2410 monitor. The current
was adjusted to keep a constant voltage of 10 mV. Film thickness was

measured using a Draper Expert digital micrometer.
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Figure 3.34 — Swagelock cell in half-cell configuration: 1) stainless

steel current collectors, 2) optional insulating layer with a pinhold, 3)

working electrode, 4) separator, 5) lithium reference electrode and 6)
teflon body.

Cyeclic voltametry was carried out on a CHI660b potentiostat be-

tween 0 V and 5 V. Scanning rates were set as 0.1 mV.s~! and 1 mV.s~!.

Cycling stability and cycling performances were assessed using an
Arbin BT2043 test station. LCO cathodes were cycled between 3.0 V
and 4.2 V (vs. Li/Li") at various rates (0.05 C — 10 C). LFP cathodes
were cycled between 3.0 V and 4 V (vs. Li/LiT) at various rates (0.05 C
~10 C). LTO anodes were cycled between 2.0 V and 1.0 V (vs. Li/Lit)
at various rates (0.05 C — 10 C). MCMB anodes were cycled between
1.0 V and 0.02 or 0.01 V (vs. Li/Li") at various rates (0.05 C — 10 C).

Electrochemical impedance spectroscopy measurements were carried

out on a CHI660b potentiostat by applying an AC voltage of 5 mV in
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the frequency range of 0.1 Hz to 100 kHz.

Scanning Electron microscopy and EDX analysis

Morphologies of binder-free electrodes and carbon nanotubes bucky-
papers were observed by scanning electron microscopy on a JEOL JSM-
7600F microscope operated at voltages ranging between 5 kV to 30 kV.
Energy dispersive X-ray spectroscopy analyses were performed on the

same equipment operated at 30 kV.

Transmission electron microscopy

TEM images were obtained with a LEO 922 OMEGA energy fil-
ter transmission electron microscope operating at 200 kV. Nanowires
samples were suspended in dichloromethane under ultrasonic treatment,
then a drop of the supernatant was deposited on a holey carbon film sup-
ported on a copper grid, which was dried overnight at room temperature

before analysis.

X ray diffraction

XRD patterns were obtained on a Siemens D-5000 powder diffrac-
tometer using Ni-filtered Cu K, radiation (A = 1.5418 A). Measure-

ments were performed at a rate of 0.02 deg.s~! from 2 to 70 degrees.

X-ray phototelectron spectroscopy

XPS analyses were carried out at room temperature with a SSI-X-
probe (SSX 100/206) photoelectron spectrometer from Surface Science
Instruments (USA) equipped with a monochromatized microfocus Al X-
ray source. The samples were held in place on small sample holders with
double-sided adhesive tape and then placed on an insulating home-made
ceramic carousel (Macor, Switzerland). Charge effects were avoided by
placing a nickel grid above the samples and using a flood gun set at 8

eV. The energy scale was calibrated with reference to the Au 4{7/2 peak
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at 84 eV and the binding energies were calculated with respect to the
C-(C,H) component of the C 1s peak fixed at 284.8 ¢V. Data treatment
was performed with the CasaXPS program (Casa Software Ltd., UK).
The peaks were decomposed into a sum of Gaussian/Lorentzian (85/15)

after subtraction of a Shirley type baseline.
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CHAPTER 4

Separators and electrolytes design

Abstract

Herein, we designed and characterized separators and hybrid compos-
ite polymer electrolytes based on poly(ethylene glycol). At first cellulose
nanofibers were produced by oxidation of fibers. Composite separators
based on manofibers and nanoparticles were designed and characterized.
In a second time a series of poly(ethylene glycol) was grafted on sil-
ica nanoparticles. Electrolytes including modified silica nanoparticles as
well as cellulose nanofibers were produced. Their electrochemical perfor-

mances were evaluated and their mechanical behavior assessed.
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4.1 Cellulose nanofibers-based separators

4.1.1 Cellulose nanofibers preparation

Developing a filtration process to create batteries in one single step
involves the use of dispersable nanomaterials. In this context, use of
commercial polyolefin-based separators is not possible. With the ob-
jective to stick to low cost and environmentally friendly materials, we
adopted cellulose as base material. This material and its derivatives are
an emerging viable route toward the development of green composite
materials and processes for lithium ion battery manufacturing. 2 Over
the last 10 years, integration of nanocelluloses fibers in electrodes, elec-
trolyte and separators has attracted an ever increasing attention. (3!

The search of abundant, renewable polymer sources available worldwide

cellulose pulp cellulose fibres

4

macro fibrils

micro fibrils

glucose molecules

s
.
»‘ sugars

Figure 4.1 — Structure of cellulose: a) Cellulose fibers, b) macrofibers
c¢) nanofibers composed of bundles of cellulose chains.
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is the major reason. Cellulose is composed of fibers of different degree
of organization. Therefore it exists many types of fibers: from cellulose
micrometric fibers (CMFs) to cellulose nanofibers (CNFs) (Figure 4.1).

R R=Hor NHCOCH,

0
O
L
TEMPO
¥ NaCIOl
R
CH,OH
+
I;il (o}
o) 0. OH
N-oxoammonium ion
NaCl 45‘“‘ Hydro;&lamme OH
'i I °
! OH 0. OH
NaClO <=~
3 OH
e COOH COONa
NaClo,~ Buffer at o
o OH pH 4.8 or 6.8 OH
OH OH

Figure 4.2 — Catalytic oxidation of cellulose hydroxyls groups to
carboxylates by the TEMPO/NaClO/NaClOg system under neutral
conditions. Reproduced from 6.
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First trials to produce cellulose nanofibers have been made with cel-
lulose nanopowders from Sigma-Aldrich. This cellulose form is produced
from cotton linters and was selected due to its high purity. Neverthe-
less we found that this microcrystalline cellulose was not appropriate
for this experiment. Indeed, SEM analyses revealed that this material
rather takes the form of cellulose microsphere than fibers. For this rea-
son, it was preferred to chose a less purified cellulose source. Never dried
soft wood pulp was obtained from Domsjé Fabriker AB in Ornskoldsvik,
Sweden. This pulp is manufactured using mechanical, semi-chemical or
fully chemical methods on softwoods. The moisture content of the pulps
was evaluated by evaporation of 5 sample. The softwood pulp still con-
tains more than 70 wt. % water. The latter is necessary to prevent

aggregation of fibers which is difficult to subsequently break.

Cellulose nanofibers were produced by catalytic oxidation of cellu-
lose fibers contained in never dried soft wood pulp (Figure 4.2). In a
first step, 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) is used as cat-
alyst with NaClO as oxidant. Alcohol moieties of cellulose fibers are
oxidized into aldehyde functions. Subsequently, NaClOy oxidizes the
aldehyde functions into carboxylic acid groups while producing NaClO.
These chemical reactions follow an optimal course in an aqueous phos-
phate buffer at pH 6.8. Under these neutral conditions, carboxylic acids
are deprotonated to form carboxylates along the cellulose fibers. The
reaction is allowed to continue for 72 hours at 60 °C to maximize the car-
boxylate content of fibers. Later, fibers are washed with distilled water
and methanol. Oxidized fibers are later dispersed in water and pH was
set at 10 with LiOH 1M. The oxidized cellulose nanofibers are finally
individualized under sonication. Electrostatic repulsions of glucoronate

units are responsible of this individualization of CNFs (Figure 4.3).

Cellulose nanofibers are finally collected by filtration and concen-
trated via successive centrifugations. The produced nanofibers can be

stored for an indefinite period but should not be fully dried. Completely
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Figure 4.3 — Schematic model of cellulose nanofibers individualization
by electrostatic repulsion of glucoronate units. Reproduced from 7.

drying the cellulose nanofibers leads to the formation of cohesive hydro-
gen bonds between neighboring fibers. The dried fibers are later very
difficult to disperse. Therefore, it was decided to keep a minimum of
water in the sample (approximatively 300 % of the fiber weight). The
production of cellulose nanofibers with this method was previously de-
scribed in the literature.©8 Mild reaction conditions are necessary to
prevent depolymerization of cellulose fibers as the polymerization degree
is an important factor to control the length, flexibility and resistance of
the formed cellulose nanofibers. ! Cellulose nanofibers were dispersed in
water and spin-coated on silicon substrate. Figure 4.4 shows AFM im-

ages of the prepared cellulose nanofibers. In this case, one can notice a
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complete individualization of cellulose nanofibers. It is hard to evaluate
the length and diameter of fiber based on this image but fibers length do
not exceed a micron. It is difficult to get more interesting informations
from the phase image. In some cases, it is possible to have mechanical
informations of the analyzed sample. Unfortunately, the set-point am-
plitude ratio (7s,) used for these images is 0.7. The (ry,) corresponds
to the ratio between set-point amplitude and the free oscillation am-
plitude. At such a light tapping, the hard and soft parts of materials
show similar phase shift close to zero.!*%l To improve length of collected
cellulose nanofibers, sonication time was later adapted to reduce cel-
lulose nanofiber degradation. Figure 4.6 presents TEM images of the
produced cellulose nanofibers. Analysis reveals that the individualized

cellulose nanofibers display a width of 5 nm and a length of few microns.

27.9 nm

(a) (b)

Figure 4.4 — AFM images of cellulose nanofibers produced by
defibrilation of cellulose wood pulp by the TEMPO/NaClO/NaClOq
system under neutral conditions : a) phase contrast image, b)
topography image.
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2.0°

14.0 nm

Figure 4.5 — Enlargement AFM images of cellulose nanofibers
produced by defibrilation of cellulose wood pulp by the
TEMPO/NaClO/NaClOg system under neutral conditions : a) phase
contrast image, b) topography image.
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(a) (b)

Figure 4.6 — TEM images of cellulose nanofibers produced by
defibrilation of cellulose wood pulp by the TEMPO/NaClO/NaClOq
system under neutral conditions.
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4.1.2 Cellulose nanofibers composite separators

Separators were created by filtration under reduce pressure of a
dispersion of cellulose nanofibers and silica nanoparticles in methanol.
CNFs provide mechanical resistance to the separators while SiO,NPs
act as fillers and provide some porosity to separators. 11 During the
filtration process, nanofibers are able to form a network, which is con-
solidated upon drying by the formation of cohesive hydrogen bonds be-
tween neighboring fibers. The number of inter-fiber contact nodes and
hydrogen bonds are therefore two important parameters that define the
composite paper mechanical properties. Various compositions were in-
vestigated and a 50 % - 50 % weight ratio was preferred. The process
produces flexible 25 pm thick composite separators (Figure 4.7). The
equal proportion of CNFs and SiO, NPs leads to fabrics that are easy
to peel off from the PVAF filters and could be manipulated without any
risk to break. Separators were then dried for 24 hours at 60 °C to re-
move solvent traces before further characterizations. AFM images of
the separator surface were recorded to verify the homogeneity of fabrics
(Figure 4.8). Individual silica nanoparticles or aggregates are not visible
in the sample. This traduce a homogeneous repartition of components
in the composite. As previously discussed, the phase shift between dif-
ferent part of the image is close to 0°. Therefore, it is difficult to draw

conclusions about the soft and hard part of material. 1%
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Figure 4.7 — Picture of a composite separator produced by the
filtartion of cellulose nanofibers and silica nanoparticles in equal
proportions (10 mg: 10 mg).

59.4 nm

0 2pum

Figure 4.8 — AFM image of the surface of a composite cellulose
nanofibers-based separator (CNF:SIO,NPs 50:50): a) phase contrast
image, b) topography image.
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Electrochemical characterizations of cellulose-based separators were
performed to asses compliance with lithium-ion battery technology. First,
electrical insulating properties were verified via 4-probe measurements.
Separators were then assembled in a half cell configuration in Swagelock
cells. Electrochemical inertness of separators was verified in a 0.5 V
- 4 V window using cyclic voltammetry (Figure 4.9). No major redox
phenomena were detected during the first cycles. The only noticeable
current elevation is a reduction peak located at 1 V. This corresponds
to the formation of SEI on cellulose fibers. No redox peak was observed
after first cycle, proving its compatibility with lithium-ion technology.
Similar results were observed for bacterial cellulose separators developed
by Jiang et al.['2] The produced cellulose-based separator can therefore
be used in the manufacturing of 4 V class lithium ion batteries. 1315
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Figure 4.9 — Cyclic voltammograms of a composite cellulose
nanofibers-based separator (CNFs:SIO,NPs 50:50) recorded at
ImV.s~lin the 0.5 V - 4 V range.

Lastly, the compatibility with liquid electrolytes was verified to en-
sure the proper operation of future batteries. Separators were soaked in a
mixture of liquid electrolytes (EC/DEC/DMC 1:1:1 in volume with 1M
LiPFg) and assembled in Swagelock cells. Electrochemical impedance
spectroscopy was performed on these test cells as well as on cells con-

taining commercial separators. The average ionic conductivity of cells
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prepared with cellulose-based separators was evaluated at 2.83 x 1074
S.cm~! while ionic conductivity of cells containing commercial sepa-

rators was evaluated at 3.68 x 1074 S.cm™!.

Therefore, no signifi-
cant differences are noticeable which means that porosity is sufficient
and wettability and compatibility with liquid electrolytes is established.
Utilization of these composite cellulose nanofibers-based separators can

therefore be considered for lithium-ion battery manufacturing.

4.2 Poly(ethylene oxide)-based electrolytes

As previously mentioned, among solid polymer electrolytes,
poly(ethylene oxide) is the best material envisioned for lithium ion bat-
teries. PEO can be seen as a soft, flexible solid while it still presents
ionic conductivities up to 107% S.cm~1.[16] Ag previously explained, the
ionic conductivity is strongly related to the molecular arrangement of
PEO chains. Hence, everything should be implemented to decrease crys-
tallinity of the polymer. As mentioned, a first way to break the crys-
talline is the doping by lithium salt addition. A second efficient way
to promote the amorphous phase of PEO electrolytes is the addition of
solid nanoparticles. These two strategies were investigated to develop a
performing flexible solid electrolyte. Lastly, cellulose nanofibers were in-
corporated in composite polymer electrolytes to strengthen the structure

and improve the mechanical behavior of composite electrolytes.

4.2.1 Poly(ethylene oxide) electrolytes

A high molar mass poly(ethylene oxide) was first selected to screen
the ionic conductivity of PEO solid films. PEQOyg; was selected to ob-
tain self-standing films with good mechanical properties. An appropriate
amount of PEOyo; was dissolved in acetonitrile for 48 hours at 50 °C
to provide a 3.33 wt. % solution. Different amounts of LiClO4 were dis-
solved into the solution to produce samples with the targeted ethylene

oxide unit/lithium ion molar ratios (EO/Li™). Lithium perchlorate was
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preferred to other lithium salts for its relative stability against water. [17]
A library of PEO400-LiClO4 solutions was created, with EO/Li* ratios
varying from 30 to 5. Solutions were subsequently casted on aluminum
pan and solvent was slowly evaporated under vacuum. Controlling the
solvent evaporation rate was an important parameter to ensure film in-
tegrity and absence of bubbles and defects. This method provided a
large collection of PEQO4ggr-LiClOy4 films. The samples presented differ-
ent aspects regarding their salt concentration. Samples with the lowest
salt concentration (EOQ/Li* > 20) produced dry solid translucent films
with good mechanical resistance and were easy to manipulate (Figure
4.10 (a)). Increasing the salt concentration produced solid polymer films
that progressively turned to some sticky jelly transparent films (Figure
4.10 (b)). These films could hardly be manipulated without risks of
breaking.

(b)

Figure 4.10 — PEO,g; films with different LiClO,4 concentrations
obtained by evaporation of a DMF solution:
(a) low LiClO4 concentration (EO/LiT = 20) resulting in highly
crystalline translucent films,
(b) high LiClO4 concentration (EO/Li* = 5) resulting in jelly-like
transparent films.

The progressive loss of mechanical properties as well as transition be-
tween translucent to transparent optical properties is explained by the

decrease of crystallinity. This transition between semi-crystalline PEO
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films and amorphous PEO films can be tracked by optical microscopy
imaging. Figure 4.11 clearly shows the evolution in the PEO film mor-
phology and structure. Images of samples with high EO/Li* ratio ex-
hibit crystalline structures separated by amorphous regions (Figure 4.11
b)). The small pores visibles on micrographs are caused by evaporation
of acetonitrile during the film formation process. The increase of salt
loading in samples induces a decrease of crystallization of PEO. This can
be observed on Figure 4.11 c¢). This sample presents a relative smooth
surface without major evidence of any crystalline structures. In Figure
4.11 d), PEO film is fully transparent and parallel stripes which are
part of the structure of aluminum support are visible. The transition
between the semi-crystalline state and amorphous state of polymer could
also have been observed in DSC studies by the loss of a peak located
in the 60 °C - 65 °C region. These results are coherent with previously
studied PEO-lithium salt electrolyte films. 18]

In order to evaluate the ionic conductivities of the SPEs, EIS is a
powerful tool and was performed on PEO electrolyte samples. PEO
films were punched at the appropriate size and inserted between two
polished copper electrodes. EIS spectroscopy was conducted under a
20 mV perturbation in the 1 Hz - 1 MHz range. By sweeping a wide
frequency range, different processes in the cell with different time con-
stants can be observed and interpreted. To interpret the results of the
electrochemical impedance spectroscopy, two equivalent electrical cir-
cuits were considered depending on the surface topography of the films
(Figure 4.12). The difference of film surface smoothness is important in
the electrochemical properties study. As described in Figure 4.12, films
with a smooth surface do not interact the same way with electrodes as
films with a rough surface. The first equivalent circuit is called simplified
Randles cell (SRC) and is used in most of the cases to investigate elec-
trolytes ionic conductivity. The second equivalent circuit integrates and

additional capacitance C;,; and and additional resistance R;,;. These
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Figure 4.11 — Transition between solid PEOygox film and jelly-like
PEOy4pox film by optical microscopy imaging:
a) EO/Lit = 20, b) EO/LiT = 15, ¢) EO/Li" = 12 and d) EO/Lit =
10.

additional components reflect the difference in cohesion between copper
electrodes and electrolyte leading the creation of an interfacial capaci-

tance.

Results of the EIS measurements for PEO4ggx films are presented in
the form of a Nyquist plot (Figure 4.14). In such a plot, the imaginary
part (Z”) of the complex impedance of an electric circuit is plotted as
a function of its real part (Z’). Figure 4.14 shows the recorded Nyquist
plots of PEO films of different EO/Li* ratios. No significant difference
can be noticed in the profiles. These profiles consists in a semi-circle
and 45° slope. These are typical from a simplified Randles cell (SRC)
and can be assimilated to this equivalent circuit (equivalent circuit 1

in Figure 4.12). Profiles corresponding to the second equivalent circuit
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Cinl

Relec H W Rir|t

Figure 4.12 — Interface contact of PEO films with electrodes
depending on their lithium salt concentration and the two resulting
possible equivalent circuits : a) Simplified Randles Cell equivalent
circuit, b) Modified Randles Cell equivalent circuit integrating
interfacial capacitance.
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should present a second semi-circle. Randles circuit is an equivalent
electrical circuit composed of four elements. An electrical resistance
(Reire) that represents Swagelock cell and wire electrical resistance. A
double-layer capacitance (Cop) that can be assimilated to the charge
transfer. A resistance (Reje.) representing ionic electrolyte resistance
and a Warburg resistance (W) corresponding to the mobility of ions at
high frequencies. This equivalent circuit is one of the simplest possible
models use to describe response of electrolytes and the most often used

in literature

In Figure 4.14 every pattern presents a semicircle ascribed to the
ionic resistivity (Rejec) of the electrolyte. The diameter of the semicir-
cle represents the value of ionic resistance (Rgp.) (Figure 4.13). The
ionic conductivity can be easily calculated using Ohm’s law. Electrolyte
samples were assimilated as discs of known diameter and thickness At
high frequencies a 45° slope can be ascribed to Warburg impedance and
represent the diffusion of lithium ions on a very short distance. Ry rep-
resents the electrical resistance of the Swagelock set-up and is not visible
on these Nyquist plots. Reire values correspond to the first intersection
of the semicircle with the x-axis. Introduction of a second capacitance
corresponding to an imperfect interface would have resulted in the ap-
pearance of a second consecutive semi-circle due to the introduction of
a second time constant. It was verified with simulation software such
as Matlabl and Autolab frequency response analyser that the integra-
tion of an interfacial capacitance has an negligible effect. Therefore, all
recorded curves can be assimilated to the first equivalent circuit sug-

gested in Figure 4.12.

This study was reproduced for a poly(ethylene glycol) with a Mw
= 2000 g.mol~'. A polymer with a lower molar mass was selected to
compare ionic conductivities in the same conditions. Samples with ap-
propriate EO/Li* ratio were created. The short length of the polymer
chains makes the film even more difficult to manipulate. PEG-LiClO4
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Figure 4.13 — Electrochemical impedance spectroscopy of electrolyte:
interpretation of Nyquist plot by a simplified Randles cell equivalent
circuit.

samples were therefore directly poured onto Swagelock electrodes. A
ring made of polyethylene was used as spacer to prevent shortcuts and
secure a constant thickness during measurements. Prior any further
electrochemical characterization, electrolytes were controlled with a re-

sistivity higher than 10% Q.cm™! using a multimeter.

Figure 4.15 present the average calculated ionic conductivities of
PEOygor and PEGg; films with different lithium salt concentration. The
measurements plotted in figure 4.15 represents the average of three con-
secutive measurements of the same sample. Dispersion of measurements
was low with a maximum of +/-19 % for samples of high salt concentra-
tion. This amplitude corresponds to a maximum of 4.4x107% S.cm~".
The higher dispersion of high salt concentration sample can be explained
by their jelly-liquid behavior. The transition between semi-crystaline to
amorphous PEO films visible in Figure 4.11 is here translated in terms
of ionic conductivity. At EO/Li™ ratio higher than 20, polymer films ex-
hibit ionic conductivities close to 1077 S.cm™!. These values are clearly
not sufficient to consider these samples as electrolytes despite their in-

teresting mechanical properties. From EO/Lit ratios between 20 and
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Figure 4.14 — Nyquist plot of EIS performed on PEQ4yox film of
different lithium concentration. Measurements were recorded under a
perturbation of 5 mV.

15 EO/Li* | one can notice a gradual increase of ionic conductivity to
reach values of 6.59 x 1076 S.cm™! for PEOgo; films and 9.98 x 1076
S.cm~! for PEGyy, films at a EO/Li* ratio of 12.5. Ionic conductivities
up to 2.37 x 107° S.cm™! were recorded for samples with EO/Li* ratio
of 9. At higher salt load, the ionic conductivity tends to decrease du the
crystallization of lithium salt. No major differences in ionic conduc-
tivities could be noticed between samples made of PEQ4gg; and the ones
made of PEGog. The recorded ionic conductivities are in good agree-
ment with literature. 20231 At room temperature, it is difficult to reach
fully satisfying ionic conductivities for polymer electrolytes. Ionic con-

! can be reached at temperature higher

ductivities close to 1073 S.cm™
than 65 °C.[24 However, at these temperatures, mechanical properties

are degraded and operation safety of batteries may be compromised.
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Figure 4.15 — Lithium ion concentration dependence of the ionic
conductivities for PEO4ox-LiClO4 and PEGg,-LiClO4 films.

4.2.2 Grafting of poly(ethylene glycol) on silica nanopar-

ticles

With the objective to improve the mechanical behavior of polymer
electrolytes while preserving ionic conduction properties, the incorpora-
tion of silica nanoparticles (SiO,NPs) was investigated. SiO,NPs can
create a three dimensional network inside the electrolyte that prevents
the viscous flow of polymer chains. That provides the required mechan-
ical strength to design solid electrolyte for flexible batteries. 25261 Click
chemistry was used to graft polymer on silica nanoparticles. Sharpless
defines the term “click chemistry” as follows: click reactions as the re-
action must be modular, wide in scope, give very high yields, generate
only inoffensive byproducts that can be removed by nonchromatographic
methods, and be stereospecific (but not necessarily enantioselective). [27]
During this thesis, the copper(I)-catalyzed alkyne-azide cycloaddition
(CuAAC) was selected as a tool to graft alkyne-functionalized mPEG
onto the surface of SiO,NPs modified by azido groups. Grafting poly-
mers on silica nanoparticles will hemp anchorage and strenghten me-

chanical properties of electrolytes.
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4.2.2.1 Alkyne functionalization of poly(ethylene glycol)

Poly(ethylene glycol) monomethylether (mPEG) of various molar
weight in masses (Mw = 2000, 5000 and 20 000 g.mol~!) were selected
to be grafted on silica nanoparticles. These polymers are henceforth re-
ferred as mPEGa;, mPEGs; and mPEGo. In a first step, poly(ethylene
glycol) backbones were tailored by an alkyne to form an appropriate
partner of click reactions. The three different polymers (1 eq.) were
allowed to react with propargyl bromide (4 eq.) in presence of sodium
hydride (4 eq.) following scheme 4.1. All procedure details are reported

in the experimental section.

1. NaH, THF

H‘O’%\/O]ﬁ/\O’CHa’ fl ///\o’{”\/o]ﬁﬂoﬁﬁ

2. Br \\
THF
(RT)

Scheme 4.1 — Synthesis scheme of alkyne-functionnalized mPEG.

The strong base NaH is able to deprotonate the hydroxy end group
of mPEG chains to form a highly nucleophilic alkoxide. The elater
is allowed to react with propargyl bromide to form the corresponding
propargyl ether. Alkyne-functionalized mPEGs were subsequently puri-
fied by double precipitation in cold diethyl ether. Functionalization and
purity were assessed by 'H NMR and FTIR characterizations.

'H NMR spectra before and after alkyne-functionalization of mPEG
are presented in Figure 4.16. Pristine mPEGoy; presents three typical
signals: a multiplet centered at 4.05 ppm represents the 2 protons H,
of a-methyl, a multiplet centered at 3.85 ppm arising from the methy-
lene represents protons Hy and lastly a signal centered at 3.59 ppm
from the three H. protons of the w-methoxy group. After alkyne func-
tionalization, peaks corresponding to protons of the mPEG backbones
(He, Hg and H,) are shifted to lower values. This was attributed to

the change of solvent. Furthermore, two additional peaks corresponding
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Figure 4.16 — '"H NMR spectra of mPEGs;, and a-propargyl-mPEG;
synthesized as previously described.

to the a-popargyl protons are observed in alkyne-functionalized mPEG.
The triplet centered at 2.42 ppm corresponds to the H, protons of the
alkyne group while the doublet signal displayed at 4.19 ppm is attributed
to Hp protons. Calculated ratios of tail groups demonstrate the com-
plete functionalization of mPEG by propargyl bromide into a-propargyl
mPEG.

The chemical structure of mPEG and of the corresponding a-propargyl
mPEG was verified by FTIR analysis. Figure 4.17 presents the recorded
traces of mPEGy, and its derivative. In the later, the characteristic
vibration band of the terminal alkyne =C-H appears at 3246 cm™'.
The disappearance of the absorption peak centered at 3468 cm™! cor-
responding to the hydroxyl group confirms the complete transformation

of mPEGs; into alkyne-functionalized mPEGoy.

Table 4.1 presents the yields of purified functionalized products ob-
tained with respect to the three different types of mPEG. As it can
be observed, there is a gradual yield increase as chain length increases.

This noticeable increase can be explained by the lower solubility of longer
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Figure 4.17 — FTIR spectra of mPEGy; and a-propargyl mPEGoy
synthesized as previously described.

Yield

a-propargyl mPEGo, 73 %
a-propargyl mPEGs,. 75 %
a-propargyl mPEGog,. 85 %

Table 4.1 — Yields for different
a-propargyl mPEG synthesized as
previously described.

polymer chains. As the purification process involves a double precipi-
tation in bad solvent (cold diethylether), larger amounts of the longer

polymer chains are collected.

4.2.2.2 Synthesis of (3-azidopropyl)triethoxysilane

The second clickable precursor prepared is the (3-
azidopropyl)triethoxysilane (TEOSC3N3). This silane was prefered
among others chorosilanes or acetoxysilanes because of its higher sta-
bility to moisture. (28] (3-azidopropyl)triethoxysilane was synthesized by
a nucleophilic substitution reaction on (3-chloropropyl)triethoxysilane
(TEOSCI) (1 eq.) by sodium azide (1 eq.), as described by Mader et
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al.129) All procedure details are reported in the experimental section.
TEOSC3N3 was prepared by reacting TEOSCI] with sodium azide in
refluxing degased acetonitrile under inert atmosphere (scheme 4.2).

The product was collected in the form of a colourless oil with a 80%

yield.
\;O‘ N NaN —»TBANS \_O‘ N
si ¢+ NaNg i
ot (1eq) CH4CN, reflux oSt Ns
O—\ 70'h O—\

80%

Scheme 4.2 — Synthesis scheme of clickable silane
(3-azidopropyl)triethoxysilane.
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Figure 4.18 — 'HNMR spectra of TEOSCI and the corresponding
TEOSC3N3 synthesized as previously described.

Figure 4.18 compares the 'H NMR spectra of the unreacted TEOSCI
and the TEOSC3N3 product. This brings in light the shift of signal for
protons H., Hy and H.. Those three shifted signals correspond to pro-
tons of the hydrocarbonated moiety of the silane which are deschielded
due to the presence of the highly electron withdrawing group Nj3. This

shows the substitution of chloride by azide wich attracts electrons and
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so deshielded the neighboring protons. Integration of the H, and Hy pro-
tons gives a ratio of 0.34 indicating a total conversion of the TEOSCI to
TEOSC3Ns.

BOJ
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Figure 4.19 — FTIR spectrum of TEOSC3Nj3.

Figure 4.19 presents the FTIR spectrum of the prepared TEOSC3N3.
A strong absorption peak at 2098 cm~! is visible. The latter is
attributed to the azide function, confirming the formation of (3-

azidopropyl)triethoxysilane.

4.2.2.3 Azido-functionalization of silica nanoparticles

The previously prepared TEOSC3N3 compound was subsequently
grafted on pristine silica nanoparticles (SiO,NPs) to produce azido-
functionalized silica nanoparticles. The followed process was inspired
from procedures described by Mader et al. and Ortega et al.[2%3% Silica
nanoparticles were dispersed in dry toluene and were allowed to react for
48 h under refluxing conditions with TEOSC3N3 following the strategy
displayed on scheme 4.3. All procedure details are reported in the exper-
imental section. Grafting of the clickable silane on SiO,NPs produces
azido-functionalized SiO,NPs later referred as SiO,NPs@Ng3. The effi-
ciency of the functionalization was verified by FTIR and XPS analysis.
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Scheme 4.3 — Synthesis scheme of azido-functionalized silica
nanoparticles.

Figure 4.20 presents the FTIR spectra of pristine SiO,NPs and the
corresponding SiO,NPs@QN3. The appearance of peaks located at 2925
cm™! and 2105 cm ™! respectively reveals the presence of hydrocarbons
and azide fonctions in the structure of the product. The flat plateaus
in the 1000 cm™! - 1200 cm ™! region are attributed to saturation of
the detector due to Si-O bounds. The proper azide moiety grafting on
SiO,NPs was confirmed by XPS characterization. The composition of
the surface of pristine SiO,NPs and their azide functionalized analogous
SiO,NPs@Nj is compared in Table 4.2

Analysis of pristine SiO,NPs reveals a slight amount of carbon (2.21
at. %) at the surface of nanoparticles. This presence was attributed
to contaminants remaining after synthesis of SiO,NPs. The Si/O ratio
measured for pristine SiO,NPs is close to the theoretical ratio. After
reaction with the clickable azide, a peak centered at 402 eV appears.
The later was attributed to the presence of 2.39 at. % nitrogen atoms
at the surface of modified SiO,NPs. Nevertheless, the carbon/nitrogen
ratio recorded was 3.96/1. This is not in agreement with a total reaction
of ethoxy groups of TEOSC3N3. A C/N ratio of 1 would be expected
if every ethoxy group reacted with the SiO,NP surface. The structure
of the formed functionalized SiO,NPs is therefore difficult to describe
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Figure 4.20 — FTIR spectra of a) pristine SiO,NPs and b)
azido-functionalized SiO,NPs.

since a part of the carbon content can also be attributed to carbon of

pristine SiO,NPs or contamination from reactants.

SiO,NPs  SiO,NPs@QN3

Si 32.98 31.29
O 64.81 56.94
N 0 2.39
C 2.21 9.39

O/Si Exp.: 1.97 Exp.:1.82
Th.: 2.00
C/N Exp.: 3.96

Table 4.2 — Atomic concentrations (at.
%) at the surface of silica nanoparticles
and azido-functionalized silica
nanoparticles evaluated by XPS analysis.
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Figure 4.21 — TEM images of the evolution of silica nanoparticles
morphology after functionalization: a) pristine silica nanoparticles and
b) azido-functionalized silica nanoparticles.

TEM images of pristine silica nanoparticles and their azido-functionalized
counterparts are presented in Figure 4.21. These images allow to confirm
that the relatively strong experimental conditions used for functionaliza-
tion do not alter the size or morphology of the nanoparticles. Size of 20
particles was measured using ImageJ software. The average particle size
of pristine SiO;NPs was measured at 16 nm (£ 2.6 nm) while the size
of their functionalized pendant was measured at 15.4 nm (+ 2.2 nm).
This analysis shows that particles are neither degraded nor aggregated

during the synthesis process of azido-functionalized silica nanoparticles.

4.2.2.4 PEG grafting on SiO,NPs using CuAAC

The click reaction between the two previously synthesized precur-
sors was performed following a procedure established in the laboratory.
Previously, this copper-catalyzed azide-alkyne cycloaddition reaction
(CuAAC) was intensively described in literature. 3l This cycloaddition
reaction allows to create covalently bound molecules to solid surfaces 32

as silica nanoparticles.®3 Alkyne-functionalized polyethylene glycol (1
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eq.) and azido-functionalized silica nanoparticles were allowed to react
together in presence of catalyst. In this procedure, copper (II) sulfate
pentahydrate (0.8 eq.) was used in combination with sodium ascorbate
(1.6 eq.) to produce in situ the copper(I) catalyst. Tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyljamine (TBTA) (0.8 eq.) was selected as the

34 The reaction described on scheme 4.4 was carried out

copper ligand.
in different solvent mixtures at different temperatures in order to opti-
mize grafting yields. PEG-grafted silica nanoparticles (SiO,NPsQPEG)
were subsequently collected by centrifugation and extensively washed
with water and methanol. Particles were later characterized by TEM,

FTIR, TGA and XPS analysis.
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Figure 4.22 — FTIR spectra of a) pristine silica nanoparticles, b)
azide-functionalized silica nanoparticles ¢) PEGqg-grafted silica
nanoparticles.

FTIR is an interesting technique to investigate the evolution of a
CuAAC reaction. 3537 Indeed, azide and alkyne bands are easy to track
by FTIR analysis, providing a way to evaluate the efficiency of the reac-
tion. The reaction was first carried out at room temperature in a solvent
mixture of water and methanol (1:1 in volume). Figure 4.22 shows the
stacked spectra of pristine SiO,NPs, azido-functionalized SiO,NPs and
PEGs-grafted SiO,NPs prepared in these conditions. After the click
reaction, one can notice the strong increase of the C-H bond stretching
band observed at 2925 cm™!. Simultaneously, the absorption band cor-
responding to azide stretching located at 2105 cm ™! decreases. These
observations suggest the efficient reaction between the two CuAAC part-
ners. Nevertheless, the trace recorded for PEGog-grafted SiO,NPs still
shows evidence of unreacted azide functions. The flat plateaus in the
1000 cm™! - 1200 cm ™! region are again attributed to saturation of the
detector due to Si-O bounds.

To highlight the absence of non-covalently bound poly(ethylene gly-
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Figure 4.23 — FTIR spectra proving the absence of non-covalently
bound mPEG at the surface of SiO,NPs: a) alkyne-funtionalized
PEGay; b) azido-functionalized silica nanoparticles; ¢) PEGgg-grafted
silica nanoparticles; d) blank sample.

col) at the surface of silica nanoparticles, a blank sample was prepared
as control test. Alkyne-functionalized mPEG was mixed together with
azido-functionalized SiO,NPs in a 10:1 weight ratio. The recorded traces
of the unreacted partners of the click reactions, PEG-grafted SiO,NPs
and the blank are presented in Figure 4.23 to bring to light the effec-
tiveness of the reaction. Figure 4.23 clearly shows that the band at
3246 cm~! attributed to alkyne is identified in the blank sample but is
not visible in the PEG-grafted particles. This test demonstrates and
validates the hypothesis of covalent grafting of PEG to SiO,NPs.

Since FTIR traces on Figure 4.22 highlighted the presence of remain-
ing azide functions on SiO,NPs, the CuAAC reaction conditions were
optimized in order to increase the grafting yield. Figure 4.24 presents
the FTIR traces of PEG,-grafted SiO,NPs synthesized in a mixture
of water, methanol and acetone (1:1:7 in volume) at 40°C. According
to the recorded spectra of mPEG-grafted SiO,NPs, no evidence of re-
maining azide function was detected this time. This improvement in

grafting yield was attributed to a better solvation of polymer chains
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Figure 4.24 — FTIR spectra in improved reaction conditions: a)
azido-functionalized SiO,NPs, b) PEGqg-grafted SiO,NPs, ¢)
PEGs5,-grafted SiO,NPs.

in the reaction medium. In poor solvents, polymer chains grafted on
the silica nanoparticles tend to create en impenetrable layer on the sur-
face of the particle. 3839 Conversely, the grafted polymer chains tend to
swell in good solvent and form an extended layer of stretched tethered
chains (Figure 4.25).[40] The configuration resulting from the expan-
sion of polymer brushes maximizes the exposure of SiO,NPs surface.
Therefore, the azide sites can be more easily reached by new incoming

alkyne-functionalized mPEG chains.

Thermogravimetric analysis was later conducted to evaluate the graft-
ing yield of polymer brushes on silica nanoparticles. The collected results
allowed us to compare the efficiency of grafting according to reaction
conditions. TGA experiments were conducted on washed PEG-grafted
silica nanoparticles. This is what allows us to think that the amount
of polymer measured by TGA corresponds to grafted polymer on the
surface rather than adsorbed polymer. Figure 4.26 presents the TGA
records of different PEG-grafted silica nanoparticles samples as well as

pristine or azido-functionalized silica nanoparticles. The recorded TGA
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Figure 4.25 — Configuration of polymer brushes on silica

nanoparticles depending on the quality of polymer solvent.

Reproduced from [0,

trace of pristine SiO,NPs reveals a loss of 1.4 wt. % between 25 °C and
100 °C. This weight loss can be attributed to desorption of moisture or
organic solvents at the surface of nanoparticles. A second weight loss of
2 % was recorded between 100 °C and 250 °C. This can be attributed to
the presence of small organic molecules at the surface of nanoparticles.
This analyze confirms previous XPS analysis revealing the presence of
carbon traces in pristine silica nanoparticles samples. From the TGA
trace of azido-functionalized SiO,;NPs, one can notice a similar weight
loss at low temperatures followed by a second slow weight loss at tem-
perature higher than 300 °C. The latter was attributed to degradation
of covalently bound organic molecules at the surface of SiO,NPs. The
TGA traces of PEG-grafted SiO,NPs samples display a major weight
loss between 300 °C and 450 °C. This weight loss is attributed to grafted
polymer on the surface of the nanoparticles. Table 4.3 recaps yields of
grafted polymer measured by TGA analysis. For PEGy, the grafted
mass of polymer was estimated at 12.2 wt. % when CuAAC was per-
formed in the water/methanol mixture at room temperature. In con-
trast, the grafted mass of the same polymer was estimated at 18.5 wt.
% when CuAAC was performed in a mixture of water, methanol and

aceton at 40 °C. The impact of improved reaction conditions is again
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Figure 4.26 — Thermogravimetric analysis of: a)pristine SiO,NPs,
b)azido-functionnalized SiO,NPs, ¢ and d) PEGy-grafted silica
nanoparticles and e) PEGsy-grafted silica nanoparticles.

clearly noticeable. In addition, it is not surprising that the PEG con-
tent evaluated for PEGs) grafted nanoparticles (35.5 wt. %) in these
conditions is superior to the PEGq; grafted nanoparticles. Nevertheless,
the weight loss ratio between SiO,NPs@QPEGs;; and SiO,NPsQPEGy;
is close to two, indicating a higher grafting yield for PEGoy.

Solvent Temp. Reac. Time PEG wt. %
H,0/MeOH
PEGo 11 20°C 24h 10.2
Hy0/MeOH/acetone
PEGy 40°C 24h 18.5
1:1:7
H>0/MeOH /acetone
PEGs;; L1:7 40°C 48h 35.5

Table 4.3 — Grafting yield of PEG on SiO,NPs according to CuAAC
reaction conditions.

Lastly, XPS analyses were exploited to access the composition of sil-
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Figure 4.27 — XPS spectra of nitrogen 1s peak: a) pristine SiO;NPs,
b) SiO,NPs@QNj3 ¢) SiO,NPsQPEGs and d) SiO,NPsQPEGs;.

ica nanoparticules surface. The completion of the reaction can be evalu-
ated by the evolution of nitrogen 1s peak (Figure 4.27). The double-peak
structure visible in SiO,NPs@Nj is indicative of the azide group.[41’42]
A smaller peak is seen at 404.0 eV and a larger peak is observed at
400.5 eV with a ratio of 1:2 in agreement with previously reported re-
sults for azide peak location. XPS spectra of SiO,NPsQPEG,y; and
SiO,NPs@QPEGs; show a single peak located at 398.9 eV. This indicates

4142] The carbon

a complete reaction of azide groups during CuAAC.!
content was evaluated at 43.0 at. % and 53.8 at. % at the surface of
Si0,NPs@QPEGy; and SiO,NPsQPEGs;y respectively (Table 4.4). This
confirms the presence of an important organic layer at the surface of
nanoparticles. The ratio of grafted PEGs; compared to PEGy differs
to the one calculated according to TGA analysis. XPS being a local
surface analysis technique, the polymer grafting yield is difficult to es-
tablish. In addition, neither TGA analysis, nor XPS analysis allow us
to asses that the grafting is completely homogeneous on particle sample.

Figure 4.28 shows TEM micrographs of the pristine SiO,NPs and
PEG-grafted silica nanoparticles. A first remark to be made is that the
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silica cores of PEG-grafted particles maintain their original spherical
shape. While the PEG shell is not clearly visible in the PEGog-grafted
SiO,NPs sample (Figure 4.28 b)), the presence of a polymer matrix is
clearly identifiable in the PEGsg-grafted SiO,NPs sample (Figure 4.28
¢)). The contrast between samples containing PEGo, and PEGsy is ex-
plained by the different amount of grafted polymer. Sample represented
in Figure 4.28 ¢) contains 15 wt. % more polymer than sample repre-
sented on Figure 4.28 b). In addition, polymer chains are longer in the
PEGsg-grafted SiO,;NPs and they can entangle more easily with chains
from other particles. The better individualization of PEGsgg-grafted
SiO,NPs brings in light a broader distribution of silica cores. This dis-
parity was probably already present in previous samples but particles
individualization makes it more visible. These synthesized PEG-grafted
silica nanoparticles were subsequently used to prepare composite poly-
mer electrolytes. The electrochemical performances and the mechanical

behavior of these prepared CPEs were subsequently characterized.

SiO;NPs  SiO,NPs@Nj3 SiO,NPsQPEGy, SiO,NPsQPEGsy

Si 32.98 31.29 16.18 9.44
O 64.81 56.94 39.68 35.99
N 0 2.39 1.15 0.75
C 2.21 9.39 42.99 53.83

Table 4.4 — Atomic concentrations (at. %) at the surface of
PEG-grafted silica nanoparticles and their precursors evaluated by
XPS analysis.
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Figure 4.28 — TEM images of the evolution of silica nanoparticles
morphology after PEG grafting: a) pristine silica nanoparticles, b)
PEGg-grafted silica nanoparticles and ¢) PEGs-grafted silica
nanoparticles.
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4.2.3 Electrochemical characterization of PEG CPE

The previously synthesized PEG-grafted silica nanoparticles were
used to prepare composite polymer electrolytes. In an ideal situation,
additives should represent only a small fraction of the electrolyte. Since,
the best grafting yield reached was about 36 wt. %, free PEO had to
be added to reach more than 95 wt. % of PEG. Free poly(ethylene
glycol) chains (Mw = 2000 g.mol~!) were melted at 50 °C under stirring.
An appropriate amount of pristine silica nanoparticles or PEG-grafted
silica nanoparticles was added and samples were homogenized for 15
minutes at 50 °C. Samples could later be re-heated at mild temperatures
to facilitate the shaping for analyses. A Swagelock setup was used as
described previously to perform electrochemical impedance spectroscopy
measurements. Swagelock cells were assembled, sealed and left in a

vertical position for at least 3 hours to allow CPEs to relax.
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Table 4.5 summarizes the compositions of the prepared compos-
ite polymer electrolyte and their measured ionic conductivities at 20
°C. ITonic conductivities of CPEs containing pristine silica nanoparticles
were evaluated for a LiClOy4 load of EO/Lit=12.5/1 and EO/Lit=10/1.
Ionic conductivities of CPEs containing PEG-grafted SiO, NPs were
only evaluated for a LiClO4 load of 12.5/1. The analysis of ionic con-
ductivities for samples containing a lithium salt load of 12.5/1 reveals
no significant impact of the addition of SiO,NPs in CPE. Such a low
amount of silica nanoparticles (between 2 wt. % and 4 wt. %) does not
impact positively or negatively the ionic conductivity. Measured ionic
conductivities of the CPE range between 2.9 x 107% S.cm™! and 8.26
x 1075 S.em™! . This is in good agreement with literature data which
report ionic conductivities between 107° S.cm™! and 10~7 S.cm™! for
composite polymer electrolytes at room temperature. For a similar sys-
tem of CPE based on silica nanoparticles and poly(ethylene oxide) (5wt.
% SiO.NPs), Shen et al. reported ionic conductivities of 6x1076 S.cm ™!
at 30 °C.13% Tt is important to note that the ionic conductivity can
drastically increase with temperature For example, Shen et al. measured

ionic conductivity of 107 S.cm™! at 50 °C.

The electrochemical stability ot electrolytes over the operating po-
tential window of battery is of crucial importance to design electrolytes.
Therefore, oxidative and reductive decompositions limits of the prepared
composite electrolytes were quantified by mean of cyclic voltamperom-
etry in a window of 0 to 5V (Figure 4.29). Below 0.5 V, a drop of
the current can be observed on the voltammograms, especially during
first cycles. This was attributed to the complex reduction reactions due
to formation of a solid electrolyte interface on the lithium anode. 45!
The opposite phenomenon occurs at voltages over 4.5 V during the first
cycles. No other relevant electrochemical redox process is observed be-
tween 0.5 V to 4.5 V. This analyze indicates that the PEGs.-grafted
SiO,NPs based CPEs can be successfully employed for Li-ion batteries.



214 Chapter 4. Separators and electrolytes design
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Figure 4.29 — Cyclic voltammograms of mPEGs-grafted SiO,NPs
composite polymer electrolytes (Entry 10 of Table 4.5) evaluated in
half-cell configuration versus lithium metal electrode in the 0 V - 5 V
range at 1 mV.s~!. The curves are shifted by 2 pA for clarity

4.2.4 Mechanical behavior of PEG CPEs

Shear rheological experiments were performed on previously described
composite polymer electrolytes at a controlled temperature of 20 °C.
Normal forces were checked to be relaxed prior any measurement. The
dynamic response of analyzed samples can be divided into two con-
stituents: the storage (or elastic) modulus G’ and the loss (or viscous)
modulus G”. The storage modulus is related to the elastic energy stored
in the system on deformation. The loss modulus is linked to the viscous
dissipation of energy in the system. In order to assess the mechanical
properties of a polymer material in terms of the viscoelasticity behavior,
it is usual to study the spectrum showing G’ and G” as a function of

[46] The relative magnitudes and shapes of the G’ and

shear frequency.
G” curves indicate the type and the extent of microstructure present.
A profile where the G’ values are higher than G” represents a sample

which possesses a strong resistance. In the ideal case, the phase lag §
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(i.e. the lag between the applied stress and the resulting deformation),

is 0°. Otherwise, the system is viscoelastic, and the G” values become

greater than G with a & of 90° for purely viscous liquid systems. 7]

106_ 4—_nﬁfnnnnl n (TR | n b1 a ol L Ll 9o
PR m———
oo=10Paf
Pure PEG T°=20°C | gq

5| e G
10 G L
—5 - 70
4 wt. % pristine SiNPs

s

[~ 60

Fe4

wt. % SiNPS@mPEG,, - 50

o
1
N

Ll¢

. %
I
G
5

G', G"[Pa]

- 40

T T T T T T T T T T T T T T T
0.1 1 10 100 1000

w [rad.s’1]

Figure 4.30 — Loss and storage moduli versus frequency of composite

polymer electrolytes : a) pure poly(ethylene glycol), b) poly(ethylene

glycol) with 4 wt. % of pristine SiO,NPs and ¢) poly(ethylene glycol)
with 4 wt. % of pristine SiO,NPs and SiO,NPsQPEGsy.

The plots of G’, G” and § versus shear frequency w that are presented
in Figure 4.30 compare the dynamic rheological response of pure PEGoy,
composite electrolytes containing 4 wt. % of pristine SiO,NPs and com-
posite electrolytes containing 4wt. % of PEGgg-grafted SiO,NPs. Green
curves represent the pure poly(ethylene glycol) sample (Entry 1 of Ta-
ble 4.5), black curves represent the sample comprising pristine silica
particles (Entry 7 of Table 4.5) whereas the red symbols indicate the
response of the sample involving PEGgg-grafted SiO,NPs (Entry 9 of
Table 4.5). In every cases, the response is highly viscous and liquid-like,
as the viscous modulus (G”) significantly exceeds the elasticity modulus
(G’) with both G’ and G” being frequency dependent. This tendency is
in agreement with the phase lag (4) whose value is constant over the in-
vestigated frequency range and close to 90°, characteristic of a liquid. [47]

Nevertheless, one can notice the significant increase of elastic modulus



216 Chapter 4. Separators and electrolytes design

Figure 4.31 — PEO-composite electrolyte macroscopic aspect :
pictures were taken 15 seconds after we turned-upside down the vial.
CPE present a EO/Li ratio of 12.5 : a) CPE containing 4 wt. % of
CNF , b) CPE containing 4 wt. % SiO,NPsQPEGy, d) CPE
containing 4 wt. % of SiO,NPs@QPEGs;; and d) PEG electrolyte
without nanoparticles.
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throughout SiO,NPs addition which is an indication of the improvement
of mechanical behavior. Comparing samples reveals that PEGog-grafted
SiO,NPs CPE bears higher storage and loss moduli over the experiment
than free silica nanoparticles CPE. This clue is a sign of a reinforcing
effect due the grafting of PEG at the silica surface. However, the pre-
pared composite electrolytes still exhibit a pure liquid behavior. Other
studies also reported that well dispersed surface-functionalized nanopar-
ticles influence positively the dynamics of polymers in nanocomposite
materials. 48] Macroscopically, samples sample containing 4 wt. % of
SiO,.NPs@QPEGs; and the one containing no silica particles do not be-
have differently(4.31 b) and d)). Once vial is turned upside-down, they
rapidly start to flow on the edges of the vial. The only difference is the

turbidity that can be observed in the sample containing silica nanopar-
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Figure 4.32 — Loss and storage moduli versus frequency of composite

polymer electrolytes : Effect of chain length of PEG-grafted SiO,NPs

on rheological measurements: a) 4 wt. % of SiO,NPsQPEGq and b) 4
wt. % of SiO,NPsQPEGsy.

Figure 4.32 compares the dynamic rheological responses of compos-
ite electrolytes containing 4 wt. % of SiO,NPSQPEG,;, and 4 wt. % of
SiO.NPSQPEGs;,. In the case of PEGs,-grafted nanoparticles, phase
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lag was measured at a constant value of 70°. Therefore, the CPE still
exhibits viscoeleastic properties dominated by a liquid-like behavior due
to a lack of structuration. Nevertheless the flow resistance is higher
than previously prepared CPEs. Measured viscous modulus of elec-
trolytes containing SiO,NPSQPEGs5; were recorded significantly higher
than electrolytes containing SiO,NPSQPEGy;. The measured viscosity
modulus is approximately three orders of magnitude higher while the
measured elastic modulus is four orders of magnitude higher. These
analyses indicate that a structuration is appearing but the formed net-
work in the material is too weak to prevent polymeric flow. Nevertheless,
the parallel G’ and G” curves suggest that the flow is constrained. The
observed improvement of mechanical stability attests the presence of en-
tanglements inside the composite polymer electrolyte. The explanation
lies in the increased chain length of the grafted polymers. Poly(ethylene
glycol) is known to exhibit a critical molar mass for chain entanglement
around 1850 g.mol~!.[4950 The strength of the structure is due to the
presence of these connectivity points between the constituents. [51-54]
exhibit elastic properties, a PEO-based material requires a minimum

of 3 to 4 entanglements per strand. 7]

It may be therefore more cau-
tious to talk about hydrodynamic effects than a real nanostructuration
of material for this composite polymer electrolyte. 5 An increase in the
number of entanglements should lead to a more structured material. 53]
This can be achieved by an increase of the grafted PEG chain length
or an increase of the PEG-grafted particles proportion. Figure 4.31
c¢) presents the macroscopic behavior of the CPE containing 4 wt. %
SiO,.NPs@QPEGs;;. At the opposite of the previous samples, CPE does
not flow as easily on the edge of the vial. The traces of CPE on the edges
of the vial are due to the préparation of CPE and its cooling. This time,

CPE is completely opaque.

Composite polymer electrolytes were also created by addition of cel-

lulose nanofibers into a poly(ethylene glycol) matrix (Entry 11 and 12
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Figure 4.33 — Loss and storage moduli versus frequency of composite
polymer electrolytes containing: a) 4 wt. % of SiO,NPsQPEGs;j b)
4wt. % of cellulose nanofibers.

of Table 4.5) The dynamic rheological response of cellulose fiber-based
composite is displayed on Figure 4.33. This time, the behavior expressed
by the CPE is typical from a rubbery material with a strong structura-
tion as the elastic response dominates at low frequencies. The material
still undergoes irreversible deformations as the polymer strands are free
to move but chains are more constraint in their movements. At higher
deformation frequencies, a more intense response can be observed as
the material does not have the time to adapt to constraint. This CPE
can therefore be assimilated as a soft matrix supported by a robust scaf-
fold. Integration of CNFs that possess superior mechanical properties 7
created a structuration inside the material thanks to their morphology.
The charge density at their surface helped their dispersion and decreased
their clogging tendency. 8! Figure 4.31 presents the macroscopic behav-
ior of the CNF-based CPE. Once again, we can see that after 15 seconds,
the CPE does not flow on the edges of the vial. The traces of CPE on
the edges of the vial are still due to the préparation of CPE and its
cooling. Use of cellulose nanofibers as mechanical reinforcement can be

considered as a promising concept to build composite electrolytes. (59]
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4.3 Conclusion

In a first step, cellulose nanofibers were successfully individualized
from soft wood pulp. The selected process allowed us to produce a rea-
sonable amount of CNFs. The produced nanofibers were successfully
integrated in composite separators using a filtration process. The pro-
duced fabrics were subsequently electrochemically characterized. It has
been established that composite separators fully meet the requirements
of lithium-ion battery separators.

In a second step, poly(ethylene glycol) of different molar masses were
successfully grafted on silica nanoparticles. The efficiency of PEG graft-
ing was verified by different characterization techniques. The obtained
Si0,NPs@QPEG were later included in the preparation of composite poly-
mer electrolytes. Electrochemical characterizations of composite poly-
mer electrolytes allowed us to establish their compatibility with lithium-
ion battery technology. The prepared CPEs are electrochemically stables
and their ionic conductivities are sufficient to integrate them in 4 V class
battery.

Lastly, mechanical behavior of composite polymer electrolyte was
investigated. It was demonstrated that the incorporation of a slight
amount of SiO,NPs@QPEG in polymer electrolyte improved their me-
chanical properties. It has been highlighted that the length of the poly-
mer chain grafted on silica nanoparticles was an important factor to
strenghten the electrolyte. Later, CPE including cellulose nanofibers
were prepared. In this case, CPE can therefore be seen as an ion con-
ducting polymer matrix supported by a cellulose nanofibers scaffold. It
was established that 4 wt. % of cellulose nanofibers improved drasti-
cally the mechanical behavior of prepared electrolytes. Nevertheless,
prepared CPE are still subject to flow because polymer chains are still
free to move. Therefore, application in flexible batteries are comprise
as this kind of batteries suffer severe mechanical stress. Reticulation of

CPE of inclusion of a solid separator is hence required.
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In order to improve further mechanical properties of and synthe-
size a fully solid state electrolyte able to sustain intense mechanical
stress, a three dimensional network of PEG can be envisioned. This
aim could be reached by condensation of difunctional poly(ethylene gly-
col) and multi-functional molecules. A three dimensional network across
the whole electrolyte should lead to a substantial increase of mechanical
properties while ionic conductivities should be preserved. Nevertheless,

this approach hardly seems to be compatible with the filtration process.
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Experimental part

Materials

Polyethylene glycol monomethylether (mPEG, Aldrich), sodium hy-
dride (NaH, Aldrich, 60 wt. % in mineral oil), propargyl bromide
(Acros Organics, 80 wt. % in toluene), magnesium sulfate (VWR, 98
%), (3-chloropropyl)triethoxysilane (TEOSCI, Aldrich, 97 %), tetra-
butylammonium azide (TCI, 95 %), sodium sulfate (VWR, 98 %),
silica nanoparticles (SiO, NPs, Aldrich, 99.5 %), copper(Il) sulfate
pentahydrate (CuSO4.5H20, Acros Organics, 98 %), Tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methylJamine (TBTA, TCI, 97 %), sodium ascor-
bate (Aldrich, 98 %), lithium perchlorate anhydrous (LiClOy4, Alfa Ae-
sar, 99.99 %), sodium hypochlorite solution (Sigma-Aldrich, 10-15 %),
Sodium chlorite (Sigma-Aldrich, 80 %) (2,2,6,6-Tetramethylpiperidin-1-
yloxyl (TEMPO, Sigma-Aldrich, 98 %) and lithium hydroxide (Aldrich,
98 %) were used as received. Tetrahydrofuran (THF, VWR, HPLC
grade) and toluene ( VWR, HPLC grade) were distilled on CaHy before
use, dichloromethane (DCM, VWR, HPLC grade) acetonitrile (ACN,
VWR, HPLC grade) were used as received.

Never dried cellulose soft wood pulp was kindly provided by Domsjo
Fabriker AB, Ornskoldsvik, Sweden.

Cellulose nanofibers preparation

In a round-bottom flask, 10 g of never-dried cellulose pulp were added
(this corresponds to 2 to 2.4 g of dried cellulose fibers). Phosphate
buffer (180ml, pH 6.8) was added and temperature was elevated at 60
°C. Sodium hypochlorite 15% in water (1.24 ml) was diluted in 20 ml of
phosphate buffer then added to the reaction mixture. Sodium chlorite
(2.26 g; 25 mmol ) and TEMPO (40mg; 0.25 mmol) were then added.
The mixture was stirred for 72 hours before cooling at room tempera-

ture. Oxidized cellulose fibers were filtered and thoroughly washed with
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water and methanol. The oxidized cellulose fibers were then dispersed
in distilled water and pH was set at 10 with LiOH 1M. The dispersion
was sonicated for 15 mins - 30 mins using ultrasonic bath. Cellulose
fibers and cellulose nanofibers were then separated using a nylon cloth
filter (25 pm). The process was repeated to recover a larger amount of
cellulose nanofibers. Cellulose nanofibers were then concentrated using
centrifugation for 15 mins at 4000 RPM.

Separator production

Variable amounts of cellulose nanofibers and silica nanoparticles (typ-
ically 10 mg of each) were dispersed in 100 ml ethanol. Dispersions were
vacuum filtered on hydrophobic PVdF 0.22 pm filters using a Millipore
set-up. Separators were first dried in ambient air at room temperature
for 24 hours, peeled off and finally dried at 60 °C under vacuum for 48

hours.

Electrochemical characterization of CNF-based separators

Electrical conductivities were measured by a 4-point probe station
(Lucas Lab L320) coupled with a Keithley 2410 monitor. Current was
adjusted to keep a constant voltage of 10 mV. Film thickness was mea-

sured using a Draper Expert digital micrometer.

Separator were soaked in liquid electrolyte between two stainless
steel electrodes in Swagelock cells. All cells were assembled under argon
atmosphere (<0.1 ppm H20, <0.1 ppm O3) in a MBraun glovebox.

Cyclic voltametry was carried out on a CHI660b potentiostat be-
tween 0 V and 5 V. Scanning rate were set as 0.1 mV /s and 1 mV/s.

Electrochemical impedance spectroscopy measurements were carried
out on a CHI660b potentiostat by applying an AC voltage of 5 mV in
the frequency range of 0.1 Hz to 100 kHz.
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TEM and AFM imaging

Images in transmission electron microscopy were recorded on a LEO
922 microscope, operating at 120 kV accelerating voltage in bright field
mode. Samples for TEM experiments were prepared by drop casting
a dispersion of cellulose nanofibers or silicon dioxide nanoparticles in
water on TEM grids (SPI, Lacey carbon on 200 mesh Cu grid). Grids
were carefully dried under vacuum at room temperature. Particles mea-
surements were executed with ImageJ 1.49 software (Wayne Rasband,
National Institute of health).

Atomic force microscopy was performed on a Digital Instrument
Nanoscope V scanning force microscope in tapping mode using NCL
cantilevers (Si, 48 N/m, 330 kHz, Nanosensors). Samples for AFM ex-
periments were prepared by spin-coating nanoparticles and nanofibers
dispersions on silicon wafers. Silicon wafers were previously washed in

acetone, Piranha solution and MilliQ water.

Chemical characterizations

Proton nuclear magnetic resonance (!H NMR) spectra were acquired
on a 300 MHz Bruker Advance II.

Infrared (IR) spectra were recorded on thin films deposited onto
sodium chloride plates or in bulk into potassium bromide pellets with a
FT-IR Shimadzu 8400S spectrometer.

Typical procedure for alkyne functionalization of the

polyethylene glycol monomethylether

Sodium hydride (800 mg; 20 mmol; 4eq) was added to a solution of
mPEGy; (10 g; 5 mmol; leq.) in dry tetrahydrofuran (50 ml). After
stirring at room temperature for 1 hour, a solution of propargyl bromide
(80 wt. % in toluene; 2.23 ml; 20 mmol; 4 eq.) was introduced drop-wise
to the medium and the reaction mixture was stirred overnight. The sol-

vent (THF) was removed under reduced pressure. The obtained product
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was dissolved in dichloromethane, extracted 3 times with deionized wa-
ter (25 ml) and lastly with brine solution (25 ml). The organic phase
was collected, dried over magnesium sulfate and concentrated under re-
duced pressure. The crude product was purified by precipitation in cold
diethyl ether to afford 7.3 g of a white solid. The same procedure was
followed to functionalize mPEGs5; and mPEGgg,. Time was the only
parameter varying.

'H NMR (300 MHz, CDCl3) mPEGg 6(ppm): 2.43 (t, J 3 Hz, 1H,
C=C-H ), 3.36 (s, 3H, CH30), 3.39-3.87 (m, 45H, CHy), 4.18 (d, J 3 Hz,
2H, O-CH,-C=C)

'H NMR. (300 MHz, CDCl3) mPEGs; d(ppm): 2.42 (t, J 3Hz, 1H,
C=C-H), 3.36 (s, 3H, CH30), 3.39-3.86 (m, 562H, CHs), 4.17 (d, J 3
Hz, 2H)

'H NMR (300 MHz, CDCl3) mPEGag; §(ppm): 2.43 (t, J 3Hz, 1H,
C=C-H), 3.37 (s, 3H, CH30), 3.38-3.88 (m, 2023H, CHs), 4.19 (d, J 3
Hz, 2H)

FT-IR: 3247 cm™! C-H stretching of alkyne, 2877-2694 cm~! C-
H stretching in methylene groups, 1486-1454 cm~! C-H scissoring in
methylene groups, 1234-1278 cm ™! C-O stretching in CH,-O-CHs.
Typical procedure for the synthesis of (3-
azidopropyl)triethoxysilane

(3-chloropropyl)triethoxysilane (10 ml; 41.5 mmol; 1 eq.) was in-
troduced in a 100 ml round bottom flask under argon atmosphere. The
medium was filled with freshly distillated acetonitrile (45 ml) and stirred
for 10 min. Afterwards, tetrabutylammonium azide (116.6 mg; 0.41
mmol, 0.01 eq.) was added to the medium and the mixture was refluxed
for 76 hours. The reaction was allowed to cool and acetonitrile was re-
moved under reduced pressure. The resulting product was dissolved in
dichloromethane and extracted 3 times with water. The organic frac-
tions were collected, dried on sodium sulfate, filtered and concentrated

to afford a colorless oil (8.66 g).
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Typical procedure for the functionalization of silica nanopar-

ticles with (3-azidopropyl)triethoxysilane

Silica nanoparticles (2 g) were placed in a Shlenk flask and dis-
persed in of dry toluene (200 ml). (3-azidopropyl)triethoxysilane (4
ml) was added and refluxed for 76 hours under stirring. The obtained
Si0,NPs@N3 were separated from solvent by centrifugation (15 mins,
4000 tr/min), washed 6 times alternating water and acetone and dried
at 35 °C under vacuum for 24h. The particles were afforded as a white
solid.

Polyethylene glycol grafting on silica nanoparticles

Alkyne-functionalized mPEGy (200 mg; 0.1 mmol; 1 eq.) was intro-
duced in a Schlenk flask containing a water and methanol mixture (1:1
in volume, 10 ml) and stirred at room temperature until the total dis-
solution of the polymer. Azide-functionalized silica nanoparticles (160
mg) were introduced in the Schlenk and dispersed by sonication for 15

minutes.

Afterwards, an equimolar solution of CuSO4.5H20 (23 mg; 0.08
mmole; 0.8 eq.) and TBTA (42 mg; 0.08 mmol; 0.8 eq.) in 2 ml of
1:1 solvent mixture HoO/MeOH, was added. The medium was degassed
by bubbling argon for 20 minutes. Sodium ascorbate (33 mg; 0.16 mmol;
1.6 eq.) was added, the medium was degassed for 10 additional minutes
and the reaction mixture was stirred for 24 hours. The resulting product
was collected by centrifugation (15 min, 4000 rpm), rinsed 6 times (45

ml) alternating water and ethanol and dried over vacuum oven at 35 °C.

The same procedure was followed to graft mPEGs; on SiO,NPs@N3.

Only parameters varying were solvent mixture and temperature.
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X-ray photoelectron spectroscopy of grafted silica nanopar-

ticles

XPS analyses were realized at room temperature by means of a
SSI X-Probe (SSX 100/206) photoelectron spectrometer from FISONS
equipped with a monochromatized microfocus Al X-ray source. Sam-
ples were stuck onto sample holders with a double-face adhesive tape
and then placed on an insulating home-made ceramic carousel (Macor,
Switzerland). The spot size for irradiation was set at 800 pm x 1200
pm. Charge effects were suppressed by placing a nickel grid above the
samples and using a flood gun set at 8 eV. The energy scale was cali-
brated with reference to the Auys7/, peak at 84 eV. Data treatment was
performed with the CasaXPS$ software (Casa Software Ltd., UK). The
peaks were decomposed into a sum of Gaussian/Lorentzian (85/15) afer

subtraction of a Shirley type baseline.

Thermogravimetric analysis

Thermogravimetric analysis were recorded on a TGA/SDTA 851e
instrument from METTLER TOLEDO. Samples (from 3 to 10 mg) were
introduced in 70 pL. alumina containers. Analyses were carried out with

a heating ramp of 10 °C.min~! and under a nitrogen flow (50 ml.min~1).

Electrochemical Impedance Spectroscopy of PEG 4-LiCl10,

PEGygor was dissolved in dry acetonitrile at 50 °C for 2 days to
produce a 3.33 wt. % solution. 10 grams of that solution were mixed
with an appropriate amount of LiClOy4 to reach the right EO/Li™ ratio.
That mixture was poured in an aluminum pan and the solvent was
evaporated under vacuum at 40 °C. The samples were finally dried for
48 hours at 30 °C and stored in a glovebox under controlled atmosphere.
The PEGy4go-LiClO4 films were introduced between two copper plates

with area of ~7.07 cm?. The setup was connected to a three electrodes



228 Chapter 4. Separators and electrolytes design

potentiostat. FElectrochemical impedance spectroscopy measurements
were carried out on a Metrohm Autolab potentiostat by applying an AC
voltage of 5 to 10 mV in the frequency range of 0.01 Hz to 1 MHz.

Electrochemical Impedance Spectroscopy of PEGy._35-
LiClO,

PEG (500 mg) was melted at 65 °C in a vial under stirring. LiClO4
wt. 65% in THF was added to the vial to reach the right Li*/O ra-
tio. A ring made of polyethylene was used as spacer to prevent shortcut
and secure a constant thickness during measurement. The melted PEG-
LiClO4 mixture was directly casted on pre-heated stainless steel elec-
trodes and the solvent was evaporated under reduced pressure. Once
dried, electrodes were assembled in a swagelock cell system. Electro-
chemical impedance spectroscopy measurements were carried out on a
Agilent 4284 A potentiostat by applying an AC voltage of 5 mV in the
frequency range of 1 Hz to 1 MHz.

Rheological measurments of PEG,;_35,-LiCl104

Shear rheological experiments were performed on a Kinexus Ultra
(Malvern Instrument) rheometer equipped with a heat exchanger. Mea-
surements were carried out at given temperatures, using a 8 or 20 mm
plate—plate geometry. The gap was adjusted between 50 and 250 ym so
that the geometry was completely filled. Normal forces were checked to

be relaxed prior any measurement.
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CHAPTER D

Design of full batteries

Abstract

In previous chapters of this work, we demonstrate that our previously de-
scribed positive and negative electrodes are compatible. Electrode balance
s analyzed and performances are correlated. In a second step, the incor-
poration of cellulose nanofibers separators is realized. Performances of
the corresponding full cells are assessed. Finally, we demonstrate that
filtration process can be used to produce lithium-ion batteries in a single

step.
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5.1 Capacity-balancing of electrodes

In this chapter, we designed full cells with lithium cobalt oxide-based
cathodes and lithium titanate-based anodes. The voltage of this battery
is determined by the voltage of the two corresponding half-cells. In this
case, battery voltage is therefore around 2.4 volts. The capacity of full-
cells is determined by irreversible capacity of both electrodes (Figure
5.1).) During the first charge (Figure 5.1 a)), lithium ions are trans-
ferred from the cathode to the anode through the electrolyte. Most of
lithium ions are reversibly intercalated in the anodic material. Never-
theless, part of lithium ions supplied by the cathode are consumed in the
initial irreversible reaction of SEI layer formation at the anode. During
the first discharge, the part of lithium ion not involved in irreversible
reaction shuttle back to the positive electrode. As for the first charge,
a part of the lithium ions are consummed in irreversible reactions at
the cathode. Two cases may arise. In the first case (Figure 5.1 b)), re-
versible positive capacity is larger than reversible negative capacity. The
reversible capacity of the full cell is here determined by the reversible ca-
pacity of negative electrode. In the second case, the reversible capacity
of positive electrode is smaller than the reversible capacity of negative
electrode (Figure 5.1 c¢)). In this case, the full cell reversible capacity
is equal to the reversible positive capacity. These two cases are respec-
tively called anode-limited design and cathode-limited design battery.
They are attributed to the difference in the amount of lithium supplied
to the half cell with lithium metal as the reference electrode and a full
cell with a counter electrode. This is because lithium ion is limitless in
half-cell conguration but restricted by counter electrodes in full-cell con-
figuration. Cathode/anode capacity ratio is therefore one of the most

important criterion to design full-cells. 12
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Figure 5.1 — Irreversible capacity of a cathode and an anode: a)
lithium is transferred from the cathode to the anode, b) and ¢) lithium
from reversible anode capacity is restored to cathode. Adapted from .
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Figure 5.2 — Impact of capacity balancing on capacity retention of
full batteries (LCO-MWCNTs (90:10 wt. %) vs. LTO-MWCNTs (90:10
wt. %) electrodes). Capacity of batteries is evaluated in the 1V - 2.7 V

range at 1 C rate with respect to the in debt electrode.
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Tests performed on half-cell configurations showed that active
materialssMWCNT-based fabrics meet the expectations for quality elec-
trodes. Electrode containing 10 wt. % MWOCNTs showed satisfying
performances with lithium as counter electrode. Gravimetric capacity
recovered for both electrode was close to the theoretical gravimetric ca-
pacity. Therefore, MWCNT-LiCoOq cathodes and MWCNT-LiyTi5O12
anodes containing both 10 wt. % MWCNTs were assembled in a full
cell configuration with a porous Ceardllgard separator soaked with lig-
uid electrolyte. Full cells with different cathode - anode capacity ratios
were prepared and tested (Figure 5.2). Experiment was reproduced
twice with very similar results. Current was set at C / 20 during the
first cycle and at C over the next 100 cycles. Current densities were
set according to limited electrode. Voltage cut-off was set at 2.7 V
during charge and at 1 V during discharge. During charge, if delithi-
ation exceeds half of the lithium amount present in MWCNTs-LiCoOo
electrodes, LiCoOs particles undergo structural change from hexagonal
to cubic spinel structure.l3 This leads to an irreversible capacity loss
for the cathode material. In a cell with an excess of positive material,
LiyTi5O12 reaches its saturation (Li;TizO;2) before reversible delithi-
ation of LiCoOq, preventing thus LCO degradation. Results showed
that a small excess of cathode material (1.2 ratio in term of capacity)
presented the best results with capacity retention of 76 % after 100 cy-
cles (Figure 5.2). Battery with a cathode/anode capacity ratio of 1.2
were therfore further investigated. Voltage profiles of these batteries
during the first hundred cycles are presented in Figure 5.3. Current
density during the first cycle was set at 0.1 C to allow passivation layer
creation. The first cycle therefore presents higher capacity due to the
irreversible capacity of the first cycle. The other curves show no signifi-
cant differences for the 50 first cycles. However, the voltage profile of the
hundredth cycle shows an inflexion point in charge and discharge curves

at around 2.5 V that could suggest degradation of LCO particles. In
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addition, it can be seen that voltages are slightly higher than previous
cycles at the same state of charge. Progressive loss of electrical contact
between carbon nanotubes and active material particles is probably due
to the formation of passivation layer and decohesion of particle. This is
partly the cause this observations and the progressive loss of capacity of
the battery. A change of the voltage cut-off from 2.7 V to 2.5 V could
help to further improve the lifespan of electrodes but at the expense of

the battery capacity.

+

Voltage vs. Li/Li

1 1

0 20 40 60 80 100 120 140 160
Capacity [mA.g" LCO]

Figure 5.3 — Voltage profiles recorded in the 1 V - 2.7 V range at 1 C
rate for full batteries (LCO-MWCNTs (90:10 wt. %) vs.
LTO-MWCNTs (90:10 wt. %) electrodes) with a Cc/Ca = 1.2 ratio.
Cycles 1, 2, 20, 50 and 100 are represented.
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The phenomena taking place during the first cycle were analyzed
more deeply (Figure 5.4). This graph depicts the voltage profile of a
LCO-MWCNTSs electrode (90:10 wt. % - 1 g LCO) and a LTO-MWCNTs
electrode (90:10 wt. % - 0.78 g LTO). The mass were chosen to respect
the cathode-anode reversible capacity ratio of 1.2. The green curve de-
picts the voltage profile of a full-cell designed with the corresponding
electrodes. Figure 5.5 depicts the phenomena taking place inside the
full-cell. During first charge, a certain amount of LiCoO; is delithiated
(corresponding to 150 mAh). Lithium ions shuttle through the elec-
trolyte and the anode is lithiated. A certain quantity of the lithium ions
undergoes irreversible reaction forming passivation layer. This quantity
was evaluated to 34 mAh from the Figure 5.3. Only 116 mAh of lithium
ions are now able to shuttle back to the LCO cathode during the first
discharge. This is very different from the case of half cells. In half cells,
capacity of lithium counter electrode is limitless. During first discharge,
116 mAh of lithium ions insert in LCO material. A part of these lithium
ions undergoes irreversible reaction on their turn. This was estimated
to 8 mAh of lithium ions from the Figure 5.3. After first cycle, lithium
cobalt oxide is therefore not fully lithiated an some cathode capacity is
therefore lost. We estimate the composition of positive active material
close to LipggCoOs after the first cycle and the reversible capacity of
the cathode represents around 107 mAh. The full-cell voltage profile is
depicted on Figure 5.3. After the first cycle of full cell, 114 mAh.g™*
LCO were recovered which is close to the predictions. We are in this case
in an anode-limited configuration. During the first 25 cycles of the bat-
tery life, capacity is almost constant (2 % decay) (Cc/Ca=1.19 full-cell
of Figure Figure 5.2), Nevertheless, over time, LCO cathode capacity
will slowly be reduced as it was observed in half-cell configuration. At
one point, cathode capacity falls below anode capacity and full cell is in
a cathode-limited configuration. The decline in battery capacity then

accelerates as delithiation can exceed Lig5CoQs.
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In traditional graphite/lithium cobalt oxide batteries, a cath-
ode/anode ratio smaller than 1 is recommended. In this case, larger neg-
ative anode capacity prevent safety issues that can arise due to lithium
deposition at the anode during charging. In our case, graphite is not
used to design full-cells. Selected active material for negative electrode
is lithium titanate. On this material, lithium metal deposition should
not occur on LTO electrodes as intercalation potential is about 1.6 V vs
Li/Li*T. As previously demonstrated in half-cell configuration, lithium
titanate-based electrodes are very stable. On the other hand, we previ-
ously demonstrated our difficulties to design very stable MWCNTs-LCO
electrodes. Results presented on Figure 5.2 proved that a cathode to
anode capacity ratio of 1.2 showed the best results. Batteries with elec-
trodes of capacity ratio Cc/Ca = 1.2 were therefore repeatedly produced

for further analyses.
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Figure 5.6 — Electrochemical impedance spectroscopy of full batteries
(LCO-MWCNTs (90:10 wt. %) vs. LTO-MWCNTs (90:10 wt. %)
electrodes - Cc/Ca= 1.2) during the first 20 cycles. Measurements are
recorded under a 5 mV perturbation.

Electrochemical impedance spectroscopy analysis was also performed
during cycling of the battery to investigate solid electrolyte interface
creation and closely monitor the cycling degradation (Figure 5.6). For
the freshly assembled cell (initial state), the EIS trace in the Nyquist
plot presents a single semi-circle that can be ascribed to the interfacial
resistance. It also presents a straight line with an angle of 45° with
respect to the real axis (Z’) in the low frequency region corresponding
to a Warburg diffusion of ions in solution. After the first and twentieth
cycles, Figure 5.6 shows an increase of the arc diameter, corresponding to
the solid interface layer formation, which increases the internal resistance
of the cell.[¥) This increase of internal resistance is partly responsible for
capacity degradation over time. Internal resistance increase can causes
local overvoltage and degrade active material. It also lead to lost of

contact between the conductive network and active matter particles.
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5.2 Cellulose nanofibers-based separator inte-

gration

The next step in the design of the flexible lithium-ion batteries is the
integration of the previously described cellulose nanofiber-based com-
posite separator. Full cells were assembled in the same configuration
as previously described with a cathode to anode capacity ratio of 1.2.
Commercial PE-PP-PE separator was replaced by home-made filtered
CNF:SiO, NPs composite separator (50:50 wt. %ratio). Figure 5.7
shows the comparison of cycle stability between a cell with commer-
cial separators and two cells with CNF-based separators. In each case,
capacity retention calculated after the first 40 cycles is close to 95 %
and coulombic efficiency above 98 %. Moreover, one can observe no
significant differences between batteries with commercial separator and
batteries with cellulose nanofibers separator. As previously described,
in a positive to negative capacity ratio of 1.2, the degradation of LCO
is not very important at the beginning. After cycle 40, while the ca-
pacity retention of cells with commercial separator slowly declines, the
phenomenon is even more pronounced for batteries with the home made
separator. After 40 cycles, the positive to negative capacity ratio drops
below 1 and we switch to a cathode-limited configuration. Therefore,
the capacity fade accelerates. Nevertheless, these results are very en-
couraging as it proves that our cellulose separator can be used in this
full cell configuration. Performances of batteries with cellulose-based
separator are not so different from the batteries with commerccial sepa-
rator. To explain decay in the capacity retention, it must also be taken
into account the time elapsed between the first and the hundredth cycle.
In this case, the elapsed time represents about 10 days of analysis. Dur-
ing this time, many phenomena can occur as a loss of contact between

MWCNTs and active matter particle or electrolyte degradation.

Figure 5.8 shows the voltage profiles of a full-cell with CNF-based
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Figure 5.7 — Impact of CNF-based separator integration: evaluation
of cycle stability for full cells with commercial separators and full cells
with CNF-based separators. All batteries were designed with a
LCO-MWCNTs (90:10 wt. %) vs. LTO-MWCNTs (90:10 wt. %)
electrodes in a Cc/Ca= 1.2 ratio. Gravimetric capacity and coulombic
efficiency were evaluated at 1 C rate in the 1 V - 2.7 V range.

separator. The curves exhibit no significant differences with cell with
commercial separator (Figure 5.3). As noted above, an inflexion point
can still be observed at 2.5 V during charge. Changing the cut-off voltage
should probably improve capacity retention over time but at the expense

of capacity.
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Figure 5.8 — Voltage profiles recorded in the 1 V - 2.7 V range at 1 C
rate for full batteries (LCO-MWCNTs (90:10 wt. %) vs.
LTO-MWCNTSs (90:10 wt. %) electrodes) with a Cc/Ca ratio = 1.2
and cellulose-based composite separator. Cycles 1 to 100 are
represented.

5.3 One-step fabrication of batteries

The last part in the design of the flexible lithium-ion battery in one
step was the sequential filtration of each layer: MWCNTs-LCO pos-
itive electrode, cellulose-based separator and MWCNTs-LTO negative
electrode. Filtration produced flexible robust batteries several times
(Figure 5.9). However, the sequential filtrations required much more
time than separate filtrations. The increase in time to complete the
filtration is mainly due to the difference of difference of hydrophobicity
of each layer and the nature of dispersion solvents. The filter is com-
posed of hydrophobic PVdF. The first filtered layer is mainly composed
of MWCNTs that are hydrophobics. The second filtration is the separa-
tor layer which involves methanol. This filtration is therefore very slow
as methanol percolates hardly through the MWCNTs network due to
its polarity. This second filtration creates a layer of cellulose and silica

nanoparticles layer. The filtration of last layer involves butanol as dis-
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persant on a hydrophilic layer. This explain the slow process of battery
filtration in one single step. Each sample was later carrefully dried for

48 hours at 60°C under vaccum to remove every solvent traces.

Figure 5.9 — One step battery via filtration process. Each layer is
sequentially deposited.

Figure 5.10 — Cross-section a full cell produced successive filtration
step: a) SEM image and b) EDX mapping performed at 15 kV with Ti
in yellow, Si in orange and Co in green.

After drying, diverse methods were investigated to punch test bat-
teries at the appropriate size. All of the traditional cutting methods
failed to produce working batteries. Conventional tools to cut batteries
lead to the creation of shortcuts between the two electrodes whatever
the thickness of separator was. A laser cutting method was eventually
employed. Figure 5.10 shows the cross-section of a battery cut by laser.
EDX mapping shows the clear separation between the three components

of the battery. From this image, we can evaluate the thickness of sep-
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Figure 5.11 — Impact of the one step battery fabrication process on
performances: evaluation of cycle stability for full cells with
cellulose-based composite separators. Batteries were designed with a
LCO-MWCNTs (90:10 wt. %) vs. LTO-MWCNTSs (90:10 wt. %)
electrodes in a Cc/Ca= 1.2 ratio and all battery component were
successively filtered. Gravimetric capacity and coulombic efficiency
were evaluated at 1 C rate in the 1 V - 2.7 V range.

arator to 67 pm. Thickness of commercial separators is 25 pm. In our
battery, lithium ions have to cover more than twice the distance. This

can have a direct influence on performances.

Even with this method, only one test battery over eleven samples
sustained several cycle. The results are presented in Figure 5.11. Gravi-
metric capacity is here expressed in terms of mAh per gram of LiCoQOs.
The first observation is the relatively low coulombic efficiency observed.
The latter was recorded constant between 60 % and 80 %. The expla-
nation lies in the presence of a very small short-cut between the two
electrodes. These short-cuts could have two possible sources. They can
come from the filtration process itself. During the filtration of the an-
ode, MWCNTs can infiltrate the separator layer and make connections
with the cathode. This explanation is unlikely. Separator layer is about

67 pm thick and MWCNTs are few pm long. The second possible source
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of short-cuts is the punching method and preparation of Swagelock cell.
During these steps, it is very likely that short-cuts are created at the
edge of battery. On Figure 5.11, one can notice that only 77.07 mAh.~!
could be recovered during the discharge in first cycles. This is only a
little bit more than half of the theoretical capacity. Nevertheless, it
is important to note that the battery produced by sequential filtrations
sustained 500 cycles with only a 62 % capacity loss. In this case, the 500
cycles represent about 45 days of measurement. This result is therefore
very encouraging. It proves that the filtration process is a very interest-
ing method to create batteries in a single step. Figure 5.12 shows the
voltage profile of the full-cell designed by sequential filtrations. Again,
these voltage profiles are similar to the previous one. We can observe
inflexion point at 2.5V on each curve. Experiments with different cut-off

voltage should be carried on to assess the impact on lifespan of batteries.
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Figure 5.12 — Voltage profiles of full-cell made by filtration Voltage
profiles recorded in the 1 V - 2.7 V range at 1 C rate for full batteries
produced by sequential filtration of components (LCO-MWCNTs
(90:10 wt. %) vs. LTO-MWCNTs (90:10 wt. %) electrodes - cellulose
separator (10 mg CNF - 10 mg SiO, Nps) with a Cc/Ca = 1.2 ratio.
Cycles 1, 2, 20, 50, 100, 200, 300 and 400 are represented.
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5.4 Conclusion

In this chapter, we first demonstrated that negative electrodes and
positive electrodes based on carbon nanotubes networks are compati-
ble. We investigated the electrode balance and the impact of limited-
electrode configurations. Full-cell configurations are very different from
half-cell configurations. In full-cell configuration, the amount of lithium
ions is not limitless. Special attention should therefore be paid to elec-
trode balance and on irreversible capacity during first cycle. Recorded
performances of our batteries show that a slight excess of cathode ma-
terial produces batteries with better cycling stabilities.

In a second phase, we replaced commercial polyolefin-based sep-
arators by the cellulose nanofiber-based separator. Recorded perfor-
mances showed no sign major differences. Very encouraging results were
recorded during the 40 firsts cycles. After the 40 firsts cycles, capacity
gradually fades as lithium cobalt cathode is depleted

In a third phase, we proved that a filtration process can be imple-
mented to create batteries in a single-step. The analysis shows that the
battery sustained 500 cycles on a period of about 45 days. Coulombic
efficiency analysis highlighted the presence of short-cuts between anode
and cathode. These short-cuts are created during the battery assem-
bly and with little technical optimisation, we should be able to create

full-cells in a single step that present very good performances.
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Experimental part

Materials

Lithium cobalt oxide (LiCoOg, LCO, 9 pm, 99.9 %) and lithium ti-
tanate (LigTi5O12, LTO, 1.9 nm, 98 %) were purchased on their battery
grade from MTIXTL. Butanol (HPLC grade, 99.7 % Sigma-Aldrich)
was used without any further purification. Thin multiwalled carbon
nanotubes NC7000 (MWCNT, av. diameter: 9.5 nm, av. length: 1.5
pm, carbon purity 90 %) were kindly provided by Nanocyl. Lithium foils
(Alfa Aesar, 99.9 %) were used as reference electrode. Separator films
(Celgard, 25um trilayer (PP-PE-PP)) were purchased from MTIXTL. A
mixture of ethyl carbonate, dimethyl carbonate and diethyl carbonate
1:1:1 in volume (EC:DMC:DEC) with 1 M of lithium hexafluorophos-
phate was purchased from Novolyte and used as electrolyte. All compo-

nents were stored under controlled atmosphere and used as received.

Mass balancing electrodes

Positive and negative electrodes were created using the method de-
scribed in chapter 5. Combination of electrodes with different capacities
provided a large collection of a full batteries with various electrode bal-
ances. Batteries were created with electrode capacity ratios comprised
between 0.65 and 1.4. Cycling stability and cycling performances were
assessed using an Arbin BT2043 test station. Current densities were cal-
culated on the basis of default electrode capacity. Full batteries were cy-
cled between 1.0 V and 2.7 V. Electrochemical impedance spectroscopy
measurements were carried out on a CHI660b potentiostat by applying

an AC voltage of 5 mV in the frequency range of 0.1 Hz to 100 kHz.

CNF-based separator integration

Full batteries with an electrode balance Cc/Ca = 1.2 were pro-

duced. Cellulose nanofibers-based separator were produced as described
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in chapter 5. Standard Cellgard separator was replaced by cellulose
home-made nanofibers-based separator. Cycling stability and cycling
performances were assessed using an Arbin BT2043 test station. Cur-
rent densities were calculated on the basis of default electrode capacity.
Full batteries were cycled between 1.0 V and 2.7 V. Electrochemical
impedance spectroscopy measurements were carried out on a CHI660b
potentiostat by applying an AC voltage of 5 mV in the frequency range
of 0.1 Hz to 100 kHz.

One-step batteries

Cathode, cellulose-based separator and anode were sequentially vac-
uum filtered. Batteries were dried at room temperature for 24 hours
and for 48 hours at 60°C under vacuum. Batteries were cut to the
required dimensions by means of an Oxford Lasers industrial system us-
ing a 355 nm UV Talisker picosecond laser ULTRA 355-4 system with
a diode-pumped solid-state amplifier. Cycling stability and cycling per-
formances were assessed using an Arbin BT2043 test station. Current
densities were calculated on the basis of default electrode capacity. Full
batteries were cycled between 1.0 V and 2.5 V or 2.7 V.

Scanning Electron microscopy and EDX analysis

Morphologies of binder-free electrodes and carbon nanotubes bucky-
papers were observed by scanning electron microscopy on a JEOL JSM-
7600F microscope operated at voltages ranging between 5 kV to 30 kV.
Energy dispersive X-ray spectroscopy analysis were performed on the

same equipment operated at 30 kV.
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CHAPTER O

Conclusion and perspectives

In the recent years, the need of transportable energy sources has
significantly risen. In this field, Li-ion battery technology has become
a key technology in everyday life. Solutions were already successfully
implemented for cell phones, laptops or even electric vehicles. Recently,
technological breakthroughs in flexible electronics paved the way for
wearable electronics and flexible screens. In this context, it is difficult
to integrate the current portable energy solutions into future devices.
Nevertheless, the design of new flexible portable energy sources intro-
duces security constraints. Every component has to be flexible as well as
the assembled battery. During operation, strong cohesion between com-
ponents is also required in a flexible configuration. Therefore, separately
creating the different components and assembling them together at the
end of line is not the most appropriate production process. In addition,
commercial lithium ion battery technologies are based on liquid organic
electrolytes to maximize performances. Since the flammability of liquid

electrolytes is known to be the main cause of failure, a flexible battery
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needs to integrate new kind of electrolytes. In this context, poly(ethylene
oxide) is a promising candidate. If properly prepared, PEO-based elec-
trolytes exhibit sufficient ionic conductivity while standing solid. All
these considerations let us conclude that the traditional design process
had to be rethought for a flexible configuration. Therefore, this thesis
was devoted to the implementation of solutions for the design of battery

in a single filtration step including a solid electrolyte.

The first part of this work was dedicated to the creation of elec-
trodes through filtration. A filtration process implies the use of battery
components in the form of suspension. Most of the commercial battery
electrodes being made of active materials, nanocarbons and polymer
binders, their composition had to be adapted. In a first step, carbon
nanotube buckypapers were created by filtration of homogeneous sus-
pensions of multiwalled carbon nanotubes. After optimization of param-
eters such as the solvent choice and filtration conditions, we were able
to reproducibly produce CNT-based robust conductive networks. Elec-
trical conductivity and electrochemical inertness over a 0-5 V potential
window were established to assess compatibility with lithium ion tech-
nology. In a second step, electrodes containing various amounts of active
materials and multi-walled carbon nanotubes were reproducibly created.
Cathodes were evaluated with lithium phosphate iron and lithium cobalt
oxide as positive materials while mesoporous carbon beads and lithium
titanium oxide were chosen as negative active materials. The perfor-
mance of prepared electrodes as well as their durability were established
by means of electrochemical characterizations. It was demonstrated that
the filtration of a suspension containing electrochemical active materi-
als and conductive carbon nanotubes is a very effective way to produce
performing electrodes. Despite showing very promising results, electro-
chemical performances can still be improved. The major risk in con-
figurations involving only MWCN'Ts and active matter particles is the

loss of contact between them. Applying pressure on electrodes allows
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the improving of cohesion inside the fabrics was improved as well as the

electrochemical performances.

The second part of this work was devoted to the creation of flexible
separators through a filtration process. Traditional microporous poly-
olefin separators can be produced at low cost and exhibit very good
performances. Uortunatelynfortunately, they are not adapted to be im-
plemented in a filtration process. In this part of the thesis, we created
cellulose fibers by oxidization and individualization of fibers from cel-
lulose wood pulp. The produced fibers allowed us to create separators
by means of filtration. Measured properties proved that the produced
cellulose-based separators can be utilized in lithium ion battery without

hampering performances.

In a third phase, we attempted to create a composite polymer elec-
trolyte based on poly(ethylene glycol) and silica nanoparticles. With
the objective to be integrated in a filtration process, silica nanoparticles
were successfully grafted with poly(ethylene oxide). After synthesis con-
dition optimization, composite electrolytes based on PEG and lithium
perchlorate were produced. Their ionic conductivities were evaluated
and considered satisfactory. Then, the positive impact of grafted silica
nanoparticles and cellulose nanofibers on mechanical properties of com-
posite polymer electrolytes was assessed. Despite showing very promis-
ing conduction properties, the designed composite polymer electrolytes
are not in a solid state. Therefore, there is a risk of short-cut apparition
in a flexible battery configuration if there is no fully solid separator.
A fully solid state electrolyte able to sustain intense mechanical stress
can be designed through the conception of a three dimensional network
of PEG. This aim could be reached by condensation of difunctional
polymers and multi-functional molecules. A three dimensional network
across the whole electrolyte should lead to a substantial increase of me-
chanical properties while ionic conductivities should be preserved. In

this configuration, separator is no longer required.
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The last part of this thesis was dedicated to the creation of bat-
teries in a single step. At first, the previously developed positive elec-
trodes based on LiCoO4 and the negative electrodes based on LigTisO12
were integrated in a full cell. Their compatibility and the optimal elec-
trode balance was established. Electrode capacity balance was proved
as a crucial parameter in the design of batteries. Secondly, commercial
polyolefin based separators were replaced by home-made cellulose-based
separators to assess the impact on electrochemical performances. The
measured performances were very convincing as no major differences
with commercial separator were noted. In a third step, these three key
components were sequentially filtered to create a battery in a single step.
Tailoring the battery at the right size without creation of short-cuts was
found to be the critical step in this process. The designed batteries were
later filled with traditional liquid electrolyte. Recorded performances
showed that the produced battery was able to sustain 500 cycles on a
period of about 45 days, which is very encouraging. The decay in battery
capacity was largely attributed to LCO degradation over time. We are
therefore confident to claim that cathode performances improvement is
expected to have a large beneficial effect on the full lithium ion cell. In a
future work, integration of designed composite electrolyte should be in-
vestigated. Suspensions of Poly(ethylene glycol)-grafted silica nanopar-
ticles as electrolyte can be filtered to create flexible solid electrolyte.
The PEG-grafted silica nanoparticles can also be mixed with electrode
components to create the solid electodes. Heating the fabrics will ensure

the cohesion and homogeneity of battery components.

The filtration process developed in this thesis was proven to be an
effective, fast, reliable method to produce electrodes. This method is
non costly as dispersion solvents can be recycled and no additives are
required. In addition this process can be adapted for various other ac-
tive materials or conductive agents/binders. Every traditional materials

such as metal oxides or carbonaceous particles can be used to create
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electrodes. Moreover, organic materials such as electroactive polymers
can be grafted on the conductive scaffold to be filtered and to design
electrodes. The size of the electrodes and their thickness can be easily
adapted to the need of the manufacturer. All of these elements prove the
huge potential of this process. The developed method to create battery
components is not far from the process used in paper making industry.
To produce paper, a soft wood pulp solution is injected at high pressure
directly into the space between two continuously rotating wires. These
carry the pulp into the gap former, which rapidly drains the excess water
from both sides. This immobilises the pulp within milliseconds turning
into a continuous web of paper. The delicate paperweb is then carried
into the press section by continuously looped wet felts which carry away
most of the water. This process allows paper-making industry to create
tons of finished products in a very short lapse of time. Adapting this
performing equipment to electrode materials should be possible with lit-
tle technical optimisation. The chosen raw material can also be tuned
to improve mechanical properties of fabrics. In this thesis, only one kind
of multi-walled carbon nanotubes was used but it exists a very broad
range of materials with different properties. For example, use of very
long carbon nanotubes can be a method to adapt the process and cre-
ate stronger fabrics. One can also think about functionnalized carbon
nanotubes and a post production cross-linking step. The principal in-
gredient used in paper making industry is water. Producing 1 kilogram
of paper requires 100 liters of water. The later is recycled at 95 %. In
this thesis we used butanol as dispersant for filtration. Large quanti-
ties of butanol were required to produce square centimeters of electrode.
Nevertheless, the recycling rate of butanol was here close to 100 % with
no purification step or major evaporation step. For these reasons, there
are a large number of similarities between our experiments and the pa-
per making industry. Hence, it should be no surprise if battery industry

turns to this kind of process to create battery components in the future.
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