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Abstract

Electrolytes plays a significant role in terms of performance as well as safety of lithium
batteries. Currently, LiPFe salts with alkyl carbonate solvents are used as electrolytes for
lithium batteries. These have several drawbacks such as low thermal stability, narrow
operating temperature range, and limited operation at high oxidation potentials. These issues
challenge the high energy density, safety and operation of lithium-ion batteries at subzero
temperatures. As a result, design of better electrolyte formulations will help in achieving
better batteries. In the present work, we have studied a hybrid electrolyte (HE) formulation
which involves the addition of 40 percent of room temperature ionic liquid (RTIL), N-
Propyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide to the conventional
electrolyte. lonic liquids are basically salts with an organic cation and inorganic anion which
melts below room temperatures. They have negligible vapor pressures and better thermal
stability. The physicochemical, electrochemical, and thermal properties of the HE were
investigated in this work for lithium battery applications. It is inferred that the addition of
ionic liquid to the conventional electrolyte will not cause any hindrance to the
electrochemical performance of the electrolyte. Studies of HE with commercial LiCoO>
cathodes indicate an ability to extract additional lithium ions from the system without
compromising the structural stability. The operation of lithium-ion batteries using LiFePO4
cathodes and LisTisO12 anodes was tested at subzero temperatures using a low temperature
HE formulation. Further, the passivation mechanism of HE for aluminum current collector
at higher oxidation potentials was investigated in this work. Thus, the potential application

of HE in lithium-ion batteries is demonstrated in this work.
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Introduction

1.1 Energy storage

The quest for energy is one of the main pursuits of the current times. The world energy
statistics® reveal that India stands third among the top-ten highest energy consuming
countries, after China and the United States of America. The predominant source of energy
production is fossil fuels?, which are a non-renewable. There are serious concerns about
the quantity of available fossil fuels to meet future energy demands and, currently, the post-
processing and energy-conversion processes of these fuels have increased atmospheric
carbon dioxide (CO) levels to more than 400 ppm?. There needs to be a reduction in these
levels, if the earth is to become a better place to live*. Therefore, across the world, there
has been an interest in the exploration of various alternative sources of renewable, clean,
and green energy sources. The most promising renewable sources of energy are solar,
wind, geothermal, and biofuel. However, there is no clear synchronization between the
demand for energy and the production of energy. The disadvantage of these promising
alternate energy sources® is their intermittent nature. This generates a need for better energy

storage systems to meet the growing energy demands.

Energy can be stored in various forms, because the law of conservation of energy is always
obeyed. The most preferred form of energy storage depends on factors such as convenience
in handling, transport, and shelf life. In these cases, energy can be stored in different forms
as chemical, electrochemical, mechanical, and electrical energy. Currently, electrical
energy is the most desired form of energy, especially for portable devices. This necessitates
portable energy-storage devices, of which the most commonly preferred are batteries that

apply reversible chemistries to store energy.

1.2 Batteries

Batteries came into existence in early 200 BC (Parthian period), which can be seen in the
reports of Baghdad batteries®. However, the scientific community started investigating the
use of batteries in 1600 AD after the introduction of the concept of electric charge by
William Gilbert 7. The word, “battery,” was first coined by Benjamin Franklin in 1748, in
order to represent a stack of dissimilar metal panels that were placed in a particular fashion
to store energy. In 1800, voltaic piles enabled the scientific community to understand the
concept of direct current (DC) electricity®. Thereafter, the development of batteries and
their applications saw a rapid progress. The Voltaic cell was followed by the Daniel cell
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with a slightly different design. A breakthrough technology that enabled the regeneration
of electrode materials and the reusing of a battery through the concept of “recharging” the
battery paved the way for secondary batteries. In 1859, Gaston Plante introduced the first
secondary rechargeable batteries, which were called lead-acid batteries®*°. This significant

technology is still powering automobiles.

Later, the concept of alkaline batteries that utilized alkaline aqueous electrolytes was
reported in 1899 by Waldemar Jungne®**2, Further, in the 1970s, metal hydrogen and metal
hydride batteries were introduced and were used in commercial communication satellites®.
The lithium battery technology that was developed in the 1970s was a striking innovation
at a time when high energy density materials were being investigated in order to power

mobile electronic devices.
1.3 Evolution of Lithium Batteries

The potential of lithium metal in batteries was realized first in lithium iodine primary
batteries, which were used in implantable devices'®. After the lithium iodine batteries,
lithium manganese dioxide batteries were regarded as successful primary batteries in the
marketl®, The era of secondary lithium batteries began in 1978, based on the works of
Whittingam et al. using titanium disulphide (TiSz) materials*. Due to the formation of
lithium dendrites and other safety-related issues, there was a constant search for better
electrode materials. Later, Goodenough®® et al., introduced a lithium battery which
contained a layered metal oxide cathode, lithium cobalt oxide (LiCoO>). This idea entered
the commercial market as Li/LiCoO> rechargeable batteries. Due to lithium plating issues,
these batteries were regarded as being safety threats, necessitating safer technologies. In
1991, Sony introduced graphite anodes to replace the lithium metal and proposed
graphite/LiCoO- batteries. This invention paved the way for the concept of lithium-ion
batteries (LiBs).

Today, these LiBs can be found in most portable electronic gadgets and in electric vehicles.
However, there is a continued demand for high energy density batteries. Since energy
density is defined as a product of capacity and voltage, we need to look for electrode

materials that have higher capacity and/or voltage.

Although Sony introduced the first commercial LiBs in 1991, the constant research has

made significant progress in the technology over the last 27 years. An article in ECS
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Figure 1.1 Schematic representation of the evolution of lithium batteries over

the years.
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Interface by Tarascon'® marked the growth of LiBs over the years is represented pictorially
in Figure 1.1. As can be observed from Figure 1.1, the first stage of research resulted in
alternate and advanced electrode materials. The second stage of research is focused more
on nanostructured materials and surface coatings to further enhance the performance and
energy density of lithium batteries whereas the current research is on batteries to power
electric vehicle, lithium rich materials, and lithium air technology.

1.4 Working Mechanism of Lithium Batteries

The reaction mechanism involves the reversible transfer of lithium ions between
electrodes. At this juncture, it is essential to note the difference between lithium and LiB.
The anode in the LiB is graphite, whereas in lithium batteries it is lithium metal. In short,
the LiB does not employ any lithium metal as lithium batteries do. Thus, the difference in

reaction mechanism is noted in the anodic site, as is shown in Equations 1.1 and 1.2.

In lithium battery Li (metany > Li*+ 1e (Equation 1.1)
In lithium-ion battery 6C + Li"+ 1le" > LiCs (Equation 1.2)
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Figure 1.2 Schematic representation of lithium-ion battery operation.

The process of charging in the LiB involves the removal of lithium ions from the metal
oxide (cathode) lattice, which on the other hand, can be viewed as the insertion of lithium-
ion in the anode layers. The term discharge refers to the insertion of lithium ions into the

cathode, which on the other hand, can be viewed as the removal of lithium ions from the
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graphite lattice. Figure 1.2 represents the scheme of operation in the LiB. According to the
rocking chair model, ion transfer occurs between the electrodes, whereas electron transfer
happens through the external circuit. A selectively ion-conducting and electron-insulating
membrane is used as separator and is placed between the electrodes in LiB. A detailed
overview of the different constituents in the LiB and their development has been discussed
in the following sections.

1.5 Anode Materials

In a lithium battery, lithium metal was traditionally used as the anode material due to its

high energy density, yielding a theoretical capacity of 3860 mAh/g*. However, the use of

dendrite in lithium batteries.

lithium as the anode material had a major disadvantage of the undesirable formation of
a b
@ @
ﬁ u

Figure 1.3 Stepwise depiction of dendrite formation. From

a—d, the deposition of lithium ions one over another in
subsequent steps, which results in the spike-like deposition
of lithium ions.

Dendrite formation is the process of repeated deposition of lithium at a particular site,
which creates spike-like structures over time, which in turn results in the puncturing of the
separator in the batteries. Puncturing of separators creates severe threats to safety, such as
the explosion of batteries. The stages involved in dendrite formation are shown in Figure

1.3. Dendrite-free deposition of lithium is being researched extensively'’~22, Additionally,
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battery technologies such as lithium air batteries and lithium sulfur batteries are promising

if lithium metal is used as their anode material.

As mentioned earlier, LiB technology replaces lithium metal with carbon or other
inorganic elements in order to avoid dendrite formation and to ensure safe batteries. In
general, lithium storage happens in anode materials through three mechanisms, insertion,

conversion, and alloying, as shown in Figure 1.4.

ANODE MATERIALS
IN LiB
CARBANACEOUS Ti BASED
INTERMETALLIC MATERIALS ANODE MATERIALS

TRANSITION
METAL /1.
ANODES(3 1&g

C o

) @ PHOSPHIDES
GRAPHITIZABLE NON LITHIUM TiO
(SOFT CARBON) GRAPHITIZABLE TITANIUM : NITRIDES

(HARD CARBON) OXIDE

Figure 1.4 Types of anodes used in lithium batteries

1.5.1 Insertion Anodes

The insertion type of materials has layered structures in which lithium-ion is stored in
between the layers. Insertion mechanisms are prevalent in LiB with carbonaceous and
titanium-based anodes. Carbonaceous materials include hard (non-graphitized carbon) and
soft (graphitized carbon) carbon, mesoporous carbon, carbon nanotubes, pitch-based
carbon materials, carbon nanofibers, graphene, and artificial graphite materials'. Among
all carbon materials that are used in LiB, graphitic carbon is the most commonly used
commercial anode 2. In the case of carbon materials, six carbon atoms provide the space
to store one lithium ion as shown in Figure 1.5. The storage of one lithium-ion per six
carbon atoms was seen as the reason for the low specific capacity of graphitic carbons in
comparison with the conversion and alloying anodes®*. The reversible mechanism of
lithium storage found in these materials is as follows*!:

C + xLi 2 LixC (Equation 1.3)
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The second-class of anodes, which follow the insertion mechanism, include titanium-based
materials such as lithium titanium oxide and titanium dioxide. These materials have a
potential of around 1.5 V versus Li/Li* and, hence, they do not have any of the lithium-
plating issues that are seen in graphitic carbon materials?®® and are known as safe anode
materials for LiB. Although layered materials have lower theoretical capacity than the

conversion and alloying anodes, they possess good cycle life and capacity retention.

Figure 1.5 Arrangement of lithium ions in graphitic layers

1.5.2 Alloying Anodes

The second type of anodes is the intermetallic material, which follows the alloying
mechanism for lithium storage. Materials such as silicon, tin, tin oxide, germanium and
silicon dioxides, molybdenum oxide and the like follow the alloying mechanism for
lithium storage?. These materials have good capacities in theory, but they have poor cycle
life and capacity retention in comparison to the insertion type of anode materials. Alloying
occurs through three different mechanisms, solid solution reactions, addition reactions, and

displacement reactions?®.

In solid solution reaction as well as in addition mechanism, alloying of lithium ions with

the metallic anodes occurs at the first place, as shown in Equation 1.4,

Li + XM - LixM (Equation 1.4)

where M refers to an element or compound.
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The further reaction steps are different in solid solution reactions and addition reactions.
In a solid solution reaction, no phase change or structural change occurs when lithium
enters the lattice®. It is a topotactic reaction, which can be seen during the reaction of
lithium with magnesium and amorphous silicon materials?®. In the case of an addition
reaction, phase change occurs during alloying and, hence, the phase of M will be different
from the parent compound, LiMx. Crystalline materials such as silicon, aluminum, tin, and

antimony follow this type of a reaction.

The type of third reaction is the displacement reaction, in which the active metal in the
alloy participates in the reaction, as is shown in Equation 1.5.

Li + XMNy > LiMy + xyN (Equation 1.5)

where MNy is an alloy compound in which M actively participates in the reaction N is

inactive.

In some cases, N can be active, and the reaction in N turns irreversible after the first cycle.
In such cases, the reaction follows the addition or the solid solution reaction after the first

cycle %5,

The third type of materials is the conversion-type of anode materials. These anode
materials are reported to be promising for electric vehicles due to their high theoretical
capacity. However, the conversion type of anode materials suffers from serious cyclability
issues. The process of nanostructuring is believed to help conversion anodes in better
cyclability 2. The most commonly used types are metal oxides and phosphides. The

general mechanism of lithium storage is as follows 2327
MxOy + 2yLi* + 2ye” = xM%+ yLi,O (M is a transition metal) (Equation 1.6)

Though insertion anodes are prevalent in the literature, conversion and alloying anodes for
electric vehicle applications show greater potential due to their high capacity and rate
capability.

1.6 Cathode materials

Cathode materials in LiB serve as the main source of lithium ions. The ideal cathode

material in an LiB is expected to have the following characteristics*!:

» High free energy of reaction with lithium;
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Reversible incorporation of a good number of lithium ions;
Reversible structural changes for lithium incorporation but not structural damage.
Good lithium-ion diffusivity;

>

>

>

» Good electronic conductivity;

» Capacity to be inert with electrolyte solution; and
>

Possession of economically viable synthesis routes.

Goodenough et al., popularly known as the father of lithium-ion cathodes®®, made a
significant contribution to the cathodes materials that are used in lithium batteries!>2%30,
The common cathode materials that are used in LiB are lithium metal oxides in which
lithium can reversibly move in the crystal lattices. Figure 1.6 and Figure 1.7 represent the

different frameworks and structures of the cathode materials that are used in LiB.

Common cathode frameworks in LiBs
I } | |
Layered structures Spinel structures Olivine structures Tavorites
Examples
Examples
Examples Examples
LiCo0, :
LiMn,0, LiFePO,
LiNiO, LiFeSO,F
LiMn,Ni,0, LiFe Mn PO,
LiCoPO,
Li,V,0;
Li,MSiO,
Figure 1.6 Schematic illustration of the existing cathode materials in lithium
batteries

Table 1.1 presents an outline of the capacity, theoretical potentials, and the stages of
development of the most commonly used cathode materials in LiB. The first class were the
cathode materials that had layered structures, which were introduced in the early 1980s%°.
Materials such as lithium cobalt oxides (LiC00O.), lithium nickel oxides (LiNiO), and

lithium vanadium oxides (LixV20s) are typical examples of layered cathode materials.
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LiCoOy is the first known cathode material®® for LiB, which also served as a significant
commercial cathode. The good electrical conductivity of this cathode material in addition
to its high open circuit voltage secured a notable place for it among the other newly
developed cathode materials in LiB. Though the theoretical capacity of LiCoO; is
274mAh/qg, the practical capacity is around 140 mAh/g, which means that only 50 percent
of lithium can be reversibly extracted from this system without any undesired side
reactions®°. Excess lithium extraction (Li1-xC0O2, x>0.5) creates irreversible structural
changes, and as a result, extraction of lithium to the extent of its theoretical capacity is not
widely preferrred®. The extent of lithium extraction from LiCoO; can be controlled by its

charging potential®,

Figure 1.7 Crystal structures of common cathode frameworks in
LiB: (a) LiCoO: (layered), (b) LiMn204 (spinel), (c) LiFePO4
(olivine), and (d) LiFeSO4F (tavorite). Reproduced with

permission from Royal Society of Chemistry (2014)%".

On the other hand delithiated LiCoO: is thermally unstable when subjected to higher
temperatures, which results in the evolution of oxygen from the crystal lattice, which then

reacts with the electrolyte components and creates serious threats to safety in LiB*3°, The

10
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cost of cobalt, toxicity, and safety issues limits this cathode material and paves way for
further research in LiB.

LiNiOz is a layered cathode material that is studied mostly at the research level in LiB.
Though the introduction of nickel in this system created a better cell voltage than that in
LiCo02*, the difficulties in synthesis and the Jahn Teller distortions that are associated
with nickel added serious drawbacks and prevented the use of this cathode material at a

commercial scale*!.

Table 1.1 Electrochemical potentials and theoretical capacity of

various cathode materials used in LiB %42,

S.No | Cathode material | Capacity Open Level of
. (mAh/qg) circuit development
Theor | Practi | potential
etical | cal (OCV)
(vs.
Li/Li")
1. LiCoO2 274 140 3.8 Commercialized
2. LiMn204 148 120 41 Commercialized
3. LiNiO2 275 150 3.8 Research
4. LiFePOq4 170 165 3.4 Commercialized
5. LiCoPOq4 167 125 4.2 Research
6. LiNio.33Mnp33Co | 280 160 3.7 Commercialized
03302
7. LiNixMnyAI,O, | 279 199 3.7 Commercialized
8. LiFeSO4F 151 120 3.7 Research
9. LiVPO4F 156 129 4.2 Research

LixV20Os is also a layered cathode material that known for its high capacity as well as high
rate applications. The advantages of LixV2Os cathode materials over other cathodes is that
they can store three lithium ions per unit formula; they can also be used in high rate
applications®. Toxicity and poor cycle life prevents the widespread use of this material.

11
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The second framework of cathodes that are studied in LiB includes spinel structures.
Lithium manganese oxide (LiMnO3) is the most common cathode material that is studied
in this framework. This was the second most widely studied cathode material in 1984, after
LiCo0,%. The advantages of LiMnO- over layered LiCoO; cathodes are i) low cost; ii)
better safety features; and iii) high power rate. On the other hand, structural instabilities,
lesser specific capacity, manganese dissolution, and poor cycle life were considered to be
serious drawbacks. The poor cycle life that is reported is mainly due to manganese
dissolution, which occurs as a result of Jahn Teller distortion**#4, Olivine type cathode
materials form the third framework of cathodes, in which LiFePOs is the most widely
studied material. LiFePO4 was reported in 1996 by Padhi et al.?° and is considered to be
the safe cathode with an excellent cycle life. These properties set apart olivine cathode
materials from other layered and spinel cathode materials. Their better structural stability
is associated with the strong PO4 bonds that hold this structure firmly. However, the low
electronic conductivity of LiFePO4 was seen as a hindrance to the rate performance of this
system®. Possible solutions includes addition/coating with carbon additives and doping of
elements in crystal lattice, which could enhance the electrical conductivity of the system*¢-
49, Such enhanced LiFePO4 were taken to the commercial scale and were preferred in
electric vehicles due to their safe nature and better capacity °°. Further modification in
olivine structures was carried out by replacing iron with cobalt and manganese ions for
better voltage® >4 However, these materials were not as successful as LiFePO4 due to the

stable electrochemical performance and safety of the cathodes®.

In addition, the current research focuses on the doping of metals such as nickel, manganese,
and aluminum ions into existing cathode framewaorks in order to acquire cathodes with
high capacity and rate performances for electric vehicle applications. Although the doping
ratio and the elements may vary, a brief account of these high-capacity materials will be
discussed in this section. Lithium-rich layered materials such as Li[Li,Mn,Ni,C0]O2, exist
as solid solutions between layered Li[Li1sMn23]O2 (commonly designated as LioMnO3)
and LiMO2 (M = Ni, Co, Mn). These materials were studied in the literature for their high
capacity of around 250mAh/g and their high operating voltages?’°>>’. Irrespective of their
high capacity and voltage, these materials suffer from irreversible capacity loss and their
capacities fade over the cycles. Although oxide coatings and metal doping were regarded
to be alternative pathways, at a commercial and bulk scale, such methods were not regarded

to be viable solutions®.
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The most notable, commercialized, high-capacity cathode materials include lithium nickel
manganese cobalt oxide (NMC) and lithium nickel cobalt aluminum oxide (NCA)
cathodes®. NCA was examined in early 1999%, in order to develop safe and high-capacity
cathode materials. Irrespective of their potential options, this material had certain issues in

synthesis procedures, cost of nickel, cobalt, and structural stability issues**:6%61,

The most popular cathode material that can potentially replace LiCoO. is NMC
(LiNio.33Mno33C00.3302) %8. The process of replacing involves the doping of nickel, cobalt,
and traces of other elements into lithium manganese oxide structures in order to extract
better properties through synergy. The first patent on this material was published in early
2001%°. Since 2001 this material has had great research importance because it was claimed
that this material was a better cathode material for electrical vehicle applications (EV); it

had higher capacity, higher voltage, and better safety features**°,

From among recent cases, polyanion cathode materials of the tavorite framework, such as
LiFeSO4F, LiVPO4F, and LiBOs, are being researched extensively®?®3, These materials
operate on the concept of the increasing of energy density by the increasing of voltage. The
addition of electronegative fluorine anion to the phosphate group is expected to increase
the electronegativity and the voltage of the cathode material®?. Although these materials
were known for their specific capacity, voltage, better ionic, and electronic conductivities,
they are currently being researched more keenly in order to achieve scalable synthesis and

stable performances®.
1.7 Electrolytes

Electrolytes play a major role in the transport of lithium ions between the electrodes. The
ideal characteristics of an electrolyte solution are pictorially depicted in Figure 1.8. In
addition, the electrolyte should be able to withstand adequate mechanical, thermal, and

electric wear and tear %*.

The electrochemical potential window of an electrolyte is a significant parameter that
directs its electrochemical performance. It is defined as the difference between the
oxidation and the reduction potential of the electrolyte. In terms of quantum chemistry, the
potential window is the difference between the Highest Occupying Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital®® (LUMO), as shown in Figure
1.9.

13
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Figure 1.8 Ideal characteristics of electrolytes in LiB
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Figure 1.9 Energy diagram of a lithium cell at an open circuit
voltage condition, in which ua (Liy and pcwiy point to the lithium
chemical potential of the anode and the cathode, respectively®®.
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The selection of the electrodes to be used depends on the potential window of the
electrolyte. Ideally, the operating potential of the anode should be below the LUMO of the
electrolyte, whereas the operating potential of the cathode should be above the HOMO of
the electrolyte 8.1t is always preferable to have wide potential window for the electrolyte
especially in LiB. Generally, electrolytes in LiB exist in several forms, as is shown in
Figure 1.10. Table 1.2 presents a short outline of the three types of electrolytes that are

commonly used in LiBs.

Solid (oxide ion

conducting ) E.g : Garnet, Pervokosites

electrolytes etc.
Solid dry E.g Poly acryl nitrile (PAN),
polymer poly vinylidene fluoride
electrolytes (PVDF) etc.
Solid o
E.g Lithium salts and
electrolytes [~ Polymer Gel polymer solvents mixed with poly
electrolytes "
electrolytes matrices such as PAN,
PVDF etc.
Electrolytes
E.g Zirconium oxide,
Composite hydrophobic fumed silica,
- lymer alumina and titanium dioxide
Liquid Aqueous POy,
electrolytes doped gel polymer
electrolytes electrolytes Eee

E.g Lithium sulphate, lithium
nitrate etc.

Non aqueous
electrolytes

E.g Ionic liquids, lithium salt
mixed with alkyl carbonates
etc.

Figure 1.10 Flow chart representing various types of electrolytes used in lithium

batteries.

1.7.1 Solid Electrolytes

Solid electrolytes are solid oxide ion conductors that help in the conducting of lithium
ions®. In comparison to other metal ions, lithium ions are small enough to move between
the interstitial lattice spaces; this helps in better ion transport in the system. Solid
electrolytes are the safest electrolytes for lithium batteries even at high temperatures®®¢7,
The solid electrolytes contribute to the safety of the batteries because they are leakproof

and they can withstand dendrite formation®,

The most commonly studied solid electrolytes are lithium halides, lithium super ionic
conductors Liz+x(Al1+xTi1-x)(POa4)3 (LISCON), garnets (LizLa275Ca0.25Zr1.75Nbo.25012),
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perovskites, lithium hydrides, argyrodites, and lithium phosphorous oxy-nitride

Table 1.2 Outline of the different types of electrolytes in a lithium battery. Reproduced with

permission from Chapman and Hall publications®®,

Property Electrolyte Type and Characteristics
Polymer Liquid Solid
Matrix Flexible Mobile Fixed
Position of ion sites Changes as chains | None Fixed; accessibility
flex affected by
temperature
Solution Yes Yes Not usually
Solvation By matrix: roll-on | Forms mobile No
mechanism solvated ions
Concentration of solute | Usually high Often low Usually does not
apply
Participation of charged | Often yes Usually no, No
ion clusters except in
molten salts
Contribution from Important Usually No
migration of neutral unimportant
species
High cationic Usually no Usually yes Often unity for cation

transference number

conductors

compounds (LIPON)®°. Water-solvated amorphous glass electrolytes are the less expensive
solid electrolytes that are commonly seen in supercapacitors and fuel cells but are not very
common in LiBs®. In these electrolytes, the water ion is solvated by the existing

amorphous glass solid ion.

In addition, the limiting factor that reduces the applicability of solid electrolytes in wide
commercial use is their wettability with the electrodes and low ionic conductivity in

comparison to existing commercial liquid electrolytes®® 7%,
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1.7.1.1 Polymer electrolytes

Polymer electrolytes are the subclass of solid electrolytes in which polymer membranes of
appreciable ionic conductivity are regarded as being the medium of ion transport’2. Further,
the polymer can exists as solid dry polymer electrolytes, gel polymer electrolytes, and

composite polymer electrolytes’™.

Dry polymer electrolytes are a mixture of lithium salts and polymers such as poly ethylene
oxide (PEO), poly acrylonitrile (PAN), polyvinylidene fluoride (PVDF), poly vinylidene
fluoride-hexafluoropropylene (PVDF-HFP), and poly vinyl chloride (PVC)"3. Although
these electrolytes have demonstrated notable performance, their cycle life is poor due to

low ionic conductivity and wettability.

Gel polymer electrolytes are the second class of polymer electrolytes that covers the
cohesive properties of solid electrolytes and the diffusive nature of liquids’. They provide
better contact to the electrodes in comparison to other classes of solid electrolytes. These
gel polymer electrolytes have a polymeric matrix that serves as a template. The polymer
matrix is mixed with suitable salts, solvents, and gelation additives in which chemical or
physical crosslinking is expected to form the gel polymer electrolyte. A gelled solution is
identified at a point in which the mixture does not show any flow in the vessel in which it

is contained 7°.

The third class of polymer electrolytes includes composite polymer electrolytes in which
electrochemically inert fillers such as zirconium oxide (ZrO.), hydrophobic fumed silica,
alumina (Al203), and titanium dioxide (TiO2) are incorporated in the polymer matrix in
order to enhance the ionic conductivity, mechanical strength and interfacial stability 484°,
The gel polymer as well as the composite polymer electrolytes is regarded as being a better
alternative to conventional liquid electrolytes for safe and flexible batteries.

1.7.2 Liquid Electrolytes

When compared to the solid electrolytes, liquid electrolytes usually have a simple
preparation process, which involves the mixing of a lithium salt with a mixture of solvents.

The general criteria for selecting salts and solvents for LiB are as follows,

> Salt

v Good disassociation power
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v" High mobility for solvated ions
v Good electrochemical stability
v No side reaction in the operating environment (example : corrosion)
v Low vapor pressures
» Solvent
v Low melting and high boiling point
v High dielectric constant
v' Electrochemically stable in the operating potential window
v Economic

Although non-aqueous electrolytes are not common in LiB, recent studies” '’ demonstrate
the appreciable role of agueous electrolytes in LiB. In this context, both aqueous and
non-aqueous the appreciable role of aqueous electrolytes in LiB. In this context, both

aqueous and non-aqueous electrolytes are discussed briefly in the following sections.
1.7.2.1 Aqueous Electrolytes

The concept of aqueous electrolytes in lithium batteries was first proposed by Dahn et al.
in 19947, The first aqueous liquid battery had bronze phase vanadium dioxide and
LiMn204 as the electrodes, and 5M LiNOz salt as the electrolyte.

Although the first prototype demonstrated significant performance, their cycle life was

limited due to the side reactions between the electrode - electrolyte interface’”.

The major aspects of the poor cycle life were the dissolution of the electrode materials in
the electrolyte as well as the intercalation of the H™ ions from the electrolyte to the electrode

materials’®7°,

Further research by Dahn et al.”® has produced better electrodes and electrolyte
composition for aqueous electrolytes, as shown in Table 1.3"7. These aqueous batteries
provide better energy density than the existing lead-acid and nickel-cadmium batteries’’.
In addition, they are a better choice in LiB when safety and cost are the major factors for

consideration.
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Table 1.3 Review of the work carried out in aqueous electrolytes along with the

respective electrodes. Reproduced with permission from Elsevier publication’”.

Capacity
retention | CUITeNt 1 o Gty
Cathode Anode Electrolyte (%) density "1\ | Ref.
0 1y [(MAhg™)
(mMAg™)
(per cycles)
1 0,
LiFePOs | LiTi2(POs)s '(‘1'2,\5;))4 ?100/000) 6.0C 55 80
- 94%
LiFePO4/C | VO, o i3 106 o1
(Saturated) | (50)

_ _ LiNO3 99%

LiFePO4/C | LiV30s 10C 90 82
9 M) (100)

. Activated |Li;SOs  |63% 63
LiFePOs | - O5M) |10 5C 124

: Activated | Li2SOq 0 84
LiFePOq carbon (0.5 M) 45% 20C 58

: LiNO3 83% 5
LiMn20 VO 0.2C 120

e 2 (Saturated) | (42)
: Activated | Li2SO4 93% 86
LiM20s 1 carbon (0.5M)  |(10,000) NC 118
i 85%
LiMnz0s | TiP207 '-S'NMO?’ 02C |42 87
(5 M) (10)

. Activated |Li;SOs | 99% 8
LiMn204 carbon (0.5 M) (200) 45C 110

. Activated | Li2SO4 94% 89
LiM20s 1 carbon (0.5M)  |(1200) 45C 110

. LixV20s5— | LiNO3 82% %
LiMn20 0.2C 40

#* |Ppy G M) (60)

- Li2SO4 63% o1
LiCoO,  |Ppy (Saturated) | (120, 01C 104
LiMno.osNi |, .. Li»SO4 53% 0
0.05F€0.9PO4 LiTiz(PO)s (Saturated) (50) 0.2¢ 87

19



Chapter 1

1.7.2.2 Non-Aqueous Liquid Electrolytes

Non-aqueous liquid mixtures are generally a mixture of lithium salts and organic solvents.
The most commonly used organic solvents are alkyl carbonate solvents such as ethylene
carbonate (EC), diethyl carbonate (DEC), propylene carbonate (PC), dimethyl carbonate
(DMC), and ethyl methyl carbonate (EMC)®. A variety of salts such as lithium
hexaflurophosphate (LiPFg), Lithium tetrafluroborate (LiBF4), Lithium hexafluoroarsenate
(LiAsFs), Lithium perchlorate (LiClOg4), Lithium trifluoromethanesulphonate (LiTFS) and,
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) have been studied in the literature.

The comparison of the ionic mobility of these salts aligns with the following order:
LiBF2> LiClO4> LiPFe> LiAsFs> LiTFS> LiTFSlI,

whereas, the dissociation constant aligns with the following order:

LiTFS < LiBF2< LiClO4 < LiPFs < LiAsFs < LIiTFSI ®,

In spite of the various available salts, the most commonly preferred salt for the commercial
LiB electrolyte was LiPFe. The balanced properties of ionic mobility, dissociation constant,
and the passive film formation on aluminum current collector rendered LiPFs the most
favorable choice® %, In the case of the solvents, ethylene carbonate was regarded as being
a unreplaceable ingredient because of its ability to form better solid electrolyte interface
with commonly used commercial graphite anodes®*. On the other hand, the melting point
of ethylene carbonate above room temperatures requires the addition of a suitable linear

carbonate solvent in order to lower the freezing point in the electrolyte mixture.

Further, the lower boiling point of the linear carbonates introduces thermal instability to
the electrolytes at above room temperatures®®. As a result, steps were taken to increase the
thermal stability of the electrolytes by adding various additives®%. Although additives
such as 1,3-benzoldioxole, vinylene carbonate (VC), tetra(ethylene glycol) and dimethyl
ether were added in the electrolytes to increase the thermal stability in the early days,
recently, ionic liquids are reported as additives and as electrolyte ingredients to impart
better thermal stability in the electrolytes®”*8, Detailed information about ionic liquids will

be presented in the following subsection.
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1.7.2.2.1 lonic Liquids

lonic liquids are generally salts that melt at temperatures that are less than the boiling point
of water %1%, The application of ionic liquids to electrochemistry was much welcomed,
considering the earlier contribution of molten salts'®. Molten salts generally melt at high
temperatures (> 200 °C). They were used as electrolytes in molten salt batteries in the early
1940s'%2, As an electrolyte, ionic liquids have better properties such as high ionic
conductivity and long shelf life%2, Irrespective of the difference in properties and debates
on whether ionic liquids can be the subset of molten salts, they have bigger advantages as
standalone electrolytes. The first ionic liquid reported in the literature'®® by Gabriel et al.
was ethanolammonium nitrate, with a melting point of 52-55 °C. Similar to every other
salt, ionic liquids have an organic cation (large asymmetric) and an inorganic anion
(comparatively small). These ions are held together by weak van der Waals forces. As a
result of this size difference, they have negligible vapor pressure, which results in better

thermal stability®®.

Aprotic Protic Zwitterionic

Figure 1.11 Different classes of ionic liquids based on their compositions

lonic liquids can be completely tailored by choosing the cations and anions of interest. They
mostly have an organic cation and an inorganic anion which are asymmetric and are held
together by strong electrostatic interactions. Typical properties such as hydrophabicity,
hydrophilicity, and viscosity can be tuned by a combination of suitable cations and anions'%.
Hence, on the basis of composition, there exist three classes of ionic liquids namely protic,

aprotic, and zwitter-ionic liquids as shown in Figure 1.11.
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As the name indicates, protic ionic liquids have a labile proton, which differentiates them from
other subclasses of ionic liquids. Their formation involves the transfer of proton from a Bronsted
acid to a Bronsted base, as shown in Equation 1.7. They have non-negligible vapor pressures,
inexpensive synthesis process, and are distillable %%, In the electrochemical domain, protic

ionic liquids find applications in fuel cells'’.

Bronsted base (B) + Bronsted acid (A) = Protic lonic liquid + A (Equation 1.7)
Aprotic ionic liquids differ from the protic ionic liquid due to the presence of an alkyl substituent
instead of the proton in the cation structure. Aprotic ionic liquids have low melting points due
to the inefficient packing of the cation and anion®%, In the electrochemical domain, these ionic
liquids find application in lithium batteries and super capacitors'?’.

Zwitter-ionic liquids are formed by the tethering of the anion and the cation, which prevents the
migration of ions under an electric field. In the electrochemical domain, these ionic liquids help
to form membrane-based electrolytes for electrochemical systems®”.

RTILs contribute to a variety of applications. In chemical industries, they play a significant role
in extraction'®!! biosensors 12, photovoltaic cells 3, carbon dioxide reduction, and as
lubricants*“. In electrochemical devices, they act as safe electrolytes in rechargeable batteries
(lithium, sodium, magnesium, and aluminum), catalysis, fuel cells, and photo electrochemical
cells 17115116 [onic liquids as electrolytes in lithium batteries are discussed in detail in the

literature review in section 1.10.

1.7.3 Additives

Additives are generally organic or inorganic substances that are added in trace amounts
(not more than five per cent) to enhance battery performance!!’. Properties such as
corrosion inhibition, solid electrolyte interface (SEI) formation, ionic conductivity and
thermal stability can be enhanced by the additives. The brief outline on the common roles
of the additives are discussed as follows,

1. SEI enhancing Additives

Several reducing agents such as sulfur dioxide, carbon disulfide and other
sulfites were added to assist the SEI formation, through the adsorption of their
reduced product on the catalytic active sites of graphite!'’. Polymerizable

additives are also added in some cases to react with the solvent molecules in
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the electrolyte to form a preliminary SEI layer on the surface of the graphite.
The most common additives are VC and fluroethylene carbonate (FEC),
which were generally preferred for better SEI and cycling properties even at

lower tem peratures.

2. Cathode protectors

These additives perform several functions to protect the cathode from the
undesired side reactions either by forming a surface layer on the cathode or
by acting as a scavenger to water and other acidic impurities in the system. It
is reported that water is formed inevitably during charging on the surface of
the cathode due to the oxidation of the solvents by the oxygen gas released

from the cathodes!®®.

3. Corrosion Inhibitors

Several salts such as Lithium bis(oxalato)borate and Lithium
difluoro(oxalato)borate were reported for their ability to passivate the
aluminium current collector when added around five mole percent. It was
reported that the passivation layer is formed due to the reaction between the

salt anion with the aluminum ions.

4. Qvercharge protectors

Overcharging is a serious safety concern and additives helping to overcome
overcharging are of two types namely, 1) shuttle additives and 2) shutdown
additives. Shuttle additives prevent overcharging by forming redox products
at slightly higher-potentials. Shutdown additives polymerize at high-
potentials on the surface of the cathode to isolate the cathode from
overcharging. Shutdown additives permanently stop the battery operation
whereas the shuttle additives help the battery to resume operation after

overcharging conditions.

In addition, additives can also act as fire retarders, wetting agents, and

viscosity diluters’.
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1.8 Other Constituents in LiB

1.8.1 Current Collectors

The electrolyte, as well as the electrodes, form the major components in LiBs. In addition,

the battery also has other miscellaneous components such as current collectors, binders,

separators, and additives, which also contributes to the performance.

The current collectors are the conducting metallic films on which the electrodes are

coated. They are solely electron collectors, which collect and transfer the electrons from

the electrodes to and from the external circuit. The following properties are to be

considered while choosing a current collector for LiBs.

>

>

>

>

Stability: It is important that the current collector should remain stable at the

operating electrochemical potential as well as the temperature.

Compatibility: The active electrode material, conductive additives, and binders
are coated on the current collectors. It is required that the current collector should
be compatible to those materials to have better electrode coatings. Further, the

current collector should also be compatible to the electrolyte used in the battery.

Weight: The weight of the current collector will have a negative impact on the
energy density of the battery as they add dead weight to the battery. As a result,

thin metal foils are preferred for current collectors in LiBs.

Cost: As the current collectors carry the electrode materials, long foils of current
collectors are used in LiBs. In such cases, the cost of the current collector will
have a significant impact on the total cost of the LiBs. They should be

inexpensive.

Considering the above properties, the possible current collectors'® that were studied for LiB

applications are shown in Figure 1.12.

However, commercial LiBs use copper as current collector for anodes and aluminum as the

current collector for cathodes. Aluminum is not stable at potentials below 3 V vs. Li/Li* whereas

copper is not stable at potentials above 3.4 V vs. Li/Li"™?%%2! Although the current collector is

expected to play similar role irrespective of the cathode and anode, the electrochemical potential

stability mandates the need to use different current collectors for the anode and cathode in LiB.
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In addition, the most favorable property of aluminum current collectors is their better resistance

to oxidation at higher potentials due to the passive film that is formed with the help of the PFs"

122

anion in the electrolyte*=“. A detailed overview on the passive film formation on aluminum

current collectors will be discussed in Chapter 5.

Ti | V [Cr | Fe | Ni | Cu|Zn

Zr | Nb | Mo Pd | Ag

Ta | W Pt | Au

Figure 1.12 Elements studied as current collectors in LiBs.

1.8.2 Separators

A separator is a thin porous insulating membrane that that provides ideal separation
between the electrodes. The ideal qualities that are expected from the separators are
shown in Figure 1.13. Polymer materials such as polyethylene, polyethylene terephthalate,
and polyvinyl fluorides are commonly used separators. In the case of polymer electrolytes,
these polymers are mixed with lithium salts, and the cast membrane or gel can be used as
a matrix to act both as an electrolyte and a separator. In general, LiB in mobile electronics
applications use microporous separators that have a thickness of less than 25um, whereas
in HEV/EV applications, the thickness may be 40 um in order to prevent cell punctures'Z,
Typically, the separator should be moderately thick, because further increase in thickness

will decrease the loading of the electrode material and vice versa'?®,

In order to further analyze effectiveness of the separators, numbers such as the Macmullin
number and the Gurley number are defined. The Macmullin number is the ratio of the
resistivity of the separator with the electrolyte to the resistivity of the electrolyte. The

Gurley number is defined in relation to air permeability and electrical resistivity for the
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given separator morphology*<°. These numbers should be low for better electrochemical

performance®?®,
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Good
mechanical
robustness
Economic Less
weight
Ideal separator
characteristics
Bettgr Good
chf;mlcal transport
resistance property
Bulk -
puncture Low ionic
strength resistivity

Figure 1.13 Ideal characteristics of separators for LiB.

1.8.3 Binders

Binders help in the better adhesion of the active electrode material to the current collector.
Materials that can be used as binders include clay, SiO,, MgO, kaolin, neoprene, latex,
polytetrafluroethylene, potassium titanate, poly vinyldiene fluoride (PVDF),
Polyvinyldiene fluoride copolymerised with hexaflurophosphate (PVDF-HFP), carboxy
methyl cellulose (CMC), and poly (acrylic acid) (PAA)*. In the case of LiB, the commonly
used binders are PVDF, PVDF-HFP, PAA, and CMC. The binders should be
electrochemically inert and should be added in low quantities, because they contribute to
dead weight in LiB. Efficient binders also help in stable electrochemical performance by

maintaining proper adhesion with the current collectors®?,

1.9 SElin LiBs

It is often expected that the SEI will be formed by the reaction between the anode surface
and the electrolyte. In 1979, Peled et al.'?® proposed the formation of a surface film on
alkali and alkaline earth metals that come into contact with non-aqueous electrolytes,
which they termed as SEI. The film that is formed in this manner on the surface of the
lithium metal exhibits the thickness of 20nm*?. This film exhibits a distinct property of
being electronically resistive while also being ionically conductive. It is expected that the
electrolyte solvents will get reduced or decomposed and will form SEI on the surface. In
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other words, the SEI can be regarded as the insoluble film that is formed as a result of the

parasitic reactions between electrode surface and electrolyte solvents.

The film formation is instantaneous and happens in few milliseconds. The properties of the
SEI absolutely depends on the electrolyte composition, nature of the electrode, the
electrochemical potential, the temperature, and the applied current density in the system*?®,
Although there are several unanswered questions, the models that are most commonly
referred to and that explained the formation of SEI are 1) the Peled model, 2) the Mosaic
model, and 3) the coulombic interaction model, as shown in Figure 1.14. The models are

listed in the order in which they were reported.

In 1977, SEI was introduced by the Peled model*?>?’ which explained that SEI is formed
as a result of the preferential reduction of the components of the electrolyte. This reaction
happens in steps and it is said to have Schottky defects for the lithium-ion to penetrate

inside the surface.

In 1995, Kanamura et al. proposed the Mosaic model, which added further inputs to the
Peled model and claimed that the SEI had a mosaic structure in which the surface layer
was supposed to have several insoluble multiphase products in addition to the reduction
products of electrolytes'?®12°, The movement of lithium-ion, according to this model, is

through the boundary of the multiphase products!?12°,

In 1998, the Coulombic interaction model was proposed, which explained the ionic
interaction between lithium and the electrode surface®®% 3!, According to this model,
lithium ions are considered to be the head and carbon, the foot, which forms a double layer-
like structure on the interface. The formed layer, according to this model, is expected to
have better adhesion than the earlier models. The major composition of the SEI is the
lithium carbonate that is formed by the reaction of carbonate solvents with the lithium
interface. Besides, the actual composition of the SEI is complicated and is often referred

to as the Holy Grail of lithium batteries 6.

Irrespective of the SEI, the formation of dendrites still continues and prevents the practical
applications of lithium batteries. The complexity of this film can be examined by various
techniques such as atomic force microscopy (AFM), electrochemical impedance
spectroscopy (EIS), x-ray photoelectron spectroscopy (XPS), electron microscopy, Fourier

transform infra-red spectroscopy (FTIR), Raman spectroscopy, Atomic emission
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spectroscopy (AES), and nuclear magnetic resonance (NMR) in ex situ as well as in situ
modes 1%, The characteristic features of an ideal SEI film is as follows!2:

» High lithium-ion conductivity;
» Good mechanical strength and flexibility; and

» Appropriate thickness and a compact structure.

Different
components

458

Vacancy
SEl

Figure 1.14 Pictorial representation of SEI formation models a) Peled
model, b) Mosaic model and c) Coulombic interaction model.

Reproduced with permission from Wiley VCH publications®?®.

In the case of LiB, the phenomenon of SEI still exists in the anodes that operate below 1V
versus. Li/Li**?. The SEI that is formed in graphite is more stable than that formed in
lithium metal, which favored the commercial LiB*®. As mentioned earlier, the SEI that is
formed on the lithium surface will not be same as that formed on the graphite anodes,
because the nature of SEI will be directly dependent on the electrode under study. The
extent of the selectivity of SEI can be understood from the variation in composition of SEI

in different carbon allotropes.

In the case of graphite, the nature of SEI will differ from the basal to edge planes?. Lithium
ions cannot enter through the basal planes because they are ionic insulators and will not
contribute to the reversible capacity. On the contrary, reversible lithium-ion movement
happens through the edge planes. This behavior complicates the understanding of the

properties and the mechanism of SE| 25132,
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After graphite, the SEI on Si anodes were widely reported™* 1%, In addition to the
carbonate species, the SEI in silicon is composed of silicon oxide and lithium silicates®33,
Thus, the electrode as well as the electrolyte composition plays a crucial role in

determining the SEI and, thereby, the performance of lithium batteries.
1.10 Review of Literature

The research on ionic liquids as electrolyte components in lithium batteries increased due
to their desirable properties such as thermal stability, flexibility in design, and wide
electrochemical potential window. Since ionic liquids are composed completely of ions,
their response to the electric filed will not similar to other organic solvents. Fedorov et al*3®
states that the electrochemical performance of an electrode-RTIL interface is generally
amplified by area when it is used for energy storage. The electrochemical double layer
(EDL) of ionic liquids differs from that of the ordinary diluted electrolytes'*¢*3". Endres et
al'® explains the solvation layers of ionic liquids have direct influence on the
electrochemical reactions. Eftekhari et al.!®® described the various factors that are to be
considered while using ionic liquids as electrolytes in lithium batteries. As a result, the

following factors need to be considered*.

1. Choice of ionic liguid

The use of RTILs as electrolytes in lithium batteries was reported in early 2000%"1%°, The
RTILs were considered to be the safe electrolytes for lithium batteries due to their
negligible vapor pressures®”1¥, Although, there exists a variety of ionic liquids, not all can
be used as electrolytes for lithium batteries, because the following properties are expected

in them prior to their being used:

1. Wide electrochemical potential window (least 0.5-4.5V vs. Li/Li™).
2. Good thermal stability.
3. Minimum viscosity and good ionic conductivity.

As presented in Figure 1.15, a variety of ionic liquids was studied for energy applications.
The most commonly studied cations for lithium battery applications are quaternary
ammonium, pyrrolidinium, and phosphonium cations. The most commonly considered
anion for lithium battery applications includes trifluoromethane sulphonylimide and
fluorosulphonylimide!®140, In addition to these factors, the ease of pure synthesis is also

a significant factor in choosing the ionic liquid for electrolyte applications. Although
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imidazolium cations were less viscous and more conductive, the acidic C, protons and the
double bonds in their structure limits their potential stability'#%42, Quaternary ammonium
salts have low ionic conductivity and high viscosity, which limits their application as
lithium battery electrolytes’*?. The anodic stability of cations such as pyrrolidinium,
piperidinium, and phosphonium are greater than 4 V versus Li/Li*, and are widely
preferred cations for lithium battery applications 41427144 \When compared to the
piperidinium and phosphonium cations, pyrrolidinium cations are said to have lower
viscosities and better thermal stabilities 42143145, The cathodic potential stability of anions
such as bis(trifluoromethanesulfonyl) imide and fluorosulfonylimide is less than 1V versus
Li/Li* and, hence, are widely preferred anions in lithium batteries'*?14®. As a result, in this
current study, the ionic liquids of interest are those with pyrrolidinium cations and

bis(trifluoromethanesulfonyl)imide / fluoro sulfonyl imide anions.

2. Operating temperature

The operating temperature of LiBs is a significant factor which decides the temperature of
operation of the battery powered devices. Due to various factors, the permissible charging
temperature range of LiBs is from 0 °C to 45 °C whereas the discharging temperature is
from -20 °C to 60 °C!*". The most commonly reported reasons for the limited high
temperature operation is the volatility of the organic solvents used in the battery
electrolytes whereas, the limited low temperature performance is due to the slow lithium
ion diffusion and the low ionic conductivity of the electrolyte. On the other hand, lithium
plating is observed on the graphite electrodes cycled at low temperatures. As a result,
intense research is dedicated to optimize the electrolyte formulation and choice of the
electrodes which can ease the wide temperature operation of LiBs. In order to extend the
operation at higher temperatures, additives such as ionic liquids and phosphamides were
added to improve the thermal stability of the electrolytes*®149, On the contrary, electrolyte
formulations for low temperature operations involves the addition of various organic
solvents which can lower the freezing point of the electrolytes. The various available
patents which describe the low temperature operation of LiBs are listed in Table 1.4.
Further, Zhang et al.'®® reports the influence of charge transfer resistance in the low
temperature operation of LiBs. It was believed that the slow kinetics of battery reactions is
the major limitation to poor low temperature performance®°. Ji et al. ¥, reported that

increasing the salt concentration in the electrolyte beyond 1.2 M may substantially the
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Figure 1.15 Common anions and cations in ionic liquids used for
energy applications and their corresponding acronyms. In this

figure, “R” refers to ethyl, propyl, and butyl groups, and “n

refers to the number of carbons in the alkyl substituents.
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discharge capacity at room temperatures. Hence, lithium ion diffusion as well as electrolyte
conductivity are equally important in optimizing the electrolytes for subzero temperature

operations.

3.  Wide potential window

The potential stability of ionic liquids is an important factor while considering electrolytes
in lithium batteries!®14°, Since lithium batteries operate in a wide potential window, the

ionic liquids of choice are expected to have extreme oxidation and reduction potentials.

4. Thermal stability

Thermal stability is an attractive property in the choice between ionic liquids as
electrolytesfor lithium batteries in which safety is a main concern. Researchers had been
using ionic liquids as additives to enhance the thermal stability of electrolytes®®1°21%3, The
thermal stability of ionic liquids also enabled the operation of batteries above room
temperatures!315415%  However, FSI (fluorosulfonylimide) anions were commonly
reported for thermal instabilities, in comparison with other anions in ionic liquids®"1%,
The reason for the thermal instability can be ascribed to the weaker sulfur-fluorine bond in
the FSI anion!*. On the other hand, the better stability of the TFSI
(trifluromethanesulphonylimide) anion can be ascribed to the carbon-sulfur bond in the
TFSI anion*®. Nonetheless, the better stability of N-methyl-N-propyl pyrrolidinium
bis(trifluoromethanesulfonyl)imide over describes the role of the anion in the thermal
stability of the ionic liquid'*.

5. Viscosity and ion diffusion

lonic liquids are known for their relatively high viscosity in comparison to conventional
electrolytes 136159180 The viscosity was not seen as a concern when ILs were used as
electrolytes in high-temperature batteries. However, viscosity of the electrolytes need to
be taken into account when the performance is expected to be at room temperatures or
below room temperatures. Although reports have shown that viscosity does not greatly

slow down ion diffusion, which is contrary to expectation®®

, the ionic liquids exhibit better
diffusion-controlled properties and have diffusion coefficients in the order of 10" cm?/s*°L,
Apart from the diffusion properties, the wettability of the electrolytes was also seen as the

indirect effect of the viscosity of the electrolyte. The wettability of the separator helps to
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Table 1.4 Patent literatures on the electrolyte formulations for subzero temperature

operation of LiBs.

S.No.

Patent Claim & Details

Battery Performance Details

1.

Electrolyte is a mixture of 0.8 ~ 1.5 M LiPFe
and a mixed solvent composed of the
following components in weight percent of the
composition: 20 % — 40 % of EC, 5% — 30%
of EMC, 30 % — 50 % of the methyl acetate
MA, 0.5 % — 5 % of VC.

Patent Assignee: Nanchang University
Patent number®t: CN103107364

The electrolyte can operate at
—40 °C is initially allowed to
stand for 16 ~ 24 h.

Battery is cycled at C/20 rate.
Relative capacity at —40 °C is
55 % whereas at —20 °C, the

relative capacity is 90 %.

Electrolyte is a mixture of LiClOa, secondary
lithium salt, organic solvents, and additives
from group A or group B.

LiPFe, LiBFs4, LIiTFSI,

lithium difluoro oxalate borate

Secondary salts:
LiTFS,
(LiFOB), and anhydrous lithium iodide.

Organic solvents: Cyclic ester, linear esters,

ethers, mixed solvents, and sulfones.
Additives  Group A:

phenylacetic acid, benzoic anhydride, phthalic

Benzoic  acid,

anhydride, isophthalic anhydride, and

terephthalic acid anhydride.

Group B: 2,6-di-tert-butyl-4-methyl phenol
and butylhydroxyanisole.

Patent

Assignee: Zhangjiagang Guotai

Huarong Chemical Industry New Materials
Limited Company.
Patent number®2: CN103378360.

Lithium-MnOz cell
measurements were carried out
—20 °C in various electrolyte
composition yielded an average
relative capacity of 45%.
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One of the salt in the group is mixed with one
of the solvents in group A and group B.

Salt:  LiPFe, Lithium
(LiBFy), Lithium
(LiAsFe), LiCls, lithium triflate (LiN(SO:
CF3)2, and a lithium perfluoro-sulfonate.
Solvent group A: EC, PC, DEC, DMC, and
EMC.

Solvent group B:_3-methoxypropionitrile, 3-

tetrafluoroborate

hexafluoroarsenate

ethoxypropionitrile, methoxy acetonitrile,

ethoxyacetonitrle, 2-acetoxyisobutyronitrile,

2-cyanoisopropyl methyl carbonate, 2-

acetoxyacetonitrile, 2-cetoxyisopropionitrile,
cyanomethyl methyl carbonate, and 1-
cyanoethyl methyl carbonate.
PatentAssignee: Policell Technologies.

Patent number%3; US2005123835.

Cells made from carbon anode
and LiCoO; cathode in various
compositions  yielded an
average relative capacity of 61

%. at —30 °C.

Electrolyte is a mixture of LiPFe salt, one of
the organic solvent and one of the additive as

mentioned below,

Organic solvents: y- butyrolactone, EMC and
ethyl acetate.

Additives: Ethylene glycol and dimethyl ether
(molar ratio of ethylene glycol dimethyl ether
isl:3to4.).

Patent Assignee: Ningbo Weike Battery Co.,
Ltd.

Patent number'%*: CN103779605.

LiFePO4 cathode is tested at
various temperatures such as
30°C, —10 °C, —25 °C yielded
92 %, 89%, 84% capacity
retention, respectively.
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Introduction

Electrolyte is a mixture of LiFSI salt, PC and
non-cyclic carbonate as mentioned below,
Non-cyclic carbonates: EMC, DMC, Methyl
butyrate (MB), and VVC.

Patent

Assignee: Johnson Controls

Technology Company, California Institute Of
Technology.
Patent number®®: US 2016149263.

Graphite as well as LTO anodes
and NMC cathodes were tested
at temperatures —30 to 30 °C.

The capacity retention at 20 °C,
—20°C, —-25°C, —-30°C are 100
%, 73 %, 69.4 %, and 64%,

respectively.

Electrolyte is a mixture of lithium salts LiPFe
and LiBF4 in a mass ratio of 3: 1 or 4: 1, one
or more than one cyclic carbonate, linear
carbonate and linear carboxylate as mentioned
below,

Cyclic carbonates: EC and PC

Linear carbonates: DMC, DEC and EMC.
Linear carboxylates: Methyl acetate (MA ),

ethyl acetate (EA), ethyl propionate (EP),
ethyl butyrate (EB) and propyl acetate (PA)

Patent Assignee: Huzhou Chuangya Power

Battery Materials
Patent number%®: CN103078136.

The ionic conductivities of
various additive added
compositions used in this

patent range from 0.87-1.37
mS/cm at —40 °C whereas, the
18650 battery performance was
tested at —20°C yielded the
maximum relative capacity of
84%.

A quaternary mixed electrolyte is preferred
wherein the solvent system contained only
organic carbonates. In particular, the preferred
solvent mixture was EC:DMC:EMC:DEC, in
which EC is in the range of about 10 to 50 %,
DMC is in the range of about 5 to 75 %, EMC
is in the range of about 5 to 50 % and DEC is
in the range of about 3 to 45%, by volume.
PatentAssignee: Wilson Greatbatch Ltd.
Patent number®’: US6153338.

LiCoO2/graphite cells tested

with various claimed

electrolyte compositions
showed fairly better cyclic

efficiency at —20 °C.
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8. The Electrolyte is a mixture of lithium salt, a | Lithium manganese oxide,
non-aqueous solvent, 25 % ester based ionic | lithium cobalt oxide cathode
liquid and additives. and graphite anodes were tested
Lithium salts : LiBF4, LiPFs, LITFSI, LiClO4, | in various formulations as
and lithium bis (oxalate) borate salt. described in the claim by
Non-aqueous solvents: EC, DMC, DEC, | charging at room temperature
EMC, PC, VC butylene carbonate, ethylene | and discharging at low
sulfite, propylene sulfite, dimethyl sulfite, | temperatures.
diethyl sulfite, ethyl acetate, methyl formate,
methyl acetate, butyrate methyl, ethyl | The average relative capacity
butyrate, methyl propionate, ethyl propionate, | obtained is 60 % at — 40°C.
isopropyl acetate, isoamyl acetate, 1,3-
propane sultone or 1,4-butane sultone.
lonic liquid: methyl acetate functionalized
imidazolium ionic liquid
Additives:  Fluorine-containing carbonate,
organic boride, sulfones organics, N, N-
dimethyl-trifluoromethyl acetamide, vinylene
carbonate, 1 3-propylene sulfite.

Patent Assignee:  Institute  of  Process
Engineering - Chinese Academy of Sciences
Patent number®®: CN103151558.

9. Electrolyte is a mixture of lithium salt; an | Lithium metal oxide cathodes
organic solvent; 4-nitrophenyl 2- | and graphite/silicon/oxide
(trimethylsilyl) ethyl carbonate and an | based anodes were studied for
additive. area specific impedances and
Additives: LiBOB, caesium nitrate (CsNO3), | battery performances in various
and 1,4-butane sultone. claimed electrolyte
Patent Assignee: Original Assignee Johnson | compositions at —25 °C.
Controls Technology Co Wildcat Discovery
Technologies Inc.

Patent number%®: US9466857B1.
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10. | Electrolyte is a mixture of LiPFs, LiBFssalts | Lithium metal oxide cathodes

(1-2 M), organic solvents, and non-ionic | were tested with graphite and

organic additives as mentioned below, silicon anodes.

Organic solvents : EC, DMC, and EMC. The relative capacity at —30 °C
Non-ionic _organic _additives: LIiDFOB, | and —40 °C are 40 % and 25 %,
LiBOB, lithium fluorododecaborate | respectively.
(Li2B12HxF12-x(x=0-3)), and LiTFSI, N,N-

diethylamino trimethylsilane, 2,5-

dihydrofuran, ethylmethyl sulfone,

fluoroethylene carbonate, gamma-

butyrolactone, monomer of polyethylene
oxide, monomer of polyvinylidine fluoride.
PatentAssignee: Envia Systems, Inc.

Patent number'™®; US2013157147

keep the electrodes in good contact with the electrolytes, which, in turn help to increase
the cycle life of batteries’’. As a result, the wettability of the electrolyte is an essential
parameter for the electrolyte?®. In order to reduce the viscosity effects and to increase the
wettability of an ionic liquid at room temperatures, the addition of organic solvents was
considered to be useful because it reduced the viscosity of the electrolytes'’2. Recent
studies about neat ionic liquids and mixtures with organic solvents have shown comparable
capacities when compared with conventional electrolytes. In short, low viscosity ionic
liquids will not greatly affect the specific capacities0%142149.160,

6. Lithium-ion solvation and SEI formation

In a lithium battery electrolyte, the solvation of lithium ions plays a critical role. In general,
the lithium cation needs to be solvated by the solvent molecules. The solvated lithium ions
will then move further toward the anode. At the anode, only the lithium ions need to
intercalate inside the anodic layers. As a result, the solvated ion sheath breaks, allowing
the lithium ions to move further inside the anode. On the other hand, the broken-down
solvent molecules form the SEI layer on the anode surface. The schematic view of this

process is shown in Figure 1.16. For the reasons mentioned above, this lithium solvation
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is a factor in deciding the nature of the SEI film, which further defines the performance of
the batteryt30.173174,

Thus far, in the literature, there has been no mention of lithium-containing ionic liquids of
the kind that has been mentioned above. As a result, it is conventional to add lithium salt
to the ionic liquid in lithium battery applications'®®. In such a case, lithium solvation is
dominated more by the anion in the lithium salt or the ionic liquid anion**>>177" and the
formation of SEI directly influences the anions in the system. As a result, the SEI in this
section individually addresses the cases with different anodes (lithium /graphite/ silicon
anodes), cations, and anions in the ionic liquid. In the case of lithium metal batteries, the
SEI from ionic liquids is much appreciated because it creates the potential for the
realization of high energy density lithium batteries. Basile et al.1’®, studied the role of the
[Cimpyr][FSI] ionic liquid in a stable SEI formation with lithium for 1000 cycles in a
Li/LiFePO4 system. Howlett et al. and Sakaebe et al. reported effective SEI formation in
lithium metal with ionic liquids of pyrrolidinium cations and TFSI anions*’’18, As
reported by Howlett et al. in [Campyr][TFSI], the SEI is composed mostly of the reduction
species of both the anion and the cation, in which the reduction products of the cation are
seen trapped in the structure of the anion 177, In addition, several other studies also suggest
that the SEI that is formed along with the ionic liquids that are based on TFSI and FSI

anions helps in effective passivation reaction®”-14,

In the case of graphite anodes, lithium solvation plays a major role because lithium ions
have to intercalate between the graphite layers. It is expected that the solvation layers
formed using ionic liquid anions break off and only lithium ions intercalate in the
system%. In contrary, it was observed in the case of imidazolium and quaternary
ammonium cations that the process of co-intercalation of the cation occurs with lithium-
ion, which results in damage to the graphite structure, thereby degrading the performance
of the cell*>>17®, As a result, imidazolium and quaternary cations were not widely preferred
for LiB.

Despite the current research, there exists no commercial LiB with an ionic liquid as its
electrolyte ingredient. lonic liquids are expected to have moderate viscosity, ionic
conductivity, and better SEI formation abilities in order to act as effective electrolyte

ingredients in a lithium battery®°12, As a result, the phenomenon of hybrid electrolyte
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(HE) combination was examined by researchers in order to improve the properties of

electrolytes without compromising the inherent thermal stability149154.159.160,

Diffusion of solvated Li* chffusion
Li* in bulk solution through SEI film

Breakup of Li* Li* diffusionin
’{1 solvation sheath graphene bulk

Figure 1.16 Schematic view of solvated lithium ions and their role in SEI

formation. Reproduced with permission from MRS,

Allion et al.*" reported the influence of the addition of organic solvents to ionic liquids,
which decreases their viscosity and increases the ionic conductivity. Subsequently, Guerfi
et al.}491* studied various proportions of ionic liquids and organic carbonate mixtures as
electrolytes for lithium batteries. At that juncture, research was more focused on the
optimizing of the proportion of the ionic liquid in the electrolyte mixture in order to achieve
a better compromise between the electrolyte properties, which would result in

performances that were comparable to conventional alkyl carbonate electrolytes.

The major expectation from this concept of HE is to formulate a safe electrolyte that
performs better. In order to do so, the proportion of ionic liquid and conventional
electrolyte in the HE mixture needs to be chosen carefully. In other words, balanced
properties can be achieved in the HE by optimizing the proportion of ionic liquids.
Although an increase in proportion of the ionic liquid increases the thermal stability, it will
contribute to the increase in the viscosity of the electrolyte and vice versa. This

phenomenon resembles the see-saw approach that is shown in Figure 1.17.

Kuhnel et al.'8 varied the proportion of the ionic liquid, N-butyl-N-methylpyrrolidinium

bis(trifluoromethanesulfonyl)imide in propylene carbonate and examined the flammability
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and physiochemical properties of the electrolyte. It was reported that the addition of
propylene carbonate to the ionic liquids decreases the viscosity, extends the cathodic

potential window, and lowers aluminum corrosion.

9

o-@

®
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Ml

Figure 1.17 The see-saw approach explains the need to have an

optimized proportion of ionic liquid and alkyl carbonates.

Quinzeni et al.’® studied the various proportions of N-methoxy ethyl-N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulfonyl)imide in LiTFSI : EC:DEC mixtures in
order to achieve good hermal properties, potential window, anodic stabilities, and

performance.

Further, several other works were carried out in [Csmpyr][TFSI] and [Campyr][TFSI] ionic
liquids, which supports the fact that the hybrid combination containing 40 per cent of ionic
liquids has better physicochemical and thermal properties’®38  Aguilera et al.®
performed theoretical calculations as well as experimental studies on various proportions
of ionic liquids in alkyl carbonate electrolyte mixtures. The findings reveal that the TFSI
anions participate in lithium solvation when the proportion of ionic liquid in the solution
is higher (>= 50%). As a result, the present study is carried out with an optimized

proportion of 40 per cent of ionic liquid in the HE mixture.
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1.11 Objective of the Current Work

The aim of the current work is to carry forward the initial studies about HE to realize its
potential in the commercial market. As a result, studies were executed to validate the
applicability of these HE in commercial LiB. In order to validate these electrolyte systems
to commercial LiB, several factors need to be considered, as can be observed from Figure
1.18.

Taking these HE to further practical lithium battery applications
Can these HE can be used Does the addition of Can we expect the safety
in lithium ion cells? ionic liquids plays a role of batteries improved
in lithium coordination? with HE?
Does the hybrid Can the temperature of
electrolyte is compatible battery operation can be
with lithium interface? widened with HE..?
How far the conductivity Does this HE passivates
of electrolytes gets affect the aluminium current
by the ionic liquid collector ?
addition ? How these HE can
perform with
commercial cathodes?
Figure 1.18 Pictorial representation of the objectives of the current work.

The framework here involves the development of a better understanding about the HE at
an optimum composition. Initial studies about the physicochemical properties and
electrochemical characterization of the HE are undertaken. Further, they are studied with
commercial cathode materials in order to investigate the electrode-electrolyte
compatibility. HE will also be studied in lithium-ion configuration. Further, it is important
to identify the temperature window of the operation for the HE and this has been
investigated here. In order to propose these electrolytes for high-potential applications, the
stability of the cathodic current collector (aluminum) at high potentials is also studied in

this work.
1.12 OQutline of the Thesis

The focus of this thesis is the HE that is based on pyrrolidinium cation and bis(trifluoro

methanesulfonyl)imide anion. It includes five chapters, and the chapters were ordered to
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represent a stepwise understanding on the application of HE for lithium and lithium-ion
batteries.

Chapter one presents an introduction to energy storage systems and the evolution of lithium
batteries. It outlines the components in lithium batteries and lists the possible choices and
criteria for the selection of the material of interest. The second part of this chapter reviews
the literatures. Further, the motivation and scope of this current work is also discussed in

the chapter.

Chapter two describes the physicochemical studies that were carried out in order to enable
an initial understanding of this hybrid composition. Electrochemical studies and lithium
solvation studies were performed in order to gain a clear understanding of the SEI. The

thermal stability of the electrolytes was tested in this chapter.

Chapter three describes the next stage of studies about commercial cathodes. In this
chapter, LiCoO> was tested with HE in the standard potential cutoff. Initial studies reveal
a performance of the HE that is comparable to conventional electrolytes. The presence of
ionic liquids in the present study motivated the extending of lithium extraction in LiCoOa.
As a result, research was carried out to study the performance at an extended potential
cutoff (4.4V vs. Li/Li"). In addition to the performance studies at extended potentials, the
mechanism of the same has been explained in the chapter.

Chapter four describes the progress of the studies of a lithium-ion cell that contained
LiFePOs and LisTisO12 anodes. Initial studies were carried out to check the compatibility
of HE in the LiFePO4 cathodes. The striking observation was the negligible iron dissolution
from LiFePO4 cathodes in HE when compared to the conventional electrolytes. In a
lithium-ion cell, the cyclic performance was studied for 200 cycles with appreciable cyclic
stability. Further, we optimized a special electrolyte composition by using ionic liquids in
order to operate batteries at subzero temperatures. The subzero performances of those

electrolytes were tested in lithium-ion cells with LiFePO4 and LisTisO12at —30 °C.

Chapter five discusses the possible applications of these HE in high-potential cathodes by
investigating the compatibility of aluminum current collectors in high energy density
applications. In this study, the corrosion of aluminum was tested against the conventional
electrolyte and neat ionic liquids. Additionally, the ability to form a passivating film on
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aluminum surfaces, the mechanism of film formation, and nature of the film were analyzed

in detail in this chapter.
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Solution Structure and Electrochemical Characterization of N-methyl-N-propyl pyrrolidi
-nium bis(trifluoromethanesulfonyl)imide in Alkyl-carbonate Hybrid Electrolyte

2.1 Introduction

Currently, lithium batteries dominate the energy market by powering mobile electronic
devices as well as electric vehicles®=. In electric vehicles, the lithium battery technology
requires further enhancement in terms of energy density and safety>*°>. A better
understanding of the interfacial chemistry will help in enhancing the performance of LiBs®
8. To do so, the most important aspect is the understanding of the SEI, which dictates the
performance of the lithium battery®®. As mentioned earlier, the solvents in the
electrolyte solvate the lithium ions preferentially than the anion of the lithium salt*?. Such
solvent molecules travels towards the graphite electrode, get reduced further at the site of
the electrode and forms the SEI. As a result, the composition of the SEI has a direct
influence on the composition of the electrolyte®3. In such circumstances, understanding the
physicochemical properties such as viscosity, ionic conductivity, lithium ion solvation, and
the electrochemical behavior of the electrolytes will help to understand their effective role
in enhancing the performance of lithium batteries.

lonic liquids are an emerging class of electrolytes in lithium batteries!**’. In the case of
room temperature applications, molecular solvents are required to be added in order to
reduce the viscosity of the mixtures’®2°. In spite of the hybrid combination with the
molecular solvents, it is expected that these ionic liquid mixtures will introduce notable

thermal stability to the electrolytes®:?2,

Generally, the solution structure involves the solvation of the ions in the salt with the
solvent molecules. In case of LiBs, it is potentially quite complex and has been studied
with the help of density functional theory (DFT) calculations and spectroscopic
analyses!’?*-2 Recently, with the emergence of ionic liquid electrolytes, studies were
carried out to understand lithium and sodium ion solvation in solvate ionic liquid

electrolytes!’182%-31,

Since the role played by the individual electrolyte ingredients in the conventional
electrolyte is very specific, this chapter aims to understand the solution structure of the
hybrid mixture with 40 percent of the ionic liquid in the conventional electrolyte
system®2L:32_ Further, the electrochemical understanding of hybrid electrolytes in terms of
their behavior at the cathodic and anodic regions, their compatibility, and the lithium

interfaces was studied to acquire a preliminary understanding of the HE before proceeding
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with further testing on commercial cathodes. Thus, the present chapter make efforts to
understand the solution structure, physicochemical, and electrochemical characterization

of the hybrid electrolyte in comparison with the conventional electrolyte.

2.2 Experimental

2.2.1 Electrolyte Compositions

N-methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([Campyr][TFSI],
Solvoionic, France) of about 40 percent (by weight) was mixed with 1M LiPFs in ethylene
carbonate (EC) and diethyl carbonate (DEC) (1:1) in order to make the hybrid electrolyte.
The composition of the conventional electrolyte (LP30, Merck) is 1M LiPFg in ethylene
carbonate (EC) and dimethyl carbonate (DMC) whereas the composition of LP40 is 1M
LiPFe in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1) (LP40, Sigma-—
Aldrich).

2.2.2 Differential Scanning Calorimetry (DSC) Measurements

DSC measurements were carried out by using TA thermal analysis in the temperature range
of —120 °C to 30 °C. Electrolyte filling and sealing of the crucibles were carried out inside
the glove box, and the sealed crucible was loaded for the study. For the analysis, the
temperature sweep rate was kept at 5 degrees per minute.

2.2.3 Density and Viscosity Measurements

Density measurements were carried out using Anton Paar DMA5000. About 1 ml of the
electrolyte was injected into the U tube of the density meter, and the measurements were
carried out in steps of 5 °C from 20 to 90 °C. Viscosity measurements were carried out
using the rolling ball method in Anton Paar Lovis 2000ME. The electrolytes were filled
into a 10-mm-long capillary that had a diameter 1.5 mm inside the glove box. Steel balls
were used for the measurements. The measurements were carried out from 20 °C to 90 °C

with a tilting angle of 30°.
2.2.4 lonic Conductivity Measurements

lonic conductivity measurements were carried out by using a dip cell that contained two
platinum wires that were connected to a glass tube, as shown in Figure 2.1. This cell was

inserted inside a glass bottle that was filled with the electrolyte and was sealed using a
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rubber O ring inside the glove box. The cell was further connected to the Eurotherm 2240E
temperature controller and then to the Biologic MTZ-35 impedance analyzer for ionic
conductivity measurements. The temperature for the measurements ranged from 298 K to
373 K in steps of 10 K. The ramp rate was 0.5 K/min. The cell constant was determined

by using a solution of 0.01M of potassium chloride (KCI).
2.2.5 Thermal Analysis

Thermogravimetric analysis (TGA) and Differential thermal analysis (DTA) were carried
out in Mettler—Toledo thermal analysis over a temperature range of 25 °C-800 °C in a

nitrogen gas atmosphere at a heating rate of 5 K/minute.
2.2.6 FTIR Spectroscopy

FTIR spectroscopy was carried out by using the Perkin Elmer Spectrum 400 FTIR. The
sample from the sealed cells was introduced on the Attenuated total reflectance (ATR)
crystal and the measurements were carried out. Enough care was taken to lower the
exposure of the sample to the environment. The spectra were convoluted by using Gaussian
and Lorentzian Fit using Origin 9 software.

2.2.7 Mass Spectrometry

Mass spectrometry by Electrospray lonization (Micromass Platform Il APl QMS
Electrospray Mass Spectrometer) was carried out by using methanol as a solvent (cone
voltage 25 V).

2.2.8 Electrochemical Characterization

Electrochemical potential window studies were carried out using Linear Sweep
Voltammetry (LSV) on carbon: binder electrodes (90 percent carbon black and 10 percent
PVDF-HFP) at a scan rate of 0.1 mV/s.

Symmetric cell studies were made by using lithium disks (diameter = 1.2 cm) on both

sides, separated by polypropylene separators (thickness of 20 micron).

For lithium interfacial studies, symmetric cells were used. After fabrication, the symmetric
cells were equilibrated for 24 h before cycling. They were cycled at a current density of
1 mA/cm? with 16 minutes of lithium plating and stripping cycles. All the electrochemical
measurements in this chapter were carried out at 20 °C.
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2.3 Results and Discussion

2.3.1 Physicochemical Characterization

Physicochemical characterization of the electrolyte can be considered as being the
preliminary process in the characterization of the electrolyte. Properties such as density
and viscosity are related to the ion conducting property of the electrolyte. The ionic
conductivity of the electrolyte is one of the significant properties that determine the
performance of any electrochemical device. As a result, a detailed analysis of the density,
viscosity, and ionic conductivity of the electrolytes was performed in order to understand
the behavior of HE. In addition, due to safety issues, the thermal stability of the HE is

discussed in this chapter.
2.3.1.1 Phase Behavior of Electrolytes

The phase behaviour of the electrolytes accounts for its liquidus and solidus temperatures.
Although the phase behaviours of the individual constituents are well known in the
literature, the properties of the mixtures change significantly. For instance, the liquidus

range of the linear carbonates is lowered by the addition of LiPFe in the system®:.
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Figure 2.1 DSC analysis of neat ionic liquid,

conventional electrolytes as well as the HE.
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From Figure 2.1, it can be seen that the melting transition occurs at 12 °C in [Campyr]
[TFSI], which matches the data that is mentioned in the literature3*3, In the case of the
conventional battery electrolyte, many crystallization peaks occur at low temperatures.
This can be due to the crystallization of the organic solvents that have high freezing points,
which are used in the mixture. It was noted that the melting point of pure ethylene
carbonate in the electrolyte mixture is about 37 °C, whereas the melting point decreases on
addition of lithium salt®’. Further, in a mixture of lithium salts and linear carbonates, the
melting point further drops to ~ 10 °C, which is marked “a” as shown in Figure 2.2. The
second downward peak, which is marked “b” in the figure, arises due to the melting of a
linear carbonate such as the diethyl carbonate. There is no glass transition in the neat ionic
liquid, whereas the transition occurs in the hybrid and conventional electrolytes. It is to be
noted that the addition of an ionic liquid did not introduce any significant change in the
glass transition temperatures, whereas the crystallization peaks of the conventional battery

electrolyte as well as those of neat ionic liquids are suppressed.
2.3.1.2 lonic Conductivity Studies

The variable temperature ionic conductivity of HE was studied in comparison with the

conventional lithium battery electrolyte, as shown in Figure 2.2,
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Figure 2.2 lonic conductivity of hybrid electrolytes in
comparison with the conventional lithium battery

electrolyte at various temperatures from 273 to 373 K.
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lonic conductivity is an important factor in determining the ion transport of the electrolyte.
In the case of LiB, the conductivity of the cation (Li") is more important than the anion,
whereas ionic conductivity estimates the conductivity of both the cations and anions in the
system. However, easy instrumentation and non-availability of data on disassociation
degree and ion mobility make it an alternative metric to study the transport ability of the
electrolyte on the basis of the assumption that the Li cationic conductivity relates at least
partially to the conductivity of the system®2. It was found that the ionic conductivity of the
HE was on par (slightly greater) with the electrolytes of conventional batteries. Although
there is a slight increase in viscosity when ionic liquids are added to conventional
electrolytes, the ionic conductivity of the electrolytes are comparable near room

temperature.

2.3.1.3 Walden Plot Analysis

The Walden plot is based on the Walden rule®:

An=k (Equation. 2.1)
where A is the molar conductivity, n is the viscosity, and k denotes the temperature-
dependent constants. In order to calculate the molar conductivities, we have measured the
viscosity and density of the electrolytes, as shown in Figure 2.3. It was observed that the
addition of ionic liquids did not significantly increase the density and viscosity of the
electrolytes. The Walden plot was drawn by combining the density, viscosity, and ionic

conductivity values, as shown in Figure 2.4.
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Figure 2.3 (a) Density and (b) Viscosity of the conventional electrolyte and the HE at

various temperatures, from 20 °C to 90 °C.
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KIA dilute aqueous solution of KCl is taken as a reference line for the Walden plot due to
the similar-sized ions in KCI*®. Thus the KCI line separates the graph into two regions such
that the solutions that fall above the KCI line exhibit some type of super-ionic mechanism,
whereas the solutions that fall below this line are not fully ionizable**. Though ionic
liquids are composed completely of ions, not all of them are free to contribute to the
conductivity of the system®®. Hence, this Walden rule will help to understand the free as
well as the neutral ions in the system. The plot is drawn by using the logarithmic values of
both the viscosity and molar conductivity. From Figure 2.4, it can be seen that the HE and

conventional have very similar behavior.
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Figure 2.4 Walden plot of HE in comparison with the
conventional lithium battery electrolyte at various

temperatures, from 293 to 363 K.

2.3.1.4 Thermal Analysis

Thermal analysis is a significant study that helps to probe the safety of lithium batteries.
The most significant safety threat in the battery is “thermal runaway,” which occurs when
local heating reaches a threshold and any further heating in the system can no longer be
dissipated. This triggers several adverse exothermic reactions inside the cell, which may
lead to the explosion of the battery. Therefore, the thermal stability of the electrolyte is a
significant factor in the assessing the safety of battery designs. In the present case, TGA,

DTA, and isothermal TGA were measured to understand the effect of the ionic liquid in
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the system. Figure 2.5 shows a comparison of TGA studies of the conventional electrolyte,
the HE, and the [Csmpyr] [TFSI] ionic liquid. Consistent with other reports?4°, the thermal
stability of [Campyr] [TFSI] is retained until 377 °C.
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w -
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o z
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Temperature (°C)
Figure 2.5 Thermal Analysis of the conventional electrolyte, HE, and neat
[Campyr][TFSI] carried out from (a) Thermogravimetric Analysis and (b)
Differential thermal Analysis.
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Figure 2.6 Isothermal TGA of conventional
electrolyte and HE at 70 °C.

In the case of the conventional electrolyte and HE, the initial weight losses can be attributed
to the evaporation of the volatile solvents that are present in the electrolyte mixture. As
reported by Huifeng et al.?, the addition of an ionic liquid to the conventional electrolyte

mixture delays the evaporation of the solvent, which can be observed in the difference in
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the mass loss with respect to the temperature. As can be seen in Figure 2.5 (a), almost 95
percent of the electrolyte is lost below 254 °C in the conventional electrolyte, 445 °C in
HE, and 550 °C in neat [Campyr] [TFSI]. The partial loss in the HE below 250 °C appears

to be related to the loss of the volatile solvent components.

From the DTA that is shown in Figure 2.5, it can be observed that after 111 °C, an
endothermic transition appears in the cases of the conventional electrolyte and the HE
curve due to the evaporation/ decomposition of carbonate solvents in the mixture**. The
thermal instability of LiPFe is well known for the fact that it decomposes to lithium fluoride
salt with the evolution of PFs gas*.

LiPFs—» LiFy + PFs#4 (Equation 2.2)

The endothermic peak at 240 °C can also be attributed to the decomposition of LiPFs in
the mixture, as is evidenced by the peak in the conventional electrolyte as well as in the

HE curves.

In isothermal TGA, it was found that after one hour, 60 percent of the conventional
electrolyte mass and 77 percent of HE mass were present in the system, whereas, at the
end of five hours, 30 percent of the conventional electrolyte mass and 65 percent HE mass
are present in the system as shown in Figure 2.6. The mass losses in the HE are inevitable
due to the presence of alkyl carbonates in the system, whereas the extent of mass loss is
controlled by the presence of ionic liquids in the system. In short, it is apparent that the

ionic liquid addition imparts better thermal stability to the electrolytes.
2.3.1.5 Lithium-ion Solvation

Lithium-ion solvation plays a major role in the understanding of the SEI that is formed on
the anode-electrolyte interface in LiB%327, In general, three of the most commonly seen

forms of salt-solvent interaction are shown in Figure 2.7.

1.  Solvent-separated ion pair (SSIP)
The SSIP is formed when the cation and anion of the salt are capable of
better disassociation, and the solvent molecules surround the ions
individually®’. These solvated entities are comparatively smaller than
other types of solvation. This type of solvation is common in LiB due to

their smaller size and charge®’.
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2. Conjugated ion pair (CIP)
In CIP, the ions are not well disassociated, and the solvent molecules

surround the whole salt molecule.

3. Aggregates (AGG)
In the case of AGG type of interaction, more than one salt pair is

surrounded by the solvent species.

Solvent Conjugated Aggregates
separated ion ion pair (CIP) (AGG)
pair (SSIP)

@ Y 099%
e €2e% drcve®
o0 ooge QOQOOOO

Anion (# Cation () Solvent molecule

Figure 2.7 Schematic representation of different forms of salt-

solvent interactions.

Seo et al.*® reported that solvation in lithium battery electrolytes exists both in SSIP and
CIP forms. SSIP was found in electrolytes that had lower lithium-ion solvation (< 1.2 M),

whereas CIP was found in electrolytes that had higher lithium salt concentrations (> 2 M).

In this chapter, attempts were made to understand the solvation phenomenon that occurs
in HE. The focus was on developing an understanding of whether the usual lithium
solvation is altered by the addition of a significant amount of ionic liquid in the
conventional electrolyte or not. In order to have proper understanding on solvation, FTIR

and mass spectrometry studies were carried out in this subsection.
2.3.1.5.1 FTIR Analysis

The FTIR analysis of the HE in comparison with conventional electrolyte is shown in
Figure 2.9. Closer analysis of this spectrum reveals the carbonyl absorptions, C=0,
including the solvent coordinated as well as the uncoordinated regions. As reported in the
literature'®>*3, the coordinated peaks of EC and DEC are found at 1805 and 1715 cm™,
whereas the uncoordinated peaks of EC and DEC are reported at 1755 and 1724 cm™,
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Figure 2.8 FTIR spectra of HE in the region of carbonyl
absorptions in comparison with the conventional
electrolyte showing coordinated and uncoordinated bands.

In the present case, we could observe the coordinated peaks of EC and DEC at 1802 and
1715 cm™, whereas the uncoordinated peaks of EC and DEC are seen at 1765 and 1735
cm™t. We believe the minor changes in the peak positions may arise due to the difference
in the operating conditions. The coordination of carbonates with the lithium ions is also
observed in the HE as shown in Figure 2.8 (b). It can be seen that the coordination by DEC
(peak at 1715 cm™) is lower in the HE, as compared to the conventional electrolyte. This
may suggests some tendency towards participation of the ionic liquid anion in the co-
ordination of lithium ion. The EC peaks show strong evidence of co-ordination by EC in
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both HE and LP40 however, as discussed in detail by Seo et al.*® due to overlapping issues
the observations of the EC coordination cannot quantified further in the FTIR analysis.
Aguilera et al. reported that organic carbonates can preferably solvate the lithium-ions
when their concentration is above 25 percent in the solution® and this appears to be the
case here. To further investigate the lithium solvation in the presence of the ionic liquid in

the system mass spectroscopic studies were undertaken as described in the next section.
2.3.1.5.2 Mass Spectroscopy Studies

Mass spectrometric studies were carried out as shown in Figure 2.9. Electrospray
ionization (ESI™) mass spectroscopy is performed to add further evidence to the previously
obtained spectroscopic data, because band-overlapping issues in Raman spectroscopy and

FTIR spectroscopy can be circumvented by this technique®.
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Figure 2.9 Mass spectra of the electrolytes represented for an
understanding of the ion coordination in the system (a)
conventional electrolyte, (b) neat [Campyr][TFSI], and (c) HE.

In addition, it was reported that the solvated ions in the first solvation sheath will not be

disturbed during the first MS ionization process®#. The current study confirms the
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previous observation of the continued coordination of Li+ by the carbonate molecules even
in the presence of the ionic liquid in the HE, though there is a suggestion of slightly lower
participation of DEC in the FTIR. The preferential solvation of carbonate species, and EC

in particular, in HE can be justified on the basis of their high dielectric constants®.
2.3.2 Electrochemical Characterization

In addition to the physicochemical studies, an initial electrochemical characterization was
carried out in order to have a preliminary understanding of the HE system. In this section,
as mentioned earlier, the electrochemical potential window and electrode-electrolyte
interfacial characteristics were studied. Since the linear carbonates will not contribute to
any significant electrochemical performance®?, the performances of HE in this section can

be compared with the conventional electrolyte (LP30).
2.3.2.1 LSV Studies

The electrochemical potential stability of the electrolytes needs to be understood in order
to have an appropriate understanding of the electrochemical processes that occur in the

system.
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Figure 2.10 LSV of conventional electrolyte, HE, and neat [Csmpyr] [TFSI] on carbon
binder-coated Copper current collector (swept from 2.5 V to 0.01 V vs. Li/Li*) and
Aluminum current collector (swept from 3V to 5.5 V vs. Li/Li*).

This will further help in the understanding of the working mechanism of the batteries.
There are several approaches to the study of the electrochemical potential window of the

electrolytes by using voltammetry. It is customary to study, at a preliminary level, the
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electrolyte potential window on inert electrodes such as platinum or on a glassy carbon
electrode®“, However, the behaviour of the electrolyte differs when it is subjected to
practical conditions in which the current collector metal, carbon, and binder in the

electrolyte system plays a role*’.

Though the literature reports the potential stability of the conventional electrolyte and the
neat ionic liquid in inert electrodes, the intention here was to extend the studies to the real
environment. As mentioned earlier, aluminum is used as a cathodic current collector and
copper as the anodic current collector due to their stability in the anodic and cathodic
regions. Since carbon and the binder serve as the common ingredient in the electrode, the
working electrode used in the present work was a mixture of 90 percent carbon and 10

percent binder coated onto the respective current collectors.

Figure 2.10 presents the potential window of the conventional electrolyte, HE, and neat
[Campyr][TFSI] on the respective current collectors. In the cathodic regime, the potential
was swept from 2.5-0.01 V vs. Li/Li* on the copper current collector. The reduction peak
found at 0.65 V vs. Li/Li" may be due to the SEI formation that occurs on the electrode. It
should be noted here that SEI formation of the lithium battery electrolyte on the graphite
electrode occurs at potentials close to 0.9 V vs. Li/Li* . In the present case, the shift to
the lower potential may be due to the difference in the super P carbon and graphite
surfaces™*’. In the case of neat [Csmpyr][TFSI], the voltage current profile did not show
any reduction peaks in the potential of our interest. Hence, it can be inferred that the main
observation in the present case is that no significant decomposition (interference) of the
ionic liquid cation occurs in the HE, which helps us to understand that the nature of SEI

will not be disturbed by the presence of the ionic liquid in the system.

In the anodic regime, it was reported that the electrochemical potential stability of the ionic
liquids that had pyrrolidinium cations was greater than 5V in comparison Li/Li* on inert
electrodes such as platinum or glassy carbon. Similar behaviour was observed in neat
[Campyr][TFSI] that was cycled on carbon and binder electrodes in which the current
density started to increase at potentials > 5.2 VV when compared to Li/Li*. However, in the
conventional electrolyte, small humps at 4.2 V (in comparison to Li/Li*) may be due to the
passivation reaction on the aluminum substrate*®, and the hump at 4.8 V (in comparison to
Li/Li*) may be due to the decomposition of alkyl carbonates in the electrolyte*®. However,

in the case of HE, similar humps were not found at those potentials*®. The main breakdown
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of HE occurs at potentials > 5.45 V (in comparison to Li/Li*), which can be due to the
breakdown of [Campyr] [TFSI], as seen earlier. These behaviors are investigated in more

detail in the following chapters.
2.3.2.2 Transference Number Measurements

Transference number or transport number of an ionic species is defined as the fraction of
the total current carried by it in an electrolyte. In lithium-ion batteries, the transference
number of the lithium ion plays a significant role in the performance kinetics. A number
of techniques such as potentiostatic polarization (PP), galvanostatic polarization (GP), very
low frequency impedance spectroscopy (VLFIS), emf (electromotive force) method, and
pulse-field NMR were used to determine the transference number of non-aqueous
electrolytes especially those containing lithium salts®052295319.5456 " However, accurate
data on the transport number measurements are very rare due to experimental
challenges®®®’. Table 2.1 presents the transference numbers reported in literatures for
common lithium battery electrolytes at room temperature using various measurement

techniques.

In this work, transference number of HE was measured at room temperature using the
potentiostatic polarisation method as proposed by Bruce et al®®®. The measurement was
carried out by polarising lithium symmetric cell to a potential difference of 10 mV. The
measurement was carried out until the system reached a steady state. EIS measurements
were carried out to measure the resistance before and after the polarization measurements.
The initial and steady state current values were noted. The plot of current versus time and

the Nyquist plot are shown in Figure 2.11.

The lithium transference number, (t;;+) is calculated further using the following Bruce—
Vincent equation®®,

I,(AV — I4Ry) (Equation. 2.3)
tit =T 0 1
IO (AV - IsRs)

where,
AV is the applied potential difference in Volt,
lo is the initial current in Ampere,
s is the steady-state current in Ampere,
Rois the initial resistance in Ohm,
Rs is the steady-state resistance in Ohm.
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Table 2.1 Transference numbers reported in literatures for common lithium battery

electrolytes at room temperature using various measurement techniques.

Lithium
Salt transport §
2_ Electrolyte solution Method | concentration | number (t,;+) | &
? (mol/Kg) at room E
temperature
1. | LiPFgin EC/PC/DMC GP 0.68 0.38+0.025 | *°
2. | LiPFgin EC/PC/DMC PP 0.68 0.39+0.024 50
3. | LiPFsin EC/DEC PP 0.68 0.34£0.0053 | *°
4. | LiPFsin EC/DEC GP 0.76 0.24+0.0087 | °°
5. | LiPFsin EC/DEC EMF 0.76 0.28+0.0003 | °°
6. |LiPFginPC PP - 037 0
0.25 0.557
7. | LiPFgin PC NMR |02 0505 %0
1.5 0.337
8. | LiBF4inPC PP 0.68 0.35 50
0.077-
9. | LiPFesin EC/DMC NMR 1.152 0.37-0.43 19
10. | LiPFsin EC/DMC NMR 0.78 0.38+0.01 52
11. | LiPFsin EC/DMC VLFIS 1 0.071+0.01 5
12. | LiTFSI in [Campyr][TFSI] | PP 0.2 0.22 51
0.3 M LITFSIin 0.5 wt. %
13. | [Csmpyr][TFSI]+ 0.5 wt. % | NMR -- ~0.06 60
PC
XLITFSIin (1-x)
14. | [Campyr][TFSI] NMR - 0.132 61
mixture with x =0.377
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Figure 2.11 (a) Plot of current versus time of HE for an applied potential of 10 mV in
a lithium symmetric cell and (b) Nyquist plot of HE in a lithium symmetric cell before
and after polarisation. The corresponding equivalent circuit is presented in the inset
figure.

The transference number of HE calculated using the Equation 2.3 was found to be 0.32+
0.0483. The calculated number lies in range with the values reported for the common

electrolyte mixtures as shown in Table 2.1.

2.3.2.3 Lithium Interfacial Studies

In order to study the compatibility of lithium metal with HE, lithium symmetrical cells
were made by using lithium electrodes at both sides. The aim of this study was to
understand the changes that occur at the interfaces in the presence and the absence of
current flow (ie at open circuit voltage (OCV)). Figure 2.12 shows the comparison of the
overpotential profile of the conventional electrolyte, HE, and [Csmpyr] [TFSI] at the 1%,
10™, 30", 50" 70" and 100" cycles. The neat IL shows the highest overpotential due to
its high viscosity, whereas the relatively lower overpotential of HE in comparison to the
conventional electrolyte may be due to the synergistic effect of the ionic liquid, Li*, and
the PFs™ ions in the mixture. Also, as supported by an earlier report®, the TFSI anion, with
its weaker basicity, may facilitate more rapid nucleation and growth kinetics during the

deposition cycle.

Electrochemical impedance measurements (EIS) were carried out before cycling as well

as after the 1%, 10", 30™, 50", 70™, and 100" platting/stripping cycles, in the frequency
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range of 1 MHz-10 mHz, as shown in Figure 2.13.

Cyclle 1 CycI; 10 Cyclle 30 Cylcle 50 Clycle 70 Clycle 100
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Time (s)
Figure 2.12 Overpotential profile of the conventional electrolyte,
HE, and [Campyr] [TFSI] electrolytes on lithium electrodes at a
polarization current density of 1mA/cm? with 16 minutes of each
plating and stripping cycle at 20 °C.

The obtained Nyquist plots were fitted by using an equivalent circuit that is presented as
an inset in Figure 2.13. The use of a Constant Phase Element (CPE) instead of a capacitor
in the equivalent circuit was due to the depressed semicircles in the system®. The Warburg
diffusion impedance is not shown in the impedance plot in order to have a clearer view of
the interfacial resistance after successive cycles. The interfacial resistance in this context
takes into account both the passivation film resistance as well as the charge transfer
resistance®t. Significantly, it was found that the interfacial resistance of HE is lower than
that of conventional electrolyte and [Campyr] [TFSI], which is consistent with the lower
overpotentials that are observed in Figure 2.12. Thus, it appears that in HE, the
combination of the ionic liquid with the alkyl carbonate solvents provides favorable

properties when compared to the combination of the two other electrolytes.

In the Nyquist plots (Figure 2.13), it was found that in the initial few cycles there is a slight

decrease in the interfacial resistance of the cell when compared to the resistance before

cycling. This can be explained by the initial occurrence of a porous lithium film on the

surface, which increases the surface area of the electrode, thereby decreasing the resistance.

Later, dissolution of this porous layer takes place by the formation of the SEI, which
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increases the interfacial impedance®. The increase in the interfacial resistance with cycling
IS quite common; however, the difference between the initial interfacial resistance and the
final interfacial resistance is small in HE in comparison to the other two cases. The increase
in resistance after 100 cycles was in the order of 100 Q in HE in comparison to 150 Q in
the conventional electrolyte, which can be attributed to the better stability of the interface
upon cycling. The observations made from these EIS studies are consistent with the

overpotential profiles shown in Figure 2.12.
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Figure 2.13 Nyquist plot of the lithium symmetric cells with (a) conventional electrolyte,
(b) HE and (c) Neat [Campyr][TFSI] electrolytes along with the corresponding
equivalent circuits.
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We also studied the evolution of the interfacial resistance of Li/electrolyte/Li symmetric
cells along with the conventional electrolyte and HE upon aging at 20 °C. The impedance
of these cells was constantly monitored. Figure 2.14 shows the variation of the interfacial
resistance in the symmetric cells when the conventional electrolyte and HE are used. It was
observed that the interfacial resistance increases upon storage. It was also found that, in
the case of the HE system, the increase in the interfacial resistance with time was quite

high in the initial few days, but after 15 days it became quite constant.

30 T L] Ll 1 B - -

Il Conventional electrolyt }
| I HE

0 10 20 30 40 50 60 70 80 90 100
Number of days (#)
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[\
=
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]
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Figure 2.14 Variation of interfacial resistance upon aging
in symmetric cells in a conventional electrolyte and HE
mixtures. The resistance values after the yellow highlighted

region was measured to check the effect of short

polarization at 1 mA/cm?for 60 minutes.

The trend was such that from 1 to 15 days, the increases in the interfacial resistance for the
conventional electrolyte and HE were 747 Q and 2174 Q, whereas, after 45 days, the
interfacial resistances were 2486 Q and 2353 Q, respectively. It was also noted that after
10 to 15 days of storage, an extra semi-circle was clearly seen in the case of the HE system;
however, this was not observed in the case of the conventional electrolyte. This shows that
the ionic liquid component plays a role in the development of interfacial layers in this
system, in addition to the conventional electrolyte components. After 45 days of storage,
in order to check the nature of the surface layer that was formed; we disturbed the system
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for 60 minutes with a current density of 1 mA/cm? and left it aging at 20 °C. The impedance
of these cells was then monitored every 10 days. The increase in the interfacial resistance
in the case of the conventional electrolyte was quite high, whereas in HE the increase was
quite low. The increase in resistance in the case of the conventional electrolyte may be
attributed to the presence of the PFs anion in the system. On the other hand, it can be
expected that the combination of PFe and the bis(trifluoromethanesulfonyl)imide anion
lowers the interfacial resistance in the HE system®2. At the end of 100 days, it appears that
the HE is capable of forming a stable interface with a low interfacial resistance, when

compared to the conventional electrolyte system.
2.4 Concluding Remarks

In this chapter, we have studied the physicochemical properties and electrochemical
properties of the HE that contains alkyl carbonate electrolytes. The physicochemical
properties of HE were validated along with the conventional electrolyte for comparison
studies. Further, the solution structure was also examined with the help of spectroscopic
analysis. It was found that the lithium ion in the HE also showed preferential solvation by
ethylene carbonate. This study supports the claim at a proportion of 40 percent ionic liquid
in the system, the ionic liquid will not interfere with the lithium coordination in the system.
Further electrochemical evaluation of the interfaces reveals the synergistic effect of the
HE, which elicits better interfacial stability. In short, the initial characterization studies that

were carried out in this chapter encouraged further understanding of the HE system.
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Chapter 3

Studies of Hybrid Electrolyte with Lithium Cobalt Oxide
Cathode
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Studies of Hybrid Electrolyte with Lithium Cobalt Oxide Cathode

3.1 Introduction

One of the current energy challenges is to make batteries more dense in energy so as to
power electric vehicles and other large-scale energy-storage requirements™2. To meet this
high energy density goal, current research is focused on high-potential cathodes, high-
capacity anodes, and electrolytes with wide electrochemical potential window®™®. Apart
from the recently reported high-potential cathodes, lithium cobalt oxide (LiCoOy) is still

the most commercially successful cathode in lithium ion batteries>?®.

Although the theoretical capacity of LiCoO: is 274 mAh/g, the safer limit for reversible
lithium extraction is limited to one half of the theoretical capacity. In such cases, the control
over lithium extraction is achieved by limiting the charging potential to 4.2 V vs. Li/Li".
Elevating the potential beyond 4.2 V vs. Li/Li*, will give rise to serious structural
instabilities with the release of oxygen’-12. The evolved oxygen gas from the cathode reacts
with the electrolyte ingredients which creates serious safety issues such as thermal
runaway. The solution to the above issues can be obtained by concentrating on the region
of interest i.e the cathode-electrolyte interface. Measures such as the coating of the cathode
surface with ceramics, oxides or with electrolyte additives'®*® have been found successful
in extending the potential limit. However, the safety and thermal runaway issues still

remains.

lonic liquids have been proposed as safe electrolytes to avoid issues that arise due to the
flammability of carbonate electrolytes’1-2, Several studies have been carried out with
ionic liquids; however the specific capacities of the systems as well as capacity retention
were not convincing when compared to conventional electrolytes'®?4-27, Studies about
ionic liquids that were based on the fluorosulfonyl imide (FSI) anion presented better rate
capability than the conventional electrolytes with LiCoO: cathodes!*?8. However, the
thermal stability of FSI anions is lower than that of trifluoromethanesulfonyl imide (TFSI)
anions?® and, typically, TFSI anions show better electrochemical stability®°. Hence, an
ionic liquid that was composed of TFSI anions was used in our study. In this work, we
have investigated the hypothesis that some of the desirable features of ionic liquid
electrolytes could be introduced via a hybrid electrolyte that consists of a mixture of an
ionic liquid and traditional electrolytes with LiCoO; cathodes!®31-3*, The hybrid electrolyte

with 40 percent of ionic liquid in the mixture was considered as being an optimum
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composition for the best compromise between thermal stability and viscosity®313%,
Therefore, studies were carried out to explore the electrochemistry of this optimum
composition in commercial cathodes. The current study is motivated by the need to explore
the electrochemical performance of LiCoO> cathodes with this hybrid electrolyte. Thus,
in this chapter, we focus on the voltage/capacity challenges and the thermal instability of
LiCoO> cathodes by using hybrid electrolytes (HE).

3.2 Experimental

3.2.1 Electrode Preparation

An electrode slurry was prepared by mixing the LiCoO2 cathode (BATSOL, India) with
carbon black (Super C-65, Timcal, Switzerland) and polyvinylidene fluoride-
hexafluoropropylene (Sigma—Aldrich) binder in the ratio of 90:5:5 with N-methyl-
pyrrolidinone (Thermo Fisher Scientific) as a solvent. The well-mixed slurry is then coated
on an aluminum current collector (MTI corp) using the doctor blade technique. The coated
electrode foils were dried in an air oven for 24 hours. The dried electrode foil was then
punched into small circular disks for cell fabrication.

3.2.2 Electrochemical Characterization

Electrochemical studies were carried out with LiCoO- as the working electrode and lithium
metal (Alfa Aesar) as the counter and reference electrode in Swagelok two-electrode cells.
The cells were tested with conventional carbonate electrolyte 1 M LiPFs: ethylene
carbonate: dimethyl carbonate (conventional electrolyte, LP30 Merck), and also with the
Hybrid electrolyte (HE). The HE contained 40 percent of ionic liquid (N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulfonyl) imide was added to the conventional
electrolyte mixture of 1M LiPFe in ethylene carbonate and diethyl carbonate (1:1)
(Solvionic).

The cells were tested with a glass fiber separator (GF/D Whatman). Neat N-methyl-N-
propyl-pyrrolidinium bis (trifluromethanesulfonyl) imide ([Campyr][TFSI], Solvoionic,
France) was also used in certain reference studies. The cells were made in an argon glove
box (Lab star, MBraun) with a water and oxygen content of 0.5 ppm and 1 ppm,

respectively.
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The charge-discharge studies were carried out galvanostatically at the C/5 rate at 20 °C by
using an Arbin battery tester (BT-2000 model, Arbin Instruments). The schematic

representation of the processes involved in the fabrication lithium cells for electrochemical

measurement is shown in Figure 3.1.

Weighed active materials Solvent (NMP) Slurry mixing

_—) | .

T\
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il);.sé;;‘ 1

\

Electrode drying in air
oven for 24 h.

Coating of slurry using

Dried electrode was punched.
doctor blade

Swagelok cell For electrochemical measurements

Cell fabrication in the Coin cell Bio-Logic Arbin battery
glove box. potentiostat cycler

Figure 3.1 Schematic representation of the steps involved in the fabrication of

lithium cells for electrochemical measurements.

3.2.3 Surface Characterization

The surface characterization of the LiCoO: electrodes was carried out by opening the
cellsinside the glovebox after cycling and washing with diethyl carbonate. High-resolution

transmission electron microscopy (HR-TEM, JEOL-2100F) and X-ray photoelectron
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spectroscopy (XPS, AXIS Ultra) were carried out to provide a better understanding of the
surface of the electrode. The XPS curves were fitted using the processing software package
Casa XPS. Thermogravimetric analysis (TGA, NETZSCH STA 449F3) was carried out on
delithiated LiCoO- electrodes in a nitrogen gas environment at a heating rate of 5 °C per

minute.
3.2.4 Structural Characterization

Half-coin cells with 3 mm diameter holes in the casing and 5 mm diameter holes in the
stainless spacer were used to construct coin cells for the in situ synchrotron X-ray
diffraction (XRD) measurements. The coin cells contained the electrode, Li metal, and the
glass fiber separator containing HE. Cells were made three days before the in situ
synchrotron XRD experiments. Further details regarding the construction of the coin cell
and the setup of the beamline can be found in the referenced literatures®®>’. In situ
synchrotron XRD data were collected on the Powder Diffraction beamline® at the
Australian Synchrotron at X-ray wavelength, A = 0. 0.708735(2) A, which was determined
using the NIST 660b LaBe standard reference material. Each data set was collected in three
minute acquisitions (with detector position movement) on the coin cell in a transmission
geometry throughout the charge-discharge cycles; the period between datasets was 28
minutes. This is an in situ experiment rather than an in operando experiment in which data
are continuously collected. The structural analysis was carried out using the software
package GSAS and EXPGUIP*,

3.3 Results and Discussion

3.3.1 Role of Potential Window in LiCoO, Cathodes

As mentioned earlier, the potential window plays a major role in controlling lithium
extractionfrom LiCoO; cathodes.Though the maximum capacity of lithium extraction from
the system is 274 mAh/g, due to irreversible structural changes, the safe and standard
practice is to limit the maximum charging potential to 4.2 V versus Li/Li*. As a result, 50
percent of lithium utilization is made possible in this system. Though lithium extraction
above 50 percent increases the discharge capacity per gram of the cathode material, such
extraction will contribute to the structural instabilities and safety issues in the system?®,
The following discussion reveals ways by which the potential limit can be extended
without compromising the thermal and structural stability of the system.
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3.3.2 Studies in the Standard Potential Window (3.0 - 4.2 V vs. Li/Li")

Initially, we carried out studies in the standard potential window to validate the
performance of these HEs. The following section presents details of the charge-discharge

studies, thermal studies, and postmortem surface analysis of the delithiated LiCoO..
3.3.2.1 Galvanostatic Charge-Discharge Studies

The galvanostatic charge-discharge studies were carried out at 20 °C. in the potential
window of 3-4.2 V versus Li/Li". The first cycle discharge capacities in conventional
electrolyte and HE electrolyte-based cells were 135 and 138 mAh/g, respectively. At the
end of 60 cycles, the discharge capacities of the conventional electrolyte and HE electrolyte

were 131 and 133 mAh/g, respectively, as shown in Figure 3.2.
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Figure 3.2 Specific capacity at potential cutoff 4.2 V vs. Li/Li* of (a) Li/conventional
electrolyte/LiCo0O», (b) Li/HE/LiCoO., (c) Comparison of specific capacity over 60
cycles, and (d) comparison of coulombic efficiency in conventional electrolyte and HE.
All the measurements were carried out at 20 °C.
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The plots of capacity and coulombic efficiency versus cycle number are shown in Figure
3.2 (c). It was observed that the HE showed better cyclic efficiency, as shown in Figure
3.2 (d). This suggests that there is a degradation in the case of the conventional electrolyte,

which is negligible in HE, as has also been observed by other researchers*..

3.3.2.2 Preliminary Studies

3.3.2.2.1 TEM Analysis

TEM analysis of the charged electrodes is shown in Figure 3.3. The analysis indicates the
formation of a thin surface film on the electrode that is cycled with HE, that is not present
in the conventional electrolyte and which could help in preventing the undesirable side
reactions that can occur on direct contact with the electrolyte in a highly oxidative
environment. Other researchers!®194243 have also reported that ionic liquid-assisted film

formation on the cathodes improves cyclic stability.

Conventiona HE

electrolyte after

after charging

charging

b

30 nm 50 nm

Figure 3.3 TEM images of (a) Li/Conventional
electrolyte/LiCoO, and (b) Li/HE/LiCoO, after
cycling to 4.2 V vs. Li/Li™.

3.3.2.2.2 Thermal Analysis

Further, the intention was to investigate whether the surface film might also enhance the
thermal stability of delithiated LiCoO». In order to evaluate the thermal behavior,
differential thermal analysis and thermogravimetric analysis were carried out on delithiated
LiCoO> cathodes, as shown in Figure 3.4 (a) (samples were removed directly from the cell,
placed into the TGA instrument, and intentionally allowed to retain traces of electrolyte.)

LiCoOz in the neat ionic liquid was also included as a control experiment.
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Figure 3.4 Thermal Analysis of delithiated LiCoO2 cycled in conventional
electrolyte, HE, and neat [Campyr] [TFSI] electrolytes with potential cutoff
at4.2 V vs. Li/Li*. (a) DTA trace and (b) TGA trace.

In Figure 3.4 (a), the peak at 133 °C in the conventional electrolyte is in accordance with
the literature'® and is understood to occur due to the volatile organic solvents in the
electrolyte, whereas the corresponding peak occurs at 140 °C in the HE system, which
indicates the lower volatility of the carbonate components in the mixture, as is expected
from Henry’s law. The second feature that starts near 230 °C can be attributed to the
initiation of thermal decomposition of LiPFs in the system. This is also supported by the
absence of such a feature in the pure [Campyr] [TFSI]/LiosC0O2 sample and by the shift to
higher temperatures in the HE. These results suggest that the cathode material is slightly
more thermal stable in the HE.

The thermogravimetric trace in Figure 3.4 (b), shows that the delithiated cathodes that were
cycled using neat ionic liquids showed stable behavior until around 300 °C, which confirms
the thermal stability with neat ionic liquid electrolytes, whereas the HEs showed lesser
mass loss with increasing temperatures, in comparison to the conventional electrolyte, as
shown in Figure 3.4 (b).

3.3.3 Studies in the Extended (3.0 - 4.4 V) Potential Window

Further studies were carried out in the extended potential range of 4.4 V versus. Li/Li", in
order to extract a greater amount of lithium from the system®. Further studies were carried
out in the extended potential range of 4.4 V versus. Li/Li", in order to extract a greater

amount of lithium from the system®>.
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The potential cutoff was restricted to 4.4 V versus Li/Li", as a safe limit in order to avoid
serious structural distortion in LiCoO- cathodes, as is shown in previous litreatures4444°
and as investigated here via in situ synchrotron XRD and other surface studies. The

relationship between the applied electrochemical potential and lithium extraction in

LiCoO> will be discussed in the following sub section 3.3.3.2.4.

3.3.3.1 Galvanostatic Charge-Discharge Studies

The charge-discharge studies were carried out galvanostatically at C/5 rate in the potential

window of 3-4.4 V versus Li/Li*, as shown in Figure 3.5.

x (Li) in Li,CoO, x (Li) in Li;CoO,
G001 02 03 04 06 07 00 01 02 03 04 06 07
| cycet ' : ' ' ' 44} Cycle 60 ' ) '
L At 11,
= a2t 1 =
.;3 el | _: 4.0
S 38 1 o 38p
E 36f 1|
S 34} 1 | § 34} ,
) =] |
= 32} | = a2 —(l:)ﬁ entional electrolyte 1
—HE a | ; !
i —— Conventional electrolyte ( )‘ 3.0 (b)
=i 30 60 9 120 150 180 kS 0 3'0 60 90 120 150 n';o
Specific capacity (mAh/g) Specific capacity (mAh/g)
220 : : ; - T T T T T T T T T
100
©  Charge capacity - Conventional electrolyte -~
~ 200 @ Discharge capacity-Conventional electrolyte | 7 X 99
%ﬂ ©- Charge capacity-HE :
E 180 | @ Discharge capacity-HE 4 E 98
-‘E’ 160 11§ v
g 2
=9 = E
S 140 11 E =
< —
- 2 95¢
) =]
g 120 11
7] 94 ~g- Conventional electrolyte (d)
100 i -o-HE
93 1 1 1 1 1 1 1
. v v L . L 0 10 20 30 40 50 60
0 10 20 30 40 50 60
Cyelsnumber () Cycle number (#)
Figure 3.5 Comparison of conventional electrolyte and HE cells in the potential window
(3-4.4 V vs. Li/Li*) after a) 1% cycle, b) 60" cycle, (c) cycle number vs. specific capacity
and (d)comparison of coulombic efficiency of the conventional electrolyte and HE cells
for 60 cycles. All the measurements were carried out at 20 °C.

In the first cycle, the discharge capacity of the conventional electrolyte cell was 164
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mAh/g, whereas the discharge capacity of the HE cell was 172 mAh/g. At the end of 60
cycles, the discharge capacity of the conventional electrolyte and the HE cycled cells were
128 and 161 mAh/g, respectively. The higher capacity in the HE suggests that a larger
proportion of lithium is being reversibly cycled from the electrodes. The capacity fade at
the end of 10" and 60™ cycles in conventional electrolyte was 5 percent and 22 percent,
whereas in HE it was only 1 percent and 6 percent, respectively. Further, the rate
performance of these HEs was tested at various C rates of up to 1C. It was found that a
better capacity of around 124 mAh/g was attained in the HE at the 1C rate, as shown in

Figure 3.6.
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Figure 3.6 Rate performance of HEs at various C

rates carried out at 20 °C.

3.3.3.2 Post Analysis of Delithiated LiCoO, Cathodes

Further insight into the improved performance in HEs was achieved with the help of post-
cycling surface, thermal and structural analyses. Surface studies such as XPS and TEM
studies were carried out to validate the presence of the surface film. Thermal analysis was
carried out to evaluate the thermal stability of delithiated LiCoO. cathodes in the presence
of the surface film. In addition, structural insights into the delithiated LiCoO2 was studied
using data from ex situ XRD studies and in situ synchrotron studies. The following

subsections present a detailed account of these analyses.
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3.3.3.2.1 TEM Analysis

The TEM micrographs of the delithiated LiCoO; are shown in Figure 3.7, which shows
film formation in the HE cycled cathode, which is similar to that seen earlier in Figure 3.3.
The similarity of the film formation in the cathodes was reported by various researchers
13.18,19.4647 'who claimed that this film formation would play a serious role in preventing

further undesired reactions between the bare surface of the electrode and the electrolytes.

Conventional :
HE after
electrolyte
: charging
after charging

Figure 3.7 TEM images of the electrodes after the
first cycle in (a) Li/ conventional electrolyte/LiCoO>
and (b) Li/HE/LiCoO:2 cells in the potential cutoff
4.4V vs. Li/Li".

3.3.3.2.2 XPS Analysis

The XPS survey spectrum of the electrodes is illustrated in Figure 3.8. Table 3.1 shows the
atomic percentage of the elements that are present on the surface of the electrodes. It is
clear that both cycled electrodes feature electrolyte decomposition products on the surface;
however, closer observation reveals that there is more carbon, oxygen and phosphorous on
the electrode that is cycled in the conventional electrolyte, whereas in HE, trace quantities
of sulfur are seen, but with smaller quantities of other electrolyte components. This
supports our hypothesis that the ionic liquid assists in film formation, because sulfur can

originate only from the anion in the ionic liquid.

The XPS spectra of carbon and oxygen for the conventional electrolyte and HE cycled cells
are shown in Figure 3.9. The C1s peaks of fresh LiCoO. cathodes were found at 284.3 eV,
285.7 eV, and 290.1 eV, which correspond to C-C bonds from the added carbon additive
in the electrode, C-H bonds, and C-F bonds from the PVDF-HFP binder*®-C,

In the cycled electrodes, the peaks mentioned above were found to have variable
intensities; in addition, a peak at 286.2 eV represents the C-O peak. In the C1s core peak
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of cycled electrodes, the intensity of the C-H peak in the HE cycled electrode is
comparatively higher than that of the conventional electrolyte cycled electrode, which may
be due to the presence of the ionic liquid component on the electrode surface. This in turn
suggests an active role of the ionic liquid in the formation of the film on the surface of the

electrode.

Table 3. 1 Atomic percentage of the elements on the delithiated LiCoO; electrodes.
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Figure 3.8 Survey spectrum of delithiated LiCoO: electrodes cycled in (a) conventional

electrolyte and (b) HE.

The O1s spectrum of the fresh electrode includes two peaks. The one that is at 529.45 eV
represents the cobalt-oxygen bond and the other that is at 530.9 eV represents the trace
carbonate Li,COs species in the fresh cathode*®°!. The O1s spectra of the cycled electrodes
exhibit additional peaks at 532 eV and 533 eV due to the LiOH species and other oxidation

products of the electrolytes on the electrode surface*®2,

The XPS spectra of phosphorous and fluorine are shown in Figure 3.10. The P 2p spectrum
of the cycled electrodes consists of two peaks. The one that is at 133.7 eV represents the
phosphate species that arise from oxidation products of the electrolytes at the surface and
the other that is at 136.4 eV represents the residual LiPFg salt that is present on the surface
of the electrode®. These P 2p peaks suggest that the presence of LiPFs and its
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decomposition products is lower on the HE cycled electrode. Earlier works>°%3** also
suggest that a smaller degree of electrolyte decomposition, in turn, results in better
performance of the electrode, which supports the improvement that is observed in the

performance of the HE.
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Figure 3.9 C 1s and O 1s XPS spectra of the fresh and cycled Li1-xCoO> electrodes
in conventional electrolyte and HE.

The F 1s spectrum of the fresh electrode consists of a peak at 687 eV, which represents the
fluorine component in the binder; whereas the cycled electrodes have two peaks: one at
684.4 eV, which corresponds to the LiF component from the electrolyte, and the other at
687.3 eV, which stems from the binder as well as from trace amounts of LiPFs salt in the
electrolyte*>°,

The S 2p spectra on the HE cycled electrode is shown in Figure 3.11. It consists of a peak
at 169.4 eV, which represents the SO2F species on the electrode*#2, The oxidized sulfur
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species on the surface of the electrode also further indicates the role of the ionic liquid in

the surface film.
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Figure 3.10 P 2p and F 1s XPS spectrum of the fresh and delithiated LiCoO>

electrodes cycled in conventional electrolyte and HE.

In short, the film observed in this work is a composite film that contains carbon, fluorine,
phosphorous, and sulfur species. Such film formation on the surface of cathodes (LiCoO>)
has been reported in addition to this work by several researchers*184647 who suggest that
the film that is formed in the first cycle will play a clear role in preventing further surface
reactions of the electrolyte with the cathode. The effectiveness of such films can also be

visualized through the better capacity retention of the cathodes in the subsequent cycles.
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Figure 3.11 S 2p XPS spectrum of LiCoO electrodes
cycled in HE

3.3.3.2.3 Thermal Analysis

Differential thermal analysis carried out on delithiated LiCoO. cathodes exhibited trends

similar, as reported in the section on the standard potential window (Figure 3.12).
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Figure 3.12 Thermal Analysis of delithiated LiCoO- cycled in the conventional
electrolyte, HE, and neat [Campyr] [TFSI] electrolytes with the potential cutoff
at4.4V vs. Li/Li*. (a) DTA trace and (b) TGA trace.

It was obvious that the weight losses slightly increased in the electrodes that were cycled
in the extended potential window because extracting lithium beyond 0.5 makes it more
thermally vulnerable®®.
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3.3.3.2.4 Structural Insights into Delithiated LiCoO. Cathodes

The most common forms of LiCoO> used for battery applications exists in cubic (spinel)
and hexagonal structures®. In such cases, the structure of LiCoO; is decided by the
temperature of synthesis. In most cases, LiCoO: synthesized at low temperatures (<= 400
°C) exists in spinel form whereas those synthesized at high temperatures (~850-900 °C)
exists in hexagonal structures®. The differential properties that occur in low temperature
LiCoO> (LT-LiCo00>) and high temperature LiCoO> (HT-LiCoO>) are outlined in Table
3.2.

Table 3.2 Outline of the difference in properties of LT-LiCoO2 and HT-LiCoO..

S.No. | Properties LT-LiCoO> HT-LiCoO:

1. Synthesis <=400 °C 850-900 °C
temperature®°®

2. Crystal Cubic (Spinel) Hexagonal
structure®®

3. Space group®® | Fd3m R3m

4, Cell a value 2.8297 A |avalue |2.815-2.816A

parameters®™® | ¢ value 13.868 A | cvalue | 14.05-14.08 A
c/a ratio 4.914 c/aratio | 4.98-5.00

5. Cation Co and Li Co and Li planes alternate
arrangement®°® | compositions lie in ABC-ABC oxygen
perpendicular to each | stacking.

of the four cubic
[111] direction in AB
and BA pattern.

6. Safe potential 3.3-3.9 V vs. Li/Li* 3.8-4.3 V vs. Li/Li*
window of
operation®

Nevertheless, the HT-LiCoO2 is most commonly used LiCoO2 among battery researchers
due to its better electrochemical performance than the LT-LiC0o0O,°®%’. In this chapter,
LiCoO: is referred to as HT-LiCoO,. Figure 3.13 shows the structure and arrangements of
atoms in the hexagonal structure of LiCoO». As mentioned earlier, before charging LiCoO>
occurs in hexagonal structure. However, after 50 percent lithium extraction (Lio5C005),
there occurs a transition to a monoclinic structure which, upon further lithium extraction,
will convert to hexagonal structure®®. The end member (LioC00,) is found with the
hexagonal single layered structure®®*. The amount of lithium extracted and the structure
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of LiCoO: can be tuned by the applied electrochemical potential. The extent of lithium

extracted as a function of the applied electrochemical potential is detailed in Table 3.3.

Table 3.3 Relation between the extent of lithium extraction

and the applied electrochemical potential®®®!

S.No. | Percent of lithium Electrochemical
extraction in LiCoO2 (%) potential (vs.
Li/Li")
1. | 100 52
2. |80 4.65
3. | 75-78 4.55
4. |55 4.35
5. |50 4.2
e
e o
o
e ) e Li
o1 @ )‘) @ Co
° ® ®© 0
©®
? °
o @
T
Figure 3.13 Arrangement of atoms
in LiCoO2 hexagonal structure.

In the above context, the present study was carried out to understand the structural stability
of LiCoOz during the lithium extraction at extended potentials with the help of ex situ and

in situ XRD studies.
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3.3.3.2.4.1 Ex situ XRD studies

XRD studies were carried out on the delithiated electrodes at the end of the first charge
and after 60 cycles, as shown in Figure 3.14. As reported by Chung et al.!!, the capacity
fading is predominantly due to surface reactions on the cathode, but structural changes in

the bulk do have some impact®’.

Literature reports that structural changes in LiCoO: are notably seen in the (003) peak
1357.5962 1t was found that after the first charging cycle, the (003) peak moved to lower
angles when compared to the fresh electrodes. This is due to the delithiation process® with
the HE showing a lower 26 value than the conventional electrolyte which in turn suggests

a greater amount of lithium extraction with the HE.

Similarly, after the 61% charging, the (003) peak of the conventional electrolyte cycled cell
shows a drop in intensity and is found at higher 26 values than those of the HE cycled
electrode. This indicates better structural stability in the HE cycled electrodes and,

possibly, a greater amount of lithium extraction'°,

/\__ Fresh LiCoO,

20000
- Cycle 1 Li_CoO,
% 15000 - (conventional electrolyte)
>
£
g 10000
5 B
E Cycle 1 Li, CoO, (HE)
-5 Cycle 61 Li| CoO,
2 2
& 5000 : {cony L= )
C

J\ Cycle 61 Lij_yCoO5 (HE)
0 1 1

17.5 18.0 18.5 19.0 19.5 20.0 20.5
20 (degree)
Figure 3.14 XRD data of fresh LiCoOg, after 1% charging and 61

charging in the conventional electrolyte and HE.

3.3.3.2.4.2 In situ XRD studies

To shed further light on the structural evolution, in situ synchrotron XRD data were

collected. The Rietveld refined fit for the electrode in the coin cell for the first XRD pattern
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is shown in Figure 3.15 and the lattice evolution using a single R-3m phase structural model
with the electrochemical charge curve shown is in Figure 3.16. Stacked individual patterns
at selected potentials are shown in Figure 3.17 (a) and 3.17 (b). On charge, the cell was
held at 4.2 V for 30 minutes followed by charging to 4.5 V and holding at 4.5 V for 60
minutes, which was again followed by further charging.

o
~ 8L | ]
o ° :
L_ [ ]
(] o
S’ g ]
> o .
= T ’
/)]
o .
C o
o g i
- 0 ;
< 3
o —

| | _| L
10 20 30 40 50

20 (degrees)
Figure 3.15 Rietveld refined fit of the LiCoO> structural model to the first
in situ synchrotron XRD dataset. Data are shown as crosses, the calculated
Rietveld model as a line through the data, and the difference between the
data and the model as the line below the data. The vertical reflection
markers are for LiCoO2. Some preferred orientation is found in this

sample. See reflection 26~ 20°.

The lattice evolution shows that the c lattice parameter and the volume increase, while the
a lattice parameter decreases until 4.3 V; the parameters then stabilize, which shows a
minimal amount of change in the ramp from 4.3 V to 4.45 V. During the 4.5 V hold, the
opposite trend is observed, with a decrease in the c lattice parameter and the volume and
an increase in the a lattice parameter. This behavior to 4.3 V is consistent with the
literature, which shows that the removal of Li ions leads to a repulsion of the CoO;™ layers

that expand the c lattice parameter or the stacking axis, and a partial decrease in the a lattice
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parameter, partly due to the oxidation of Co®* to Co**. Early work in which LiCoO2 was
close to equilibrium suggested that the expansion of the ¢ or the stacking axis stabilizes
around 4.12 V, which corresponds to 0.5 Li that was extracted from LiCoO; 5.
Additionally a monoclinic splitting was observed for the 104 reflection between 4.05-4.2
V, which was also observed around 4.2 V in related studies under different electrochemical
conditions®’. Although slightly different electrochemical conditions are used in our study,
the monoclinic splitting of the (104) reflection is only observed at 4.73 V with some
evidence of the presence of multiple phases at 4.57 V with the (003) reflection; see Figure
3.18 (a). Interestingly, the R-3m layered structure is preserved to at least 4.3 V; see Figure
3.18 (b) for a Rietveld refined fit, with no evidence of peak splitting or secondary phases.

Minor additional reflections appear at 4.45 V, as seen in Figure 3.17 (a).
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Figure 3.16 (a) Lattice and volume evolution of the LiCoO> during
charging, as determined from Rietveld analysis of in situ synchrotron
XRD data; the boxed regions indicate patterns shown in Figure 3.17
(@) and (b).

The lattice evolution shows that the c lattice parameter and the volume increase, while the

a lattice parameter decreases until 4.3 V; the parameters then stabilize, which shows a

minimal amount of change in the ramp from 4.3—4.45 V. During the 4.5 V hold, the

opposite trend is observed, with a decrease in the c lattice parameter and the volume and

an increase in the a lattice parameter. This behavior to 4.3 V is consistent with the

literature, which shows that the removal of Li ions leads to a repulsion of the CoO, layers
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that expand the c lattice parameter or the stacking axis, and a partial decrease in the a lattice
parameter, partly due to the oxidation of Co®* to Co**. Early work in which LiCoO2 was
close to equilibrium suggested that the expansion of the ¢ or the stacking axis stabilizes
around 4.12 V, which corresponds to 0.5 Li that was extracted from LiCoO2°%*. Additionally
a monoclinic splitting was observed for the 104 reflection between 4.05-4.2 V, which was
also observed around 4.2 V in related studies under different electrochemical conditions®”.
Although slightly different electrochemical conditions are used in our study, the
monoclinic splitting of the (104) reflection is only observed at 4.73 V with some evidence
of the presence of multiple phases at 4.57 V with the (003) reflection; see Figure 3.18 (a).
Interestingly, the R-3m layered structure is preserved to at least 4.3 V; see Figure 3.18 (b)
for a Rietveld refined fit, with no evidence of peak splitting or secondary phases. Minor

additional reflections appear at 4.45 V, as seen in Figure 3.17 (a).

In any case, the R-3m structure is preserved through the use of the HE at least to 4.3 V,
which suggests that the combination of the surface layer and HE may play a role in
stabilizing this structure to lower lithium contents (allowing a larger amount of reversible
Li insertion/extraction while maintaining the R-3m structure). This in turn allows the

electrode to function at higher potentials with reasonable capacity retention.

22000
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Figure 3.17 Stacked XRD data of selected 26 regions that correspond to higher potential
regions are shown in Figure 3.16 (a) and (b). In particular, (a) refers to new reflections
that are observed at around 4.45 V and (b) monoclinic splitting of the 104 reflection,

which is illustrated at around 4.73 V.
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Figure 3.18 (a) Stacked plot of in situ synchrotron XRD
data, which correlates to the potential and corresponds to
the lower angle region that is shown in Figure 3.17 (b),
Splitting of the (003) reflection is seen at around 4.57 V and
(b) Rietveld refined fit of the LixCoO- structural model to
the in situ synchrotron XRD dataset at 4.3 V. Data are
shown as crosses, the calculated Rietveld model as a line
through the data, and the difference between the data and
the model as the line below the data. The vertical reflection
markers are for LiCoO.. Some preferred orientation

remains in this sample; see reflection 26~ 20°
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In addition, the surface film may be amorphous, because there is no significant peak
contribution of the surface film in the ex situ XRD that is taken after cycling (1% and 60"
cycles) as well as in the in situ synchrotron studies of the cathodes that are cycled with this
HE.

The exact mechanism of the role of the HE in potentially stabilizing the R-3m structure is
intriguing and unknown at this time. Speculatively solvent or a component of intercalation
could be occurring or the interface layer is stabilizing the outer layers of the LixCoO>
particle which in turn stabilizes the core. All of these hypotheses require further work for
the the underlying mechanism to be understood.

3.4 Concluding Remarks

In this chapter, the use of HEs with LiCoO> cathodes in the standard potential window, as
well as the elevated cutoff potential of 4.4 V versus Li/Li* was demonstrated. The presence
of ionic liquid in the electrolyte plays a key role in the improving of the capacity retention
and thermal stability with delithiated cathodes especially close to x ~ 0.7 where it appears
that the phase transitions (monoclinic and other phases) do not appear until higher
potentials. With the help of surface studies, it was shown that the film formation on the
cathode surface involves the ionic liquid species, forming a thinner, more stable film that
reduces further electrolyte decomposition at elevated potentials (4.4 V). It was shown that
the electrode maintains the R-3m structure to at least 4.3 V, and no new phases are formed.
In short, without the use of any ceramic surface coatings or metal dopants in the cathodes,
it was shown that HE provides better performance and safety in LiCoO- cathodes.
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LiFePO4 Based Batteries with Hybrid Electrolytes and Applications at Subzero
Temperatures

4.1 Introduction

The electrode—electrolyte chemistry is the most researched area in the development of LiB
technology®. The compatibility of the electrolyte with the anode and the cathode, plays an
important role in the performance of the battery?. The replacement of lithium metal anodes
to graphite anodes had significantly reduced the safety issues of lithium batteries; however,
the thermal instability of the alkyl carbonates and LiPFs salt poses safety risks®®. Further
at high temperatures, the gaseous products formed as a result of electrolyte decomposition
serves as the potential source of battery explosion which is a major safety concern®.
Therefore, the search to enhance the thermal stability of the electrolyte constituents is an
important goal in the area of LiB technology. Apart from the electrolyte, the safety of LiB
also dependent on the choice of cathode and anode. The following section details the safety

aspects of the common anode and cathode materials in LiBs.

In the case of cathode materials, the most commonly used are the lithium-intercalated metal
oxides. These metal oxide cathodes possess the risk of thermal instability, due to the
evolution of oxygen from the crystal lattice at high temperatures which may led to collapse
of the battery”®. In such cases, the lithium iron phosphate (LiFePOs) cathode introduced
in 1997 by Padhi et al.® is considered as the safe cathode material. The strong metal
phosphate bonds help in the stability of LiFePO4 cathodes and, as a result, they are safe in
comparison to the metal oxide cathodes'®. Due to their inherent safety, LiFePO4 is the most
commonly preferred cathode material in electric vehicle applications!*3. However, the
most common problem that is associated with LiFePO4 cathodes is their low electronic
conductivity in comparison to other oxide cathode materials. However, the conductivity

issues are being addressed by particle size reduction or by using suitable dopants'46.

In the case of anodes, the most commonly used material is graphite. In spite of the wide
range of cathodes that were proposed and commercialized from the time of the inception
of LiBs, graphite is the most successful commercial anode material used in almost all LiB.

This is due to the following reasons.

1. Low redox potential of graphite anodes, close to that of lithium metal
2. The effective SEI formed on the graphite surface, which in turn leads to better

capacity retention and cycle life of LiBs'’.
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3. In low temperature applications, the issues of lithium plating on the graphite
electrodes creates a severe safety threat to the batteries'®°,

In such circumstances, an alternative safe anode can be the lithium titanium oxide
(LisTisO12) anodes with a theoretical capacity of 175 mAh/g'®. LisTisO1, has spinel
structure which operates at a higher potential of ~ 1.5 V vs. Li/Li*. Since this anode
material operates at higher potential, SEl/passivation is not pronounced®. However, at
elevated temperatures, LisTisO12 anodes have severe gassing issues in the electrolyte which
may lead to the swelling of batteries. Further, this anode cannot be compared with graphite
in terms of its theoretical capacity and redox potential; however, it is desirable in terms of
its safety and higher reversibility. Further, steps were taken to increase the lithium storage
capacity and rate capability of LisTisO12 anodes through nanostructuring and doping with
reduced graphene oxides?®22, Nevertheless, LisTisO12 anodes and LiFePO4 are the
preferred candidates in LiB for electric vehicle applications!?3,

Besides safety, another important concern in LiBs, is their narrow operating temperature
of —10 °C to 60 °C. In such circumstances, the electrolyte in LiB was seen as one of the
reason for their limited temperature window?*?. However, the LiBs are expected to
operate beyond these temperature limits in various applications. The performance at higher
temperatures (above 60 °C) is restricted to the low thermal stability of the solvents that are
used in the electrolytes. The limited performances at low temperatures is predominantly
due to the freezing of the solvents that are used in the electrolyte and the slow lithium ion
diffusion kinetics>®%5-28, Other concerns are the serious capacity fade and the plating of
lithium on graphite anodes at low temperatures®. However, the actual mechanism that is
responsible for the poor performance at low temperatures is not clear?272%%  This
problem can be addressed by the careful selection of the electrode materials and electrolyte

ingredients.

Commonly preferred electrode materials and electrolyte ingredients for low

temperature operations are as follows,

> In the case of anodes, graphite is not preferred due to its lithium platting issues
whereas LiaTisO12 is preferred for its better performances at low temperatures®.
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» In the case of the cathodes, LiFePQOas, lithium manganese oxide (LiMn204), and
lithium nickel cobalt aluminum oxide doped (LiNiCoAlO2) cathodes were

studied for their appreciable low temperature performances?3L,

> In the case of the electrolytes, efforts were taken to increase the ionic
conductivity through the addition of organic solvents in the electrolyte

composition.

There are several reported patents®2-#! and publications®*273142 that explain the impact of
various organic solvents in the electrolyte composition. Nevertheless, most of those
compositions have limited room temperature applications due to flammability and

undesired electrochemical side reactions of the solvents that are used in the electrolyte.

In this chapter, the choice of lithium-ion configuration is the LisTisO12/HE/LiFePO4
system for low temperature applications. Initial studies involved the understanding of
LiFePO4 cathodes with HE. Later, LiFePO4 cathodes were coupled with LisTisO12 anodes
to study their performance in the lithium-ion configuration.

Further, efforts were taken to study the subzero temperature performance of the
LisTisO1/LiFePOs system using a special composition (HE*). HE* was initially
characterized for low temperature applications. Subsequently, the electrolyte was tested in

LisTisO1/LiFePO4to study battery performance.
4.2 Experimental

The outline on the materials used for the study, the details of the electrochemical, surface,
and structural characterizations are elaborated in this section. The modus operandi of the
subzero performance analysis is discussed separately in the section 4.2.4. The methods
discussed in this chapter refers to the experiments carried out at room temperatures unless

specified otherwise.
4.2.1 Materials

Similarly, LisTisO12 (Batsol, India), carbon black and polyvinylidene fluoride—hexa fluoro
propylene (PVDF-HFP) were mixed with N-Methyl Pyrrolidone in the ratio of 70:20:10
for the slurry. The slurry was then coated onto copper current collector (MTI corp., USA,

10um thickness) using the doctor blade technique. The coated electrode was then dried for
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24 h in an air oven. After drying, the (LiFePO4/Li4TisO12) electrodes were punched into
circular disks of required diameter 12 mm. These circular electrode disks were used further
for the cell fabrication. The HE composition is the mixture of 40 percent N-methyl-N-
propylpyrrolidinium bis(trifluoromethanesulfonyl)imide ([Campyr] [TFSI]) in 1M LiPFe
in ethylene carbonate (EC): diethyl carbonate (DEC) (1:1). Neat [Campyr] [TFSI]
(Solvionic, France) is also used as the electrolyte for reference studies. The initial studies
on HE were compared with the conventional electrolyte (1M LiPFs in ethylene carbonate:
dimethyl carbonate (DMC) (1:1) (LP30)).

Borosilicate glass microfiber separators (GF/D, Whatman) were used as separators for the
Li/electrolyte/LiFePOs cells and polypropylene separators were used for the
LisTisO1o/electrolyte/LiFePOq4 cells.

For better clarity, Li/electrolyte/LiFePOs cells will be referred to as lithium cells and

LisTisO1o/electrolyte/LiFePOs cells as lithium-ion cells in the rest of this chapter.
4.2.2 Cell Fabrication

The lithium cell fabrication was carried out similar as explained in the Chapter 3 whereas
the modus operandi for the lithium-ion cell will be discussed in this chapter. The lithium-
ion cells were made in 2016 coin cell configuration by using LisTisO12 and LiFePO4
electrodes. The steps involved in the fabrication of coin cell for electrochemical
measurements are illustrated in Figure 4.1. Initially, the cell components were arranged as
per the sequence inside the glove box by using an automatic coin cell crimper (Hohsen
Corp.). The sealed cell can be used further for the electrochemical measurements. It is to
be noted that the moisture and oxygen levels of the glove box were maintained as 0.5 ppm

and 1.2 ppm, respectively.
4.2.3 Electrochemical Characterization

Cyclic Voltammetry (CV) studies were carried out in Biologic VMP-3 instrument by using
a two-electrode cell with LiFePO4 as the working electrode, lithium metal as the reference

and counter electrode.

Galvanostatic charge-discharge studies were carried out in Arbin Instruments, USA
(BT2000 model) at the C rate of C/5. It is to be noted that the potential window of operation

varies with the electrode and cell configuration and are mentioned as follows,
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i. The Li/LiFePOj4cells were cycled in the potential window of 2.5—- 4.1V vs. Li/Li".

ii. The Li/LisTisO12 cells were cycled in the potential window of 2-0.95 V vs. Li/Li".

iii. The lithium-ion (LisTisO12/electrolyte/LiFePQa) cells were cycled in the potential
window of 1.5-2.3 V.

Arrangement sequence

v

LiFePO, Li,Tij0;,
cathode anode Reed
+ * Electrolyte  #

Bottom  Separator Current Top
ca cap .
P :I‘::::tc“" Crimper

. Sealed cell
Cells connected for battery testing

Figure 4.1 Steps involved in the fabrication of lithium-ion cell for battery testing.

4.2.4 Post Analysis of LiFePO4 Electrodes

4.2.4.1 Electrode Washing

Electrodes, after the cycling events (first charging, first discharging, and after 100 cycles

as mentioned) were opened inside the glove box. The electrodes that were cycled in HE

were washed by using DEC and the electrodes that were cycled with the conventional

electrolyte were washed with DMC. The electrodes were then dried in a vacuum oven at

60 °C overnight and then stored in the glove box.
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4.2.4.2 Post Analysis Techniques

X-ray diffraction (XRD) studies of LiFePOs samples were carried out in an X-ray
Diffractometer (Rigaku Smart lab X-ray Diffractometer, Japan) with a Cu K alpha

radiation of 1.514 A over a scan range of 10 to 40 °C with a step size of 5 degree/minute.

Field emission gun scanning electron microscopy (FEG-SEM, ZEISS Ultra-55) and High-
resolution transmission electron microscopy (HR-TEM, JEOL-2100F]) were used to study
the surface morphology of the electrodes.

The surface composition of the cycled electrodes was studied by Energy Dispersive X-ray
Analysis (Oxford EDS system) as well as with ex situ Fourier-transform infrared
spectroscopy (FTIR) in the Attenuated Total Reflection (ATR) mode. Care was taken to

minimize the exposure of the samples to the atmosphere while analyzing them in the ex
situ mode.

4.2.5 Subzero Temperature Battery Tests

For subzero battery cycling, lithium-ion cells were cycled inside a Eurotherm temperature-
controlled chamber that was connected to the Biologic SP 150 potentiostat, as shown in
Figure 4.2.

S

Figure4. Photoga iIIustratinghe cycling of the lithium-
ion cell at —=30 °C, a closer view of which is presented in the

inset figure.
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The subzero temperature analyses were focused mainly at —30 °C whereas some
experiments were carried out at —20 °C for comparison purpose. HE* is a mixture of 40
percent N-Methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide in 1 M LiPFs salt in
1:1 EC : DEC mixture (Indian patent 201721017681 dated 19/05/17). The ionic
conductivity and DSC of the HE* were measured by using the same protocol as that which

was discussed in Chapter 2.

Galvanostatic charge discharge studies for subzero temperature analysis was carried out in
the potential window of 1.5 to 2.3 V. Electrochemical Impedance Spectroscopy (EIS)
measurements were carried out in the frequency range of 1 MHz to 0.1 Hz.

4.3 Results and Discussion

In this section, the electrochemical performances of LiFePO4 were studied by using CV
and Galvanostatic charge-discharge studies. Further, characterization of the delithiated
LiFePOs electrodes were carried out by using EIS, XRD, FEG-SEM, FE TEM, and FTIR
analysis. Further, LiFePO4 cathodes were combined with LisTisO12 anodes for lithium-ion

cell studies. The lithium-ion cells were cycled initially at room temperatures.

The second part of this section deals with the subzero temperature cycling of the lithium-
ion cells by using HE*. In this section, the change in the interfacial resistance with the
cycle numbers and the battery performances were focused at —30 °C. The performances at
—30 °C were further compared to the performances at —20 °C and 20 °C for comparison

purposes.
4.3.1 Studies on Li/LiFePOyq cells

4.3.1.1 CV Studies

The CV studies were carried out on LiFePOg4 electrodes with the conventional electrolyte,
HE and [Campyr][TFSI] electrolytes, as shown in Figure 4.3. At a scan rate of 0.5 mV/s,
the peak current was normalized to the mass of the electrode which was then compared
across the three systems. It was found that the neat [Campyr][TFSI] with its higher
viscosity and low conductivity, has the lowest peak current, whereas, the HE shows a peak

current performance that was better than the conventional system. The increase in the peak
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current may be an effect of the increased rate of diffusion of the lithium ions in the
electrolytes or the LiFePO4 cathodes.

To investigate the diffusion-controlled behavior, the effect of the scan rate on the peak
current was studied as shown in Figure 4.4. Denis et al. demonstrated that the intercalation
process in LiFePO4 can be described in terms of a reversible model*3, hence the Randles—
Sevcik equation (Equation 4.1) can be applied to calculate the apparent diffusion

coefficient in the system*:

i F .
a” = 0.4463F(ﬁ)°'5CLiv°'5AeD0-5 (Equation 4.1)

where,

i;p is the peak current per unit mass of the LiFePO4 cathode in A/g,

F is the Faraday constant in C/mol,

v is the scan rate in V/s,

Cuiis the initial concentration of lithium-ions in LiFePO4 (equivalent to 0.0228 mol /cm®)
A is the effective surface area per unit mass in cm?/g,

D is the apparent diffusion coefficient in cm?/s.

015

—— Conventional electrolyte
—HE
0.10 F| —— Neat [C3mpyr][TFSI]

0.05

0.00

-0.05

T

Current density (mA/cm’)

-0.10

T

_0.15 1 1 1 1 1 1 1 1
26 28 30 32 34 36 38 40 42

Potential (V) vs. Li/Li"

Figure 4.3 CV of the LiFePO4 electrode carried out
at 20 °C with the conventional electrolyte, HE, and
neat [Campyr][TFSI] electrolyte at a scan rate of 0.5
mv/s .
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Diffusion controlled behavior can be further illustrated with the help of a plot of the square
root of the scan rate as opposed to the peak current and is expected that the plot would

yield a straight line*® as shown in Figure 4.5. The apparent diffusion coefficient was

0.2 -
—0.03 mV/s
— (.05 mV/s
01k —0.07 mV/s A
@ 0.09 mV/s
5 —0.1 mV/s
s 00} 1
(]
=
=
QO
-0.1F -
0.2+ -

24 2.6 28 3.0 32 34 36 38 40 42 44
Potential (V) vs. Li/Li"

Figure 4.4 Variation of scan rate with peak current in
Li/HE/LiFePO4system at 20 °C.

m— Experimental data
—— Linear fit

. 020 .
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0.12 R square value = 0.998237

Slope = 21.227

0.005 0.006 0.007 0.008 0.009 0.010
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Figure 4.5 Plot of square root of scan rate versus oxidation

peak current per unit mass of the active material.
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calculated by using Equation 4.1 with the help of the slope of the plot of the square root of
the scan rate versus the peak current. The values obtained for the conventional electrolyte
and HE-cycled electrodes are 1.4 x 101° cm?/s and 4.7 x 10°%° cm?/s, respectively. (Due to
the random distribution of the lattices, one third of the actual BET surface area (15 m?/g as
provided by the supplier) of the LiFePO4 powders was used to calculate the apparent
diffusion coefficient). From the calculated values, it can be observed that the HE mixture
has higher apparent lithium diffusion kinetics compared to that of the conventional
electrolyte system. The magnitude of these values is clearly that of a solid-state diffusion
process as opposed to a solution-state process. Nonetheless, the electrolyte has an effect
on the apparent diffusion coefficient (as observed in Figure 4.3) that is obtained here, as
also observed by Denis et al.*3; this may be the result of the uncertainty that surrounds the

value of Cy;in this context, and the possible role of electrolyte factors in this quantity.
4.3.1.2 Galvanostatic Charge-Discharge Studies on LiFePQO4

The charge—discharge studies of LiFePO4 were carried out galvanostatically at C/5 rate as

shown in Figure 4.6. In the case of the conventional electrolyte, the discharge capacity was

A Conventional electrolyte | |12

=
< S
100
E 165} 1 z
§- 150 |«“\ cotevceieeees ] 80 &-9:
I e 3
2 135 60 =
= I 1 =
3 =
(2- @ Charging capacity CE 40 =
1200 o Discharging capacity CE i 8
@ Charging capacity HE
105 H © Discharging capacity HE J20
Il 1 1 1 1 1
0 20 40 60 80 100

Cycle number (#)

Figure 4.6 Comparison of specific capacity and columbic
efficiency versus cycle number of conventional electrolyte

and HE electrolyte at C/5 rate.

comparable to the capacities of commercial LiFePOa electrodes such as 140 mAh/g at the
end of the first cycle, 143 mAh/g after the second cycle, and 141 mAh/g at the end of 100™"
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cycles. In the case of HE, the first discharge capacity was 148 mAh/g at the end of the first
cycle, 150 mAh/g and 148 mAh/g at the end of the second and 100" cycles, respectively.
The plot of the cycle number versus the specific capacity is shown in Figure 4.6. The
greater ease of lithium-ion transfer on the HE interface, as explained in chapter 2, may be

the origin of the slightly increased capacity in the HE mixture®.
4.3.1.3 Interface study of LiFePQ4 cathodes upon aging

The most common problem that is associated with the capacity fade and stability of
LiFePO4 cathodes is the dissolution of the transition metal ion into the solution'?. In this
section, studies were carried out to understand the extent of iron dissolution in the presence
of HE. Hence, Li/LiFePO4 cells that were created by using the conventional electrolyte and
HE after charging were aged at 20 °C for 30 days. At the end of 30 days, the cells were
dismantled in a glove box and opened for observation. The separator in the cells, with the

respective electrolytes, exhibited a clear difference which can be seen by the naked eye.

The separator from the cell which was aged by using the conventional electrolyte was
brownish, whereas the separator in the cell which was cycled with HE was clear white, as
shown in the inset of Figure 4.7 (a) and (b). We assumed that the color change was due to
iron dissolution from LiFePOy4 in the system. In order to confirm this, we carried out EDS
analysis of the separators, as shown in Figure 4.7. The bare glass fiber separator had traces
of alkali metals and Si. As a result, the analysis of the separator in EDS showed those
elements in addition to the electrolyte constituents. The conventional electrolyte aged cell
showed the separator with traces of iron, while the separator that was aged with HE did

not show such iron traces in the analysis.

EIS studies were also carried out on the two cells, that are shown in Figure 4.7 (c). It is
observed that in the case of the conventional electrolyte/LiFePO4 combination there is a
slight decrease in the interfacial resistance in the initial days, which might be due to the
iron dissolution*24. After 30 days of storage, only a minor increase in resistance is noted,
while in the case of HE, there is a notable increase in interfacial resistance which may be
due to the existence of a new surface film in the HE-aged LiFePOj electrodes. Such a film
has been labeled as a cathode electrolyte interface layer by Kristina et al.’. It is believed
that the acidic reactions that occur on the cathode surface due to LiPFe can be alleviated

by the ionic liquid-assisted film formed on the surface of the cathode®.
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Figure 4.7 FEG-SEM-EDS analysis of the separator in (a) Li/conventional
electrolyte/LiFePO4 aged cell (b) Li/HE/LiFePO4 aged cell. (c) EIS study of aged
LiFePOg4 electrodes at 20 °C in conventional electrolyte and HE electrolytes.

4.3.1.4 Post Analyses of the Cycled Electrodes

Post-cycling analyses of the cycled electrodes were carried out XRD, FTIR, FEG-SEM,

EDS, and HR TEM analyses, to obtain better understanding on the surface morphology,
composition, and structural stability of the system.
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4.3.1.4.1 XRD Analysis

Post-cycling XRD analysis was carried out on the washed electrode films after first
charging, after first discharging, and after final discharge at the end of 100 cycles as shown
in Figure 4.8. After the first discharge, the profile shows the typical pattern of delithiated
LiFePOg electrodes in HE. A comparison of the XRD profiles of the first charging in both
the electrolytes shows that the introduction of [Campyr][TFSI] into the HE did not cause
any structural changes in the cathode after the first charging as well as after 100 cycles.

—— After 1* cycle (Conventional electrolyte)
—— After 1" cycle (HE)

— After 100 cycles (Conventional electrolyte)
75001 | After 100 cycles (HE)

6000 [ I I | )

= \_Afl—‘“LJJ‘LJ&AA‘_uJ\_‘L‘
3000 + I

1500

9000 [

Intensity (offset values)

10 20 30 40 50 60
2 theta (degree)

Figure 4.8 Ex situ XRD analysis of LiFePO4

electrodes on conventional electrolyte and HE.

4.3.1.4.2 FTIR Analysis

FTIR studies were carried out on cycled LiFePO4 electrode foils before cycling, after first
charging cycle, the first discharging cycle in the conventional electrolyte and HE. The
comparison of the FTIR spectrum of the electrode foils at various stages is shown in Figure
4.9. In the fresh electrode, which is a mixture of carbon and the binder with LiFePOg, the
typical carbon stretching and P-O stretching of LiFePO4 was seen from the peaks*® at 1139
—945 cmL. The singlet peak at 930 cm™ and doublet peaks in the regions of 538-493 cm
! can be attributed to the stretching of the phosphate anion®, as exhibited in all four FTIR
plots of Figure 4.9. From Figure 4.9 (b) and 4.9 (c), slight distinctions were noted for the
LiFePOg4electrode that was charged in the conventional electrolyte and HE. Since the HE

electrolyte is a mixture of conventional electrolyte constituents, certain similar peaks
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Figure 4.9 FTIR-ATR analysis of LiFePOs4 cycled
electrodes after first charging, discharging in conventional
electrolyte and HE mixture.

in the LiFePOs electrodes are cycled in both the electrolytes. On the other hand, certain
peaks were introduced in the HE-cycled LiFePO, such as at 1352 cm™ which can also be
attributed to the effect of the S=O=S stretching® of the added [Csmpyr][TFSI]. It is
noticed that the peak was not observed on the fresh LiFePO4 electrode and the conventional
electrolyte cycled LiFePOs electrodes. The peak due to [Campyr][TFSI] occurs in the
LiFePOg electrode after the first discharge cycle in HE, as shown in Figure 4.9 (d). This
indicates that the added ionic liquid has an influence on the composition of the surface that
IS quite constant after cycling as well. Hence, it was believed that the change in the surface

film composition may alter the interfacial behavior in the HE system.
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4.3.1.4.3 SEM Analysis

The FEG-SEM-EDS analysis of the LiFePO4 electrode before cycling, after the first charge
in the conventional electrolyte and HE reveals that there is a difference in the surface
morphology of the electrodes that are cycled in conventional electrolyte, HE, and neat
[Campyr] [TFSI] (Figure 4.10). On a closer view, it can be seen that a thin film is present
on the surface of the HE-cycled electrodes but not in the conventional electrolyte-cycled
electrodes. We believe that the surface film might be due to [Campyr] [TFSI] in the
mixture. Such surface film formation was also observed in LiCoO> cathodes cycled using
HE as described in Chapter 3. The corresponding EDS profile (Figure 4.10) shows that
there exists a trace of sulfur that comes from the anion of the ionic liquid and may be a
component of the surface film in HE-cycled electrodes.

Bare LiFePOas electrodes | Conventional electrolyte - | HE-LiFePOa4 after 15
LiFePOs after 15tcharge | charge

Figure 4.10 FEG-SEM analysis of LiFePOs electrodes. (a) Before cycling along with

EDS profile, (b) After first charging in conventional electrolyte along with EDS profile
and (c) After first charging in HE along with the EDS profile.

To understand the nature of the surface film as well as the sulfur constituent at the end of
100 cycles, we took FEG-SEM images at the end of 100 cycles as shown in Figure 4.11.
In Figure 4.11 (a) and 4.11 (b), it was found that with conventional electrolyte-cycled
electrodes show some distortion on the surface after 100 cycles and the similar was not
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observed in HE. The surface film resembles that on the LiFePO4 electrode after first
charging. It is important to note that there is no significant surface degradation during the
100 cycles of charge-discharge, as evidenced by the EDS in Figure 4.11 (b) and (c). It was
believed that unwanted surface reactions can be prevented on the electrode surface through

these surface films®2.

Conventional electrolyte- | HE-LiFePO4 100" cycle [Csmpyr][TFSI]-
LiFePO4 100" cycle LiFePOq

100™ cycle

Figure 4.11 FEG-SEM analysis of LiFePOs electrodes. (a) After 100 cycles in
conventional electrolyte along with EDS profile (b)After 100 cycles in HE along with
EDS profile, and (c) After 100 cycles in neat [Campyr][TFSI] along with the EDS

profile.

4.3.1.4.4 TEM Analysis

The cycled electrodes were analyzed by using HRTEM in order to acquire further insights
on the surface film on LiFePO4 cathodes. In Figure 4.12 (b), a thin homogenous surface
film surrounds the LiFePOs electrodes whereas the same film was quite thick in
[Campyr][TFSI] cycled electrodes as shown in Figure 4.12 (c). Hence it can be suggested
that the presence of [Csmpyr][TFSI] helps in forming the surface film on the cathode
surface. With 40 percent of [Campyr][TFSI], the cathode-electrolyte interface in the case
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of HE was quite thin which helps in preventing the cathode surface from adverse LiPFg

induced reactions.

Figure 4.12 TEM analysis of the LiFePOy electrode after first cycling in
(a)conventional electrolyte, (b)HE, and (c) neat [Csmpyr] [TFSI].

4.3.2 Lithium-ion Cell Studies

The lithium-ion cells were fabricated by using the LiFePO4 cathodes and LiaTisO12 anodes.
As mentioned earlier, LisTisO12 anodes operate at a higher anodic potential of 1.5 V vs.
Li/Li* on the basis of insertion mechanism®>*>* The charge-discharge profile of
Li/LisTisO1 for 10 cycles in the potential window of 0.01-2.5 V vs. Li/Li" at C/5 rate is
shown in Figure 4.13. It was observed that the commercial LisTisO12 anodes used in this

study can deliver an average capacity of 143 mAh/g when charged at C/5 rate.

Since LisTisO12 anodes operates around 1.5 V vs. Li/Li*, the most common SEl/passivation
mechanism is not strongly observed in this system®®. As a result, little efforts have been
dedicated to the understanding the of LisTisO12 which is beyond the scope of this work. It
is believed that the efforts taken in this section will help to fabricate lithium-ion cells by
using HE. The operating potential window of the lithium-ion cell depends on the electrode
materials of choice. Figure 4.14 depicts the variation of operating potential window from

the lithium cells to the lithium-ion cells with different electrodes of interest.

In the present case, 1.5-2.3 V vs. Li/Li" is considered as the operating potential window

for the LisTisO12/HE/LiFePO4 cell configuration. The cells were cycled for 200 cycles at

the C/5 rate. The cycling performance of the lithium-ion cells is shown in Figure 4.15. In

the present case, the capacity of the lithium-ion cell is calculated with reference to the
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Figure 4.13 Schematic representation of the plateau region

in lithium and lithium-ion cells at 20 °C.
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anodic mass due to the relatively lower loading of LisTisO1. anodes. The plot of the
capacity in (mAh) and the specific capacity versus the cycle number is shown in Figure
4.15. It was observed that the first discharge capacity of the lithium-ion is around 149
mANh/g. Since the anode loading is lower than the cathode loading, the specific capacity
was calculated with reference to the anode loading mass.It was observed that the total
capacity loss after 200 cycles is about 6.5 percent and further work is required to optimize
the electrode loading and the performance of lithium- ion cells by using HE. The next

section will focus on the performance of LisTisO1/HE/LiFePO4 cells at subzero

temperatures.
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Figure 4.15 Cyclic performance of LisTisO1/HE/LiFePO4
cell at C/5 rate at 20 °C

4.3.3 Subzero Temperature Analysis

In this section, the electrolyte for subzero applications, HE* is studied to find the phase
behavior and ionic conductivity as a prerequisite to understanding their performance at
subzero temperatures. Further CV, EIS, and galvanostatic charge discharge studies were
performed to understand the performance and the interfacial resistance over the cycles at

subzero tem peratures.
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4.3.3.1 Electrolyte Characterization

4.3.3.1.1 DSC Analysis

The experimental parameters for the DSC studies of HE* were similar to those described
in Chapter 2. The phase behavior of HE* was studied in comparison with the conventional
electrolyte, as shown in Figure 4.16. Figure 4.17 gives the naked eye view of the
electrolytes at —40 °C, indicating little freezing of HE* at subzero temperatures. In the
conventional electrolyte as shown in Figure 4.16, several phase changes exist from —58 °C

to 20 °C, whereas in HE*only a small change was observed at —4 °C.

= A S HE %
Conventional electrolyte

120 -100 80 60 -40 20 0 20 40
Temperature ("C)

Figure 4.16 DSC Analysis of the conventional

electrolyte in comparison to HE* from —120 °C to

30 °C at a ramp rate of 5°/min.

Figure 4.17 Photograph of electrolytes in the conductivity

cell (a) Conventional electrolyte and (b) HE*.
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The dominant phase change in the conventional electrolyte is due to the crystallization and
melting of the organic solvents EC, DMC, and DEC. Only a small extent of this phase

change is seen in HE* due to the suppression of crystallization in the mixture®®.
4.3.3.1.2 lonic Conductivity Studies

lonic conductivity was measured by using the similar protocol described in Chapter 2. HE*
is filled in a dip cell inside the glove box. The ionic conductivity was tested in the
temperature range of —40 °C to 100 °C. The plot of ionic conductivities of HE* in
comparison to the conventional electrolyte is shown in Figure 4.18. The better ionic
conductivities of HE* may be due to the lesser degree of crystallisation in HE* at low
temperatures. However, the ionic conductivity values are not the only the factors to
determine the low temperature performance of the batteries as the performance is further

governed by the lithium-ion diffusion kinetics®,
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Figure 4.18 lonic conductivity values of HE* in

comparison to conventional electrolyte from —40 °C to 10

0 °C.
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4.3.3.2 Performance Analysis

The modus operandi for electrochemical performance analysis is shown in Figure 4.19.
The aim of this protocol was to understand the effect of temperature on interfacial
resistance and the aging process. In addition to the electrochemical charge-discharge
studies, the EIS was measured at intermittent stages to understand the change in interfacial
resistance over time. The EIS data were fitted with the equivalent circuit®” as shown in the
left inset of Figure 4.20.

OCY for GEIS at oCv GEIS at GEIS after
10min for 4h ® | GCDS cycles

Figure 4.19 Schematic representation of the sequence of experiments carried out to

understand the performance at —30 °C. *GCDS- Galvanostatic charge discharge

studies, GEIS - Galvanostatic Electrochemical Impedance Spectroscopy and RT - Room

temperature.
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Figure 4.20 EIS studies of LiaTisO12/HE*/LiFePO4
at —30 °C before, intermittent, and at the end of 40
cycles. The corresponding equivalent circuit is

described as an inset in the left side of the figure.
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The initial resistance of the lithium-ion cell at room temperatures was found to be 35 Q
whereas the interfacial resistance at —30 °C was found to be 80 + 2 Q. After aging at —30
°C for 5 hours, the cell resistance was found to be 81 + 3 Q. The interfacial resistance after
40 cycles was found to be similar at around 82 + 3 Q. Thus no significant change in the
interfacial resistance was observed during aging and cycling of lithium-ion cells at subzero
temperatures. The galvanostatic charge-discharge studies that are shown in Figure 4.21
were performed at —30 °C with the charging and discharging time of ten hours. It was
observed that the average capacity value was around 70 mAh/g along with good capacity
retention. The better capacity retention can be attributed to the negligible change in the

interfacial resistance of the lithium-ion cell over the cycles.
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Figure 4.21 Discharge capacity at —30 °C for the LisTisO12/HE*/LiFePOa cell cycled
for ten hours. (a) Capacity vs. cycle number studies in mAh and (b) Specific discharge
capacity at —30 °C in reference to the anodic mass loading in the electrodes.

Further, efforts were taken to understand the effect of the charging time on capacity at
subzero temperatures in HE*. The capacity values measured at different charging times
are tabulated in Table 4.1 with reference to the capacity that was obtained after ten hours
of charging at —30 °C. It can be seen that there is a notable rate performance of HE* at —30
°C. Further, it can be inferred from Table 4.1, that the decrease in capacity with respect to
the reduction in charging time was non-linear. It can be seen that when the charging time
was reduced to 2.5 h, the cell yielded 50 percent of the capacity obtained after 10 h of
charging. Thus, lithium-ion cells made of HE* can also be used for better lithium-ion

storage with lesser charging times.
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Table 4.1 Relative discharge capacity with respect to 10h
charging time at —30 °C.

S.No. | Charging | Discharging C/Cao) (%)
time (h) | time (h)

1 10 10 100

2 6 6 72

3 2.5 2.5 50

4 1.2 1.2 36

5 0.5 0.5 21

*CICqo) is the percent of the 10 h discharge capacity obtained

at a particular discharge time.

Cyecling temperature ("C)

S

I
0 20 40 60 80 100
Relative capacity (%)

Figure 4.22 Statistics of the capacity obtained at subzero

temperatures (— 20 °C and — 30 °C) in relation to the room

temperature performance.

Relative capacity (Creiative) defines the ratio of the capacity that is obtained at subzero
temperatures to the performance obtained at room temperatures. Figure 4.22 shows the
relative capacity at subzero temperatures (—20 °C and —30 °C) to the room temperature
performance. It can be seen that 80 percent of the room temperature capacity was obtained

at —20 °C and 50 percent of the room temperature performance was obtained at —30 °C.
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Thus it appears that HE* supports excellent performance at subzero temperatures. Notably
this is achieved without sacrificing the high temperature stability and safety.

4.4 Concluding Remarks

In this chapter, commercial LiFePO4 cathodes were studied initially by using the HE in
comparison to the conventional electrolyte. The studies demonstrated negligible iron
dissolution from LiFePOs cathodes cycled in HE as compared to those cycled in
conventional electrolyte. Further, the possibility of HE in lithium-ion cells was
demonstrated with LisTisO12/HE/LiFePOg4 cells for 200 cycles.

Further, the behavior of HE at subzero temperatures was studied by using the special
composition HE*. Initial physicochemical analyses shows lesser degree of crystallization
and better ionic conductivity at subzero temperatures. The charge/discharge studies
showed better performance and capacity retention for HE* than the conventional
electrolyte in lithium-ion cells. Further, the EIS analysis demonstrated the non-varying
interfacial resistance with better ionic conductivity at subzero temperatures. Thus, the
above studies demonstrate the application of hybrid electrolyte formulations for subzero

battery operation.
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Passivation Behavior of Aluminum Current Collector in Hybrid Electrolytes with [FSI] and
[TFSI] anions

5.1 Introduction

In a LiB, the flow of lithium ions between the electrodes occurs along with the electron
transfer in the external circuit. The electron transfer is achieved with the help of thin metal
foil current collectors, which are coated with the active electrode materials in the battery’~
3, Since the primary role of the current collectors is electron conduction, high electronic
conductivity as well as high stability in the electrochemical environment are of crucial
importance!. Although thin foils of nickel, copper, platinum, zinc, titanium and other
similar metals have been studied as current collectors, aluminum is the most preferred
cathodic current collector in lithium-ion batteries due to its ability to form a passive film,
making the electrolyte/Al interface stable, even at potentials > 4V vs. Li/Li*. Al also offers
benefits such as lightness of weight, low cost, good adhesion, and good electronic
conductivity to the active materials®*. The current use of lithium-ion batteries in electric
vehicles requires safe, high energy density batteries>®. An area that is widely studied in the
realm of high-energy lithium batteries is the development of high-potential cathodes’®.
Improved stability of the aluminium current collector is also important for improvement in
the performance offered by these high-potential cathodes®®*. In addition, several
reports’?* in the literature also claim that the electrolyte composition, especially the
nature of the salt, plays a major role in the corrosion of aluminum current collectors; certain
other reports claim that the solvents play a significant role*>¢, In most commercially-used
electrolytes, lithium hexafluorophosphate (LiPFe) is the preferred salt (despite its thermal
instability), because of its mechanism of passivation on aluminum.+!317 Salts with better
thermal stability (such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)) are not
preferred, because they tend to corrode aluminum current collectorst®!8, Although state-
of-the-art electrolytes with LiPFs salts work well at current operating potentials, they still
cause corrosion of current collectors at potentials in which high-potential cathodes are

expected to operate®.

Recent studies examined the use of ionic liquids as electrolyte components in lithium
batteries, and certain ionic liquids were found to possess wide electrochemical stability,
better safety'>172922 and corrosion-inhibition properties?®2%. It is interesting to note that
the well-known corrosive nature of the LiTFSI salt decreased when ionic liquids were
added to the electrolyte composition”2"?8, In addition to corrosion inhibition, the so-called
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passive films formed on the substrates in the presence of ionic liquid electrolytes show
better thermal stability?”. On the other hand, in spite of the corrosive nature of the
bis(fluorosulfonyl) imide anion [FSI7] at high oxidation potentials (> 4.0 V vs. Li/Li*), Cho
et al. demonstrated that the addition of LiPFs to N-methyl-N-propyl pyrrolidinium
bis(fluorosulfonyl)imide [Csmpyr][FSI] reduced the pitting corrosion®.

Despite their remarkable thermal stability, the use of ionic liquid mixtures as electrolytes
in lithium batteries is limited by their low ionic conductivity at room temperature, and by
certain issues in the formation of a solid electrolyte interface®®32, To overcome these
disadvantages, researchers have explored the concept of hybrid electrolytes, by which an
organic solvent is added to the ionic liquid electrolytes so as to increase the ionic
conductivity at room temperature and to achieve better interfacial behavior'®2%33-%_|n this
chapter, studies were carried out by using hybrid electrolytes that were composed of 40
percent of the ionic liquid by weight in a conventional electrolyte system in order to
understand the role of the interaction between the ionic liquid and the organic carbonate
system in the passivation mechanism that occurs on the aluminum foil. The proportion of
40 percent of ionic liquid by weight was chosen as a compromise between the safety and
the viscosity of these electrolytes at room temperatures?®343738 The most promising ionic
liquids in lithium battery applications are N-methyl-N-propyl pyrrolidinium
bis(fluorosulfonyl)imide, [Campyr][FSI] and N-methyl-N-propylpyrrolidinium bis
(trifluoromethanesulfonyl)imide [Csmpyr][TFSI]?%333%40 Hence, in this chapter, the
synergistic role of these ionic liquids in conventional electrolytes will be studied with

regard to the corrosion of the cathodic current collector (aluminum) in LiB.

5.2 Experimental

5.2.1 Materials

Battery grade aluminum foils (MTI Corp.) were pre-cleaned in a dimethyl carbonate
solution and dried in a vacuum oven at 120 °C. The dried aluminum foils were immediately
transferred to the glove box. The conventional electrolyte solution that was used comprised
1M LiPFe in ethylene carbonate and diethyl carbonate (LP40, Sigma—Aldrich , <15 ppm
H>0 and <50 ppm HF). Two hybrid electrolyte compositions that had 40 percent of ionic
liquid by weight N-methyl-N-propyl pyrrolidinium bis(trifluoromethanesulfonyl)imide,
[Campyr][TFSI] (Solvionic, France, 99.9 percent purity) in the conventional electrolyte
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(HE 1), and N-methyl-N-propyl pyrrolidinium bis (fluorosulfonyl) imide, [Campyr][FSI]
(Solvionic, France, 99.9 percent purity) in the conventional electrolyte (HE 2)—were
studied. In addition, the neat ionic liquids, [Campyr][TFSI] and [Campyr][FSI], were used

in comparison studies.
5.2.2 Pre-treatment of aluminum

The clean, dried aluminum foils were washed once more (inside the glove box) with

dimethyl carbonate before the electrochemical measurements.
5.2.3 Electrochemical measurements

Electrochemical measurements were carried out in a pipette cell by using a Biologic VMP3
multi-channel potentiostat, which was controlled by Biologic EC-Lab version 11.01
software. The pipette cell that was used in this study is shown in Figure 5.1, which has

been also previously described elsewhere?.

Figure 5.1 Arrangement of pipette tip cell used for

electrochemical measurements inside the glove box.

The inner surface area of the pipette (equal to that of the working electrode,W.E.) was 0.38
+ 0.05 cm?. The cell consisted of a polyethylene pipette tip with a Ag/AgOTf reference
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and a Pt wire counter electrode that had a diameter of 0.5mm.

Cyclic Potentiodynamic Polarisation (CPP) was carried out over the potential range of 2.7
— 5V vs. Li/Li* at a scan rate of 10 mV/min. It should be noted that all electrochemical

measurements were carried out inside a nitrogen glove box.

The Tafel curves were fitted by using the EC lab software VV10.44 (Bio-Logic Science &
Instruments). Cyclic voltammetry (CV) was used over a range of 2.7 — 4.7 VV vs. Li/Li" at
a scan rate of 1 mV/s for three cycles, after which chronoamperometry (CA) was carried
out for 3 hours at 4.7 V vs. Li/Li*. After treatment, surfaces were rinsed with DMC to wash
off any excess IL and were finally dried under a nitrogen stream. It is to be noted that all
measurements were carried out at room temperature. All surface characterisations were
carried out further in the electrochemically treated samples. For convenience, these

samples will be referred to as aluminum coupons in future discussions.
5.2.4 Fourier-Transformed Infrared Spectroscopy (FTIR)

Infrared spectra were acquired on a Perkin Elmer IR 101820 series spectrometer by using
the Spectrum (v.10.4) software. Ex situ attenuated total reflectance (ATR) spectra were
obtained by using a diamond ATR crystal in the mid-IR range (4000-450 cm™). The
aluminum coupons were hermetically transferred and loaded onto the sample stage after
brief exposure to air. Firm pressure was applied in order to press the aluminum disk against
the diamond window of the sample stage. All spectra were recorded at a resolution of 4
cm™ and 256 scans.

5.2.5 Scanning Electron Microscopy (SEM) with Energy Dispersive X-
ray Spectroscopy (EDXS)

Al coupons were further characterised by Scanning Electron Microscopy (SEM). SEM
images of the Al electrodes were obtained by using a JEOL JSM-IT300 at an accelerating
voltage of 10 kV. An Oxford Instruments X-Max 50 mm? Energy Dispersive X-ray
Spectroscopy (EDS) detector was used to analyse the Al surfaces and the attachment at
10-11 mm W.D. with a collection time of five minutes. The Oxford Instruments Aztec
(version 1.0) software was used.
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5.2.6 Optical Profilometry

The aluminum coupons were examined by using a Contour GT-K1 optical profilometer,

and the data were analysed by using Vision 64 software v. 5.30, Bruker Instruments. The
measurements were carried out by using the following parameters: VSI - 20X or 50X lens,
Magnifier 1.0X, Speed 1X with a 25 um back scan, 50 um Length, and 0.5 percent
threshold.

5.2.7 X-ray Photoelectron Spectroscopy (XPS)

For all XPS experiments, the binding energy scale was calibrated from the aliphatic
hydrocarbon C 1s peak at 284.8 eV. The samples were mounted on an XPS sample stud
by using conductive carbon adhesive tape, after which they were placed in a hermetic
vessel for transfer to the instrument. X-ray photoelectron spectroscopic measurements
were carried out at the Victorian node of the Australian National Fabrication Facility
(CMSS, La Trobe University, Australia).

X-ray photoelectron spectroscopy was performed by using an AXIS Ultra instrument
(Kratos Analytical, Manchester, UK) by using a monochromatic Al Ka X-ray source that
was operated at 150 W (15 kV, 10 mA). The hybrid analysis mode that was used provided
a sampling area of 300 x 700 um?. Survey spectra were acquired at 80 eV pass energy, and
high-resolution region spectra were acquired at 20 eV pass energy. Etching experiments
were performed on the sample surface by using an argon ion beam gun, which operated at
5 keV and beam current of 2 pA, resulting in an estimated etching rate of 2 A.s™. The
pressure in the analysis chamber was maintained at 4.0x1071° mbar. Instrument operation

was performed by using XPS software (Vision 2.0).

XPS data were analysed by using CASAXPS software (v. 2.3.16). Relative sensitivity
factors (RSF) were taken from the Kratos Library and were used to determine the relative
atomic percentages from survey and high-resolution scans of the most intense
photoelectron peak for each element. Peak areas were measured after performing a two-
point Shirley background subtraction. A Gaussian:Lorentzian algorithm (70:30 percent)
was used to fit the peaks to obtain quantitative results. The fit produces an estimated + 10

percent error in the atomic concentration that was determined for each peak.
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5.3 Results and Discussion

The extent of corrosion performance in various electrolytes can be better understood at the
early stages by investigating their electrochemical behaviour. For electrochemical
characterization, the pre-cleaned aluminum foils were subjected to electrochemical
characterisations such as potentiodynamic measurements, CV, and CA experiments. After
the CV and CA experiments, the aluminum coupons were studied by using various surface
techniques such as scanning electron microscopy (SEM), Energy Dispersive X-ray
spectroscopy (EDXS), and optical profilometry in order to understand the extent of
aluminum passivation. Further, information about the passive film composition and
mechanism were obtained by using Fourier Transform Infrared spectroscopy (ATR-FTIR)
and X-ray photoelectron spectroscopy (XPS) studies.

5.3.1 Electrochemical Measurements

5.3.1.1 Tafel Studies

Tafel studies involve the evaluating of the corrosion potential and corrosion current density
by using a Tafel plot. The Tafel plot is drawn by subjecting the system to several hundred
mV potentials to and away from the corrosion potential. In cases in which the corrosion
potential is unknown, the system is subjected to a range of potentials in which the reaction
of interest is expected. This method will help us to understand the corrosion kinetics much
faster than the conventional weight loss methods do. A typical example of a Tafel plot is
shown in Figure 5.2. The curves obtained after the potential-current measurements are
plotted in the form of potential versus logarithmic current density. The obtained curves are
extrapolated to obtain a straight line region for each of the anodic and cathodic domains.
The intersection of the cathodic and anodic potential regions determines the corrosion
potential (Ecorr) and corrosion current (lcorr). Further analysis involves the measurement of
Tafel slopes and understanding of the exchange current density. In this section, the
corrosion current densities in different lithium battery electrolytes were compared. Tafel
curves of aluminum surfaces were obtained in hybrid, conventional electrolytes, and neat
ionic liquids and are presented in Figure 5.3. The corrosion current densities were lower in
those electrolytes that contained ionic liquids, when compared to the conventional
electrolytes. In hybrid electrolytes, the corrosion potential and the corrosion current density

initially follow the same trend as that which is seen in the neat ionic liquids; however, at
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Figure 5.3 Tafel plots of aluminum foils in (a) [Campyr] [TFSI] ionic liquid and HE 1 in
comparison with the conventional electrolyte; (b) [Campyr][FSI] ionic liquid and HE 2

in comparison with the conventional electrolyte.

more positive potentials, the presence of LiPFs in the system creates passivation. The
passivation can be seen in the flat regions in the curves for both conventional and hybrid
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electrolytes. This clearly shows that the hybrid electrolytes can help decrease corrosion of

aluminum current collectors.
5.3.1.2 CV and CA measurements

Further insight into corrosion was obtained by performing CV on the aluminum current
collectors in the electrolyte under study. The electrochemical measurements carried out in

this section aims:

)} To verify the formation of the passive film,

i) To understand whether the formation is a one-time process or whether the film
is self-healing, and

iii) To establish the mechanism of passive film formation as well as the

composition of the film.

Initially, CV measurements were carried out on aluminum current collectors over a
potential range of 2.7 to 4.7 V vs. Li/Li*, as shown in Figure 5.4. The cycle was repeated
twice at a rate of 0.1mV/s to understand the formation of the passive film. Quasi-flat
profiles in CV in the second and third cycles at very low currents were found in ionic
liquid-based electrolytes, as shown in Figure 5.3. In contrast, a significant constant increase
in current density during the potential sweep was observed in the conventional electrolyte.
Following the CV measurements, CA was carried out, in which the samples were subjected
to a potential of 4.7 V/ vs. Li/Li* for 3 hours to further examine passive film formation. The
flat lines (constant current in the system) indicate that a passive film further impedes

corrosion reactions, as shown in Figure 5.4 (f).
The current vs. time profiles confirm the following observations:

1. The film formed in the conventional electrolyte is not sufficiently passive to
prevent the corrosion on the surface, as can be seen from the steady increase of the

current.

2. The film formed in neat ionic liquids and in the HE prevented further corrosion in
the system, as can be seen from the steady current density values. However, the
increase in current density values within 1.5 h in HE 2 may be due to damage in

the passive film that is formed on the surface. Further surface characterisation was
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Figure 5.4 Cyclic voltammograms of aluminum foils in (a) Conventional electrolyte, (b)
[Campyr][TFSI], (c) [Campyr][FSI], (d) HE 1, (e) HE 2 at a scan rate of 0.1 mV/s over
a potential window of 2.7-4.7V vs. Li/ Li*, and (f) CA of aluminum foil at 4.7 VV vs. Li/Li"
in conventional electrolyte, [Campyr] [TFSI], [Campyr] [FSI], HE 1, and HE 2.
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conducted on the samples to understand the formation mechanism and the composition of
the passive film.

5.3.2 Surface Analysis

After CV and CA tests, the surface morphologies of the electrochemically-treated
aluminum current collectors were examined by using SEM, EDXS, and optical
profilometry, while the surface composition was further analysed by FTIR and XPS.

5.3.2.1 SEM & EDXS studies

Figure 5.5 shows SEM images of aluminum current collectors after electrochemical
treatment in different solutions. Close observation of the SEM images indicates the

formation of a layer on the surface in all cases, showing passivation by chemical attack.

The SEM micrograph of Figure 5.5 (a) shows the surface morphology of the pristine

surface before any treatment.

Figure 5.5 SEM images (EHT = 10 kV) of (a) bare Aluminum surface; and aluminum
foil treated in (b) conventional electrolye, (c) [Campyr][TFSI], (d) [Campyr][FSI], (e)
HE 1, and ( f) HE 2.
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Figure 5.6 SEM and EDXS spectra of Al surfaces electrochemically treated in a)

conventional electrolyte and b) neat [Campyr] [TFSI].
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Figure 5.7 SEM and EDXS spectra of Al surfaces electrochemically treated in HE 1.

The treated surface in the organic carbonate solvent (conventional electrolyte) appears
significantly roughened, as can be seen in Figure 5.5 (b). Closer observation reveals the
formation of a very thick and non-uniform passive layer in the sample that was treated with
the conventional electrolyte. EDXS analysis confirmed the presence of a relatively thick
layer on the Al surface, in which the chemical composition is dominated by P, C, F, and
O, as shown in Figure 5.6. The surface morphologies in Figures 5.6 (b) and 5.7 present
evidence of the [TFSI] anion helping in the protecting of the aluminum surface through
the formation of a protective layer that is stable against the anodizing treatment, which
results in a smoothened surface. Small amounts of elements that are associated with the
[TFSI] anion were detected by EDXS (Figures 5.6 (b) and 5.7)), although these need to be
further confirmed by XPS analysis. The samples that were treated in neat [Campyr] [TFSI]
and neat [Campyr] [FSI] show very different surface morphologies (Figures 5.8 (a) and
(b)). The FSi-treated sample has a very uneven surface, suggesting a heterogeneous
passivation layer on the Al surface (Figure 5.8). This suggests that (in contrast to the
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behaviour seen in the TFSI-treated sample) the passivating layer that is formed on the neat
FSI-treated sample did not withstand the anodising treatment.
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Figure 5.8 SEM and EDXS spectra of Al surfaces after electrochemical treatment in a)
neat [Campyr] [FSI], and b) HE 2.

The main difference between in the SEM analyses of the surfaces treated in the hybrid

electrolytes is in the presence of a thicker layer when the FSI™ anion is mixed with the

conventional electrolyte solution, as can be seen in Figure 5.5 (f) (HE 2 sample). The
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cracks that were visible on the surface were interpreted as being a result of the vacuum in

the SEM chamber. Larger quantities of elements such as O, F and S, which are associated

with the anion in the case of the HE 2 surface, were confirmed by EDXS analysis (Figure

5.8 (b)) as being characteristic of the strong interaction between the IL anion and the

surface that may form a passivating layer on the Al.

5.3.2.2 Optical profilometric study

To obtain quantitative information about the roughness of the surface, the samples that

were treated in the neat ionic liquids, HE 1 and HE 2, were tested by optical profilometry.

3D images are presented in Figure 5.9.

393

(a) Neat [C;mpyr][TFSI] 350

3.00

(b) Neat [C mpyr][FSI]

6.0

(d) HE 2

2.

Figure 5.9 Optical profilometric 3D images collected for aluminum surfaces after
anodizing treatment in (a) [Campyr][TFSI], (b) [Campyr][FSI], (c) HE 1, and (d) HE

After treatment in neat ILs (Figures 5.9 (a) and 5.9 (b), respectively, for the neat TFSI and

neat FSI samples), there were rough, distributed deposits on the surface, and the roughness
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was significantly more pronounced in the case of the neat FSI sample. Whereas, after
treatment in the hybrid solutions (Figures 5.9 (c) and 5.9 (d), respectively, for HE 1 and
HE 2) a more evenly distributed, thin layer appears to have been deposited onto the surface
of the aluminum. These images are consistent with those from SEM (Figure 5.5). Here it
must be noted that the color legend at the right side of the images in Figure 5.9 is different

for each sample.

Table 5.1 Average roughness of aluminum surfaces after
anodizing treatment in [Campyr][TFSI], [Campyr][FSI],
HE 1, and HE 2, obtained by optical profilometry.

Sample Sa/ pum (average roughness)
Neat [Campyr][TFSI] 0.52+0.2
HE 1 0.48+0.1
Neat [Campyr][FSI] 0.79+0.7
HE 2 0.53+0.01
Samy , , HE 2

A 3N T
2 il -

. ( l‘. Neat C,mpyr FSI

= o A Q
Vet Al MU ot HE 3

M/\M/\—\P/‘N\g\a‘/'tcampyr TES!

0O 20 40 60 80 100 120
X (um)

Relative height (um)

Figure 5.10 Average Roughness and relative height (2 D contour
profile) across the aluminum surface after anodizing treatment in
[Campyr][TFSI], [Campyr][FSI], HE 1, and HE 2 obtained by optical

profilometry.
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The observations from the profilometric study concur with previous SEM analyses. The
results provide evidence of a more uniform protective layer that is formed with the hybrid
systems. The average roughness was measured on multiple spots, and small deviations that
were obtained in the case of hybrid samples reflect the uniformity of the surface, as shown
in Table 5.1. This could explain the electrochemical results (CV), which were previously
described.

In the case of the samples that were treated with neat TFSI and neat FSI, the surface was
not flat. (This observation is confirmed by a relative height variation of + 10 pm, seen in
Figure 5.10.) However, a smoother surface was confirmed in the case of the HE 2 sample.

5.3.2.3 FTIR Analysis

FTIR analyses of the electrochemically treated aluminum foils are presented in Figure
5.11. In the case of hybrid electrolytes, the strong peaks that correspond to SO>
asymmetrical and symmetrical stretching were found at 1177 and 1348 cm™ for the sample
that was treated in HE 1 and 1174 and at 1381 cm™ for that which was treated in HE 2,
respectively. This indicates that the SO. portion of the anion has remained intact and is
present on or very near the surface**** (when the penetration depth of the IR beam is taken

into account).

The SO group may belong to multiple species on the surface of the aluminum, but the
FTIR spectra do not enable any conclusion about the exact structure. There does not seem
to be a peak that could be assigned to the S-F stretch®. The strong peaks that correspond
to the SN stretch are clearly present at ~ 740 and 843 cm™ for the sample that was treated
in HE 1, and at ~ 740 and 832 cm for the sample that was treated in HE 2, respectively*4+
46, All C-H-based vibrations that do not arise from DMC reaction residues must be due to
the Campyr™ cation. Clear peaks are associated with the CH3 stretch at 2888, 2947, and
2980 cm™ in the spectrum of the sample treated with HE 2, which precisely match the peak
positions*2434647 found in the spectra of neat [Csmpyr][TFSI] and [Csmpyr][FSI], as
shown in Figure 5.11 This indicates that, at least in most cases, the alkyl chains are
preserved, which suggests the presence of the intact pyrrolidinium cation on the surface.
During the anodizing process, the surface of the Al becomes positively charged, so it is
expected that migration of the anion towards Al will be promoted, while the cation will
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Figure 5.11 FTIR spectra of neat [Campyr][TFSI], [Campyr][FSI],
and aluminum foils treated in the conventional electrolyte,
[Campyr][TFSI],[Campyr][FSI], HE 1, and HE 2.
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Table 5.2 FTIR spectra of neat [Campyr][TFSI],[Campyr][FSI], and the aluminum foils
treated in [Campyr][TFSI],[Campyr][FSI], HE 1, and HE 2. The yellow highlighted rows

represent the peak positions from the conventional electrolyte.

Samples
g = e = < — - c
=) IS ;‘- > = S fa g L g o n
2|5 |z |Ei|ez | gR |2 g2 - |~ |8
g |SE |22 |SL 2% |25 889 |f |&
4— = - =] o c 9 c o <)
g = | & E |39 82 -
1. | 84S0z | 569(s) | 570 567 570 570 |[570 |“#
W) | ()
2. | vs 740 740 729 745 740 |740 | 424446
(SNS) (b) (w)
3. | va 789 789 828 843 [832 | 414446
(SNS)
& v(SF)
4. | vs(R-C- 835 | 835 48
R) ©) [ )
5 | v(CO) 107 | 1079 48
9() | (s)
6. | va(SO2- | 1051 | 1051 | 1101 | 1103 1052 | 1054 | 443
N-SO2) | (s) (s) (s)
7. va (R-C- 115 | 1153 48
R) 2(s) | (s)
118 | 1189
9
8. Vs 1133 1133 | 1172 | 1175 1133 | 1104 | 4%
(SO (s) (w) | 1216 |1216 1177 1136
2" 1175 | 1176 (s) |1174
N- (s) (s) (s)
SO,
9. |va(SOy) | 1330 | 1329 | 1360 | 1360 1329 1332 | 414246
(s) (s) (s) (W)
1350
10. | va(SO) | 1348 | 1347 | 1377 | 1378 1348 |1381 | 4142
(s) (s) (s)
11. | v(CHp) | 1473 | 1472 | 1471 | 1472 147 | 147 | 424749
v(CHa) (m) 3 2
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Samples
- B -~
S Lt 1= | |2 - —c
> — > —
s |3 |3 B 5_|g%| &g
s |2 = EL Ex 3_ |22 |=s_| - N o
% & S| SRIEXT |55 |g|y |w |3
< > vl T Bl 1 > 9 S = T T S
S |EEE |2 |5< |58 2
= pd pd § O O
Z Z
12. | v (C=0) 1763 | 1764 (s) 7
from R- (s)
O_
COOR
13. | v(CH,) | 2889 | 2889 | 2887 | 2887 2889 | 2888 | 243464
(w) 7
14. | v(CHz) | 2950 | 2948 | 2945 | 2946 | 2940 | 2940 2049 | 2047 | 243464
(w) 7
15. | v(CHo) | 2982 | 2981 | 2980 | 2979 2081 | 2080 | 243464
7
16. | v(CHo) 3004 | 3008 24647
17. | v(CHy) 3042 3042 @7
(W) (W)
18. | v(OH) 3630 | 3630 %
(s.b) | (s,b)

move away from the surface. The peak positions and their corresponding significance are
collated in Table 5.2. Literature reports that are based on the elemental composition of
ionic liquid films on various reactive metals show that the ionic liquid anion greatly
dominates the surface chemistry®. Another study on the basis of ToF-SIMS revealed that
both the cation and anion are present in the film; however, only the cation could be
identified as a whole molecule?®. This confirms that the anion chemistry plays a dominant

role in the passivation of aluminum current collectors.

5.3.2.4 XPS Analysis

5.3.2.4.1 XPS Initial Measurements

XPS high-resolution region spectra peak identities were determined from published
values®°? and from reports of XPS studies of aluminum surfaces®***. The data obtained

initially (before etching) are indicative of the outer surface.
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Figure 5.12 XPS survey scan for the Al surfaces treated in
neat [Campyr][TFSI], HE 1, neat [Campyr][FSI], and HE

2 solutions before and after etching.

Figure 5.12 presents the survey spectra that were obtained from the neat IL samples and

the corresponding hybrid samples. Chemical compositions (atomic percentage) are
included in Table 5.3.

Measurements clearly indicate that the elements that were associated with the IL anions
were present on the surface of the samples in significant quantities. Differences in the

chemical composition before and after etching are more pronounced in the case of neat

ILs, suggesting that the surfaces that are treated in the HE are more homogeneous. As
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expected, larger amounts of F and, interestingly, larger amounts of Al, were detected in the
sample surfaces that were treated in [TFSI]-containing electrolytes (neat [Campyr] [TFSI]
and HE 1), whereas more C was detected in the [FSI]-treated samples (neat [Campyr] [FSI]
and HE 2).

Table 5.3 Atomic percent (= 0.1 - 1 %) summary determined from the survey spectra for

the aluminium surfaces before (initial) and after etching (etched) for five minutes

Atomic concentration (%)
Element Neat HE 1 Neat HE 2
[Campyr][TFSI] [Campyr][FSI]
Initial | Etched | Initial | Etched | Initial | Etched | Initial | Etched
F (1s) 16.4 | 30.9 18.6 | 20.7 9.2 18.8 10.0 |14.2
O(1s) 417 |283 312 | 224 31.7 |31.0 24.3 | 20.0
N(1ls) |3.6 1.8 4.3 3.3 6.0 3.9 5.4 6.3
C(s) |179 |8.0 199 |196 343 |17.8 45.1 | 36.3
S (2par) | 6.2 2.7 5.1 3.9 8.8 5.2 7.6 8.8
P (2psp) | - - 8.3 12.0 - - - 2.2

Al(2p) | 142 |283 |[127 |182 |99 |233 |76 |122

5.3.2.4.2 XPS Etching Measurements

Although the etching procedure is destructive and sample compositions must be analyzed
with care, it may be useful to identify existing species that are likely to be present in the
passivating layer, which will provide significant insight into the chemical nature of the
film. As the etching rate was estimated to be 2 A.s™?, the experiment is estimated to have

removed approximately 60 nm of material.

High-resolution region spectra were acquired initially and after 5 min of etching. The
results that were obtained from the Al 2p and F 1s for the four samples are summarized in
Figures 5.13 and 5.14. Region spectra from C 1s, N 1s, O 1s, and S 2p are provided in
Figures 5.15, 5.16, 5.17, and 5.18 along with peak assignments (Tables 5.4 and 5.5).
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Table 5.4 Summary of XPS data and assignments for the aluminum surfaces of neat

[Campyr][TFSI] and HE 1 samples (before and after etching).

Peak position (eV)
Element Assignment Neat [Csmpyr][TFSI] HE 1
Initial Etched Initial Etched
i 689.4 688.7 (45.5) 690.6 (0.4)
CFs (37.7) | 688.2(7.3) | 688.7(352) | 0899(56)
-SO,F 688.9 687.6 (4)
688.2 (30.4) 688.2 (41.9)
F (19) (31.4) | 687.0(8.4)
AlF;
(686.3) 686.8 (8) 685.6 (14.1) 686.2 (50)
. 685.7 686.6 (34.7) 685.1 (19)
metal fluoride (23) 684.2 (0.8) 684.4 (2.5)
(684-685.5) oA
O-F 534.3 (6) | 534.1 (42.5) i 534.6 (1.8)
(ca. 535) ' AT oA
533.3
Organic C=0 (41.1) | 533.6 (9.6) 5338 (2.3) 533.4 (5.7)
(ca. 533) 533.0 533.1 (1.2) G 532.7 (46.8)
0 (1s) (3.2)
COs? (531.5- 532.6 (5.4) | 532.2(59.2)
532) organic (53728 531.9,532 531.7 (5.5) ggg'g gggg
C-O or SOy ' (41.4) 531.5 (32) SRS
Al oxide 531.1
(529-530) (2.3) i 529.9(1) i
403.6
(2.9
402.7 403.9 (1)
N* (22.4) | 404.5(85) | 402.6(10.4) | 403.3(10.7)
402.1 | 402.2 (47.8) | 402.1(34.7) | 401.9(36.2)
(0.5) 401.1 (0.2)
401.5
N (1s) (5.0)
400.7
(13.4) )
) 399.7 400.6 (21.2) 399.5-20.8 400.4 (7.4)
N (43.1) 399.9 (2.1) 399.1-28.1 398.8 (45.7)
399 6 399.1 (20.5) 398.1-4.9
(12.7)

170

(Continued)




Passivation Behavior of Aluminum Current Collector in Hybrid Electrolytes with [FSI] and
[TFSI] anions

Assignme

Peak position (eV)

Element nt Neat [Campyr][TFSI] HE 1
Initial Etched Initial Etched
i 293.5(9.2) 292.6 (3.5)
CFs 292.9 (10.3) 292.9 (6) 292.6 (14.1) 292.3 (5.6)
Chetero
_ 290.8 (6.1)
2
C (1s) CO3_ 289.4 (6.5) 288.9 (6.2) 288.3 (3.1) 289.7 (4.4)
0O-C=0
C-0-C
287.1 (17.4) 286.9 287.1 (12.5)
(ca. 286 286.3 (41.8)
eV) C-N 286.4 (19.4) (47.3) 286.1 (21.7)
173.7 (1.4)
169.7 (31.4) 172.5 (2.8) 16?295’570
170.9 (15.7) '
168.6 (45.8) 171.1 (1.4)
-SO.CF3 170.2 169.7 (22.9)
169.0 (31.9) (30.6) ' '
170.2 (16) 171.4 168.3 (24.8)
(15.3) 169.5 (12.4)
Oxidized 168.5
S (2p) S 167.3 (3.4) (16 '4) 167.9 (19.2) 168.1 (19.8)
(sulfone, 168.4 (1.7) ' 169.0 (9.6) 169.2 (9.9)
- 169.6 (8.2)
sulfite)
Sulfl_de 165.4 163.5 (13.8)
species (11.3) 164.7 (6.9)
(160-165) i 166.5 (5.7) 163.8 (1.7) B
and So 164.9 (0.9) 164.2 (2.7)
(164.1, 163.8 (5.6) 163.0 (5.4)
164) 164.9 (2.8) R
AlF; i 77.2 (23.1) 74.8 (23) 76.8 (18.8)
(76.6) 78.4 (11.5) 76.6 (2.3) 75.7 (37.7)
Al oxide 76.0 (31) 75.4 (42.5)
on Al foil 75.4 (8) 76.6 (21.3) - -
(75.6) 74.9 (61.3) e
Al (2psp) .
A('7‘foe ) ) 74.4 (47.5) 75.5 (14.5)
74.6) 74.1 (26.4) 74.4 (28.9)
Alg
(72.6- - 70.8 (1.6) - -
72.9)
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Table 5.5 Summary of XPS data and assignments for the aluminum surfaces of neat

[Campyr][FSI] and HE 2 samples (before and after etching).

Peak position (eV)
Element | Assignment Neat [Csmpyr][FSI] HE 2
Initial Etched Initial Etched
-CF; - - - -
688.5 (16.1) 688.7 (0.2)
SOF | o052 gggg 688.0 (58.4) | 687.9(30.8) | 688.3 (37.3)
R 687.1 (41.3) | 687.4 (34.6)
F (1s)
AlF;
(f/?gfl) 636.7 (6L2) | 0866 (20.4) | 6862(33) | 686.4 (229)
Auoride 685.2 (12.1) 685.8 (8.6) 685.1 (5.1)
(684-685.5)
O-F 535.0 (3.9)
(ca535) | 534.2 (6.9) 534.2 (30.3) 534.5 (8.9) -
Organic
C=0 533.5 (47.4) 533.4 (43.7) 533.6(25.1)
533.3 (31.8)
(ca. 533) ' '
0] (13) COSQ.
(531.5-532) | goy ¢ (418) 532.7 (67.1) | 532.7(36.5) | 532.7 (26.1)
organic C-O ' ' 531.1 (2.4) 532.0 (10.8) 531.5 (17)
or SOy
Al oxide
(529-530) - 529.6 (0.3) - -
. 403.2(28.9) | 4043(98) | 4439404 (53) | 4027 (34.2)
N 401.9.402 | 403.0(14.2) | “, ") (415) 402.4(7.9)
(3.8) 401.7 (36.9) S Ak
N (1s)
) 400.5 (59.9) | 400.4 (6.9) 400.6 (10) 400.3 (28.3)
N 399.5 (38.2) 399.5 (18)
399.1(7.5) | 399.3(32.2) 3983 (5) 398.7 (11.7)
-CF; - - - -
C (1s) Chetero 289.8 (2.5) 287.6 (7.4)
2- . . . . _
Oc_gio 287.1(37.1) 2872 (59.3) 287.1 (6)
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Peak position (eV)
Element | Assignment Neat [Csmpyr][FSI] HE 2
Initial Etched Initial Etched
(cacégéCeV) 28(5.9,2)86 286.2((9)) 286.4 535.13 2o g’g%
' 38.3 285.9 (9.5 285.3 (19.4 AL
C (1) C-N 285.4 (13.4)
Caliphatic
oo | 2848(222) | 2848 (221) | 284.8(321) | 284.8(19.8)
170.5 (8.4) 17(%3_'71)71
Lra2 | 1701019) | 1714 (53) 1708 (10)
171.9,172.0
172.6 (2.6)
169.7 (55.5) )
SOF | 1y0002re) | 170309
2EL8) 1 1714 (05) 170.8 (3)
17198 (15) | 1697(193)
169.3 (2.8) I8 L 170.9 (9.6)
1704 (La) | 1695(11)
i 170.6 (5.5)
S (2pan) 168.9 (11.2) | 169.6 (51.9)
Oxidized S 170.0 (5.6) | 170.8(25.9) | 168.7 (14.7)
(sulfone, - 169.9 (7.3)
sulfite) 167.5 (6) 168.3 (6.5)
168.6 (3) 169.4 (3.3)
Sulfide 16&'3'21)65 164.2 (18.2)
species 166 1'(5 1) 165.3 (9.1)
(160-165) - 4 -
and S° 163.5 (4.5)
163.1 (3.7)
(164.1, 164) 1643 (19) 164.7 (2.3)
77.6 (7.1) 76.1 (43.8)
AIFs | 761(249) | 768(37.3) | 28(38) | 773(219)
(76.6) 772 (125) | 77.2(18.7) 75.8 (59.6) 76,0 (36)
76.9,77.0 (29.8) | 77.2(1.8)
Al Q'Xﬂg?l 75.2 (40.9) | 75.1(28.9) ] 75.2 (19.2)
(2par) 76.3(205) | 76.3 (14.4) 76.4 (9.6)
(75.6)
Al oxide ) i - -
(74.4-74.6)
Al°
(26729 | 112012 | 702(08) - -
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Figure 5.13 C 1s High-resolution spectra for the Al surfaces treated in
neat [Campyr][TFSI], HE 1, neat [Campyr][FSI], and HE 2 solutions
before and after etching.
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Figure 5.14 High-resolution F 1s region spectra for the Al surfaces
treated in neat [Campyr][TFSI], HE 1, neat [Campyr][FSI],and HE 2

solutions before and after etching.
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Figure 5.15 C 1s High-resolution spectra for the Al surfaces treated in
neat [Campyr][TFSI], HE 1, neat [Campyr][FSI], and HE 2 solutions
before and after etching.
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Figure 5.16 N 1s High-resolution spectra for the Al surfaces treated in
neat [Campyr][TFSI], HE 1, neat [Campyr][FSI], and HE 2 solutions
before and after etching.
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Figure 5.17 O 1s High-resolution spectra for the Al surfaces treated in
neat [Campyr][TFSI], HE 1, neat [Campyr][FSI], and HE 2 solutions

before and after etching.
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Figure 5.18 S 2p High-resolution spectra for the Al surfaces treated in
neat [Campyr][TFSI], HE 1, neat [Campyr][FSI], and HE 2 solutions
before and after etching.
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By taking into account the F 1s spectra, peaks were identified for aluminum fluoride (AlF3)
at ca. 686.3 eV and —SOF at ca. 688 eV for all samples. There was an increase in the
quantity of AlFs in all samples except for the neat [FSI]-treated sample. The results suggest
that a layer of AlFs is present close to the surface of the aluminum. Peaks that were
associated with —CFs3, a “fingerprint” of the [TFSI] anion, were identified in the [TFSI]-
treated samples at ca. 688.7-689 eV; similar amounts were detected in the neat [TFSI]
treated sample before and after etching, whereas the amount of -CF3 present in the hybrid

HE 1-treated sample decreased drastically with etching.

There are significant differences between the samples: the surface films on the samples
that were treated with neat ILs or HE 1 contained mainly —-SOzF and AlF3, after a small
amount of etching. In contrast, a more steady variation in composition with etching was
exhibited by the HE 2-treated sample, which suggests that the passive film formed on the
surface may be thicker, or that significant amounts of other species may be present on the

surface of the Al in this case.

The Al 2p high-resolution region spectra displayed peaks that corresponded to AI° at 71-
72 eV, Al oxide at ca. 74.6 eV, aluminum oxide (Al203) on Al foil at ca. 75.6 eV, and AlF3
at ca. 76.6 eV. The initial spectra of the surface of the Al indicated the presence of a
considerable quantity of Al oxide that did not persist after etching and was present most
likely as a contaminant from sample handling. A substantial amount of AlF3 was indicated
in the FSI-treated samples (neat [FSI] and HE 2), and the quantity of AlFs continued to
increase with etching. AlI° that was associated with the Al substrate was only detected in
the surfaces that were treated in neat ILs, which suggests the formation of thinner films in
the case of neat ILs; this observation is in agreement with the survey scan that was
described previously and results that were obtained from other techniques. If the etching
experiment is estimated to have removed 60 nm of material, then it may be concluded that
the X-ray beam has not penetrated through the passivating film in the case of hybrid
samples. After etching, a relatively complex mixture of aluminum species was identified
in most samples, and the response to the fitting parameters was satisfying. Spin orbit
splitting generates a doublet that corresponds to one Al 2p species; the doublet separation
should be of 1.15 eV with a ratio of 2:1°%,

From the C 1s high-resolution region spectra, peaks that were associated with C-C/C-H at
284.8 eV, C-N at ca. 286.5 eV and carbonate (CO3>) at ca. 290 eV were identified.
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Peaks that were detected in the O 1s high-resolution region spectra were assigned to COz*"
, organic C-O or SO at ca. 531.5 eV, C=0 at 533 eV. The C 1s and S 2p spectra indicate
that SO, was predominately detected. The spectra show that the amount of COs? and SOy

decreased upon etching, except in the case of the neat [FSI]-treated sample.

Peaks that were present in the N 1s high-resolution region spectra were associated with N*
at 402-403 eV and N at 399-400 eV. For the [FSI]-treated samples, the results were
consistent with the removal of ionic liquid during the etching process. Small quantities of

nitrides at ca. 398 eV were also identified on the etched surfaces.

The S 2p high-resolution spectra displayed peaks that corresponded to -SO.CF3 species for
the [TFSI]-treated samples at ca. 169 eV and 170.2 eV (doublet). The -SO2F species for
the [FSI]-treated samples at ca. 169.7 eV and 170.9 eV, oxidized sulfur species from 167.5
to 169.0 eV. This range of peaks were detected only in the etched samples and associated
with the sulfide species ranging from 163 to 165 eV. The overall quantity of sulfur-based

species remained the same before and after etching.

A clear difference is visible between the Al surfaces that were treated in the neat ILs and
in the hybrid solutions. The results suggest that the film that was formed on the Al foil was
thicker in the hybrid solutions, with a significant amount of reduced species associated
with the IL anion. The film that was formed on the Al foil was composed of an outer layer
of Al oxide. The etching process indicated that AlFs dominates the film further in. The
cation structure does not seem to be affected by the treatment, according to the N 1s region

spectra, and this is in agreement with FTIR analysis that was described previously.
5.3.3 Mechanism of Action of HE on Aluminum Surfaces

It has been reported in the literatures that the aluminum substrate dissolves as AlI®* ions
when subjected to higher oxidation potentials'®. The dissolved aluminum ions react with
the electrolyte mixture to form aluminum salts, the nature of which depends on the salt and
solvents in the electrolyte system. It has been shown previously that the [FSI]™ anion is
corrosive on the aluminum substrate upon anodic polarization (> 4.0 V vs. Li/Li+)?. It was
also reported that the extent of corrosion was suppressed in LiTFSI electrolytes by the
addition of LiPFe salt, which resulted in passivation of the Al substrate!*>®. The layer that
was formed on the Al substrate was found to be composed mainly of AlFs, as a result of

the chemical attack of LiPFs on the native oxide layer (Al>O3).
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In this work, the electrochemical studies indicate the corrosion-inhibiting properties of the
hybrid electrolytes in comparison to the conventional electrolyte. Poor passivating
properties were exhibited in the aluminum substrate that was cycled by using the
conventional (LP40) electrolyte. The anodized Al foil displayed signs of corrosion which
was identified from the electrochemical tests (Tafel plots and CV) was in agreement with
SEM images. In the case of the hybrid electrolytes, the flat CV profiles from the second
cycle of CV measurements indicate the effectiveness of the passivation on surface. The
pictorial representation of the mechanism of passive film formation in HE and neat ionic

liquids are presented in Figure 5.19.

By correlating depth-profiling Al 2p XPS spectra of the aluminum samples with SEM
images further clarifies the corrosion-inhibiting properties of the hybrid electrolytes. Al2O3

is the major Al species on the Al foil that was anodized in the neat ILs (without LP40).

In contrast, AlFz dominates Al.Oz when the Al foil is anodized in the hybrid electrolytes
that contain LP40. It is believed that the composite passive film that is formed with the
help of the ionic liquid and the PFs anion from the lithium salt in the electrolyte help in the
formation of the passive film, which remains stable over the cycles (confirmed by CV and
chronoamperometry measurements). In particular, the [TFSI]-based hybrid electrolyte (HE
1) allowed the formation of a film that was mainly composed of AlFs. This suggests the
formation of a passivating layer more resistant to electrochemical treatment. Significant
amounts of the layer remained, as can be observed in the optical, microscopic and
spectroscopic analyses, which indicates the involvement of the anions, most likely as
precipitates of Al(FSI)s or AI(TFSI)a.

EDXS analysis of SEM images and XPS results confirm a different coordination
environment between [FSI] and [TFSI] anions and aluminum. More uniform coverage on
the Al foil was observed in HE 1, whereas a larger amount of species with a relatively
rough surface was observed in the [FSI]-based hybrid solution. The results support the
reported literatures that state that the solubility of the Al-FSI species that are formed in this
manner are much more pronounced in the [FSI]-based ionic liquids®®°’, as opposed to the
insoluble AI-TFSI species in TFSI-based ionic liquid. A comparison of the [TFSI] and
[FSI] hybrid electrolytes reveals that the nature of the anion had significant effects on the

thickness of the passivating film and its composition.
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Figure 5.19 Schematic representation of the moieties present in the passivation
layer of aluminum current collector treated with different electrolytes. (The position
or the number of moieties in the picture were chosen based on our interpretation of
microscopic and spectroscopic analysis).

Although TFSI-based lithium salts are known for their corrosive behavior on aluminium

substrates 13%°%8 such behavior was not observed when [TFSI] anion was associated with

the ionic liquid.t"°5°® The present work also confirms the corrosion inhibition and better

passivation of the TFSI-based hybrid electrolyte (HE 1) in comparison to the [FSI] ionic

liquid-based hybrid electrolyte (HE 2) and the conventional electrolyte. It is reported that
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the poor solubility of the passive film in the ionic liquid electrolytes helps to prevent the
corrosion®®>°, Nevertheless, the better corrosion properties of HE 1 may be due to the
synergistic effect from the ionic liquid and the LiPFs salt present in the electrolyte. In other
words, the insoluble AI-TFSI species that was formed from the ionic liquid and the AlF3
that was formed from the LiPFs salt will form the principal inhibitors that would prevent
the corrosion of aluminum substrate in HE 1. Thus, the addition of an [TFSI] ionic liquid
to LP40 was found to have a significant positive impact on the protection of the aluminum

surface from corrosion.
5.4 Concluding Remarks

This work has confirmed the significant corrosion inhibition properties of hybrid
electrolytes-based on a pyrrolidinium ionic liquid and commercial liquid electrolyte for
lithium batteries. The hybrid electrolyte-based on the bis(trifluoromethanesulfonyl)imide
[TFSI]™ anion performs better than both the neat [TFSI] ionic liquid electrolyte and
bis(fluorosulfonyl)imide [FSI] hybrid electrolyte in contact with aluminum at high anodic
potentials (4.7 V vs. Li/Li*). The neat [FSI] ionic liquid electrolyte and organic carbonate
electrolyte (conventional electrolyte) did not exhibit appreciable passivating performance

at such high anodic potential.

The observations that improved passivating properties were more evident with the
presence of [TFSI] anion in the hybrid electrolyte and that this correlated with an excess
of AlFz and anionic moieties, strongly suggests that the speciation of the ionic liquid anion
is critical to the anodic stability and high efficiency of aluminum corrosion inhibition.
Further work is required to investigate the influence of the chemistry of both the ionic
liquid and organic solvent on speciation in a lithium cell configuration and to correlate it
with inhibitor performance. This could lead to improved combinations to yield even better
passivating properties of these hybrid electrolytes.
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Chapter 6

Inferences and Scope for Future Research

Inferences

Future Work

HE have ionic conductivity comparable to the
conventional electrolytes.

LiCoO, cathodes can operate at extended potentials in HE.
Negligible iron dissolution in LiFePO, cathodes, when
cycled in HE.

HE can operate in lithium-ion cells at subzero
temperatures.

HE can passivate aluminum current collectors.

Li Ti;O,/HE/LiFePO, cells can be made in pouch cells
for practical applications.

Operation of pouch cells can also be tested at subzero
temperatures.

SEI of graphite in HE can be analyzed.







Inferences and Scope for Future Work

6.1 Introduction

The present chapter provides a brief outline of the significant contributions, and inferences
from the works that were carried out as a part of this thesis. In addition, the scope for future

work is also discussed in this chapter.
6.2 Inferences

The concept of a Hybrid Electrolyte (HE), which involves the addition of ionic liquids to
the conventional electrolytes was studied in this work for the lithium/lithium-ion battery
applications. An optimized proportion of 40 percent of ionic liquid was added to the
conventional electrolyte mixture as described in the literature. The entire thesis was
focused on the ionic liquid N-methyl-N-propyl pyrrolidinium bis (trifluoro methane
sulfonyl) imide . However, in Chapter 5, additional insights to the effect of anion in the
passivation of aluminum current collector was studied by comparing the present system

with the ionic liquid, N-Methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide.

The idea behind HE was to attain the beneficial properties from both the ionic liquids and
the conventional battery electrolytes. A pictorial representation of the inferences made out
of this work is represented in Figure 6.1. The initial studies in this work were focused on
understanding the physicochemical effects of ionic liquid addition in the HE. It was
observed that the addition of 40 percent of ionic liquid in the system will not contribute to
a significant increase in the density and viscosity of the electrolyte. Further, the room
temperature ionic conductivity in HE was comparable to the conventional battery
electrolytes, irrespective of the ionic liquid involved. The most interesting aspect was that
the operating temperature of the batteries was extended by the addition to subzero
temperatures. As reported in this work, HE can be used to operate lithium-ion batteries
(LiBs) at —30 °C. Furthermore, as explained in Chapter 2, the presence of ionic liquid helps

to reduce the evaporation losses in HE during operating above room temperature.

The Solid Electrolyte Interface (SEI) is considered as a significant phenomenon in the
performance of LiBs. The decomposition of the electrolyte on the anode surface results in
the formation of an anode SEI. As a result, the electrolyte constituents and their lithium
solvation play an important role in the SEI formation. In this context, efforts were taken to

study the lithium solvation in HE experimentaslly. From the spectroscopic studies, it can
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be seen that the lithium solvation in HE resembles the conventional electrolytes in such a
way that the lithium solvation is not hindered by the ions from the ionic liquid in the
electrolyte. The presence of 60 percent of organic solvents in the conventional electrolytes
helps the preferential solvation of lithium ion by ethylene carbonate. Further, the
electrolyte was tested for its compatibility with the lithium interface in lithium symmetric
cells. 1t was apparent from the overpotential measurements that the interfacial resistance

of anything was a little lower while using HE.

The next stage of analysis was about understanding the performance of HE with the
commercial cathodes to establish their application in the LiBs. The initial studies on
Li/HE/LiCoO: cells operating in the standard potential window provided comparable
performance to the conventional electrolytes. It is believed that the ionic liquid addition
may contribute positively to the (otherwise poor) thermal and oxidative stability of LiCoO-
cathodes. As a result, the LiCoO, cathodes were able to be operated to an extended
potential cutoff of 4.4 V vs. Li/Li* to extract more lithium ions from the system. It is
commonly reported in the literature that structural distortions reduces the cycle life of
LiCoO> cathodes operating at extended potentials. On the contrary, it was inferred from
this work that the surface film formed in the HE, prevents the structural instability until
4.7 V vs. Li/Li* as shown by the in situ synchrotron studies. Thus, the safe application of

LiCoO; cathodes in the extended potential window was demonstrated in this work.

Presently, the application of LiBs in electric vehicles is one of the most researched areas.
The most commonly preferred safe electrodes for LiBs in electric vehicles are the LiFePO4
cathodes and LisTisOz12anodes. It is believed that the safety of LiBs is assured by the safety
of its electrodes and electrolytes. As a result, the current study is focused on the
LisTisO12/HE/ LiFePO4 system to ensure safety of the operating devices.

Initially, LiFePO4 cathodes in the Li/He/LiFePO4 cell configuration demonstrated better
performance and cyclic retention. The most common problem associated with the
transition metal cathodes was the dissolution of transition metal ions into the electrolyte
solution, which further influence the battery cycle life. Nevertheless, it was inferred from
this work, that the iron dissolution in the LiFePO4 cathodes was negligible when cycled in
HE whereas it is common in conventional electrolytes with increasing cycle numbers.
Further, the LiFePO4 cathodes were studied with LisTisO12 anodes to test HE in lithium

ion cells. The cells demonstrated better performance over 200 cycles at C/5 rate.
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The most remarkable application of this work is a special HE formulation (HE*) for

subzero LiB applications. Initially, the electrolyte was characterized to ascertain suitability

for LiB applications. It was observed that the addition of ionic liquids prevents the freezing

of electrolyte solvent components at subzero temperatures. Further, the electrolyte was

tested in LisTisO12/HE/LiFePO4 cells for 40 cycles at —30 °C. It was observed that 50

percent of the room temperature capacity was retained at —30 °C and 80 percent was

retained when cycled at —20 °C. Electrochemical Impedance Spectroscopy (EIS) studies

carried out before and after 40 cycles at —30 °C show that the interfacial resistance after 40

cycles was similar to that obtained before charging. Thus, the better cyclic stability at

subzero temperatures may be attributed to the stable interfacial resistance in HE*

electrolyte. In addition, the effect of charging time on lithium storage shows that half of

the capacity obtained from ten hours of charging at —30 °C is retained when the charging
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time was reduced to 2.5 h. Thus, HE* can be considered as the potential electrolyte for
wide temperature range of operations, though rate performance is limited at low

temperatures.

The electrolyte should also be compatible with the current collector at high oxidation
potentials. In this work, efforts were taken to understand the passivation behavior of
aluminum current collectors in HE in comparison to the conventional electrolyte and neat
ionic liquids. It was observed that HE could passivate the aluminum surface with the help
of the IL anion. The morphology and roughness of the passivation layer were also
investigated in this work. It was observed that the passivation layer formed was a
composite film made up of aluminum fluoride and aluminum carbonates along with Al
salts of the ionic liquid anion, which appear to form a film capable of passivating the

substrate at higher oxidation potentials.

Thus, the fundamental understanding on the application of HE for lithium as well as
lithium-ion batteries was developed in this work contributing towards safe and high

performance batteries.
6.3 Scope for Future Research

Future research directions could involve the further engineering and optimization of
LisTisO1/HE/LiFePO4 configuration in pouch cells for practical applications. Further, the

pouch cells can also be tested using HE* at subzero temperatures.

The electrochemistry and SEI of graphite electrodes has a direct dependence on the
electrolyte under study. Hence, the nature of the SEI on graphite electrodes should be
studied using HE. Once an understanding is developed in this aspect, lithium-ion cells
employing graphite anodes, high potential cathodes and HE can be used to fabricate high

energy density safe batteries.

Further, the most important aspect of HE is their safety in comparison to the conventional
electrolytes. Hence, it will be interesting to perform the safety tests in abusive conditions
for lithium-ion cells using HE to assess their safety at various temperatures and operating

conditions.

In future, it is expected that the HE could play a potential role in the safety of lithium-ion
batteries for electric vehicle applications.
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